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Non-existence of a stochastic fluid limit

for a cycling random walk
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Abstract

This papers studies a transient and irreducible face-homogeneous random walk on the lattice Z? with
cyclic fluid or Euler paths. The simplest practical models with cyclic paths such cycling seem to be priority

queueing models (cf. [6]).

For this model, the time-space scaled process converges in distribution to the Euler path for initial
points outside the origin. This is a standard result. In contrast, we will prove, that in general there is no
convergence to the Euler path of the time scaled process for a fized initial point. In particular, if there is
convergence at all, then the limit distribution should be invariant with respect to the dynamical system

associated with the Euler paths.

This fact implies that scattering cannot be properly defined when scaling linearly by time. The proofs
show that instead one should scale back along the Euler paths. This work is the starting point of further
research of scattering phenomena and connections with decomposing the process into atomic and non-

atomic subsets.
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1 Introduction

The present research has been a long, tough and, by times, tedious one. Our utter conviction that the time-
space scaled process associated with our model, would converge in distribution to a random variable on the
set of fluid or Euler paths, made us blind to see the truth leaping to our eyes. Remains to confess that more
perspicacious spirits than ours have erred likewise.

In the framework of a dynamical systems or fluid approximations approach to queueing networks we
consider an example of continuous scattering. In other words, an example with an infinite number of Euler
(or fluid) trajectories starting at the same point, 0 say. Our example is the simplest possible, but nevertheless
non-trivial. This example is similar to the case of the random walk in Z* | (see [2]) with escape to infinity by
cyclically rotating over all three faces of the octant. The well-known and simplest example in the queueing
setting exhibiting this phenomenon, is a priority queueing network (cf. [6]). For terminological reasons we
consider the two dimensional analogs of these cases.

Our model is a random walk {&, }n=01,.. in Z27 with homogeneous jumps inside each of the four quarter
planes (see Figure 1, where the drifts are shown). By virtue of the law of large numbers, we know that for any
given state z € R?\ {0} and sufficiently small time intervals of length ¢, the following limit (in distribution)
of the space-time scaled process exists

N
€l 2y N o, (1.1)
N
whenever the random walk starts at & = [¢N], provided that z is a point in the interior of any of the

quadrants. Here u(x;t), t > 0, is the deterministic dynamical system defined by the drifts and the initial
condition u(0) = x.

The ergodicity and transience conditions for this random walk in terms of the dynamical system are quite
obvious: if the trajectories of the dynamical system go to infinity then the random walk is transient and if
they converge to 0, then the random walk is ergodic. Such trajectories are called Fuler or fluid paths.

In case the Euler paths converge to 0, it is clear that £y (x)/N converges to 0 in distribution and even
a.s., for any fized initial point z. Indeed, using techniques from [9] and [8] one can show that the walk is
exponentially ergodic. Thus, once having reached a bounded set, the walk can only move outside it with
exponentially small probability.

This paper studies the case of diverging Euler paths, where the situation is quite different. The random
walk &, starting at a given point x, turns out to spread out over all Euler trajectories. This is the reason
why the time scaled process cannot converge in distribution. Indeed, if the process at macro-time is close to a
certain Fuler path, then scaling it linearly in time yields a cyclically rotating point along a closed curve that
is homeomorphic to a circle. In this light, it is not surprising that for the limit distribution to exist, it has to
be invariant with respect to the dynamical system associated with FEuler paths.

Note that, as a consequence, in general there cannot be any convergence in distribution of the time scaled
process {{n)/N [0 <t < T} over macro-time intervals.

The main tool used here is an extension of Kolmogorov’s inequality for i.i.d. random variables. This is a
technical derivation, complicated by dispersion occuring whenever an axis is passed. In the way, we show that
sets of cones defined by Euler paths, are so-called sojourn sets.

This paper is the starting point for further analysis of the space decomposition into closed sets (cf.
Chung [1]) and scattering phenomena. The underlying idea for face-homogeneous random walks is the follow-
ing. Decomposition into atomic sets should be equivalent to the occurrence of a discrete set of Euler paths,
over which the process scatters in the long run. The scattering probabilities are then equal to the absorption
probabilities of the atomic sets of the decomposition. More details can be found in a subsequent paper [5].
Ours will turn out to be an example of the state space being a single non-atomic set and there is continuous
scattering over the (continuous) set of all Euler trajectories. In a subsequent paper ([7]) we will show that
each trajectory turns out to be chosen randomly by a probability measure p, on the set of all trajectories
starting at a given point ¢. Identifying each point of a circle around the origin with a trajectory, one can then
say that the Poisson boundary is isomorphic to a circle.



2 The model

We consider an aperiodic irreducible Markov chain {, }n=0.1,.. on the state space 72 in discrete time. If the
random walk starts at point # € Z?, then this position at time n will be denoted by &, (). We will assume
the random walk to be face-homogeneous, i.e. the transition probabilities from two states, the components of
which have the same sign (4,-, or 0) are equal. For any u € R, let sgn(u) = +, —, 0 whenever u > 0, u < 0 or
u = 0 respectively. Then we can denote the nine faces by Q, a,b € {+, —,0}, where

Qab — {.’I} c R2 | Sgn(qjl) = a,Sgn(-’L’2) = b}

Further, denote the mean drift in a point z € Q*® by

m(m) =m®* = (m%b’mgb) = Z(y - x)P{fn-i-l =Y | §n = x}

Since the transitions on the half axes have a minor influence on the large time behaviour of the process, we
will assume that the drifts from points on axes coincide with the counterclockwise quadrant following the
half-axis in question.

Summarising, we assume that the one step transition probabilities py y4r = P{&n41 = = + k|&, = 2z}
satisfy

(i) homogeneity condition p, .+ = p?, for x € QN VAR

(ii) boundedness of jumps p¢® = 0 unless —1 < ky, ko < 1.

0 0

(iii) drift condition m*? =m**+ MmOt =m=F mC =m=——, m0— =m*~.

We also assume that these drifts are of the form shown in Figure 1 below.
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The figure evidences that the system to be studied, is transient: there is no smooth function to be constructed
with all drifts pointing inwards the corresponding level sets. In particular, the transience and ergodicity
regions in the parameter space are a.s. determined by the value of the constant

m;+m1_+m2__m+_
C=—2_-1 72 71 (2.1)
my Tmy my; m

Lemma 2.1 The random walk is transient if C > 1. It is ergodic if C < 1.
We will show this result in the next section. Our basic assumption can now be reformulated as follows.
Assumption 2.1 It holds that C' > 1, and so the random walk is transient.

Next we define the continuous time dynamical system u(x;t) associated with this Markov chain, mentioned
in the introduction. It is a continuous mapping u : R? \{0} xR — R?, defined by the mean drift vector field
and initial condition u(z;0) = x. More precisely, u(z;t) is a continuous piecewise linear function of ¢ with

u(z;0) =2 x #0,
(2.2)

%u(x;t) =m(u(x;t)), teR, ifu(z;t) €Q? ab=+,—.



Note that the dynamical system cycling off to infinity coincides with C' > 1. Thus transience in this case is
evident. Formally: |u(z;t)|, — oo, as t — 400, x # 0 (see Figure 2). Similarly, |u(x;t)|, — 0, as t — —oc.
An important property of the dynamical system is homogeneity:

u(az; at) = au(z;t), x#0,a>0. (2.3)

At this point we will introduce some other notions that will be frequently used.
Euler or fluid paths are defined to be the trajectories of u. The Euler path I', starting at x # 0 equals

'y ={u(zx;t), t € R}
By the cycle time we understand the mapping 7 : R?\ {0} — R given by
7(z) = min{t > 0| u(z;t) = ax for some o > 0}.

It is the time the dynamical system starting at x needs to pass precisely one cycle. By homogeneity of u, the
cycle time is homogeneous as well:
T(az) = ar(z), a>0. (2.4)

Finally, we introduce the ‘Euler distance to 0.

Definition 2.1 For x # 0 the Euler distance r(z) to the point 0 is defined by
r(x) = inf{t > 0| u(x; —t) = 0}.
The set Z(t) = {x € R? : t = r(z)}, t > 0, will be called the isochrone at (Euler) distance t.

The mapping = — I', clearly a bijection between Z and the set of Euler paths. Note that R*\ {0} = U,T,
and two Euler paths intersect only at the point 0. The following lemma establishes a simple relation between
cycle time and Euler distance.

Lemma 2.2 We have that

r(z) = T@)

Cc-1
with C defined in (2.1). Hence, points at the isochrone Z(s) at distance s have cycle time s(C —1).

Proof. Let us calculate the time r(x) to reach zero from the point x. First note that u(z;t) = y implies
u(y; —t) = z, for any = € R?\ {0} and t > 0.
Then from definition of r(-) and 7(-) it follows directly that

r(z) =r(@C™) + r(zC™1), (2.5)

since the cycle time is measured forwards in time. As r(y) — 0 as y — 0, we get

B > kL = B _ 1  7(x)
r(m)szf(xc k)q(x)ch k= r(z)C 11_0_1 =7

=1 =1

The following general result holds. It is the starting point for our analysis.

Proposition 2.1 The Euler limit in distribution
i M END o
N—oo N

(z;t)

exists for any x = (x1,22) #0 and t > 0.

For small values of ¢, this follows from the law of large numbers. For larger ¢ this statement is evident, although
we do not know of any existing proof for this particular model. This is a general feature of convergence results
of this type: in spite of its being an obvious fact, so far there are only proofs tuned to special classes of walks.

We will prove this result in the next section, as it will be the basis of our further analysis of the random
walk starting at a fized point,



3 Euler limit estimates for starting points x # 0

For any initial point  # 0 we will first estimate the distance |{(x) — u(r;z)|, and then we will prove
Proposition 2.1. If we would have a completely homogenous random walk, than we could immediately apply
(modulo generalisation to vector sequences with martingale components) the Azuma-Hoeffding inequality for
martingales ([10], E14.2, p.237), that we recall here.

From now on by | - | we will understand the ¢*-norm | - |,.

Lemma 3.1 (Azuma-Hoeffding inequality ([10] p.237)) Let {M;}}_, be a zero-mean martingale, the
increments M; — M;_1 (with My = 0) of which are bounded in absolute value by c¢;. Then for any x > 0 we

have
2

T
P{ sup M; >z} <exp{l————
{1gl§n ) { 22?:1 012

In our case of only face-homogeneity, the sequence

1. (3.1)

My = &1 (w) — Uw; ),

with
t

Ulait) = 3 m(gu(@))
n=0
is a sequence, the components of which form a martingale sequence. However, U(z;t) itself is random. So,
in order to get bounds on the distance & (x) — u(x;t)| by using the Azuma-Hoeffding-inequality, we have to
bound |U(z;t) — u(x;t)|. Unfortunately, our investigations did not result in essentially stronger results than
the bounds from Lemma 3.2 below. Since this was our earlier approach, we have decided to leave it intact,
and use the martingale approach lateron, where we will need it. We would like to mention, that this setting
will be a useful one for connecting atomic sets and discrete scattering properties (cf. [5]).

The main problem in this derivation is the following. Starting at a point far away from the origin, it takes
a long time before any axis is crossed. Inside quadrants, the walk behaves as a sum of i.i.d. random variables,
and the law of large numbers applies.

However, the chosen drifts guarantee that sooner or later some axis is hit. For some time the walk
is controlled by two different distributions, until (exponentially quick!) absorption into the next quadrant.
Again after some time the law of large number regime applies, based on another jump distribution than before.
The time between passing from one law of large number regime to another allows for some dispersion that
should be controlled.

Boundedness of the number of face-transitions in Lemma 3.2 is mainly used in order to control the total
amount of dispersion. An additional problem will arise later, since Fuler paths are not parallel, but their
distance blows up a factor C each cycle.

For any = € R?\ {0} we define

n(z) = inf |u(z;t)|.
t<r(x)
In the following lemma we estimate the probability for the random walk to be inside a tube of radius v of the
path u(z,s),0 < s <t, where t > 0 is any fixed number. The radius v should be sufficiently small :

(i) v < n(z), meaning that the v-tube does not contain 0 ;

(ii) 2v <n(xz)-|C —1| =inf 1) [Cu(z, s) — u(z,s)],
meaning that “neighbouring parts” of the v-tube do not intersect.

This yields the following upper bound for v

v < n(x) - min{ |02_ 1 1} (3.2)

For convenience we reformulate this upper bound in terms of the cycle time 7(x). Just note that there exists
a positive constant g such that
n(z) > g-7(z) forall z € R*\ {0}



and therefore there exists a constant § = 8(C') > 0 such that
v<0-7(x) (3.3)
implies (3.2).

Lemma 3.2 (Extension of Kolmogorov’s inequality) There exists a constant ¢ > 0 such that for any
constant v satisfying (3.3), the following holds

P{nax, [60(x) — u(ws k)] < 0} > 1—c: . (3.4)

for any time t and any sufficiently big initial state x € Z%. The constant ¢ depends only on the number of
face-transitions of the trajectory u(x;s),0 < s < t.

Clearly, inequality (3.4) is trivially true whenever v < /¢ - t.
Proof. Tt is sufficient to prove the assertion for x € Q*+. Let
T

b

to =
|m

be the first time that the dynamical system u(z;-) hits Q°F. Similarly, denote by

.’£2+t0m;r+
ty = ————7— +¢
CmeT

the first time that the dynamical system hits Q~°. In the time interval [0,#1) the dynamical system starting
at = has precisely one face-transition.

Fix a constant w > 1. First we consider the case of z1,x2 > w and x; is sufficiently large. The proof will
establish the Euler limit estimate for this given z, t < ¢; and w > 1 such that the disc {y € R? | |u(x;t) —y| <
w - B} is contained in the interior of @~ 7, for some constant 3 > 1. The estimate for general ¢ then follows
by a finite glueing procedure applied to subpaths ending and starting inside a quadrant.

We consider three cases t < to — w|m] | ™!, the dispersion situation tq — w|m]T|~! <t < to + 4y 1w,
where v = min{|m*|, jm{F|}, and to + 4y tw < t < t5.

1. Case of t < tq — w|m] |71
Before the first face-transition occurs, the random walk inside a quadrant Q%°, a,b = +, —, behaves as the
sum of i.i.d. random vectors, i.e.

!
Ga)=z+y
n=1
where 12° are i.i.d. random vectors with distribution
P{ny’ = a} =g’
and with expectation Er, = m® and variance vectors D, a,b = +, —. Let
VD = max{| D], [D~F|, | D[, |D* |}

Denote Sg° = (ng’l, S,‘;g) = 22:1 n2. By Kolmogorov’s inequality for random vectors we have for any w > 0
and any integer t < to — w|m] |7}

27

t
P{|S2 — km®| <w, forall k <t} >1—D - = (3.5)

for the constant D and for any a,b = +, —.
This tube of radius w is contained in Q*+: indeed u(z;tyg — wlm{™|™!) = 2 + m™+(ty — wim{+|~!) has
first component equal to z1 + mfrto + w = w and the second component is increasing in the time variable.



Thus the probability of all trajectories inside this tube for the unrestricted S;-proccess and our random walk

are equal. We find that

P{max|éu(z) — u(@iB)] <w}>1-D- . (3.6)

w2
So for t < tg — w|mT|~! the statement of the lemma holds for ¢ = D and v = w.
2. Case of tg + 4y tw >t > tg — wjm |~
Since the jumps have size at most one both horizontally and vertically, the £2 norm of the jump size is bounded
by V2. Hence, in time
w(|m{ T[T+ 497 Sw -5y

1

the covered distance has norm at most 5v/2y~'w. Consequently, (3.6) implies that

P e [0 () — u(e: K)| < w+ 5vBuy1) > 1 p. oWy
p<t oK ’ - v - w? w2’
Putting v = (1 + 5v/2y~!)w, this implies
: < > ! > !
Plmax () — u(rs k)| S v} 21-D- > 1—c. =, (3.7)

with ¢ = D - (1 + 5v/2y71)2
3. Case of t; >t > tg + 4y 1w.
Denote by

7o = min{s > 0] & (x) € Q)
the first hitting time of the axis Q% for the random walk and let

7o =min{k|z + ST € QY.
Clearly,

++ ++ e 157 = k™ < w,
max ST —km <w} C =To
k§t0+w|mf+|*1 ” k ” - } to — w|mf+|71 <79 <ty+ w|m1"+|’1

Since 19 and 7y are equal in distribution, we find by Kolmogorov’s inequality that

t ++1—-1
P{C(z,w)} > 1-D- 0*“1‘;’;1 | (3.8)
where
oy | B ] <
W= to_f w|mi"+|71 <79 §t0+w|m'1"+|71

The event C'(z,w) implies that
Ero(2) € C*(z,w) = {y € Z% |y1 = 0, [yo — uz(w;t0)| < w(l+ |m{*|7")}.

This is because of the event C(z,w) implying that 7o occurs earliest at time o — w|m 7|71, At that time,
the difference between the second coordinates of &, (x) and u(x;7) is at most w and the maximum occurred
deviation in the time interval till ¢, is at most w|m; |~

Consider the random walk starting at ¢ € C*(z,w). We will show that the random walk starting at point
g leaves the axis Q° at exponential speed. To this end, consider the event

{g[aw],l(q) > —’lU},
with o to be determined lateron. Consider the process Sy = £;1(¢), k = 0,1,2... We have

E(Sk+1 — Sk|Sk) < —v



with v as above. By virtue of [2] Theorem 2.1.7, for any positive §; < 7 there exist constants h > 0, do > 0
such that for any k

P{&,1(q)) > =61k} < exp{hq1 — d2k} = exp{—dak}, (3.9)

the latter equality holding because of ¢g; = 0. Choose d; = /2 and suitable corresponding constants h, ds.
Set a = 3/(201) = 3y~ ! and k = [cw]. This choice ensures that t > to + (4/7)w > 7o + [aw].
For all w > 1 we have

Y3 3 Y
9 [aw] > E(fw — 1) = iw— B > w,
since v < 1 by definition. This implies
P{f[aw],l(Q) > 7w} < P{E[aw],l(q) > —51[0411)]} < eXp{fch[OﬂU}}, (310)

for w > 1. Clearly by decreasing d2, (3.10) can be made to be satisfied for all w > 0. By the boundedness of
jumps we have

P{{law) (@) € A(q,w)} > 1 — exp{—da]aw]}, (3.11)
with
A(q,w) = {y c 7>

Next note that the event {{4.)(q) € A(g,w)}, ¢ € C*(x,w), implies

—[oaw] <y < —w 4
ly2 — 2| < [aw] }CQ '

3 5
{ e [6(0) —ulg:k)] < vy (20)? + (G0)? = Jow).

As a consequence, the event C(z,w) N {&;+[auw](T) € A(&r, (), w)} implies

{ max | 1€k (z) — w(z; k)| < w(1+ §cu)}, (3.12)

70 <k<7o+[aw 2

so that the dispersion deviation is well-controlled.
Next we bound the maximum deviation between dynamical system and walk after time 79 + [aw]. Choose
any point p € A(q,w) and let
T=1t— 10 — [QW].

Given the event C(z,w), we have 7 > 0 and
|7 (t —to — [aw])| = |70 — to| < wlmi*|7". (3.13)
So for any realisation s of 7 we have (given C(z,w))

t—to — [ow] +wm{t|!

Pimax [€:(p) — (- km )] Sw} 21D (3.14)

w?

We will now apply a gluing procedure. To this end, note that combining p € A(q, w) and g € C*(x, w) yields
the estimate

Ip+sm™" —u(a;t)] < |u(wito) +sm™F —u(z;t)] + [p — u(z;to)|

IN

[to+s —t||m~T| + \/oz2w2 + (w(l + |mfT|71) + aw)?

A

w{(a + mi T m | + \/042 + 1+ |mft + a)2}, (3.15)

for all w, given the event C'(z,w).
Recall a = 3y~! > 3, where v = min{|m; *|, |[m; *|}. Therefore, |m{*|~! < a and so (3.15) implies

Ip+sm™" —u(w; )] < w{2alm™"| + va? + (1+2a)?}



Choose now w = #~'v with

8 = max{2alm—| + /a2 + (1+ 20)2, 1 + ga}. (3.16)

Putting (3.8), (3.11), (3.12), (3.14) and (3.15) together, we find using the Markovian property

P{rggf 1€k () — u(z; k)| < v} >

¢ -1
> (1 -D- %) (1 - exp{—égaw}) X
w
(1= L to—lowl bubnd "1
w

t

+-1
> 1-p.Lyplvl p |
w w

2w|my
2

— exp{—draw}. (3.17)
w

The constant D comes from the variance of the jump distributions, but clearly all previous inequalities continue
to hold, if we make D larger. Thus we can assume that D is so large, that

2w|my !
2

plel p

—exp{—d20w} >0

w w

for any w > 1. Replacing w by 8~ 1v, we get

P{max |6(x) — u(as k)| < v} > 1-D- 5% .
So we put ¢ = c(x,t) = D - 2.
Thus we have proved the assertion for the case that x, x5 > S~ v, z € QTT. The case of one of z1,
x9 smaller than B~ 'v is treated similarly to the above analysis, case 3, when the random walk enters a
neighbourhood of the order v of an axis. The case of z; and x» both smaller than 3~ 'v cannot occur when
the initial state x is sufficiently large.
This proves the assertion of the Lemma for t < ¢;. O

Proof of Proposition 2.1

Since the point u(z;t) is the outcome of a degenerate random vector, convergence in probability and conver-
gence in distribution are equivalent. We check convergence in probability. Fix any z € R*\ {0}, any ¢ > 0.
We have to check for any (sufficiently smal) o > 0 that

P{| f[tN]E\[fo])

In order to apply Lemma 3.2, we have to consider the point u([xN]; [tN]) instead of u(xN;tN). We will show
that these are within uniformly bounded (in N) distance of each other and we will argue that the number
of face transitions of the different trajectories of u([xN];s) on s < [tN], do not differ more than a bounded
number, for all sufficiently large N.

First we consider the difference u(zN;tN) and u([zN]; [tN]). The number of cycles ¢(y; s) crossed in time
s equals

—u(z;t)| > o} = P{|¢n)([#N]) — u(zN;tN)| > oN} -0, N — oo.

log (= T(’E;)l) +1)

c(y;s) =max{l|l+1< og C

Then

log (t(rc(;)l) +1)
1 N = 1 N = N = < _—
1\}5%0 c([xN]; [TN)) 1\}5%0 c(xN;7N) = ¢(z;t) =max{l |l + 1 < log C }

Choose Ny with ¢([zN];[TN]) = c¢(xN;7N) = c(z;t), N > Ny. After precisely c(z;t) cycles the distance
between the Euler paths starting at N and [xN] respectively is

celast) celit) _
ﬁT([chD) —u(zN; “0_-1

< CEN|[zN] — aN| < C@H/2,

Ju(lzN; (@N))]



If another cycle would be completed, then the distance would be at most Ce@)+L /5 On 0 < s < [tN],
the trajectory u(xN,-) ‘lags behind’ compared to the trajectory w([xzN];-) (it did not yet complete the c(x;t)
cycles!). This lagging behind is proportional to the maximum distance that can be travelled by the dynamical
system during the time that is equal to the difference in their respective (c(z;t) + 1)-th cycle times. This time
is bounded by C°@H)+1C" for some constant C’. Since the total travel times also differ by at most 1 unit time,
the maximum difference between u([zN]; [tN]) and w(zN;¢N) must be bounded by

Cc(ac;t)+1\/§_|_ (Cc(x;t)+1C/ + 1)0//7

for all N > Ny, where C” is the maximum distance travelled during one unit time. One can therefore choose
N7 > Ny such that for N > Nj it holds that

{I¢em ([2N]) — w(@zN;EN)| > o N} C {[€en ([#N]) — u([zNT; [EN])] > %N}

To see that convergence is quicker than linear in N, choose any positive € < 1/2. Replace z and ¢ in (3.4) by
[#N] and [tN]. Then the number of cycles passed by u([zN];s) on 0 < s < [tN] is equal for any N > Nj. The
number of face-transitions therefore can differ at most by 4.

Now let Ny > N be such that N“t%/2 < ¢N/2, and (3.3) is satisfied for N > N,. By Lemma 3.2 there
exists a constant ¢ > 0, such that

P{I¢ien ([#N]) — u([zNT; [EN])] > %N} < P{l€em ([&N]) = u([zN]; [EN])] > NH/2)

[tN] ct
~ C'7N26+1 _ﬁ’ N>N2

The result follows from the fact that limy_. o ct/N2¢ = 0. O

4 Criteria for ergodicity and transience

This section will show the validity of Lemma 2.1. For proving ergodicity and transience, the construction of
a suitable Lyapunov function suffices. In the case of non-zero drifts, one can often use the Euler distance to
0 as a Lyapunov function.

To this end, we need studying properties of the Euler distance r(z) as a function of the initial point x, or
equivalently, of the cycle time 7(z) (cf. Lemma 2.2).

4.1 Cycle time and isochrone

The cycle time is easily calculated explicitly. To this end, define the constants

B SR S s I 52 s
- ++ ¥, -+ ++,, -+, —— e
Imy™ | my Tmy my My My my My My My
1 my " my my | my my i
T = T e L e S e S
Imy | my Tmy My My m My My My MYy
L], memd e
8= ot o gt g oy — o T T
my my My my My My mymy my T my
B S SRR 1 e N 7 T
- += F— T+ = F+, —+ =+, —F,, ——
My my [m{ ] my T my T mg My My My My
Further denote 7++ = 770 = (1, ), 77 = 7" = (-7, ), 7~ =70 = (—7m3,—7), 777 =197 =

(11, —74). It immediately follows that 7% . m®7T = C — 1. Here superscript T stands for the transposed
vector, a column vector, and - for the inner product.
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For calculating the cycle time, we need to associate with any = # 0 the sequence of succesive (deterministic)

times t;(x) that the Euler path u(z;-) changes face. For instance, when z € Q1+,

1
— X
mi
1
ti(z) —to(z) = m(f@ +m3 to(z))
2

t3($) — tQ(:L') = =

ty(z) — ts(z) = Afﬁﬁuﬂw—¢ﬂ@)
tiv1(z) — ti(x) =
Lemma 4.1 The cycle time 7(x) is given by the continuous function

b T = Cgab7

T(z) =7 2", ab # 00.
Moreover, u(x;7(x)) = Cx with C as defined in (2.1).
As a consequence,

T(x+m(z)) —7(x) = 7% -m(z)

= 7abpebT — ¢ _ 1 for any ¢ € Q ab

Proof of Lemma 4.1.

=+,-,0. (43)

Let us prove (4.2). Suppose we start at some point x € QTF. Using (4.1), note

that the dynamical system starting at = hits Q°* for the first time at time to(z) = x1/|m] | at the point

(0,29 + to(z)m3 1), in short

++

m
u(z;to(x)) = (0,22 + to(x)mz *) = (0,22 + |m73+|m1)
1

Similarly, at time
1 my "
t1(z) = to(x) + To + T
) =)+ T e )

the dynamical system wu(-) hits Q~° for the first time at the point

—+ -+
m m
u(z;ti(z)) = (\m1_+| (22 + \miﬂxl)’o)'
2 1
At time
0
ta(x) =t1(x) + —F—— (22 + 1
My My | 1++
Q" is hit for the first time at the point
-+, —— ++
m; 'm m
u(z;ta(z)) = (0, 22— (20 + —2—21)).
( s ( e )
Finally, at time
—t—— ++
my My 2
ts(x) = ta(x) + To+ ——=
= B S g 02 )

Q10 is hit for the first time, at point

—t == ++
my Tm, mj m

u(@; ts(z)) = (

lmg " |my " m3

11
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We will calculate time and place where the line ax, o > 0, is crossed for the first time by the dynamical system
u(-) starting at the point u(z,t3(z)). In order that u(u(z,t3(z)),7) = az for some a > 0 and 7 minimal,

T =0« Ta.
mg T
Hence
—m;+mgim{7 (LCQ + m;r+ 1’1) + a7m1++ T2 = QX1
o —— o — T+ T+ 2T )
lmy ™ lmy T mg lm | my
and so N s
my Mg My My

o =

-, —— =,
My M Mg My

thus giving the constant C. Note that we can leave out absolute signs. Furthermore,

7+ —_—
my Tmy m

Ta.
—F o
Mg "My My My

+—

T =

By combination of the above relations we then find 7(x) = t3(x) +7 = 7+ -2T. The proof for the other cases
goes similarly.
Continuity only needs to be checked at face-transitions. But this is evident. O

For convenience, we extend the cycle time 7 as a continuous function on R? by setting
7(0) = 0.
The form of the isochrone is now an easy consequence of the above combined with Lemma 2.2. We have

I(t) = {zecR*|t=r(z)}
= {z|7 2T =t(C —1),2 € Q®, a,b,= +,—,0}. (4.4)

This immediately yields the following result.

Lemma 4.2 For any t > 0, the isochrone Z(t) is closed and homeomorphic to a circle in R?.

Proof. We will prove that isochrone is closed.

By virtue of Lemma 4.1, the set t = 7(x)/(C — 1) is a straight line on each of the closures of faces Q7
QO Q Q.

It is an easy computation to check that line segments from neighbouring quadrants intersect at one and
the same point of an axis. O

4.2 Lyapunov functions

There is an interesting construction in [2] for Lyapunov functions for ergodicity and transience of face-
homogeneous random walks on the lattice in Zi. Out of a Lipschitz-continuous and non-negative function
that increases by at least € in the direction of the generalised drift (“second vectorfield” in the terminology
of this book), they show how to construct a Lyapunov function for Foster’s criterion for ergodicity. If this
function decreases, then it yields a Lyapunov function for transience. As mentioned before, a typical function
with this property is the Euler distance.

The proofs go through in our case, but here we prefer to cite the ergodicity and transience criteria used
and we will explicitly construct convenient Lyapunov functions.

We recall [2] Theorems 2.2.4 and 2.2.7.

Theorem 4.1 The Markov chain & is ergodic if and only if there exists functions f: S - Ry, k: S — Z,
a constant € > 0 and a finite set A C S, such that

< flz) —ek(z), x €A,
< 00, reA

E{f(&qrie) |& =} {
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Theorem 4.2 The Markov chain & is transient if there exist a function f : S — R4, a bounded function
k:S — Z,, constants ¢,C’,d > 0, such that the set Acr = {z| f(x) > C'} # 0; |f(z) — f(y)| > d implies
P{&r1=y|& =2} =0 and

E{f(&aren & =2} > f(x) +e, x€Ac.

Proof of Lemma 2.1. Let us first prove the transience in case of C' > 1.
Set f(x) =r(x). For x € Q®, a,b # 0, inside one of the quadrants, set the function k(x) = 1. We have

1
Cc-1

E{r(er1) — (&) & =2} = E{Tab (e — &) & =) = T m = L,

C-1
by Lemma 4.1 and (4.3).

For z € Q% a or b= 0, but {a,b} # {0,0}, on one of the axes, the situation is slightly more complicated
and we have to invoke Lemma 3.2. Choose the constant ¢ > 0 from this Lemma corresponding to paths with
at most one face-transition.

Let z € Q*°, and choose v < 1/2 and t < x1/|m; T|. Consider theset B = {y € R?| |y—u(x;t)| < t?+1/2}.
We have to lowerbound r(y) — r(z) for y € B.

Observe that r(u(z;t)) = r(z) 4+ t. The ‘worst’ value of r(y) one can get on B, is orthogonal to the
isochrone Z(r(x) +t), at the point y = u(x;t) — drt+, with d = t7+1/2/|7+F|. Provided that y € Q*+, we

find that Tt T d” S+ H2 +1/2) ~++
_ W Ty ey = AT _ T
r(y)fc_lf o1 = r(u(;1)) o1 =r(z)+t o1

Hence, for y € B we find that
t7+1/2"7_++"

Cc-1
This gives a lower bound on a set with probability at least 1 — ¢/t%7.
This ‘worst’ achievable value of r(&;) achieved outside this set, is at the point (21 —¢,0). The Euler distance
at this point equals 7(z; —t,0) = r(x) — 7,7 7t/(C - 1).
Combination with (4.5) yields for any 2’ = (z4,0) € Q*°

E{r(&) —r(éo)[&o=2"} > E{(T(ft) - T(fo))l{&eB} | &0 =2’}

+E{(r(& — r(&)) Lie,emy | & = '}
L2t

Cc—-1

r(y) zr(z) +t (4.5)

++
_ T
) _ 2

> 27 .
> (I—a™)-(t a1

(4.6)
provided that z; > t, and B c Q1.

By our choice of v, the right-hand side of (4.6) is bigger than 1 for sufficiently large t. One can then choose
x € Q10 so that the previous requirements are fulfilled for this t. Choose k(z') =t for 2’ € Q% 2’ # 0.

The same procedure can be applied to the other axes. Setting € = 1, one can find a constant C’ such that
the conditions of Theorem 4.2 are met.

The proof of ergodicity in case of C' < 1, is analogous. O

5 Preliminary results for a fixed initial point

5.1 Convergence of the scaled Euler distance

The previous section uses the Euler distance r(x) as a Lyapunov function. Using a technique of transforming
(additive) Lyapunov functions for ergodicity and transience into (multiplicative) Lyapunov functions for expo-
nential ergodicity and transience (cf. [9], [8]), one can get exponential bounds on the probability of deviating
from a given level set of r. This can be used to show the following lemma.
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Lemma 5.1 For any initial point x € Z* the limit

. f[tN] ()
am (=

)

almost surely exists and equals t.

Instead of the line of proof sketched in the above, there are reasons for choosing a martingale approach and
then to apply the Azuma-Heeffding inequality. To this end, we need to make a simplifying assumption. We
would like to point out that the results go through in the more general case, but to a cost of increased
tediousness of proofs.

In this subsection we therefore assume that

E{7(§nt1) —7(&n) [ §n =2} =C — 1, (5.1)
for any x. Note that this holds by (4.3) for any = € Q%, a,b # 0. Indeed, for such point z

E{7(€ns1) — 7€) [€n =2} =7 E{pi1 —&n|En =2} =70 - m® =C — 1.

One way to construct models where (5.1) is satisfied, is to impose that transitions from one quadrant to the
next quadrant in clockwise direction, or in the direction of 0 on the axes, cannot occur (under the initial
assumption of the drifts from an axis point and from points in the next counterclockwise quadrant being
equal).

Proof of Lemma 5.1 onder condition (5.1)
We will prove the statement for t = 1. The general statement then easily follows. Indeed, r(§ ~(x)/N ) — 1,
a.s., implies the same for any subsequence and so r({nj(z)/[tN]) — 1, a.s. Note that homogeneity of the
function 7 implies homogeneity of the function r. Hence, by multiplying by ¢, r(tﬁ[tN] (m)/[tN]) — t, a.s.
Clearly the sequence r(gw /N), N =1,2,..., has the same a.s. limit.

For the proof of the case t = 1, we will prove that the sequence

My =r(&n) —7(0) —n (5:2)

is a zero-mean martingale. We have

E(Mos1 = Mo | My} = o E{r(Ensn) = 7(60) 1€} — 1.

By virtue of (5.1), we get
E{M, 1 — M, |M,} =0.

Recall that the jumps of & are bounded in absolute value. Then the increments M; — M;_; are bounded in
absolute value as well.

From martingale limit theory it follows immediately that n~!M, — 0 almost surely (see for instance [4]
Theorem 2.18) and so 7(§,/n) — 1 a.s. O

A consequence of this result is that any limiting distribution of the sequence £ 1/NN is concentrated on the
isochrone Z(t). The following lemma provides an estimate on the speed of convergence of r({x/N).

Lemma 5.2 Let € >0 and § € (1/2,1). Under condition (5.1), there exists v > 0 such that
P{|r(¢n) — (&) — N| < eN° for all N > M} > 7, (5.3)

for some M.

Proof. The zero-mean martingale {M;}; from (5.2) satisfies the conditions of Lemma 3.1, for constants ¢; = ¢,
for some constant c. Take x = en® in (3.1) with € > 0 and § € (1/2,1). Then (3.1) implies

2
P{|M,| > en’} < Qexp{—;?n%_l}. (5.4)
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Taking (5.4) into account we obtain for any m

2
P{|M,| < en’ for all n > m} > 1 — Z P{|IM,| <en’} >1-2 Z exp{—;—QnQ‘s_l}.
c

n>m n>m

Since 20 — 1 > 0, the series converges. And so, there exists v > 0 and m such that

2
2 Z exp{—;?n%*l} <1l—n.

n>m

5.2 Absorption between any two Euler paths

Next we will prove that the random walk starting at a fixed point z € Z2, will be absorbed between any two
(non-identical) Euler paths with positive probability. This will be the crucial step in showing that the scaled
process cannot have any limiting distribution in general.

We need some notation. Let x,y € Z(s), s > 0. By [z ~ y] we denote the set of points r € Z(s), that we
pass when moving anticlockwise from z to y along Z(s), including x and y. Using a round bracket instead of
a straight one, excludes the corresponding end point.

Similarly, the set [I'; ~» T',] denote the set of paths between I'; and I', in anticlockwise direction, i.e.

[y~ Ty ={u(zt)|z € [z~ y],t € R}

Again we may replace (one of) the straight brackets by round ones, thus excluding the corresponding ‘end’
path.
Our goal is hence to show that for any x,y € Z and any initial state p € Z? there exists N such that

P{&, € Ty~ Ty) foralln > N|& =p} >0, (5.5)

in other words, the set (I'y ~» I'y) is a sojourn set in Feller’s terminology (cf. [3], [1]). For proving this, we will
use expanding tubes 77(p) containing a given Euler path {u(p;t),t > 0} and contained between two Euler
paths, 77(p) C (I'y ~ I'y). The parameter +y indicates the ‘width’ of the tube. For these tubes we will show

P{&n € T7(p),n 2 0|& = p} >0, (5.6)

which clearly implies (5.5).
A connected subset A C Z(s) will be called an interval on the isochrone Z(s). Take any interval A C Z(s),
s > 0. All points of A have the same cycle time (C' —1)s. Therefore, the dynamical system u maps the interval
A to the interval CA C Z(C's). Below we will have to deal with neighbourhoods of an interval A C Z(s).
The action of u on the disc

O(A,a)={z e R?| inf |z —y| <a}, a>0,
yeA

transforms it in a rather complicated way. Most points of O(A4, «) have different cycle times and the shape
of £2-balls is not consistent with the piecewise linearity of the dynamical system. To deal with this problem,
we first construct an invariant under u that can be thought of as a kind of “angle” between two Euler paths.
Fix any reference point z¢ # 0 and corresponding reference Euler path I',,. Let 5 = T'y, N Z(s). Define

e, : R\ {0} — [0,C — 1]

by
u(zs; st)
14+¢

Let us prove that 1, is indeed invariant under the action of w.

%O(ﬂf):inf{tzo\x: }, x € I(s).
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Lemma 5.3 For x € Z(s) we have
wl'o (u(xvt)) = ¢J;o (x), t>0.

Proof. The function ¢t — u(zs; st)/(1 4+ t) is continuous and periodic. Hence the infimum is a minimum, say
it is assumed for ¢/, i.e.
u(xg; st)
1+t }
By the construction of this function, this value ¢’ is the unique value on [0,C — 1) for which

Yo () :inf{tzo\x:

u(xs; st')

xTr =
14t

The assertion follows from

b

u(xy;st') ) _ u(u(zs; st');v(l + 1)) _ u(u(zs;v); (s +v)t') - u(Tspo; (s +0))
1+

u(w;v):u( 1+t 1+t - 1+t

O

Now we will construct a special (open) time tube of an interval A C Z(s), which we will denote by T (A, p),
p < s. Its pre-image is in fact a rectangle in the (1, r)-plane.

Figure 3. Figure 4.
For A =1Z(s) denote T(Z(s),p) = {x € R*| |r(x) — s| < p}. For A = [z~ y],
T(Ap) = {peR*|0<vu(p) < uly)lr(p) — sl < p}
= {p=ulgw)|qge A w| <p}.

If 7(A, p) C Q%, then it is a parallellogramme containing the set A (cf. Figure 3).
By invariance of 1, time tubes remain time tubes under the action of u, i.e.

u(T (A, p);t) =T (u(A;t),p), t>0, anyinterval A C Z(s). (5.7)

In particular, u(7 (A, p);7(A)) = T(CA,p). Note that the pre-images (in the (¢, r)-plane) of 7 (A4, p) and
T(CA,p) are identical!
Now let us see how these time tubes relate to open balls containing an interval A C Z(s). Denote the
restriction of O(A, a) to Z(s) by
Os(A,a) = O(A,a) NZ(s).
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This is clearly an interval on Z(s).

Properties of time tubes
For any two intervals A, B C Z(s) and sufficiently small p > 0 we have that
P1 there exist positive constants v < 1 < o, not depending on s, such that for any a > 0

T (04(A,va),va) C O(A,a) C T(04(A,0a),0a). (5.8)

P2 T(0,s(vA,va),vp) =T (Os(4, a), p), for any v > 0.
P3 T(A,p)NT(B,p)=T(ANB,p) and T(A,p)UT(B,p) =T(AUB,p).

As a consequence one can define also time tubes of unions of intervals on the same isochrone by the union of
the corresponding time tubes.

Let 1/2 < § < 1 be given, as well as the constants v and ¢ from property P1. For constructing a time
tube between two given Euler paths, we also need a deviation factor v > 0. For any initial point p € R?,
p # 0, define

Ocir(p) (CFp, )
7. {(9 r(ors (w(@s 8), 07y - 70 (CF € Yok T RD
k (p) Ckr(p)+ ( (w58), 07 ( P)) _PZ+1 <S<Ck7'(p)+pz+1
k=0,1,..., with
al = 0
al = Cal_,+oy-T°(C*1p)
and
po = 0,
pi = Pl oy T (CH ),
for k =1,.... Note that
5 (k-1 1-6 k—1)(1—5 5, CF—C®
af = oy T (C* ) (L4 O e OV = oy () (5.9)
5 (k—1)3 5 5 O™ =1
pp = oy () +---C oy (p) =07 1T'P) (5.10)

Additionally, we set 77 (p) = Uy, 7,) (p).

A rough explanation of these quantities is the following. Compare the random walk and the dynamical
system starting at a sufficiently large point p. The parameter «) is the cumulative dispersion during the
first k& cycles parallel to isochrones, and p; the associated cumulative (time)dispersion along the dynamical
system having almost all probability mass. The first one blows up by a factor C, each time a cycle has been
passed, in addition to ‘noise’ incurred while passing the last cycle, which scales by a factor in the power ¢.
The second only consists of the added ‘noise’ term, because of (5.7). The set 7,7 (p) contains the set of ‘most
likely’ realisations of the random walk during the (k4 1)th cycle of the dynamical system.

We will first prove the next theorem.

Theorem 5.1 Let 1/2 < § < 1, v > 0. Then there exist positive constants ¢/, depending on 6, and d’,
depending on & and ~y, such that for any sufficiently big initial point p € Z* and any t
/

P{Sn €T (p), foralln <t and |r(p) +t—r(&)| < doy-t° | & = p} >1- 0—2 71720 (p), (5.11)
Y

with o from Property P1.

Proof. Denote by t = tr(p) the time the dynamical system w requires for passing precisely k cycles when
starting at p. Then ¢y = 0 and

cr -1
Cc-1

th =t +C* 1 (p) = 7(p) = (C* = 1)r(p). (5.12)
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We will use an induction argument. To this end we first need some further notation. For notational convenience
we will suppress the dependence on « in our notation.
Let Ag = {p}, and
Ay = Ockr(p)(OAk_l,O"YT(;(Ckilp)), k> 1. (5.13)

The underlying idea is that starting in a point from Aj_; after the (k — 1)th cycle completion, the random
walk can deviate from the dynamical system by a ‘distance’ of at most oy - 7°(C*¥~1p) (with high probability).
Moreover, the set Ay C Z(C¥p) is the intersection of the set 7;_1(p), k > 1, with the isochrone of the point
CFp:

Ak = Ockr(p)(Ckp, Oék). (514)

Furthermore, by (5.7)
u(T (Ak, pr); T(C*p)) = T (u(Ak; 7(C*p)), p) = T(C Ak, pr) C T (A1, pi)-

It suffices to show the following statement. There exist a constant ¢’/ and k > 1 with t,_1 < t < ¢, such that

p { &n(p) € ULy Ti(p),n < t }
€(p) € T(Ocr-1r(p)1s (u(Ar-1:5),075°), pr—1 + 075°)
" s Ok(1-28) _q
> 1= ?T (p) - O1=2 _ 1 (5.15)

where s =t — tp_1.
Let us first argue that (5.15) implies (5.11). Indeed,

&(p) € T(Ocr-1p(p)4s (U Ar—1; s),avs‘s),pkfl + 0755), s=1—pp_1,
implies
(&) = r(p) —t] < pr—1 + 078’

since 7(C*~'p) + s = tp_1 +r(p) + s = t + 7(p). Further, provided that 7(p) > 1, we have 7°(p) < 7(p). So,
for k > 2 we have by (5.10) and (5.12) that

Ph—1 _ Cf(krfl)ﬁ -1 (C _ 1)5
ovtd B Ccd—1 (Ck=1 —1)0
(C—-1)Y 1-C-k-1d (C—1)°

T -1 (Q-—Cc Dy i1
as k — oo. Hence there is a constant, d”’ > 1 say, such that py_i/oy < d”t)_,. Clearly, for k = 1,
pr—1 =0=1tr_1 < d"ty_1. As a consequence,

Pk—

Ph1 +o7ys® < a’y(—’yl + 86) < Uv(d"ti_l + 55) <2d"oy(t_1 +5)° < 2d" ot
o

Note that 1 — 26 < 0, and so C*(1=29 | 0, as k — oco. Thus (5.15) implies for any ¢ and k > 1 with
t_1 <t < ty, that

= T S SR )
|T(ft(p)) —t—r(p)| <2d"oy-t0 [~ 12(1 — C1-29)

Putting ¢/ = ¢ /(1 — C'=2°) and d’ = 2d", proves that the assertion from the lemma follows from (5.15). We
will now show the validity of (5.15) by induction to the number of cycles.

Let first ¢ < ¢1. Then u has at most 5 face transitions, when starting at p. By Lemma 3.2 (for convenience
we use a version with <-sign instead of the given one with <-sign, but the proof is analogous) there exists a
constant ¢, such that for any sufficiently large p and for any constant v satisfying (3.3)

D).

¢
P{max[&.(p) —u(pin)| <v} >1—c- .
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Put v = 4t°. Obviously (3.3) is satisfied for initial state p sufficiently big. Thus

{olélg)g(t [6n(p) = ulpin)| < ’Yté} = Mh—o{&n(p) € O(u(p; n),fyt‘s)},

By P1,
O (u(p;n), 1t°) C T (Op(pyn (ulp;n),o7t"), 07t%).

In turn, this implies that

{ max [&.(p) —ulp;n)| <°} € Nh_g{&n(p) € T(Orp)a(ulp;n),o1t’),o7t°)}

0<n<t
C Tolp) N {&(p) € O(ulp;t),yt°)}.
Hence,
En(p) 6%(]7)’ n<t _C 95 o
{ &(p) € T (Op(py1t (ulpst), oyt%), ovt?) } 21 2 ¢ > 1 ,_YQT (p),

so that (5.15) holds for ¢t < ¢;, when choosing ¢’ = c. Do note, that the term 1 — (¢’ /42)71=2%(p) > 0 for
sufficiently large p.

Assume now that the statement holds for time periods ¢ < tx for some integer K > 1. We will show that
(5.15) holds for txx <t < tgi1 as well.

Note, that the event in the left-hand side of (5.15) implies the event

i () € T (O ) (W(Ag—1;7(CKp), oy (CK7p)), pr—1 + o7 (CK'p)) = T (A, pi).-

Suppose &, = q € T(Ak, px ). For bounding the probability of a large deviation of the random walk between
tx and t from the dynamical system starting at ¢, we would like to apply Lemma 3.2 with the same constant
c as for the case of t < t;. In particular, we would like to bound

P{max [£,(q) —u(gn)] < s},

where s =t — t;..
The constant ¢ depends on the number of face-transitions. Clearly, the number of face-transitions between
time tx and ¢ is at most 5 like before. As an additional requirement we need to check that vs® satisfies (3.3).
Observe that s < 7(C%p) and r(q) > r(C¥p) — px. Moreover, by (5.10) we have

(€ -1’

PKE = ﬁmr‘s(p) : (CKJ -1)
C—-1)
7(05 _i o1 (C¥p).
Hence,
s r(CEp) 1

7(q) ~ r(CKp) —px — 1 —oyrd=Y(CKp)- (C —1)9/(C% - 1)

For any € > 0, this is smaller than 1 + ¢, provided that p is big enough. As a consequence, for K > 1, we
have vs® < 0 -7(q), any q € T(Ak, pr), and s =t — tx < tx 1 — tx, provided p is sufficiently big, for 6 the
constant from condition (3.3). Thus we can apply Lemma 3.2 with the same constant ¢ as in the above. This
yields that

_ . 5 _ ¢ -2 _67”'1725 K
Pl [60) — ulgim)] <75’} 2 1= 55178 21 Sl B(0Ky), (5.16)
By (5.7)
u(g;m) € u(T(AK,pK);n) =T (u(dk;n),pr), 0<n<s.
By P1

O(u(g;n),7s°) C T (Ocrr(pysn(W(Axk;in),0vs°), px + 0vs°) C Tk (p).
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As a consequence, given that ¢ € 7 (Ak, pk),

§n(q) € Tk (p),0<n <s 3
&i(p) € T(OCK7’(P)+S (u(AK§ s), 0736),[)1( + 0755)

S [Hén(a) € O(ulgin) vs")} = { max [€a(q) — ulg;n)| < s}
n=0 - =

For ti <t < tx41 we finally have

[ &)< T <0 |
&(p) € T(chr(p)ﬁ (u(AK; s), 0785),pK + 0755) -

>3 Plenn) = a 6ulp) € UG T, 0 < 0 < tic) x P{ max 160(0) - u(ais)] < 75°)

9€T (Ax,pK)
4 C«K(l—26) -1 !

> (1 ¢ 125,y . ) % (1 ¢ 125y CK(1—26))

- 727— (p) 01,26 _ 1 ,sz (p)

o iﬁTl—% . CE+1)(1-25) _ 1

= 2 p ci-2%_1
where (5.16) and the induction assumption were used for the second inequality. This shows (5.15), as we
wanted. O

For showing (5.5) as well as for future reference, we will examine the sets 77(p) more closely. We use the
notation from the proof of Theorem 5.1. Suppose that p € Z(s), s > 1, i.e. r(p) =s. Fix v > 0 and use o
from P1. Define by T3 the projection of the time tube 7.7 (p) along Euler paths onto the isochrone Z(s) at
distance s:

T, ={x € I(s) |[T= N} (p) # 0}

Since T C Z(s), and Z(s) compact, lim sup,,_, . T} exists as an open subset of Z(s). We will determine the
limsup.
The projections T)? are determined by the set (cf. (5.14))

OC"T(p)—pZH (U(Am *PZH)a oy - Tﬁ(CnP))-

Projecting u(Ay; —p, ) back to Z(s) is the same as projecting A, back along the Euler path to Z(s). This
map is given by (cf. (5.14))

u(uw(An;—p) 1)1 =C"r(p) 4+ pyq) = u(An;1—C"r(p)) = Os(p,a)/C™)

1_ c-n1-9)
Os (p, oy - Té(p)w)

1

Os (pv a7 - 7-6(p)

—

Further, whenever p)_; < 7(C" 'p), one has

(O s, (W Ans =p1 1), 07 - 7 (C"D)i P11 ) € Oceniyy (An, 77 (C™p) - C).

Hence,
W(Ocrrip)— iy, (WlAni=P)a)s 07 - 72(C7))i1 = C™r(p) + 01 )
c O <p7 oy -7 (p) s C_n(l_g(cha— crre — 1))
- OS(PvUV'T‘S(p)ﬁ), n — co.
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This holds for all sufficiently large p. Similarly,

u(chpHZH (u(An; —p)41), 07 - T°(C"p)); 1 — C™r(p) + pZH)

14 =9 (C — o — 1)>
C—Co

> O (P7 a7y - 7—6 (p)
1
—  O4(p,o7- Tﬁ(l’)m), n — oo.
It follows that

. . 1
lim sup T); = O, (p, oy - T‘S(p)m). (5.18)

In particular, for all sufficiently large p

1 + min{0,C—"1-9(C — C% — 1)}
C—C?

Oy (p, oy -7 () ) C inf T C

1 + max{0, C~"(1=9)(C? — C1+% — 1)}
c sup T8 C Oy(p,ovy-7° ’ . 5.19
sup T ((pov 7°(p) ool ) (5.19)
As a consequence, for all sufficiently large p
1 4+ min{0,Cc—"0-9)(C -9 -1 .
(L. |2 € O, (p.oy - 79(p) OO D))o talrta) > o)
1 + max{0,C—"(1=9)(C% — C1*9 —1
C U T (p) C {Ts |z € Os(p,ov- 7°(p) { o é5 )})} (5.20)

m>n

The construction together with Theorem 5.1 show the validity of the following Lemma.
Lemma 5.4 For any z,y € Z, © # y, and any point p € Z?, there exists a time N > 0, such that (5.5) is

valid, that is, (I'y ~» T'y) is a sojourn set.

Proof. Let x,y € T be given, x # y, as well as p € Z. Choose any p’' € (z ~ y), p’ #x,y. Let 1/2 < § <1 be
given. Note that 7(p’) = C' — 1. Choose v > 0 such that

O1(p', 07+ (C = 1)’ max{1/(C — C?),C}) C (z ~y).

Then by (5.20) 77(p") C (T'y ~ Ty).
By Theorem 5.1 there exists a positive constant ¢, such that for any sufficiently big initial point ¢ and any
time ¢,

Pl&neT (@) =q}>1~ s; L F1723(g).

Choose ¢ = C*'p/ for some large enough k. Then it is easily checked that 77(q) C T7(p') C (U ~» ry).
Hence,

Pl e Te~Ty)&=qt>1-¢-77%(qg).

Because of irreducibility, there is a path of positive probability from the selected point p to g, say it has length
m and the probability equals 7. Then

P{& € Ty ~Ty),n>m|é=p}>n- (1 — c'Tl_Qé(q)).
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6 Non-existence of the limit for the time scaled process

6.1 Large initial points

Lemma 5.4 shows, that the random walk starting at a large but fized point will end up with positive probability
“close” to any FEuler path. This suggests that scaling back along the Euler path will yield convergence in
distribution, as will be the subject of the paper [7]. This scaling is given by

&G —u(Ct+1—r(&)).

The limit distribution provides the probability mass of sets of Euler paths that the process may end up in.
In general, the scattering is called discrete or continuous whenever the limit distribution (provided it exists!)
under this scaling is discrete or continuous.

The time scaled process can only converge, when with time scaled Euler paths {u(z;t)/t}i>0 one can
associate precisely one point. In our case, time scaling yields a cycling set of points of the isochrone, as time
goes by, thus accounting for non-convergence of the time scaled process.

We will prove the non-convergence property for all sufficiently large initial points p.

Theorem 6.1 For all initial points p € Z, except possibly a compact set, the time scaled process §ny(p)/N
does not converge in distribution for any macro time t.

Proof. Fix a reference point 2o € Z. For m € N to be determined later, split the isochrone Z(s) into m ‘equal’
parts as follows: Z(s) = U] ,Z;(s), with

Ii(s) = {xEI(s)|% < Ug_(xl) < %}’

where 1, is the ‘angle’ defined in §5.2. Note that Z;(s) = u(Il(l); s — 1) by virtue of Lemma 5.3. Moreover,
for t =t + ((r —1)/m)C*(C 1), I <r<l+m

1
u
t+1

(Il(l), t) = Ir (mod m) (1)a

with t;, = C* — 1 is the time for an Euler path starting at a point of Z to pass precisely k cycles.

Fix a point ¢ € Z7 (1), where superscript © denotes the interior of a set. Again we use the notation from the
proof of Theorem 5.1 and o from P1. Let e < 1. Choose v > 0 and 1/2 < § < 1. By the proof of Theorem 5.1,
there exists a constant ¢’ such that (5.15) holds for any sufficiently big initial point p. By (5.19), for all r
large enough, one can take the generic point p = |C"¢q], such that

i) (5.15) holds, with
P{&(p) € T(Ocrirys(u(Ar;s),07s°), pf +0v8°} > 1—€,  topp <t <trppi, (6.1)
where s =t — t,1i;
ii) O =0:(g,0v-C™"(C —1)° max{1/(C — C°),C}) C I7(1), so that
T7(p) C {T, |z € O1(q, 07 - C™~"(C — 1)° max{1/(C — C°),C})} C {T, |z € I7(1)}.

Define the infinite sequence my € {0,1,...,m — 1}, k = 1,.... Then one can find an increasing sequence
of times #j with #; <t} < t41, such that u(O;t,)/(1 +t;) C Z,,, (1). For k large enough, this implies for
B = pj + o7 (), — t;)° that

1 (e}
U mu((’);t') C I, (1),
) — B <t' <t} +0Bk

since (t}, = OBx)/t), — 1, as k — oco. Form the cones C; = {A\Z;(1), A > 0}. In other words, k large enough

U u(O;t")y c Cy,. .

th —Br <t/ <t} +Bs
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As a result we have for k large enough

P{& (p) € Cnp} > 1—€

In words, the process keeps on cycling through different cones, as time goes by. But this implies that the
sequence & (p)/t), cannot converge in distribution.

By using finitely many different choices of the reference point xg, non convergence can be shown for all p
outside a compact set. 0

6.2 Invariant measure

The question is left, whether there can be convergence at all, and under what conditions. It turns out, that
if the scaled process converges in distribution, then the limiting distribution should be invariant with respect
to the dynamical system. We prove the latter.

Let an initial point p be given. Let B2 denote the o-algebra of Borel sets of R, So, we assume that the
sequence £y (p)/N converges in distribution to a random vector & on (R?, B?) with distribution u(A) = P{¢ €
A} for any Borel-measurable subset of R?. Note further, that this is equivalent to the sequence §uny(p)/N
converging in distribution to the vector ¢£.

Remind that the Euler distance r({x(p)/N) of the time scaled process En(p)/N a.s. converges to 1.
Moreover, En(p)/N € A iff En(p) € NA. This suggests to first study the measure p of cone-type sets, defined
by two non-intersecting curves starting at the origin. By virtue of Lemma 5.1, it is tempting to state that
the measure p is concentrated on the isochrone Z. One can identify it with a measure on Z only if certain
smoothness properties hold. This will follow from the analysis below.

With each interval [z ~ y] C Z(s) one can associate a cone Ap,..,; = {A[z ~ y]| A > 0}. Analogously we
define cones associated with open, or half open connected subsets of Z. Note that ¢ € A[,..,; if and only if
u(q; (t/5) - 7(q)) € Ay(wsy]st)- Further, write JA = A\ A° for the boundary of set A.

We will work under condition 5.1, but this is only because of the necessary bounds already being available.

Lemma 6.1 Assume that {n satisfies condition 5.1. One has u{c?A[wwy]} =0, for any cone Apy.y)-

Proof. Let p = 0 for simplicity. The case of arbitrary p complicates the choice of suitable constants in the
estimates, but otherwise is not essentially different. Also, drop the dependence on p in the notation.

It is sufficient to prove that u(A-z|A > 0} =0, for any x € Z. Write A, = {Xz|A > 0}. Assume that
p{Az} = € > 0 for some z € Z. We will prove that in that case u{A,} > € for any y € Z. This contradicts
finiteness of the measure pu.

Choose any t < C' — 1. Write B = Ay(z4) = Au(ait)/(144)- We will show that u{B} > u{A,}. These two
sets are related by the map y — u(y;t-r(y)). So, in order that {144)n) be sufficiently close to B, {x needs
to be close enough to A.

For our purpose it is sufficient to construct open sets A,, B, with A, | A,, and FW | B, as v — 0, such
that

h]{;aio%f P{{1+0)n) € By} > lij{fnﬁior;f P{{v € A} (6.2)

Indeed, by assumption this implies

p{A,} < liminfP{ey € A}
< lim inf P{¢[a10)n) € By}
< hgljip P{{a+on) € By}
< w{B,}.

As a consequence -
p{B} = lim p{B,} 2 lim u{Ay} = p{As}.
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Now, two factors for causing dispersion have to be taken into account in constructing suitable sets. The
first is that the ‘most likely paths’ at point ¢ € A, with r(g) large, are ‘close’ to the Euler paths u(g;-) by
Theorem 5.1, but not equal to them. These ‘most likely paths’ should end up in B, at time [t - 7(q)].

Use the notation from the proof of Theorem 5.1 as well as o, v from Property P1. Choose v > 0,
1/2 <0 < 1. Set Ay = Ugea, Or(q)(q,v). This set is open. For any point ¢ € R?, write d(q,7) = oyt - °(q).
Then by (5.15) the ‘most likely paths’ starting at point ¢ € A,, end up in the set T (O, (g)a+e) (u(g;t -

r(q)),d(q,7)),d(g,7)) at time ¢ - r(q).

The second fact to be taken into account, is that at time N, we only have that r({y) is approximately
equal to V. Starting at point ¢ € A, with r(¢) = N, one should therefore have that the ‘most likely paths’ end
up in B, at time [tN] instead of at time [t - r(g)]. We will estimate the difference in position at the different
times.

Let 1/2 < 1 < 8, and € > 0. Denote Oy = {z € R?||r(z) — N| < eN"}. By virtue of (5.4) using the
martingale defined in (5.2), there exists a constant d, such that

P{énv € COn} > 1 — 2exp{—de?N?17 1} (6.3)

For q € Cn, |[r(q)] — N| < eN". The difference in positions at time [tN] and ¢ - r(g) is then bounded by
€131(@) = Eri@1 (@] < V2e - N (6.4)
Then for ¢ € A, N Cy, the ‘most likely paths’ starting at ¢ end up in
1

O(u(g;t-(9)), —d(a,7) + V2et - N)

at time [tN]. For ¢ € Cy we have that N7 < 2r7(q). Combine this to define
1
By = Ugea,O(u(g t 7(q)), - d(g,7) +2V2et - 7'(q)).

B, is an open set, as can be deduced by explicitly writing the equation for its boundary. Observe that (6.3)

implies

P{ény € A,NCn} > P{én € A} — 2exp{—de’N?""1}.

Combination with (5.15) for k = 1 yields the existence of a constant ¢ such that for all large values of N

P{{a+nn € Byt = > P{én = q}P{¢um(a) € By}

qgeANCN

> Z P{fN _ q}(l _ 702(0 B 1)17267,1725((]))
qgeA,NCN

> Y Pl =a(1- SO - 1) - eN) )
geANCN v

> (P{ﬁN €A} - Qexp{—dezNgn_l}) (1 - %(C —1)B(N - 6N”)1_25).
(6.2) immediately follows by taking lim infx_,. on both sides. O

Desired invariance immediately follows.

Theorem 6.2 Assume that £ satisfies condition 5.1. The measure p is invariant with respect to each cone
Algsy], T,y €L, e
1(Afmy) = 1(Apu(aty—utysn))s 20 (6.5)

The same applies for open and half open cones, by virtue of Lemma 6.1.

Proof of Theorem 6.2. 1t is sufficient to assume that t < C — 1. Assume p = 0, and select xz,y € Z. Write
A = Appsy) and B = Ajy(z;6)u(y;t)) and drop the dependence on p in the notation. Again conditioning on
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the state at time N, we can use precisely the same procedure as in the proof of the previous lemma, to obtain
that p(B) > pu(A).

Now, write o' = u(z;t)/(1 +t) and y' = u(y;t)/(1 +t). Then note that we can map B = A, along
the dynamical system to A by

A = Apu(ar;(C—1-t)/ (1+8) = uly's(C—1—) | (14))]
This implies that p(A) > u(B). O

It is now straightforward to compute the measure u: it should be homogeneous with respect to the set of
cones Af;..,). This can be seen, by splitting up the isochrone into £ intervals that require the same time to
be ‘crossed’. By Theorem 6.2 their measures are equal and should be equal to 1/k. The following corollary
gives the general formula.

Corollary 6.3 Forz,y € Z,

V2 (y)
cC-1

It is now an easy consequence, that the measure p is smooth with respect to any cone. Take for instance a
cone A’ of the form

M{A[xwy]} =

A = {0,y (0,77 (q) | 4 € Ay}

for some positive v and 0 < § < 1. Choose monotone sequences {Ty }n, {Yntn C I, With Ay vy | Ajpsy),
n — o0o. Then upto compact sets we have for any n

A[xwy] - A’Y - A[:cnwyn]'

Hence,
:U'{A[mwy]} < :UJ{A’Y} < /‘{A[mnwyn]}-
and by taking the limit n — oo we obtain that u{Ap..,} = {4, }. O

A final remark should be made: if for some point p the time scaled process £ (p)/N converges in distribution
to w, then this p is also the scattering measure on the set of Euler paths, for initial point p.

Acknowledgement We wish to thank Prof. dr. V.A.Malyshev for proposing this problem and for extensive
discussions on it in the past.
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