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THE CHERNOV-SINAI ANSATZ HOLDS FOR N FALLING
BALLS

MICHAEL HOFBAUER-TSIFLAKOS

ABSTRACT. Wojtkowski’s system of N, N > 2, falling balls is a nonuniformly
hyperbolic smooth dynamical system with singularities. It is still an open
question whether this system is ergodic. We contribute toward an affirmative
answer, by providing proofs for the strict unboundedness property and the
Chernov-Sinai ansatz. This is supplemented by conditional proofs of Chernov’s
transversality condition and the abundance of sufficiently expanding points.
The condition put in place for the latter to hold, is that double singular points
form a set of codimension two.
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1. INTRODUCTION

In [W90a, [W90b], Maciej P. Wojtkowski introduced the system of N, N > 2, falling
balls. It describes the motion of N point masses moving up and down a vertical
line, colliding with each other elastically and the lowest point mass collides with
a rigid floor placed at height zero. The system has N degrees of freedom, the
positions qi,...,qny and the momenta pi,...,pny. The point masses are placed
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on top of each satisfying 0 < ¢; < ... < gn. The overall standing assumption
on the masses is m; > ... > my. Movement occurs due to kinetic energy and
a linear potential field on a compact energy surface F. given by the Hamiltonian
H(q,p) = Zil p?/2m; + m;q;. The dynamics are further reduced to the Poincaré
section M containing the states right after a collision of two point masses or a
collision of the lowest point mass with the floor. Accordingly, the Poincaré map
T describes the dynamics from one collision to the next. It preserves the smooth
measure /i, obtained from the symplectic volume form on RY x R via symplectic
reduction. Out of historic convenience we will refer to the falling point masses as
falling balls.

An intrinsic obstacle, which makes the treatment of this system challenging, is the
presence of singular collisions. In physical terms, they occur in a triple collision
or when the two lower balls hit the floor simultaneously. The singular collisions or
singularities form codimension one submanifolds ST in phase space. The Poincaré
map T resp. T~ ! is not well defined on the singularities ST resp. S~ because it
has two images.

The main question in Wojtkowski’s original paper [W90a] revolved around the exis-
tence of non-zero Lyapunov exponents. Simanyi settled the general case by proving
that an arbitrary number of falling balls have non-zero Lyapunov exponents almost
everywhere [S96]. For a family of potential fields V' (g), satisfying 0V (¢)/9q > 0,
92V (q)/9¢* < 0, Wojtkowski proved the same result in [WO0D]. The latter family
of potentials does not include the linear potential field.

The main line of this work concerns the long time open conjecture whether three
(or more) falling balls are ergodic. There are two results, confirming the ergodicity
of two falling balls with mass configurations my > mo: One for the linear potential
mentioned above [LW92] and one [Ch91] for the family of potentials considered
above with the relaxed assumption 92V (¢q)/9¢*> < 0 and the additional restrictions
0<C; <9V(q)/0q < Co < 00,0< ‘82V(q)/3q2’ < C3 < oo, for some constants
C1,C5,C5 > 0.

Since our system satisfies the mild conditions of Katok-Strelcyn [KS86], the theory
of the latter implies that the phase space decomposes into at most countably many
ergodic componentsﬂ From here, it is common to verify the Local Ergodic Theorem
(LET) together with a transitivity argument to prove the existence of only one
ergodic component of full measure and, thus, the ergodicity of the system. The
LET dates back to Sinai’s seminal proof of ergodicity for two discs moving uniformly
in the two dimensional torus [S70] and was later generalized in the framework of
semi-dispersing billiards [ChS87, [KSSz90l, BChSzT02]. In order to prove ergodicity
we will use the LET, formulated for symplectic maps by Liverani and Wojtkowski
[LW92].

The LET claims, that one can find an open neighbourhood of a hyperbolic point
p with sufficient expansion, which lies (mod 0) in one ergodic component, if the
following five conditions are satisfied:

(C1)| Regularity of singularity manifolds.

(C2)| Non-contraction property.

(C3)| Continuity of transversal Lagrangian subspaces.
(C4)| Chernov-Sinai ansatz.

IAn ergodic component is a set of positive measure in phase space on which the conditional
smooth measure is ergodic.



Proper alignment.

In [Ch93], Chernov introduced condition

Transversality.

This condition is weaker than and the LET still holds with substituted
in place 0 The big advantage of over is that the transversality
condition [(C5’)| has to hold only for pg+-almost every point, while the proper
alignment condition is formulated for every point of the singularity manifolds
S*. Once the LET is established, it remains to prove, that the obtained ergodic
neighbourhoods reach into every part of the phase space. The transitivity condition
which ensures this is called

(A) Abundance of sufficiently expanding points 3

The validity of guarantees that the neighbourhoods of the LET can be con-
nected to one ergodic component of full measure.

It is already known, that the continuity of Lagrangian subspaces is true for
an arbitrary number of balls [W90al [W9T]. In this paper we provide proofs for the
strict unboundedness property (cf. Theorem [21]), condition and conditional
proofs for conditions and

The derivation of non-zero Lyapunov exponents and the formulation of the LET
heavily relies on a quadratic form @, which is defined using the canonical symplectic
form w and a pair of transversal, point-independent Lagrangian subspaces Lj, Lo
contained in the energy surface tangent space 7T, FE. for every x € M (cf. Section
).
Strict unboundedness asserts the divergence of the quadratic form @ along every
non-double singular orbit and every vector of the closed expanding cone field (cf.
Definition [£4). The Chernov-Sinai ansatz follows immediately from this fact
as a simple corollary (cf. Corollary 2.]).

The validity of conditions is conditioned by the transversality of singu-
larity manifolds TS, 8T for every m € N. The latter immediately implies (a)
the regularity of singularity manifolds (cf. Section[@) and that (b) the set of double
singular points has (at least) codimension two. Both points (a), (b) are needed to
derive condition by using strict unboundedness within a compactness argu-
ment (cf. Section [)). Condition only utilizes point (b), such that the strict
unboundedness property can be applied to every non-double singular orbit in order
to derive sufficiency (cf. Subsection [5.2)).

The verification of strict unboundedness itself uses two main ingredients: The first
one requires that along every non-double singular orbit and for every ball to ball
collision there exists a subsequence of collision times, such that the pre-collisional
velocity differences of the ball to ball collisions are uniformly bounded from below
(cf. Theorem [II)). The second one considers the previously derived result from
[S96, Sublemma 3.8], which claims that each vector from the neutral space has
constant length along its entire orbit. A priori, the neutral space contains vectors
v € Ly, for which Q(d,T™v) = 0, for every n € N. Part of the strict unboundedness
proof, will establish that the neutral space is in fact empty for every non-double
singular point. The proof of strict unboundedness is carried out in Section

2The abundance of sufficiently expanding points is equivalent to saying that the set of suffi-
ciently expanding points has measure one and is arcwise connected (cf. Subsection [5.2)).
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2. MAIN RESULTS

The phase space M is partitioned (mod0) into subsets M;, i = 1,...,N. M;
contains the states right after a collision with the floor and M;, i = 2,..., N,
contains the states right after a collision of balls i—1, 4. The Poincaré map T : M O
describes the movement from one collision to the next. After applying Wojtkowski’s
convenient coordinate transformation (q, p) — (h,v) — (&, 1) (@2), (@3), we obtain
an expanding cone field {C(x) : = € M}, explicitly given by

C(x) = {(d€,0m) € RN x RN : Q(8€,8m) > 0, d& =0, dno = 0} U {0},
C'(x) = {(6¢,0n) e RNV x RN : Q(0¢,6m) <0, 6& =0, dno =0} U {0}.

where (8¢, 0m) = (680, .., 0EN-1,0M0, - - ., 0nn—1) denote the coordinates in tangent
space. The quadratic form @ is defined (cf. Definition L2]) by a pair of constant,
transversal Lagrangian subspaces ([£4]) and the symplectic form w. For this choice
of Lagrangian subspaces ) becomes the Euclidean inner product

N-1
Q(6¢,0n) = (3¢, 0m) = > d&:0m;.
=1

The singularity manifold on which T resp. T~' is not well-defined is given by ST
resp. S7. Let pg+ resp. ps- be the measures induced on the codimension one
hypersurfaces ST resp. S, from the smooth T-invariant measure u. We further
abbreviate

SEt=sturtistuy.. urth-Hg*

Points which hit a singularity in the past and the future are called double singular.
We define the set of all double singular points as D C M.

Denote by C(x) the closure of the cone C(x), let d,T" = dpn,T ...dr.Td,T and
(drneT)neny = (AT, dp, T, dp2,T,...). The sequence (drn,T)nen is called un-
bounded, if

lim Q(d,T™v) = +o0, ¥ v e C(z) \ {0},

n—-+o0o

and strictly unbounded, if
lim Q(d,T"v) = +o0, Y v e C(z)\ {0}.

n—-+o0o

With this in mind, we formulate our first result.
Theorem 2.1 (Strict unboundedness). For every z € M\ D, we have

for all (5¢,6n) € C(z) \ {0}.
Due to Proposition 6.2 and Theorem 6.8 of [LW92], Theorem A also implies the

strict unboundedness for the orbit in negative time (drn,T),ez-, i.€.

lim Q(d,T"v) = —oco, Y v e C'(x)\ {0}.

n——oo

Theorem 2] immediately yields the Chernov-Sinai ansatz [(C4)} which is one of
three conditions of the LET we are going to prove (cf. Section [Hl).



Corollary 2.1 (Chernov-Sinai ansatz). For ust-a.e. x € ST,

lim Q(d,T"v) = #ox,

for every v € C(x) \ {0}, if z € S~ and for every v € C'(z) \ {0}, if v € S*T.

We further give two conditional proofs of conditions |(C5’)|and |(A)| Both utilize the
transversality of singularity manifolds T7™S~, ST for every m € N, which implies

(a) the regularity of singularity manifolds (cf. Section []).
(b) the codimension of double singular points D is (at least) two.

Denote by W*(z) resp. W#(z) the unstable resp. stable manifold at point 2. Their
existence are guaranteed from the existence of non-zero Lyapunov exponents [S96]
and Katok-Strelcyn theory [KS86].

Theorem 2.2 (Transversality). Assume points (a), (b) hold. Then, for ps+-a.e.
x, the stable manifold W*(x) resp. unstable manifold W*(x) is transversal to S~
resp. ST.

Our last result is used to connect ergodic neighbourhoods derived from the LET
into one ergodic component of full measure (cf. Subsection [5.2). As with Theorem
221 it necessitates that the set of double singular points D has codimension two.

Theorem 2.3 (Abundance of sufficient points). Assume point (b) holds. Then,
the set of sufficiently expanding points has full measure and is arcwise connected]

The strict unboundedness property, as stated in Theorem 2.1}, is used in both proofs
of Theorem and Theorem 2.3

Given the results in this work, the only obstacles left to prove the ergodicity of N
falling balls are

(I) the non-contraction property |[(C2)|
(IT) the transversality of singularity manifolds 7S, S* for every m € N.
Both points (I), (II) are subject of future work [HT21l [S21].

3. THE SYSTEM OF N FALLING BALLS

Let ¢; = ¢;(t) be the position, p; = p;(t) the momentum and v; = v;(¢t) the velocity
of the i-th ball. The balls are aligned on top of each other and are therefore confined
to

(3.1) N, ={(g,p) eERY xRY: 0< ¢y <...<gqn}

where the subindex ¢ in N, refers to the coordinates (¢, p). The momenta and the
velocities are related by p; = m;v;. We assume that the masses m; decrease strictly
as we go upwards mq > ... > my. The movement of the balls are the result of a
linear potential field and their kinetic energies. The total energy of the system is
given by the Hamiltonian function

N
p.
i=1 v

3The definition of a sufficiently expanding point can be found in Definition 5.1
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The Hamiltonian equations are

Qi =
(3.2) m;’
pi = —ms.

The dots indicate differentiation with respect to time ¢ and the Hamiltonian vector
field on the right hand side will be denoted as Xy = Xp(q,p). For some energy
value ¢ > 0, the energy manifold E. and its tangent space T E. are given by

N 9

b;
EC = {(qvp) S Rf X RN . H(q,p) = Z 2m —l—mqu = C},
i=1 v

(3.3)

N
i0pi
Tiq.p) Ee = {(0q,0p) € RY xRV : Vigp H(dq,6p) = Z % + midg; = 0}.

i=1

Including the restriction of the positions amounts to F. N N,. The Hamiltonian
vector field (B:2) gives rise to the Hamiltonian flow

¢:Rx (E.NN,) = E.NN,,
(t,(q,p)) = &(t,(q,p))

For convenience, the image will also be written with the time variable as superscript,
Le. ¢(t (q.p)) = ¢'(ap)-

The standard symplectic form w = Zﬁl dq; N dp; induces the symplectic volume
element ) = /\fil w. The volume element on the energy surface is obtained by
contracting 2, by a vector u, where u is a vector satisfying dH (u) = 1. Denoting
the contraction operator by ¢, the volume element on the energy surface is given
by ¢(u)2. Since the flow preserves the standard symplectic form, it preserves the
volume element and, hence, the Liouville measure v on E. N N, obtained from it.
We define the Poincaré section, which describes the states right after a collision as

M=M;U...UMy, with
M1 :={(¢q,p) € E:NNg:q1 =0, p1/m1 >0},
M :={(¢,p) € EeNNg:q—1 =q, pi—1/mu—1 <pi/m}, 1=2,...,N.
The set of states right before collision M? = M% U ... U MY;, are defined by
MY :={(q,p) € E:NNy: q1 =0, p1/my <0},
M} :={(¢;p) € E.NNg:q1 = q, pio1/mi—1 >p;/mi}, 1=2,...,N.

The collision between balls ¢ and ¢ 41 is fully elastic, i.e. the total momentum and
the kinetic energy are preserved. Therefore, the momenta resp. velocities change
according to

i = vy + (1 +%)Pna

3.4 i = (L—7%)p; —Yibis1s
o = vy (L=,
+

vty = (T+7)v — %V,



where v; = (m; —miy1)/(m; + mipq), i =1,..., N — 1. When the bottom particle
collides with the floor the sign of its momentum resp. velocity is reversed

Jr —
b1 = —DP1>

3.5
(35) Uf‘ = —v; .

This is derived from ([B.4]), by setting the floor velocity vy zero and letting the floor
mass mg go to infinity. As a result, the floor collision does not preserve the total
momentum.

These collision laws are described by the linear, symplectic, involutory collision
map

Piq;: MP— M,
(@,p7) = (a,p").
We will write @ if we do not want to refer to any specific collision. Let
(3.6) T:E.NNy; — Ry,
be the first return time to M®. We define the Poincaré map as
T: M—= M,
(4,p) = ® 06777 (g, p).

T is the collision map, that maps the state from right after one collision to the next.
On M, we obtain the volume element «(Xg)e(u)2, by contracting the volume
element ¢(u)Q on the energy surface with respect to the direction of the flow Xp.
This exterior form defines a smooth measure y on M, which is T-invariant.
Matching the present state with the next collision in the future resp. the past, we
obtain two (mod 0) partitions of M

N N N N
— mt o Mo -
M=m{ul UM =mpul UM
i=1j=1 i=1j=1
J#i J#i
where
M-li_,l ={zeMy: Tx e My},
Ml_,l ={zeM: T 'z e M},
For some instances, it is useful to define the subset

MU =M NT M N T M C My, m> 1,

which contains the states returning (m + 1)-times to the floor.

Each partition element ./\/l;tj has a boundary 8./\/1?; and the intersection of two
elements of the same partition is strictly contained in the intersection of their
boundaries, i.e.

Mi:j N Mil c 6M?7:J n aMﬁl? (Zvj) 7& (kul)
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The boundary of each partition consists of a regular part R* and a singular part
S*, where we set OM* = R* US*. The singular part comprises the following
codimension one submanifolds
+ _ Mt + - — M- -
Sji =M OMi, S =M ;0 My,

i=2,...,N—1,7=1,...,N, j#i,i+1,

S,;fle‘,;lmM;Q, Sip =My N Mg,
k=1,...,N, k#2.

These sets are called singularity manifolds. The states in Sﬁ face a triple collision
next, while the states in S,j_ 1> S1 & experience a collision of the lower two balls with

the floor next. The maps T resp. T~ ! have two different images and are therefore
not well-defined on the sets SL—, S,I 1 resp. S, o S; x> because the compositions
®;_1,0®P; ;41 and @y 10P; 2 do not commute. In this case, we follow the convention,
that the orbit branches into two suborbits and we continue the system on each

branch separately. We abbreviate, for n > 1,

N-1 N N N
s = StulsiulU S St=sfurTistu.. .uTTlsE,
=2 j=1 k=1 k=1
il k#2 k#2
Finally, we define the set of double singular points D. These are points x for which
there exist m,n € N, such that z € T-™St NT"S™.
Similarly to S*, the T#'-image of all points in R* consists of two simultaneous
collisions. The key difference to singular points is that the derivatives of the involved
collision maps commute. This follows from the fact, that the two pairs of collisions
do not share a common ball. Hence, for regular points our orbit does not split into
two suborbits and can therefore be continued uniquely. Since the collision maps
of the simultaneous collisions for points in R* commute and T is well-defined on
87\ 8T, the regularity properties of the flow and the collision map imply that, for
n>1,

(3.7) T : M\SS = M\S,

is a symplectomorphism, i.e. T extends diffeomorphically to R*.

4. QUADRATIC FORMS AND INVARIANT CONE FIELDS

The study of Lyapunov exponents was carried out using a method developed by
Wojtkowski in the string of papers [W85l W88, W91l [LW92| [W00]. This method
has been successfully implemented to derive that an arbitrary number of falling
balls has non-zero Lyapunov exponents almost everywhere [S96]. The basic tools
of the Lyapunov exponent machinery were further advanced and are inevitable in
the study of ergodicity of Hamiltonian systems [LW92]. We are therefore going
to formulate the fundamentals of this method and how it applies to the system of
falling balls.

The standard symplectic form w = Efil dg; N dp; is given by
w(v1,v2) = (v1,1,v2,2) = (V2,1,1,2)

where v; = (v;1,v;2) € RY x RY, i =1,2. A Lagrangian subspace V is a subspace
of dimension N which is the w-orthogonal complement to itself, i.e. the symplectic
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form is zero for every input from V [LMS87, Definition 6.4]. It is equivalently the
subspace of maximal dimension on which w vanishes. Note, that for two transversal
Lagrangian subspaces Vi, Va, every vector v € RY x RV has a unique decomposition
v=10v1 + v, v1 €V, v9 € V5.

Definition 4.1. For two transversal Lagrangian subspaces Vi, V5 we define the
cone between V; and V5 by

Cviv, = {v e RN xRN : w(vy,v9) >0, v =01 + 1y, v; € Vi, i =1,2}U{0}.
Definition 4.2. The quadratic form Qv, v,, or Qv, v,-form, associated to a pair
of transversal Lagrangian subspaces Vi, V5 is given by

Qviv, : RY xRY = R,
v = w(vy, v2),

where v = vy +vg, v; € Vi, 1 =1,2.

Observe, that the quadratic Qv, v,-form is indefinite with signature (N, N) on
RY x RY. With the definitions above, the quadratic form can be used to define the
cone

CV17V2 —{’UERN XRN QVth( )>O}U{6}'
The complementary cone of Cy, v, is given by
Cliv, = {v RV xRN : Qu, 15(v) < 0} U{0}.

The arguably simplest expression of Qv, v, can be obtained by associating it to the
standard Lagrangian subspaces given by

(4.1) Li =RN x {0}, L,={0} xRN,

For this choice of transversal Lagrangian subspaces we will abbreviate @ = Qr, .1,
and C =Cy,1,. Further, for v = vy + vy, the Q-form reads

Qv) = (v1,v2).

In [W90a], Wojtkowski introduced two coordinate transformations, ¢ = 1,..., N,
2 .
(4.2) hi= 2 fmig, v =2
2mi my
and

(607517' .. 7§N—1)T = A_l(h17h27" '7hN)T

T

(4.3)
(77057717 s 777N71)T = AT(vlv’UQv s 7UN) )

where A is an invertible matrix depending only on the masses [W90al, p. 520].
In order to keep calculations concise and lucid, we will work exclusively in (&, 7)-
coordinates.

The energy manifold, its tangent space and the Hamiltonian vector field take the
form

={(&n) e RV RN H(Em) =& =},
= {(0¢, 577) eERNTI xRNy Ve H(6E,6m) = 6& = 0},
Xg ( ) (0,...,0,—1,0,...,0).
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Intersecting the standard Lagrangian subspaces (1)) in (6, 0n)-coordinates with
the tangent space of the energy manifold and quotienting out the flow direction
gives

L, = {(0¢,0n) e RN xRV : 66 =0, 617, =0,i=0,...,N —1} ~ RV}
(4.4)
Ly = {(0¢,0n) e RY xRN : 619 =0, 66 =0,i=0,...,N —1} ~RN~1

Thus, the Q-form given by Ly, Lo reduces to RN ! x RV~ and now amounts to

N—-1
(4.5) Q(O,0m) = (0€,0m) = > 6&;0m;,
=1

with no further restrictions, when inserting a vector from L; & Lo.

In these coordinates, the derivative of the flow d¢' equals the identity map. Thus,
only the derivatives of the collision maps d®; ;41 are relevant to the dynamics in
tangent space. Since 6§y = 0, dng = 0 we can reduce the derivatives of the collision
maps to (2N — 2 x 2N — 2)-matrices. In these coordinates they are given by

_ (idy—1 0 _(Di F . _
(46) d(I)())l = ( B ile) s d(I)z,H-l = ( 0 DlT) , 1= 1, . .,N 1,

where B = (bmm)%;l:l, F, = (fmn)%_nl:l have the structure of the zero matrix,
except for the entries b1 = 3, fi; = —o; and D; = (dm,n)%,nzl has the structure

of the identity matrix, except for the following entries in the i-th row

dij—1=1—7y, dii=-1, djir1=1+.

The terms «q,...,ay and 8 in the matrices are non-negative and given by
(4.7) 5 _ 2 o — 2mimiy1(m; — mip1)(v; —v4)
' mwy (mi +mig1)? '
Observe, that the strict inequality m; > ... > my of the mass configurations

implies, that «; > 0, since v; — v, > 0.
Using the quadratic form @, we define the open cone C and the complementary
cone C’ associated to the Lagrangian subspaces L1, Lo by

C' ={(6¢6n) € Ly Ly : Q(6E,6m) = (3¢, 0m) < 0} U {0}

The cone field {C(z) : = € M} is constant and therefore continuous in M. Denote
by C the closure of the cone C.

Definition 4.3. 1. The cone C is called invariant at x € M, if
d.,TC CC,

2. The cone C is called strictly invariant at x € M, if
d,TC CC,

3. The cone C is called eventually strictly invariant at x € M, if there exists a
positive integer k = k(x) > 1, such that

d,T*C c ¢,
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4. The map d,T is called Q-monotone, if

Q(dwTU) > Q(U)v

for all v € Ly @ Ls.
5. The map d,T is called strictly Q-monotone, if

Q(d:Tv) > Q(v),

for all v € Ly @ Ly \ {0}.
6. The map d,T is called eventually strictly Q-monotone, if there exists a positive
integer k = k(x) > 1, such that

Q(dT*v) > Q(v),
for all v € Ly @ Ly \ {0}.

In the definition above, statements 1, 2, 3 are equivalent to statements 4, 5, 6 [LW92,
Section 4]. In order to obtain non-zero Lyapunov exponents we repeat Wojtkowski’s
criterion [W85], which links eventual strict Q-monotonicity to non-zero Lyapunov
exponents

Q-Criterion (Theorem 5.1, [W85)). If d,T is eventually strictly Q-monotone for
p-a.e. x, then all Lyapunov exponents are non-zero almost everywhere.

The derivative d,T is @Q-monotone for every z € M and any number of falling balls
[W90a]. Simdnyi established that N, N > 2, falling balls have non-zero Lyapunov
exponents for u-a.e. x € M, by verifying the Q-criterion [S96].

Observe, that the coordinate transformation [@3]) is Q-isometric, i.e.

Q(0¢,6n) = Q(A™16h, AT 5v) = Q(oh, 6v),

which represents a change of basis inside of both Lagrangian subspaces. Therefore,
it does not make a difference in terms of the Q)-form’s value whether we operate in
(0h, 0v) or (&, dn)-coordinates.

We close this subsection by formulating the (strict) unboundedness property and
the least expansion coefficients, which will be used to establish criteria for ergodicity.
The least expansion coefficients o, ocr, for n > 1, are defined as

Q(d;Tm™v)

inf B 762(%11_"1))
0#veC(z) Qv)

d,T™) = inf
o( ) O;évlélc’(x) Q)

ocr (me_n) =

Definition 4.4. 1. The sequence (dpn,T)nen is called unbounded, if
lim Q(d,T"v) = +o00, Y v e C(z)\ {0}.

n—-+oo

2. The sequence (drn;T)nen is called strictly unbounded, if

lim Q(d,T™) = +oo, Vv e C(x)\ {0}.

n—-+o0o

The least expansion coefficient and the property of strict unboundedness relate to
each other in the following way

Theorem 4.1 (Theorem 6.8, [LW92]). The following assertions are equivalent:
(1) The sequence (dpngT)nen is strictly unbounded.
(2) limy, 00 0(d, T™) = 0.
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Remark 4.1. The strict unboundedness property can also be stated in negative
time, i.e.

lim Q(d,T"v) = —oco, Y v e C'(x) \ {0}.

n——oo
Following the proof of [LW92, Theorem 6.8], Theorem [£1] also extends to this case,
ie.
(1) The sequence (drnyT )nez_ is strictly unbounded.
(2) limy, oo e/ (dT™™) = 00.

5. ERGODICITY

Due to the theory of Katok-Strelcyn [KS86] we know that our phase space decom-
poses into at most countably many components on which the conditional smooth
measure is ergodic. The strategy to prove ergodicity involves two steps:

(1) Proving local ergodicity (or the Local Ergodic Theorem), which implies
that every ergodic component is a (mod 0) open set.

(2) Proving that the set of sufficiently expanding points (Definition B.1I) is
arcwise connected and of full measure, which implies that any two (mod
0) open ergodic components can be connected with each other, such that
their intersection is of positive y-measure.

The validity of both points above proves the existence of only one ergodic compo-
nent of full measure.

5.1. Local Ergodicity. We use the Local Ergodic Theorem (LET) of [LW92] and
begin with the definition of a sufficiently expanding point.

Definition 5.1. A point p € M is called sufficient (or sufficiently expanding) if
there exists a neighbourhood U = U(p) and an integer N = N(p) > 0 such that
either

(3) UNSy =@ and o(d,T") > 3, for all y € T, or

(4) UNSYy = @ and oc/(d, T~V) > 3, for all y € T"U.

Note, that in the sufficiency definition the requirements Y NSy = @ in @) and
UNSy = @ in @) additionally demand, that the orbit meets no singular manifold
in the first N(p) — 1 iterates.

The LET amounts to showing that around a sufficient point, it is possible to find
an open neighbourhood, which lies (mod 0) in one ergodic component.

Local Ergodic Theorem. Let p € M be a sufficient point and let U = U(p) be
the neighbourhood from Definition [51]. Suppose conditions - below are
satisfied.
(C1) (Regularity of singularity manifolds) : The sets S;7 and S,/ , n > 1, are
reqular subsets
(C2) (Non — contraction property) : There exists ( > 0, such that
(a) for everyn >1, z € M\ S, and (6¢,6n) € C(x), we have

l[dT" (8¢, dn)| = ClI(6€, o),

4The definition of a regular subset can be found in Definition 6.1}
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(b) for everym > 1, z € M\ 'S, , and (6&,0n) € C'(x), we have
[dT=" (88, dn)l| = ClI(6€, om) -

(C8) (Continuity of Lagrangian subspaces) : The ordered pair of transversal
Lagrangian subspaces (L1(z), Lo(x)) varies continuously in int M.
(C4) (Chernov — Sinai ansatz) : For puss-a.e. © € ST,
lim Q(d,T"v) = +o0,

n—+oo

for every v € C(z) \ {0}, if v € S~ and for every v € C'(xz)\ {0}, if x € ST.
(C5) (Proper alignment) : There exists M > 0, such that for every x € ST resp.

S, we have d,T ™M} resp. d,T"v, belong to C'(TMx) resp. C(T"z),

where v} resp. vy are the characteristic linedd of ToST resp. T,S™.

Then, the open neighbourhood U(p) is contained (mod 0) in one ergodic component.

Chernov postulated in [Ch93| a weaker condition to verify the proper alignment
condition Indeed, the proper alignment condition implies the transversality
condition pointwise [HT20, Lemma 5.2].

Denote by W*(x) resp. W#(z) the unstable resp. stable manifold at point x.

(C5”) (Transversality): For ug+-a.e. x, the stable manifold W#(z) resp. unstable
manifold W¥(z) is transversal to S~ resp. S¥.

Note that the transversality condition only has to hold on a set of full measure with
respect to the measure pgz+.

5.2. Abundance of sufficiently expanding points. The notion of a sufficiently
expanding point was given in Definition 5.1l Once local ergodicity is established we
deduce that every ergodic component is (mod 0) open. One possibility to obtain a
single ergodic component is

Theorem 5.1 (Abundance of sufficiently expanding points). The set of sufficiently
expanding points has full measure and is arcwise connected.

The abundance of sufficiently expanding points can be proven at once by requiring
the strict unboundedness property (cf. Theorem [2.1]), the transversality of S;., ST,
for every m € N and the explicit construction of the neighbourhood lying in one
ergodic component from the LET in the beginning of Section 8 in [LW92].

Proof of Theorem [21l. Recall that a point z € M is sufficient if there exists a
positive integer N = N(z) > 0, such that either (@) or () from Definition [T
are satisfied. Due to Theorem 2] Theorem M| and Remark 1] o(d,T") and
oc (d,T~™) diverge to infinity for every € M \ D. Therefore, every orbit which
experiences at most one singular collision satisfies either

(5) o(d,T®)) >3, T"UNST =@, 0 <k <N(z), or
(6) o/ (d, TV >3, T-FUNS™ = 2,0 <k <N(x).

5The characteristic line v,:ct is a vector of 7,S* that has the property of annihilating every
other vector w € T,ST with respect to the symplectic form w, i.e. w(vzi, w)=0,YVwe T.SE. Al-
ternatively stated, it is the w-orthogonal complement of T,S*. Note, that in symplectic geometry
the w-orthogonal complement of a codimension one subspace is one dimensional.
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It follows that the only non-sufficient orbits lie in a subset of double singular colli-
sions. The singularities S, and ST are transversal for every m € N, thus, the points
of double singular collisions form a set of (at least) codimension two. Hence, there
is an arcwise connected set of measure one such that the least expansion coefficient
is larger than three. For the last part, the proof follows the beginning of Section 8
in [LW92]:

Without loss of generality assume that oc/ (d,T") > 3. We can choose a small
enough neighbourhood U around the point x such that TV : T — U is a dif-
feomorphism. This implies that Y NSy = @ and T~"U NSy = @. Further, the
functional y — o(d,T") is continuous on U and by making U smaller, if necessary,
we obtain o (d,T") > 3, for every y € TVU. O

6. REGULARITY OF SINGULARITY SETS

We give the definition of a regular set with the dimensionality adjusted to the
system of falling balls. The LET requires that S;© are regular sets for every n € N.

Definition 6.1. A compact subset X C M is called regular, if

(1) X =}, I;, where I; are compact subsets, with I; = int(Z;),
(2) dimI; = 2N — 3,

(3) Iiﬂlj Ca]iualj, ,7=1,...,n,

(4) oI = UL, H;j, where dim H; j = 2N — 4 and H, ; is compact.

For the proof of the regularity of singular manifolds we will use the following slightly
weaker version of [LW92, Lemma 7.7].

Lemma 6.1. Assume the validity of

(R1) T: M\ St = M\ S is a diffeomorphism,
(R2) the transversality of singularity manifolds S,,, ST for every m € N.
(R3) the invariance of the cone field {C(z): x € M},

then S, S;7, n > 1, are reqular subsets.

Conditions |(R1)} have already been verified in Sections B} @ In the original
version of [LW92| Lemma 7.7], the transversality condition |(R2)|is replaced by the

proper alignment condition In the proof of [LW92, Lemma 7.7], condition
((CH)|is used to establish the|(R2)] Therefore, the proof of Lemmal6]can be carried
out in exactly the same way as the proof of [LW92] Lemma 7.7].

7. UNIFORM LOWER BOUND OF VELOCITY DIFFERENCES

The investigation regarding a uniform lower bound of velocity differences v;” — v, {,
forany i € {1,..., N —1}, is of main interest for the strict unboundedness property.
Denote by (i,i + 1) the collision between ball ¢ and ball i 4+ 1, i.e. when ¢; = g;41.
Let x = x(t) € Myy1, i € {1,... N — 1}. The velocity difference v; (t) — v;},(t) is
non-negative and due to the collision laws ([B4]), changes sign after the collision, i.e.

(7.1) 0 <wy () — v (t) = —(vi" (1) — v, (1)),
The Hamiltonian equations imply, that during free flight this quantity remains
preserved ([3.2). Using [B.2)), (3.4), we see that the term v; (t) — v;, () is only
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affected by a (i — 1,4) resp. (i + 1,7+ 2) collision when being expanded backwards,
ie.

vi ()

Yi—1)(v;_q (te) —
v ( )_ z+1( C))v resp.
c) —

0 < (t) — v (t) (1+
+
(7.2)
0< U;(t) - U;-l(t) = (I—=7iq1)(w z-‘,—l( z+2( c))
(

+ vz ( ) vi—i—l(tc))v

where ¢, < t is the collision time of the (i — 1,4) resp. (i + 1,7+ 2) collision. Since
we stopped our expansion right before a (i — 1,4) resp. (i + 1,7 + 2) collision, we
have

(7-3) U;—l(tc) - U; (tC) >0, U;kl(tC) - Uiii-z(tC) > 0.

Formula (Z.2)) can be generalized in the following way. Let ¢; < t2 be collision times
of two successful (7,7 + 1) collisions and m,n € N. Assume that in between those
two (4,4 + 1) collisions we have m (i — 1,1) collisions and n (i + 1,7 + 2) collisions,
with collision times 71, ...,rm, and u1, ... u,. Expanding only the (7,7 4+ 1) velocity
difference backwards without changing the appearing (i — 1,7) and (i + 1,7 + 2)
velocity differences, we obtain for ¢ > 2

0 < v (ta) - m( 2)

= 1 i— 1 Uz Tj
(14) (L4 T (v ( v; (7))
+ (I =it1) El 1(“1 1( z+2( l))

+ v () - ”L1(tl)-
In between two (1, 2) collisions, we assume to have one floor collision, m full returns
to the floor of the lowest ball and n (2,3) collisions, again with collision times
T1,...,Tm and uq,...u,. Expanding (1,2) at to backwards yields

0 vy (t2) — vy (t2)
= 22;‘11 2jv (r;)
+ (1 =m2) X0, (vg (w) — vy (w))

+ 2/(f ()2 + 201 (0) + o (1) — v ().
If there is at least one floor collision between two (1,2) collisions, then the square

root term 2\/ (v (t1))? + 2q1(t1) appears in (T5). The latter is part of the time

the lowest ball needs to fall to the floor after a (1,2) collision [ [1
Remember, that

(7.6) vy (r;) >0, Vjie{l,...,m},

since this is the velocity of the first ball right after taking off from the floor.
At the heart of this work lies the following

AN

(7.5)

6The exact time the lowest ball needs to fall to the floor is o (t1) + 4/ (v (81))2 + 2q1(t1).

"Note, that we can have a floor collision between two (1,2) collision without a full return of
the lowest ball to the floor, i.e. the square root term is present in (Z5) but m = 0 in the first sum.



16 MICHAEL HOFBAUER-TSIFLAKOS

Theorem 7.1. For every energy value ¢ > 0, there exists a constant C = C(c) > 0,
such that for every x € M\D, and every i € {1,..., N —1}, there exists a divergent
sequence of collision times (tn)nen = (tn(7,1))nen @ v; (tn) — v (tn) > C.

Outline of the proof: We start describing a certain collision pattern. Since every
collision happens infinitely often, this collision pattern can be found (non-uniquely)
infinitely often in every orbit. The time interval of this pattern in the proof below
is given by [t_(1,2),t(1,2)]- At t_(1,2), t(1,2) We have a (1,2) collision and somewhere
in between is at least one (0, 1) collision.

We start investigating the implications of letting every pre-collisional velocity dif-
ference of (1,2) collisions in [t_(; 2y, %(1,2)] decrease. Using the above formulas (Z.2)
- ([C3) this will amount to having every ball position and every absolute value of
each velocity decreasing at time ¢_(; o).

Therefore, by choosing every (1,2) velocity difference in [t_(q 2y, %(1,2)] sufficiently
small, this results in a contradiction since the energy of this orbit would be smaller
than the energy of the system ¢ = H (g, p). Hence, the velocity difference v; — vy
of at least one (1,2) collision in [t_(; 2y,%(1,2)] is bounded from below.

Repeatedly using the above formulas, we obtain lower bounds for at least one
velocity difference v;” — v, ,, for every i € {1,...,N — 1}. Since this collision
pattern appears infinitely often along every orbit we can extend these considerations
obtaining the result from Theorem [T11

Proof. Pick an arbitrary (1,2) collision and mark the time as t_(; 5). Then, pick
the next (2,3) collision in the future and mark the time as t_(53). Continuing
this procedure for the next (3,4),...(N — 1, N) collisions, gives us collision times
t_(3,4),--->t—(v—1,n). After that we pick the first (0,1) collision and mark its
collision time with to. We now reverse the order of collisions after ¢y and mark
the future collision times of the first consecutively appearing (N — 1, N), ..., (1,2)
collisions as t(ny_1,n),--.,t(1,2). Note, that in the intervals [t_(; ; 11y, t—(i+1,i+2)]s
ie{l,...,N —2}, exactly one (i + 1,7 4+ 2) collision occurs, while in the interval
[to, tv—1,3)] TesD. [t(iig1)st(i—1,0))s & € {2,..., N =1}, exactly one (N —1, N) resp.
(i — 1,14) collision occurs, but there is no restriction on other collisions happening.
The collision times of each (i,7 + 1) collision, including floor collisions, induce a
partition P; of the time interval [t_(; ),%(1,2)]: For every i € {2,... N — 1}, there
exists a positive integer n = n(i) > 2, such that the collision times of all the
(4,74 1) collisions in the interval [t_(; j41y,%(,i+1)] are given by s;1,..., 8, With
81 = t_(iig1) and s;, = t(i41). For i = 1, n = n(1) > 0, and by default
51,0 =t_(1,2), S1,n41 = t(1,2). Fori =0, 80,1,...,50,n, n =n(0) > 1, are simply the
collision times of the lowest ball with the floor in the open interval (t_; 2y,%(1,2))-
We augment the collision time sequences by a first element s; := t_(12) and a
last element s; ;11 := t(1,2), which yields the partitions P; = Ur—olsik» Si k1], for
every i € {0,...,N — 1}

We will first observe how decreasing the (1,2) velocity differences

(7.7) 0<wvy(s16) —vy (s1,6), VE€E{0,...,n(1)+1},

decreases the positions and absolute values of velocities in the interval [t_; ), (1,2)]-
For the latter to take effect, we will first apply (ZH) to quantify how many (2, 3)
collisions and floor returns of the lowest ball are in between two successful (1,2)
collisions. We introduce, for i € {0,..., N —1},j€{1,...,N—1}, k€ {0,...,n},
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where n = n(j), the functional
C; Pj — N
[$j.ks Sjet1] = i[85k, Sjk41]) = Cijin

The term c; ;  counts how many (¢,i+1) collisions appear in the interval [s; k, S k+1]
of the partition P, i.e. in between two successful (j,j + 1) collisions happening at
time s; 1 and s; ,+1. Applying this notation, we expand the velocity differences in
(T10) backwards and according to (T.5]) obtain for every k € {1,...,n(1) + 1}

0 < vy (s1k) — vy (S1,k)
= 23500 2501 (S0,90(5))

(7.8) ; _ _
+ (= y2) 2" (0 (s2,0000) — v5 (82,00 0)))

+ 2\/(v1+(sl,k_1))2 +2q1(s1.0-1) + 01 (s1.6-1) — V5 (51.8-1),

where the functions go(j) € {1,...,n(0)} and ¢g2(I) € {1,...,n(2)} enumerate the
collision times subindices. Using (8] together with ([(3]), (C6) and our assump-
tion, that each (1, 2) velocity difference in (7)) decreases, implies that the quantities

(7.9a) vy (s2,5) — 5 (s2.6), Vke{L,...,n(2)},
(7.9b) vy (sok), Vke€{l,...,n(0)},
(7.96) UT(Sl,k—l)a q1 (81);@_1), Vke {1, ceey n(l) + 1},

decrease as well. We repeat step (7.8)), by expanding the remaining velocity differ-
ences v; (si%) — v, (sik), foralli € {2,...,N =1}, k € {2,...,n(i)} backwards.
Using again the assumption that every (1,2) velocity difference in (1) decreases,
its implication on (T9al) and (T3], (T4, leads to the decrease of

(7.10) v (8ik) — v (sik), Yie{2,...,N =1}, ke {2,...,n(i)}.

Every pre-collisional velocity difference v;” — v;}; occurring in [t_(; 2), 8:1) resp.
(84,n,t(1,2)] can be expanded forward resp. backward and by using (ZI0) will de-
crease in the same way as the velocity differences before.
If the next ball to ball collision is (i,i+ 1), 4 € {1,..., N — 1}, the collision time is
given by

di+1 — i

Vi — Vit+1 '
If the denominator v; —v; 1 decreases, g;+1, g;, has to decrease as well, otherwise the
collision time would be unbounded, which would result in arbitrarily large velocities
and contradict the finite energy assumption. We conclude, that if every (1,2)
velocity difference in ([L7)) decreases, then every ball to ball pre-collisional velocity
difference, floor collision velocity and position, at time ¢_(; o), decrease to a positive
value, which can be made as small as needed. Due to the continuity of H(q,p),
we deduce that if every (1,2) velocity difference in (7)) becomes sufficiently small,
our orbit would break through the constant energy surface. Hence, there exists a
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constant C7 > 0 and at least one k € {0,...,n(1) 4+ 1}, such that
(711) ’U; (Sl,k) - ’U; (Sl,k) > Ol.

In order to obtain the existence of a constant C' > 0 and at least one (i,7 + 1)
collision, such that v;” — v, > C, for all i € {1,...N — 1}, we first pick the
previous resp. next (2,3) collision before resp. after the (1,2) collision in (ZIIJ).
Let the past resp. future (2,3) collision happen at ¢, resp. t;. Using (T4)) we
expand vy (ty) — v (t5) backwards and obtain

0 < vy (ty) —vs(ty)
(T+71) Y75 (v (1) — vy (1))
(1—3) 220ty (05 (w) — vy (w))

+ v;(tp) - U;(tp)v

_|_

where r1,...,7,, resp. u1,...,u, are the collision times of the (1,2) resp. (3,4)
collisions in between the two (2, 3) collisions occurring at times ¢,, t;. Note, that
the reason we denoted these collision times as r; resp. u; (and not s1 ; resp. s3;) is
because one of the (2,3) collisions may lie outside of [t_ (1 9),%(1,2)]. This depends
on the position of the (1,2) collision at time s 5 from (TIT]).

Assuming that both (2, 3) velocity differences in the past and future are arbitrarily
small yields a contradiction since vy (s1,%) — v5 (s1,6) > Ci1. Hence, there exists a
constant Cy > 0, such that either vy (tf) — vg (ty) > Co or vy (t,) — v5 (tp) > Co.
Successfully continuing this procedure we find positive constants Cy,...,Cny_1 > 0
and at least one (7,7 4 1) collision, for all i € {1,..., N — 1}, such that

(7.12) v; — v > min{Cy,...,Cy_1}.

It follows from the way we obtained (T.I12]), that the collision times of all (i, + 1)
collisions satisfying (ZI2) do not necessarily belong to [t_(1 2),t(1,2)]-

The above steps can be repeated, thus, creating infinitely many compact intervals
with a sequence of constant positive lower bounds for at least one v; — v, per
compact interval. This holds along every orbit. Those lower bounds have a global
minimum, i.e.

i in v (t 1)) — v, (t 1
min min vy (tn(2,1)) = vy (ta(@, 1)
exists. Otherwise the velocities in (ZI0) would decrease to a value small enough
causing energy loss, hence, a contradiction. For this global lower bound we can
repeat the steps from the last paragraph to obtain a global lower bound, say C' > 0,
for every pre-collisional velocity difference. O

8. STRICT UNBOUNDEDNESS

Liverani and Wojtkowski formulated in [LW92, Theorem 6.8] equivalent conditions
to the strict unboundedness property, that we state again here.
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Theorem 8.1. For every x € M, the sequence (dpnT)nen is strictly unbounded
if and only if

(8.1a) The sequence (drn T )nen is unbounded.
(8.1b) There exist ki, ko € N, such that Q(d,T* (5¢,0)) > 0
and Q(d,T*2(0,6n)) > 0, for all (6¢,0) € Ly, (0,6n) € Lo.

Point (81D is equivalent to d,T being eventually strictly @Q-monotone, for every
x € M [LW92]. We will prove strict unboundedness for every € M\ D and split
its proof into two parts: First, we prove that (8Ial) is equivalent to point (811
and, second, we establish the validity of point (8Tal).

8.1. Prerequisites. It is immanent for our goal to investigate how the Q-form
behaves when undergoing a floor or ball to ball collision. Using the collision maps
(#8) and the definition of the @-form ([4.3]), we obtain for any ¢ € {1,...,N — 1}

(8.2a) QP01 (6,6m)) = Q(8¢,6m) + o7,

where the coefficients «;, 8 were defined in (7).

Let (tn)neny = (tn(2))nen be the sequence of future collision times starting at .
For n € N, let b, , count the ball to ball collisions, starting from « up to the n-th
iterate Tz and let, similarly, f, , count the (0, 1) collisions starting from z up to
the n-th iterate T"x.

Using estimates (8.2al), (8:2h), we can expand the Q-form of the n-th iterate back-

wards, i.e.

53) QUdT™(06,0m) = Q(O&m) + YR (k) (bpa (1)), (1) (bpa (1))
+ Zfrfznl (tp2(m))5§%(tp2(m))v
where p; : N — {1,..., N} gives the subindex component of the vector element

and p2 : N — N gives the collision time index.
On RN~1, we define the norm

N-2 9
2 (0ni41 — 0m;)
lonllew = ; 77”1_ .

It was introduced by Cheng and Wojtkowski in [ChW91l (11)]. It is invariant with
respect to the submatrices D;, D of the ball to ball collision map derivatives given
in ([@6]), which implies that in a ball to ball collision || - ||cw is preserved.

8.2. Equivalence. This subsection contains the proof of the equivalence of points
BId), (BID). Recursively define (8¢, 0n,) = dT(0&,—1,0mn—1), with (6&, dno) =
(0¢,0n) and z,, = T™x. We recall some results from [S96], which we translate from
(6h, 6v) to (&, 6n)-coordinates. Consider the neutral space

N, = {(66,0) e RN "L x RV . Q(d,T™(8€,0)) =0, V n >0}
This space contains all the vectors of RV =1 x { 6}, for which @) remains zero along the

whole orbit starting at z. Let tg,1)4 = t(011)+k(x), k € N, denote the collision time
of the (k + 1)-st floor collision time in the future. It was explained in [W90a, [S96],
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that (0€,0m) € N, if and only if §&(to1)1k) = 0, for every k € N. In [S96,
Sublemma 3.8], Simanyi introduced the norm

1€ 115 = (AT DA, 5¢),

where D = diag(myq,...,my) is the diagonal matrix with masses as diagonal ele-
ments and A is the matrix introduced in (£3]). This norm is point independent and
time invariant for every vector of the neutral space. Thus, for every (d&,,0) € N,
there exists a constant positive value d = d((&fn, O)) € R4, such that

(8.4) 166nll% = d, ¥ n > 0.

With this information we can prove the equivalence of the unboundedness condition
(BTIa) and the eventual strict Q-monotonicity (81D).

Theorem 8.2. The sequence (dpniT )nen is unbounded for x € M if and only if
the map d,T is eventually strictly Q-monotone for x € M.

Proof. 1f d, T is eventually strictly @-monotone then A, = {@#} and therefore there
exists a subsequence (kyp)nen, such that

(8.5) 661 (to,1)+k,) #0, VR EN.

Assume that (drn,T)nen is not unbounded, i.e. there exists x € M, (8¢, 4dn) € C(x)
and E > 0, such that

(8.6) lim Q(d,T"(0€,0m)) = E.

Note, that the limit £ must be positive, since (&, dn) lies in the interior of the cone
and the Q-form is increasing on every orbit.

When the orbit experiences a (0,1) collision the value of the @-form changes ac-
cording to (82a). If vmax > 0 is the maximal possible velocity of a ball, then 8 has
a uniform lower bound, i.e.,

(8.7) B =—=2/miv;y > 2/M1Vmax =: Bmin.-
Using Q-monotonicity, in combination with estimate (8.2al) and (87), we can modify
formula (83)) in order to obtain the estimate

fan

(8.8) Q(d,T™(8€,6n)) > Q(d€,6n) + Pmin Z 6&3 (t0,1)+k)-

k=1
We follow from (8.6) and (8.8)), that the limit

fon
nlgTolo Z 55%@(0,1)%)
k=1

exists, which necessarily implies that
lim 551 (t(0,1)+k) =0.
k— o0

But this contradicts (835) and therefore (dpn;T)nen is unbounded.
Assume now that (dpn.T)nen is unbounded along an orbit where d, T is not eventu-
ally strictly @Q-monotone, i.e. N, # {0}. Every vector in v € C(z) can be uniquely
decomposed into v = vy + vo, where v; € L;, ¢ = 1,2. Consider the projection

71 : C(x) — Ly,

v (v) = .
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Due to our assumption and since NV,, C Ly, we have 7 (v) € N,.. Using the Cauchy-
Schwarz inequality and ([84]), we estimate

Q(dT" (58, 6m)) = (66, 1) < [16&nl2][0mn 2
< C1Co||8&nllsl16mmllcw = CiCadl|dnnllcw

where C1, Cy are constants arising from the equivalence of norms. Letting n — oo
in the previous inequality and using the validity of unboundedness yields

lim |09, ||lcw = oo.
n— o0

In a ball to ball collision the value of the norm || - ||cw does not change. Thus,
[[6m,||cw can only grow in a floor collision. From (48]), we obtain
(8.9) 0g! = 0¢7, onf =ony, onl = Bog +omy,

where i € {1,...,N}, j € {2,...,N}. Therefore, ||dn,|cw increases if and only
if 0§, # 0. This contradicts our assumption N, # {0}, which implies that d,T is
eventually strictly Q-monotone. O

8.3. Unboundedness. For later estimates we want to combine the subsequences
obtained from Theorem [Z1] into one.

Definition 8.1. For every & € M \ D, we define the subsequence (sp)nen =
(sn(z))nen as the union of subsequences (t,(x,i))nen over i € {1,..., N}, where
the elements are numbered consecutively with respect to the order of occurrence in
time.

To establish unboundedness, we need to prove property ([BIal) of Theorem [RT]
namely,

(8.10) nlirrgo Q(d;T"(6,0m)) =00, Vx € M, V z € C(x).

We remind the reader, that the subtle difference to strict unboundedness is that
the divergence in (8I0) needs to hold only for every vector from the interior of the
cone.

At collision times (t,(z,%))nen, obtained from Theorem [Tl the coefficient «; in
(8:2D)), has the uniform lower bound

2mimiq1(m; — miga)

(8.11) A:= min

C.
{1)"'7N_1} (mi+mi+1)2

We use the lower bound (8I1]) of a; along the subsequence (t,(x,))nen together
with Q-monotonicity and subsequence (s, (x))nen defined in Definition B] to mod-
ify (B) into the estimate

bz,
(8.12) QdaT"(5¢,8m)) > Q(8€,0n) + A Y 811y, 1 (s8)
k=1
where p; : N — {1,..., N} gives the subindex component of the vector element.

Theorem 8.3. The sequence (dpn,T)nen s unbounded for every x € M\ D.

Proof. Assume on the contrary that (8I0) is violated, i.e. there exists £ > 0,
x € M, (6§,9m) € C(x), such that

(8.13) nll)rr;o Q(d,T"(6&,6m)) = E.
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We deduce from (8I2) and 8I3), that the limit

bz n
Jim D 03 4y (s)
k=1

exists, which necessarily implies that

(8.14) nhﬁngo M, (n)(8n) = 0.

Since every collision happens infinitely often, every component of the dn-part of the
vector (0€,dn) converges to zero along the subsequence (t,,(z,%))nen, i.€.

(8.15) le oni(tn(z,i) =0, Vie{l,...,N}.

It follows from our assumption and Theorem B2lthat along the orbit used in (813,
d,T is not eventually strictly @-monotone, i.e. §&1(t(,1)+x) = 0, for every k € N.
Point (89) and the invariance of || - ||cw in ball to ball collisions imply that the
sequence ||0my,||cw remains constant, i.e. ||0n,|lcw = |[0n]|cw, for every n € N.
Since (8¢, dn) lies in the interior of the cone, it follows that ||dn||cw > 0. But this
contradicts (8IH), thus, (drn»;T )nen is unbounded for every z € M \ D. O

8.4. Chernov-Sinai ansatz. For the Chernov-Sinai ansatz to be valid, we need
that the orbit for pgt-a.e. = € ST emerging from the sinuglarity manifold is
strictly unbounded. Due to the strict unboundedness property (cf. Theorem [2])
being valid for every z € M \ D this certainly holds.

9. TRANSVERSALITY

We know [BBNV12 [HT19], that arbitrarily many (0,1) collisions can occur in
finite time. This is why we prefer to formulate the subsequent results regarding
the transversality condition in terms of the flow, because we rather deal with
finite times than arbitrarily many derivative map compositions.
In [LW92], it was verified that every point of the floor collision singularity manifolds
is properly aligned and, therefore, the transversality condition holds for these sin-
gularity manifolds. It remains to prove the latter for the triple collision singularity
manifolds only.
We will restrict the discussion and proof of the transversality condition to triple
singularity manifolds S~ only since the former is completely equivalent for ST.
The proof of the transversality condition relies on a compactness argument which
utilizes

(K1) the strict unboundedness property (cf. Theorem [ZT), for every m € N.

(K2) the transversality of singularity manifolds =, S

(K3) the continuity of z — Q(d,¢'v; ) for every t >0, z € S~ \ D.
The characteristic line v, in (g, p)-coordinates for the triple collision singularity is
given by

vy ={(0¢,0p) € T,S™ : éq1 = ... =dqn =0,

Pivz | PiyPivt _ Piy1_ )
Miy2 M Mg My
Pirr  Piy Pt Piy
mi42 m;  Miy1 mg ’

6p; =0, & {i,i+1,i+2}}.

Spi = Opira((

Opit1 = Opiga(
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Due to the velocity restriction in M, (g,p) — Vi) is a continuous function and
this remains true when switching to (h,v) or (&, n)-coordinates via the symplecto-
morphisms given in (£.2), (£3).

Our strategy for the proof of is to prove the proper alignment condition on a
compact set K of full us--measure, which then implies the transversality condition.

Lemma 9.1. The transversality condition |(C5’) holds.

Proof. As a result of the regularity of singularity manifolds holds (cf.
Lemma [6.1]), and therefore, non-double singular points S~ \ D form an open set of
full us--measure. On this set, the derivative d¢t is defined for every ¢t > 0. Since

ls- is a regular measure, for every € > 0, there exists a compact set K = K(g) C
87\ D, such that

(9.1) us-(K)>1—e.
Consider the set
A={zeK: Q) >0}

of all properly aligned points in K. This set is closed and due to A C K compact.
Let 0B).;(0,1) be the compact ball of unit radius, with respect to the norm || - ||,
in tangent space. Since @ is homogeneous (of degree two), we can restrict, without
loss of generality, the characteristic line v, to the compact unit circle, i.e.

v, € 8B||.|| (6, 1), Ve e K.

Due to the strict unboundedness property and the compactness of A, C(x) N
8BH,H(6, 1), we can find for every constant Ey > 0, a time To = To(Fp) > 0, such
that for all z € A, v; € C(z) N ‘9BH-H(67 1), we have Q(d,¢™v, ) > E,. Otherwise
this would contradict the strict unboundedness property From the continuity
of z — Q(dyp™v; ) we obtain the existence of a constant Fy € (0, Ep] and
aset Ny = {z € K: Q(dgz¢™v;) > E1}, such that us— (N1 \ A) > 0. Due to
strict unboundedness we can find a uniform time T; > Tg on the compact
set Ny, such that Ny = {z € K : Q(d,¢"v,) > Ep}. Now we repeat the above
argument beginning with N7 in place of A. Since K is compact, we obtain finitely
many constants Top < ... < Ty, and sets N1 C ... C N, such that N, = K, where
Np={r € K: Q(d¢™v, ) > Ep}, i.e. every point in K becomes properly aligned
after Ty, time.

For the sake of convenience of the reader we formulate the proof details of the last
statement explicitly: Assume on the contrary, that there exists a point y € K, such
that Q(dy¢'v, ) < 0, for every t > 0. Due to the continuity of y — Q(dy¢'v,)
there exists an open neighbourhood V' around y satisfying V = K \ Ny, and
Q(d.¢'v;) < 0, for every t > 0, z € V. Using the definition of Ny, and continuity
again, we arrive at the contradiction Np NV # ().

Since the proper alignment condition implies Chernov’s transversality condition
pointwise and due to ([@I]), we derive Chernov’s transversality condition for a set
K of full yug--measure. O
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