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1 Introduction

Automata appear in many branches of mathematics. From the view point
of dynamical systems, they produce actions on spaces. Of particular interest
for us is theory of automata groups which studies discrete group actions on
trees.

In this paper we develop a new construction of dynamical scaling trans-
form by use of tropical geometry, and apply automata groups to its framework
in order to analyze global behaviour of both rational dynamical systems and
some classes of systems of non linear partial differential equations.

Tropical geometry is a kind of scale transform between dynamical sys-
tems, which provides with a correspondence between automata and real ra-
tional dynamics. It allows us to study two dynamical systems at the same
time, whose dynamical natures are very different from each other, by taking
scaling limits of parameters.

There has been the extended development of partial differential equations
by use of approximations by real rational dynamics. Combination of these
two aspects creates a new connection between geometric group theory and
partial differential equations. This is the main aspects which we will focus on
in this paper. There are distinctive phenomena for each theory in automata,
groups and dynamical systems, say calculating machine, freeness, ergodicity,
etc. It would be of particular interests for us to translate these notions into
and compare with each other.

A discrete group is called an automata group, if it is generated by actions
on the rooted trees, whose rules are represented by an automaton. From



the view point of dynamical scaling limits, automata can be regarded as a
frame of dynamical systems, which play the role of underlying mechanisms
for rational dynamical systems and systems of partial differential equations.

In this paper we give a construction of dynamical scale transform from
automata groups to partial differential equations. In particular we develop
a method of dynamical scale transform from Mealy automata groups to first
order hyperbolic systems of PDE.

If rational dynamical systems or systems of PDE contain automata groups
as their underlying dynamics, then quite stably analytic properties of the
groups can reflect to the dynamical structures of solutions to the systems,
since fluctuation of the dynamics will be eliminated by the dynamical scale
change to automata. This is a key point where geometric group theory
enters, since it studies properties which are invariant with respect to quasi-
isometry. So a basic and general question is, whether one can find some
systems with global solutions which satisfy structural similarity with these
properties, whenever we focus on some geometric properties of automata
groups. As a particular property we will see that recursiveness in groups
induces ‘quasi-recursiveness’ in the corresponding rational dynamics.

Theory of automata groups provide plenty of examples which possess
quite characteristic properties. Here we focus on the finitely generated in-
fintie torsion groups whose existence is a question called the Burnside prob-
lem. There have been many constructions of groups concerning it (see the
references in [GNS| and [Z]). Of particular interest for us is by Aleshin-
Grigorchuk as automata groups. In terms of dynamical systems, one can
restate its property as infinite recursivity that any actions have finite orders,
and the number of the minimal orders are infinite. In this paper we show
that their automata produce the rational dynamical systems which satisfy
infinite quasi-recursivity.

In this paper we include basic analysis of the hyperbolic systems of first
order PDE of 2-variables, which arise from Mealy automata. In particular
it includes existence, uniqueness, energy estimates with explicit estimates
on the constants, and so on. It allows us to produce solutions to the PDE
systems which can be applied to the asymptotic comparison theorem which
we will describe below.

Even though the topics of this paper include two different fields, where
one is discrete group theory and the other is PDE analysis, still the contents
are written in a self-contained way.



Now let us introduce a class of dynamical systems which we treat. Let )
be a set called states and X be a space, which will be mostly in this paper
a set of infinite sequences over a finite set. A state dynamics on X is the
dynamical system given by elements of @, such that every ¢ € @) determines
an action on X. we call ¢° as the initial state.

An automaton is consisted by a finite rule which can create quite com-
plicated state dynamics on the sequences of alphabets. Let S be another set
called alphabets, and consider all the set of infinite sequences:

Xs ={(s0,51,...) 8 €85}

Let S™ be the product set of S by n times, and consider an automaton A
which is given by a pair of functions:

P:Q xS =S ¢:QxST=Q

where o, 8 > 0. It gives rise to the state dynamics on Xg as follows. Let us
choose any g € @ and § = (s, S1,...) € Xg. Then the dynamics:

A, Xs— X, Ay(3) =(sp,87,---)
is determined inductively by:

S; = ¢(% Siyeeny Si-i—a)u qi+1 = Gb(% Siy ey Si-l—ﬂ) (QO = Q)

which we call the state dynamics. Besides the dynamics over Xg, the change
of the state sets play important roles in the hidden dynamics. We call A as
the initial automaton, if we specify the initial states.

Any sequences @ = (¢°,...,¢) € XZ?H give dynamics by compositions:

qu :quo---OAqoiXs—>Xs.
It can happen that different automata give the same state dynamics. In such
case, the dynamics A, are the same, but dynamics of change of the state sets
can be very different. Such two automata are called equivalent.

The above type of the state dynamics contains two important cases of
discrete dynamics which appear in tropical geometry:

(A) Integrable systems of cell automaton: One arises from the scaling

limits of the integrable systems. Let us just present one of the typical case,



the ultra-discrete Lotka Volterra cell automaton, whose dynamics is given by
the rule ([HT], [TTMS]):

s; = @(Si_1, Sir i) = s;_y +max(1, s;) — max(L, si41)

Let us rewrite this by a state dynamics. For S = @) with the initial state
go = ¢, consider the state dynamics with ¢ : Q x S — S, ¢ : Q x S — Q by:

¢(q7 8) =q, ¢<Q7 S0, 81782) =dq + maX<1a 81) - maX(1752)'

One can assign s; = ¢; with s = ¢, which describes the above automaton.
There are many other cases of the integrable systems given by cell au-
tomata of the above types (see [K4]). Recently we have discovered that some
discrete integrable systems arise quite naturally at limit of Mealy automata
in some sense, which will be appeared in another article.
(B) Mealy automaton: Suppose both a = = 0 and so:

Y QxS =85 ¢:QxS—=Q.

If we identify Xg with the rooted regular tree, then the state dynamics A,
give the semi-group actions on the tree, since the actions can be restricted
level-setwisely. They are invertible actions if and only if ¢ : (¢, ) : S =
S are isomorphic as sets for all ¢ € ). In the invertible case, the group
generated by these states is called the automata group given by the automaton
(¢, ¢). We will mostly treat regular trees whose degree coincide with the
number of the alphabets.

General state dynamics will not give actions on the trees, but still it may
be possible to hold isomorphisms A, : Xg¢ = Xg, which are identified with
the actions on the boundary of the trees.

In 4.A.3, we give an example of a non Mealy automaton which gives the
isomorphic actions on the boundary of the tree, but does not induce the
actions on the tree itself.

Automata groups contain several discrete groups which are quite charac-
teristic in geometric group theory. There are so many interesting examples,
but it is beyond the scope of this paper to give complete references. Let us
just list some of known results:

(1) Automata groups with intermediate growth, more generally with fluc-
tuations (|Gri2],[Br]),



(2) Automata groups which are infinite and torsion ([Al], [Gril]),

(3) Automata groups with non-uniformly exponential growth ([W]),

(4) A criterion of amenability ([BKN]),

(5) Classification of automata groups with small numbers of states ([GNS]),
(6) Construction of lampf-lighter type automata ([GZ]).

One may also find the various papers concerning automata groups both on
the homepage of Grigorchuk and Zuk.

Our basic idea of research direction is to study how such geometric or
analytic properties reflect to the structures of the rational dynamics and PDE
systems, if they contain such groups as the frame of the dynamical systems.
As an application, we will verify existence of infinite quasi-recursivity for
some rational dynamical systems.

Below let us include summary of the contents of this paper.

Tropical geometry: A relative (max, +)-function ¢ is a piecewise linear
function equipped with its presentation of the form:

©(T) = max(a; + @17, . . ., A + GpT) — max(By + b7, ..., B + bT).

Tropical geometry associates the parametrized rational function (see [Mi)),
which we call a relatively elementary function :

ki(Z) X tonzo
he(z)  XL_ tBezbe’

fi(z) =

They admit one to one correspondence of their prsentations to ¢, and take
positive real numbers if the inputs are also positive.

A cruitial property is that f; converge to ¢ by letting ¢ — oo in some
sense. Among various ways of scaling limits, tropical geometry behaves quite
nicely, which allows us to obtain several uniform estimates by comparisons
of both dynamical behaviours at the same time.

It is quite characteristic of (max, +)-functions that different presentations
can give the same functions. For example:

o(y,r) = max(z, —x) —y, Y(z,y) = max(e(z,y), —y)

are the same functions but have different presentations. The correspond-
ing rational functions are mutually f;(w,z) = w™(z + 27!) and g;(w, z) =
w (24 271+ 1), which are different even as functions. This motivates us to
introduce a notion of tropical equivalence between such f; and g;.



Let us take finite sets S, ) C Z, and consider an automaton A given by:
P: QxS 58 QxS Q.

In general these can be extended over the real numbers by piecewise linear
functions which admit the presentations by the relative (max, +) functions:

Y(F) = max(oq + @17, . . ., Qg2 + GoroT) — max(By + bi7, . . ., Bata + batal),

¢(Z) = maX(”yl -+ éli, <oy VB2 + Eﬁ+2i) — max((51 -+ JJ, c. ,(55+2 + Jﬁ+2i).

State systems of the rational dynamics: The state dynamics with re-
spect to the pair (¢, ¢) are given by the discrete dynamics inductively defined
by the iterations:

=G ad o wh), v = G al )

where ¥ = z; and yg = ¢/ are the initial values for 7,7 > 0.

Let us visualize this dynamics as follows. y = 3° determines the map:
A, RY S RY A (wg,21,...) = (35,21, 73,... ).
So by composition, finite sequences (y°,%!,...,y!) give the maps:
A

A(y07y17"'7yj)(x0’ xl? st

yz):Aylo~~~oAyo:RN—>RN,

) = (ZL’%+1,[E{+1,[E%+1, s )

y07y17~~7

If o« = 8 =0, then the Meay automaton gives the automata groups, and
the state dynamics above exactly extend the group actions over the trees.

Let us consider the corresponding parametrized rational functions f; and
g+ with respect to ¢ and 1 respectively.

The state system of the rational dynamics is given by the corresponding
rational dynamics:

1 S . . S .
Zi :ft(wg7zg7"'7zg+a)v wzj'-i-l:gt(wzj'?'zz??"'azz?-&-ﬁ)

where the initial values are given by 20 = z, w} = w’ > 0.

Now let (¢!, ¢') and (1%, ¢?) be paris of (max, +)-functions, and (f}, g})
and (f?,g?) be the corresponding relatively elementary functions. Assume
that both pairs are tropically equivalent:

(ftlagtl) ~ (ft279::2)'
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For I = 1,2, let {w’(l)};0 and {z;(I)};>o be the initial sequences of posi-
tive numbers, and denote the solutions by (27 (1), w!(l)) to the state systems
of the rational dynamics:

A = fw] ()2, .. 2, 0),
wli (1) = gy (wl(1), 2] (1), ., 2L, (D).
with the initial values 22(1) = (1) and w} (1) = wi(l).

Let P;(c) = 1:1 L Our basic tool of the analysis for the rational dynam-
ical systems are given by the following:

Proposition 1.1. There are constants M > 1 and ¢ > 0 independently of
the initial values so that the asymptotic uniform-estimates hold:

AT TN 2) wli(1) wl,(2)
A702) 2T wl(2) wl, (1)

max(

)

< MPPrvaten O[{ (z(1), wi (1))}, 770

where v = max(a, #), ¢ = max(c, 1), and the initial rates are given by:

zi(1) z(2) wi(l) w’(2)
[{(ZZ(Z)vw ( ))}l 1] Sl}gpma (Zi(2)’ Zi<1)’ wj(2)’ wj(l))'
In particular if ¢ < 1 and if the initial values are the same, then one
obtains the uniform estimates by some constants M. Both M and c can
be known immediately once the presentations of the defining functions are
given. In fact ¢ is the Lipschitz constant of the pair (¢, ¢).
For our later purpose of the application to PDE analysis, we verify the
uniform estimates when the orbits fluctuate under controll of torpically equiv-
alent functions as below.

Let ({27 (1)}i;, {w!(1)}:,) be as above.

Theorem 1.2. Suppose (f},gt) ~ (f2,9?) are pairwisely tropically equiva-

lent.
If another sequences {wf}” and {zj}ij satisfy the dynamical inequalities:
: - 4
ft( ’L’ Z”Z:L7+()c)<z] <ft< ’L’ ZJ7"'7ZZ‘?+()£)7
gt( wy, zj""7zg+,8)<wz+1<gt( i zj""7zzj'+ﬁ>



then the uniform estimates hold for | =1,2:

J - ) 0 J
zZ; wl-Jrl %, i Wy

J J 0 J o
(Zi (l))ﬂ (wi (l)):l:l < M*Piien©gyp max{(zi l))117 (wO(Z))il}]éz+1+J(v+1)
- z
We will apply these estimates for f! = + f; and f? = N f; to the analysis
of PDE for some integer N > 1.
Notice that we have removed the condition of monotonicity of functions
which were assumed in [K3].

Automata groups and tropical geometry: Let us take finite sets S, Q) C
7, and consider an automaton A given by the pair ¢ : Q x S*™ — S and
P Q x SPT — @ with their extensions by relative (max, +) functions (v, ¢).

We say that the extensions are stable over (@, .S), if there are some 0 <
d < 1land 0 < p < 1 so that the Lipschitz constants of the pair (i, ¢) is
bounded by p on § neighbourhoods of @),S C R respectively.

We verify that for Mealy automata, stable extensions always exist. It
would be possible to construct stable extensions for general automata, by
performing little bit more complicated constructions.

If two automata are equivalent, the corresponding state systems of the
rational dynamics show mutual structural similarity on the large scale as:

Theorem 1.3. Suppose Ay and Ay are equivalent, and choose stable exten-
sions of them.

Then for any C' > 1, there exists tg > 1 so that for all t > tg and any
initial values Z(1) and w(l) with the bounds:

C™ki < 2(1) < Chi, C7H <w’(l) < O
ork € Xg and g € , then the uniform estimates hold:
forke X d Xq, then th f hold

J J
aX{Zz(1)7 23(2)
z(2) 2/(1)

This enables us to transform various group theoretic properties over the
rational dynamics. Below we focus on the case of groups of infinite torsion,
but the method itself can be applied much broader situations, which is based
on the above theorem.

b < Ct



Infinite quasi-recursive rational dynamics: Let us consider the au-
tomata groups of infinite torsion, which give solutions to the Burnside prob-
lem. Let us transform such phenomena to the corresponding state systems
of the rational dynamics, which we call the rational Burnside problem.

Firstly we introduce some notations. For subsets X C R, let us denote
by X all the set of infinite sequences by elements in X. Let us consider two
dynamics:

A, Ay XN XV

and denote their orbits by:
(A (2) = (5(k), = (K),...)
for k =1,2. Let us say that:
(1) A; and A, are C-close over X C R, if for any z € XV C RY,
the corresponding orbits satisfy the uniform estimates hold for all 7,7 =

0,1,2,...: ‘ 4
2/ (1) Z(2)

max(

(2) Ay and Ay are C’-separated over X, if there is some z € XV so that
the bounds hold for some ¢:

ORI ICIIN

z1(2) 2-1(1)> -

(3 K3

max(

Let (fi, g:) be a pair of relatively elementary functions, and consider the
state system of the rational dynamics. One can restate it in the compatible
way to the dynamics by automata. For w € R, let:

Ay :RY S RY (20,21,...) = (2,20, ..)
be given by the rule:

/
2= f(wi, Zis ., Ziva),  Wiv1 = g(wi, 2y . .-, Zigp)
where wy = w. For finite sequences w = (w’, ..., w') € R we denote:
A — A A N N
A@:szO-HOAwo RY > RV

Let us say that the state system of the parametrized rational dynamics by
(ft, g¢) is infinite quasi-recursive if there exist a constant C' > 0 and subsets:

Xtay;fCR

9



so that for any C” > 1, the followings hold for all ¢ > ¢, = to(C’):

(1) For any words @ € Y, there exist some p = p(w) € N such that (A;)?
and the identity are C-close over Xj.

(2) There are infinitely many words @’ € Y;* so that Ag and A, are
mutually C’-separated over X; for any j # j'.

Let S = {so,s1} C Z and R = {¢° ¢'} C Z be any embeddings, and
denote No(t%) = {2z € (0,00) : C71t* < 2 < Ct* : s € S}.
We have the existence of parametrized infinitely quasi-recursive dynamics:

Theorem 1.4. There exists a pair of relatively elementary functions (f;, g;)
so that for any C' > 0, the state dynamics is infinitely quasi-recursive over:

(X1, Y:) = (Ne(t), Ne(tR)).

Approximations of systems of PDE by rational dynamics: It
would be of interest to study how globally analytic properties of automata
group actions on trees effect on the associated dynamics of the PDE systems.

Let us state a general procedure to induce PDE systems from automata.
Let 0 < € < 1 be constants. Let us consider a function u : [0, 00) %[0, 00) — R
of class C**1, and take the Taylor expansions up to order p + 1:

(i)’ (o)

5 Ugg + -+ + mu(u+1)s(§ij)-

Let us describe a general way to approximate solutions to the systems of
PDE by the state systems of rational dynamics.

Let f; = ‘;—: and g; = fl—i be relatively elementary functions, and consider
the state systems of the rational dynamics:

u(z + i€, s + je) = u + ieu, + jeus +

- o . o .
2 = filwl, 2, ziva),  wig =gl 22 )

Let us introduce the change of variables by:

izf, j:f, u(z,s) =2 vz, s)=w
€

Then we take the difference, and insert the Taylor expansions:
2~ fi(wl 2. Znga) =u(z,s+¢€) — fi(v(z,s),u(x,s),...,u(r + ae, s))
Pl(ea ta U, Vy Ugy Ugy - - - 7uux) + Rl(ea t7 U, Uy e 7u(u+1):p(£))
bt(’U(l’, S)a U(l’, 8>a v 7U(ZE + e, S))
= Li(e,t,u,0,Us, .. ., Upe) + T Er(6,t,u,0, . {ua(€ig) Yais)-

10



where P; and R; are polynomials, and each monomial in R; contains deriva-
tives of u of order p + 1.

Similarly we have the expansions:
wg—&-l - gt(wga szv LRI Zi}-ﬁ) = 7](3: + €, 8) - gt(U(LC, 3)7 U(l’, 3)7 cee ,u(:r; + 567 S))

Py, 1,0, 0, Up, Vg, . .., Upg) + Ro(€, 1, 0,0, .. ugui1)2(§))

dt(”('xa 8)7 u(x, 3)7 ce ,u(:c + ﬁ@ S))
= Lo(e, t,u,0, Uy, Vg, - . ., Upy)
+ €M+1E2(67 ta Uy Uy.ney {uﬁ<€z{j>}ﬁ,i,j7 {/Ud(ggj)}é,i,j)

where each monomial in R; contains derivatives of u or v of order p + 1.

We say that L; and E; are the leading and error terms respectively, and
call the parametrized systems of PDE of order pu:

Pi(e,t,u,v,us, ..o Ups, Upg) =0, Po(€,t,u,v,0s, ..., Upg, Vyy) = 0

the induced systems of partial differential equations with respect to (1, ¢).
Let us take four relatively elementary functions f!, f? and ¢!, ¢? so that
ft~ f?and g' ~ ¢g? are tropically equivalent mutually. For [ = 1,2, let:

l _ l _
Pi(e,t,u,v,us, .. Ups, Upg) =0, Py(e,t,u, 0,0y, ..., Upg, Vyg) = 0

be the induced systems of PDEs of order pu.
For functions of C**! class, let us introduce the higher distorsion which
are the relatively uniform norms of their y + 1-differentiations (3.B):
||(U7U)| }L,CX H(U7U>H;2L,6

K(u,v) = su max , .
o) = o st vEtes)

Theorem 1.5. Forl = 1,2, let C' be the bigger one of their error constants.
Let (u!,v') : [0,00) x [0,00) — (0,00) be positive solutions to the above
systems respectively, so that the estimates:

0<OK(u o) < (1—8)et

are satisfied for some positive 6 > 0.
Then they satisfy the asymptotic estimates for all (x,s) € [0,00) x [0, 00):

-1

< (NoM)P Pt @ ([ o1y« (u?, %)) ) T

where Ny is any integer with Ny > max(d—1,2 — §).
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We say that a solution to the above PDE systems is admissible, if the
higher distorsions satisfy the above estimates.

In practice, in order to apply the above result, there are two types of
questions where:

(1) existence of positive solutions, (2) admissibility of such solutions.

Among all the induced PDE systems, the hyperbolic Mealy systems which we
treat below are the one which arise from automata groups. For such class,
existence follows always and we construct the admissible systems of PDE
quite concretely.

Hyperbolic systems of PDE in tropical geometry: In the case of Mealy
dynamics given by:

w(i,j+1) =v(y(i,5),2(0,4), yi+17) = oy, 5),2(i )
the induced first order systems of the equations:
€ us = fi(v,u) —u, €vs=g(v,u)—v

are called the hyperbolic Mealy systems.

In this paper we develop basic analysis of the hyperbolic Mealy systems.
In particular we verify existence of positive solutions, uniqueness and explicit
energy estimates. Construction of admissible solutions to the hyperbolic
Mealy systems involve the interplay of estimates between piecewise linear
and differentiable dynamics.

Let us treat a case when the pair (f;, g;) restricts to a self-dynamics over
[r, R] (5.C'). Let us put the initial domain:

Io = [0,00) x {0} U {0} x [0, 00).

Theorem 1.6. Suppose that the pair (f;, g;) restricts to a self-dynamics over
[r, R], and give the positive initial values:

u, v: Iy —[r+q,R—q.
Then: (1) there exists a positive solution
u,v : [0,00) x [0,00) = (0, 00)

with the uniform bounds r +q < u(x,s), v(zr,s) < R—q.
(2) The solution is unique.

12



We also induce the energy estimates which are well known for the hyper-
bolic systems, but here we also estimate the constants explicitly.

In 5.D, we construct admissible systems of PDE from piecewisely linear
functions. For this purpose we introduce some modification of automata.

Definition 1.1. (¢,¢) is an e-refinement of the pair (Y, ¢), if there is a
posiive number N so that for any ¢ € X¢q and k € Xg, there are paths
y:{0,1,...} 2 Randz:{0,1,...} = R with:

yOGN)=¢, |yG+1)—y(j)| <e
r(iN) = ki, |e(i+1) —2(i)] <

for alli,j € {0,1,...}, such that the corresponding orbits:

(=3 Avl), (s A{dD)
with respect to (1, @) and (¥, ) respectively, satisfy the equalities:

JN _ 1J JN _ j
iy = ki, Uiy = G-

(1, @) is refinable, if there is an e-refinement for any small € > 0.

Let A be a Mealy automaton with 2 alphabets, equipped with a repre-
sentative (1, ¢) by relatively (max, +)-functions. For any (sg, s1,...) € Xo
and (¢° ¢',...) € X,ni1, let:

A(qo,..,,ql—l)(s()v S1y .- ) = ((Sé, Sll, .. ) S X2

be the orbits of the automata group actions. B
For its refinement (¢, ¢) and their tropical correspondences ( f;, g;), let us
consider the hyperbolic Mealy systems:

Ug = ft(v,u) —u, vy = g(v,u)—wv.

Theorem 1.7. For any C > 0 and any t > t(C) > 1, there are refinements
(¥, @) of (1, ¢) with the pairs of tropical correspondences (f;, g;) so that:

(1) (fi,g:) admits admissible solutions,

(2) for any another pairs (f:,g:) toropically equivalent to (fi,g:), any
admissible solutions to the equations:

us = fi(v,u) —u, v =gi(v,u) —v

13



whose initial values satisfy the inclusions for all k =0,1,2,...:
A(u(NE,0),S),  d(v(0, Nk),Q) < C
then they satisfy the asymptotic estimates for some M,c > 1:

u(Ni,Nj))jEl
J

S

< MPN(i+,7')+1(C)

(

2 'Tropical geometry

2.A Tropical transform: A relative (max,+)-function ¢ is a piecewise
linear function equipped with its presentation of the form:

©(Z) = max(oy + @1 T, . . ., Oy + @ T) — max(fy + biZ,..., 0 +b)

where @z = X alx;, T = (v1,...,2,) € R, @ = (a},...,a}),b € Q" and
a;, Bi € R.

We say that the multiple integer M = ml is the number of the components.

@ is Lipschitz since it is piecewise linear. This is the most important
property for our analytic estimates later.

Throughout this paper, we equip the metric on R" by:

|(z1,...,2,)| = sup |z
1<i<n

Corresponding to ¢, tropical geometry associates the parametrized ratio-
nal function given by:

k(%) B Ytk Z 0
ht(,?) - Eézltﬁkgf)k

fi(2) =

where z% = II7" 128", Z = (21,...,2,) € RZ, ([LM], [V], [Mi]).

We say that f; is a relatively elementary function, and both terms hy(z) =
E_ P 2% and k(Z) = S 1% 2% are just elementary functions.

These two functions ¢ and f; admit one to one correspondence between
their presentations. In fact they are connected passing through some inter-
mediate functions ;, which Maslov inroduced as dequantization of the real

line R.
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Let us briefly explain the aspects of scaling limit in tropical geometry.
For ¢t > 1, there is a family of semi-rings R; which are all the real number R
as sets. The multiplications and the additions are respectively given by:

@y =log,(t*+tY), zy=z+y.
As t — oo one obtains the equality:
T Boo y = max(z,y).
By use of these semi-ring structure, one has R;-polynomials of the form:

(Z) = (o1 + @1T) By -+ By (W + A T) — (B + 01T) By -+~ By (B + biZ)

2.A.2 Basic properties: So far we have seen three different types of func-
tions, ¢, f; and @;. Let us list some basic properties they satisfy.

(A) p and ¢, are connected as:
lim ¢, = ¢
t—o0

and the limit satisfies the relative (max,+) equation ¢ (Z) = ¢(z) as in
2.A. In fact we have the uniform estimates as below. Let M be the number
of the components for ¢.

Lemma 2.1 (K2). The uniform estimates hold:

sup [¢(7) — ()| < log, M.
TeR™

Proof: For convenience we include the proof for the simple case. We verify
the estimate |z @, y — max(z,y)| < log, 2. Assume x = max(z,y). Then:

£ D1y = log, (I + 1) = log,(1°(1 + 177%)) = & + log, (1 + 7).

Since y — x < 0 are non positive, the estimates log,(1 + t¥~*) < log, 2 hold.
The general case easily follows from this. This completes the proof.

Remark 2.1: At a glance tropical geometry seems a special kind among
various scale transforms. However we would point out the following fact,
which suggests that tropical geometry posesses some universality from the
arithmetic view points:
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Lemma 2.2. Let f: R — R be a continuous map with the property:

flet+y)=f)fly), =zyek
Then there is some t > 0 so that one of f(x) =t* or f(x) =0 holds.

Proof: Firstly f(x) > 0 hold, since f(z) = f(%)*.

f(a) = (f(1))* hold for any rational a = 2 € Qs¢. This follows from the
equalitics /(1) = f(nl) = f(1)" and f(@) = F(L)" = f()% = f(1)*. By
continuity, the same formula holds for any a € R.

f =0 hold iff f(b) = 0 holds for some b € R, since the equalities f(a) =
F(a —b)£(b) hold.

f(0) = 0 or f(0) = 1 must hold by the equality f(0) = f(0)f(0). So
f=0hold iff f(0)=0.

Conversely suppose f(0) = 1 holds. Then f(a) > 0 hold for any a € R,
and so f(a) = t* hold with ¢t = f(1) > 0. This completes the proof.

szl

(B) Three types of the functions equipped with their presentations:

' Pt ft

have one to one correspondences with each other. Namely one can obtain
the presentations of all these functions at the same time, once the coefficients
i, @;, B, b; are determined.

Notice that as functions, the presentations of relative (max, +) functions
© are not uniquely determined in general, unlike to the case of rational func-
tions.

For example ¢(z,y) = max(—y,y) — x and ¥(x,y) = max(p(z,y), —)
are the same functions, but have the different presentations. Correspondingly
the rational functions have the presentations as:

flz,w) =z w? +w), gzw) =z w+w+1)

which are mutually different even as functions.

This leads us to the following notion. Let ¢! and ¢? be two relative
(max, +)-functions with n variables. Then ¢? is equivalent to o' (@' ~ p?),
if they are the same as functions, so p!(zy,...,2,) = *(xy,...,z,) hold for
all (x1,...,x,) € R" but possibly they may have different presentations.

Definition 2.1 (K2). Let f} and f? be two relatively elementary functions.
I} and f? are mutually tropically equivalent, if the corresponding (max, +)-
functions @' and ©* are equivalent.
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For example if f; corresponds to ¢, then 3 f; corresponds to max(ip, ¢, ),
and so on. So f; and N f; are tropically equivalent for all N =1,2,... More
generally f; and af; are tropically equivalent for any a € Q<.

For N, M > 1 and f;, let us put:

M M
ft(ZOa cee 7Zn—1) = ft(ﬁz()a ceey

Nzn_l).
Lemma 2.3. f, and f, are tropically equivalent.

Proof: The function z — %z corresponds tropically to:
x — u(r) = max(zx,...,x) —max(0,...,0) = z.

Let ¢ be the corresponding relative (max, +)-function to f;. Then the
another relative (max, +)-function:

P(xoy ooy no1) = (p(zo), .oy w(xn—1)) = @(x0, ..., Tp_1)

corresponds to f . This completes the proof.

(C) Let us relate ¢; with f;. Let Log, : RZ, — R" be given by:

(0, .. 1) = Log,(20, ..., 2n-1) = (log, 20, - . .,10g, z,—1).

Proposition 2.4 (LM,V). f; = (log,) ™ o ¢; 0 Log, : R%, — (0,00) is a

parametrized rational function fi(z) = Ril(2) _ DI thRE
t = he(?) SN

One can check this equality by direct calculations. Even though verifica-
tion is quite easy, it plays an important role in tropical geometry.
In particular f; > 0 take positive values on RZ, = (0, 00)". Notice that

1:(0) = 0 may occur.

Let (p, ¢y, fi) be the triplet as above, and M be the number of the com-
ponents. Let us induce C° comparisons:

Lemma 2.5. Suppose ¢ is uniformly bounded from both above and below as
a<p(x) <b. Then f, admits uniform bounds:

"M~ < fi(Z) <t°M.
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Proof: For any zZ € RZ, let us denote Z = Log,(Z). By use of proposition
2.4, we have the equalities:

fi(2) = teeosE)) — 4r(@) — 40(@) yer@) (@)
Then By lemma 2.1 we have the estimates:
M~ < f(2) <t°M.
This completes the proof.

Next let us induce C' comparisons. Let ¥ and ¢ be two (max,+)-
functions so that the equality ¢ = 1) — ¢ holds.

Lemma 2.6. Suppose (1) ¢ is uniformly bounded from both above and below,
and (2) ¢ is bounded from below. Then any derivatives of f; are uniformly
bounded from above, after change by troipcally equivalent one, if necessarily.

Proof: The bounds a < ¢ =9 — ¢ < b hold by the assumption.

Let us write f; = Z—:, where both h; and k; are polynomials parametrized
by t > 1, which correspond to ¢ and ¢ respectively.

By the assumption, there is some N > 0 so that the equalitiy ¢’ =
max(—N, ¢) holds as functions. Then we may assume positivity k:(0) > 0,
by change of ¢ by ¢ if necessarily, which corresponds to k; + ¢t~ V.

The uniform bounds of the range of f; implies that degrees of h; and k;
coincide each other. Let us consider the derivative f; = % - h;;’;;. The both
terms have the property that the degree of the denominators are strictly
larger than that of the numerators.

These imply that the derivatives of f; are also uniformly bounded from
above. This completes the proof.

Notice that the higher derivateives can be considered similarly. In section
5, we induce more detailed estimates.

2.B State dynamics: In 2.B we study analysis of dynamical systems by
relatively elementary functions. Let:

e:R2 SR, ¢ :RFZSR

be two piecewise-linear functions which admit their presentations by the
relative (max, +) functions:

Y(F) = max(oq + @17, . . ., Qg2 + GaroT) — max(By + bif, . .., Bata + batal),
¢(Z) = max(y1 + el ... s Vg2 + 55+QZ) — max(d; + dil, . .. , 0842 + J5+2Z)
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where o, 5,7,0 € R, a,b € R**? and ¢,d € R?*? are all constants.

Later on we denote by M = max(My, My) and ¢ = max(cy, cy) as the
bigger ones of the numbers of the components and the Lipschitz constants
for ¢ and ¢ respectively.

Let us take initial sequences in R:

{zi}izo,  {¥'}jz0-

Definition 2.2. The state dynamics with respect to the pair (1, ¢) are given
by the discrete dynamics inductively defined by the iterations:

1 L .
$f :¢<yzj'a$gv"'v$g+a)>
yzj'+1 = qb(yf, :Uga ce axg_;.ﬁ)

where the initial values are given by ¥ = x; and yg =y fori,j=0,1,2,...

2.B.2 Comparisons between iterated dynamics: Let (¢, ¢;) be the
tropical correspondences of the pair (1, ¢). One can also consider another
state dynamics by use of (1, ¢;) instead of the pair. In fact we have uniform
estimates of their orbits, which we describe below.

Recall the dynamics of automata in the introduction. There are dynamics
of the states yf behind the actions Ao 1 5. Firstly let us start analyzing

the orbits {yg}j, since their treatment is relatively simple compared with
{zi}is-

Let ¢ : R® — R be a relative (max, +)-function of n variables, with the
number of the components M and the Lipschitz constant c. Let ¢; be the
corresponding function.

Now we consider the dynamics of the states, and choose any initial data
(zo,71,...) € RY and yo € R. Then one considers two discrete dynamics
defined inductively by the iterations for ¢ > 0:

Yir1 = W(yml‘m e 7$z'+,8)7
?/z,‘+1 = o1(Yj, Ty - - y Titg)

where y = yo. We denote z; = (z;, ..., x;45) for simplicity of the notation.
Let us put the polynomials of degree i:
Ci+1 -1
Pi(c) =
(€)= ——



Notice the equality:
cPi(c)+ 1= Pi4(c).

Lemma 2.7. The uniform estimates:
lyi — il < Pii(c) log, M
hold for all i > 0.

Proof: Firstly the estimates |y — v1] = |¢:(v0, Zo) — ¥ (Yo, To)| < log, M
hold by lemma 2.1.
Next we have the estimates:

ly2 — ys| = le(y1, 71) — @i (Y1, 71)]
< [o(y1, 21) — @Y1, T1)| + o), 1) — (¥, T1)]
< clyr —yi| +logy M < (c+ 1)log, M
Similarly we have the following estimates:
lys — 4] = [p(y2, Ta) — pe(yh, T2)|
< l@(y2, T2) — (Y, T2)| + [0 (yy, T2) — @e(ys, T2)| < [e(c + 1) + 1] log, M

By iterating the same estimates, one obtains the conclusion.
This completes the proof.

2.C Basic estimates for orbits: The estimates for the dynamics of {27}, ;
involve more complicated analysis. As preliminaries, we verify some general
estimates which will be used later.

For four sequences {p;}, {¢’};, {zi}i, {v’}; by real numbers, let us intro-
duce the numbers:

{piseitisAd v’y = suwp{lp —al, [y — [}
2y

Let us take four sequences:
{07 }s520, (@] }i.520, {27 }og0, {4 }ij0-
For the Lipschitz constants c, let us put:
¢ = max(c, 1).

The following type of the estimates are applied when we consider Mealy
automata. The general cases are treated after this version.
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Lemma 2.8. Suppose these sequences satisfy the following estimates:

o | T
it =2l gl — vl < cmax(|g —yll, o] —al))+ T

for someT € R and ¢ > 0.
Then they satisfy the estimates for all v,j5 > 0:

Ly . o o
7 =T el =yl < Pag(OT + &1, al}i {a, v -

In particular:
(1) If they satisfy the same initial conditions:

then the uniform estimates hold:
] H J+1|7 ’qzj+1 - 3/5+1‘ < Pz'+j(C)T-

(2) If ¢ < 1 holds, then |p!™" — 2/*!| and |qurl yf+1| are both uniformly
bounded.

Proof of lemma 2.10: We verify the conclusion by induction on ¢+ 7 > 1.
For i + j = 1, the estimates:

po — ol 1a? — il < emax(lgg — yol, [po — o)) + T
< T+ c{p}, 4} {4, w341
hold. So the conclusion follows for i + 7 = 1.
Suppose the conclusion holds for all (i, 7) with ¢ + j < N, and take any

(1,7) with i + 7= N > 1.
Firstly assume both i, 7 # 0. Then the estimates hold:

j+1 j+1‘

plT —x

|qz+1 3/54-1’ < cmax(|q§ - 3/3| |p] - 95]|) +T
< (Pry (T + &7 {p), el {ad, i }il) + T
= oy ()T + & {p, 2} {a, o 1.

Next suppose j =0 and ¢ = N > 1. Then:

i — 2l gt — vl < emax(lgf — 7], Ip? —af)) + T
SCmax(-Pi—l(C)T+61_1|{p?7x?}i;{Qg)7y(])}]| |{p17 z}zv{qmyO}JD
< P ()T + &), a3 Yo {@b v } 5]
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since the estimates hold:

) — 29 < |00, 20} {ad, i 35| < @), 20} {ad. v}

We can treat the case ¢ = 0 by the same way. Thus we have verifyed the
claim for i + j < N + 1. This finishes the induction step.
This completes the proof.

Let us take four sequences {p; };, {¢’};, {z:}i, {v’}, as before. Let a, 8 > 0
be constants and put:

v = max(a, ().

Now we verify the general version which can be applied to estimate the orbits
of the state dynamics. The argument is more complicated.

Proposition 2.9. Suppose these satisfy the following estimates:

L o | |
7" =2 < emax(lg — gl I} — 2]l ke — 2lial) + T

|qi+1 yz+1| < Cmax(|qz - yz| |pz - I | |pz+,8 - xi—i—,BD + T

Then they satisfy the estimates:

I =2 e — vl

S Pi+j('y+1)( )T +c g+t |{p17 Z; }7,7 {qm yO}]|

Proof: We split the proof into several steps.
Step 1: Firstly we claim that the estimates below hold by induction on i:

@) — ] < P ()T + & [{p2, %% {ah, i},

For i = 0, the estimates |¢) — y9| < [{p}, 2%}:; {a}, %3 };| hold by definition.
Suppose the claim hold up to ¢ > 0. Then:

001 — il < cmax(lg) — 9], ) — afl, - pYes — yiasl) + T
< o(Pi(o)T + &|{p}, a7 }s; {qm whil)+T
< Pe)T + & M{py, )i {ad, v 51

Thus they hold up to ¢ + 1. This verifies the claim.
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Then we have the estimates:

lpi — zj| < emax(|g) — y], [P} — 2P], . PYhe — Yhal) + T
< c(Pa(o)T + Sp), )i {ag, v }i)) + T
< P(o)T + & {pd, o} {ad v }51-

Step 2: Next we claim that the estimates hold:
(4 = yil < Prp(O)T + & {pl a0} {a, w3l

We proceed by induction on . For ¢ = 0, the estimates:

4 — yol < bl 2} (b, v3}s1 < Po()T + & {pd, 2} {ad, 13}
hold by definition, since ¢ > 1 holds.
Suppose the above estimates hold up to ¢ > 0. Then:
@i = vl < emax(g — wil, o — 2, Pl —wip) + T

< cmax(|g; — y; |, Pivg(e)T + ol oV {a wo ) + T
< c(Prg(OT + @l Yo {ag, o 1) + T
= P (0)T + 72 1{p}, a}i {ap, o ]

where we used step 1 at the second inequalities. So the above estimates also

hold for 7 4+ 1, and we have verified the claim.
Then we have the estimates:

p? — 22| < cmax(|gf — i, [p — i)y s [Phia — Thal) + T
< emax(Pyy5(c)T + &P {p), 29} {a, yg}j|a
Priva ()T + &) a0} {ad, vo i) + T
= Pry1 ()T + 2], a0 }is {ad, vd 35l

Step 3: Let us verify the estimates for the general case by induction on j.

In step 1,2, we have verified the conclusions for j < 1 and all 7 > 0.
Suppose the conclusions hold up to j —1 > 1 and all 7 > 0. Firstly let us

consider the pair (yf , qg ). We claim that the estimates hold for all ¢ > 0:

7] — | < Piciginany ()T + DD 2 {ad, v}
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The estimates |¢ — vd| < {p?,2%%;{qd, 3}, hold by definition. Let us
proceed by induction on ¢. Suppose the above estimates hold up to ¢ > 0.
Then:

aley — vl | < emax(|f — |, ol — 2], ks — 2l + T

< emax(Pioi iy ()T + &Y ”*”I{pw 20} {a w il
Piypi(i-)ran) ()T + PV 00 2% {ad, wd }1) +

= i+j(v+1)< o)1 + gttty ’{pm z}“ {q07y0}3‘

So the estimates also hold for 7 + 1, and we have verified the claim.
Then we claim that the estimates:

|pf+1 - x{+1| < Pi+j('y+1)( )T + CHlﬂ 7+ ‘{pza T, }27 {QOa yO}J|

hold. This follows from the following:

i — 2l < emax(lqf — gl p) — 2], e — 2l + T

< emax (P11 j(y11) ()T + EP0 Y 20 {ad, w311,
Pivar(j—1)an) ()T 4 TG00 50 00 Ll it i]) +

= Py (0T + 000 20 {ad, i 1l

Thus we have verified the claim under the induction hypothesis up to 7 — 1.
This completes the proof.

2.C.2 Uniform estimates between the orbits for Mealy automata:
Let v and ¢ be a pair of relative (max, +)-functions of two variables. Let
¢ and M be the maximums of the Lipschitz constants and the numbers of
their components respectively.

Let ¢, and ¢; be the tropical correspondences to ¥ and ¢ respectively,
and consider the systems of the equations:

x(i,j + 1) =¥y, ), 21, 7)),
y(i + 1>j) = ¢(y(2,j),$(l,j)),

2'(i, 5+ 1) = (' (i, 5), 2 (i, §)),
y/(i + 1aj) = ¢t(y/(i’j)7x/(i>j))'
with the same initial values z'(i,0) = z(4,0) = z; and 3/(0,7) = y(0,7) = .

24



Lemma 2.10. The uniform estimates hold:
|"L‘<Z7j + 1) - l’l(i,j + 1)|7 |y(l + 17]) - y/(l + 17j)| < B-‘!'j(c) logt M.
Proof: By lemma 2.1, both the estimates hold:

(i, j + 1) = 26,5 + D] = [y (i, 5), 2 (i, 5)) — ey’ (4, 5), 7' (i, 7))
< [y, 5), =i, 5)) — (/' (0, 5), 2 (i, 5))]

+ [0 (i), 2 (i, 7)) — ey (0,4), 2" (i, 4))]
< cmax(|y(i, ) — y'(6, 5)], |2 (i, j) — (i, j)]) + log, M,

ly(i+1,7) =y (i + L j) = [o(y(i, 5), 2(i,5)) — ¢e(y' (4, 5), 2 (3, 7))
<|o(y(i, 7),2(i,5)) — ¢(y'(i, ), 2'(4, 7))

+10(y'(4,7), 2 (4, 7)) — ¢e(y' (3, 5), 2'(4, 7))
< cmax(|y(i, ) — y'(i,5)|, [2(3, ) — 2'(4, §)]) + log, M.

)

By applying lemma 2.10 for pg = 2'(i,5), z(i,j) = ZL‘g, qg = ¢/(i,j) and
y! = y(i,7) with T = log, M, one obtains the desired result.
This completes the proof.

2.C.3 Uniform estimates for the state dynamics: Now let us consider
the general case. Let 1) and ¢ be a pair of relative (max, +)-functions as in
2.B.

Let us choose the initial data {x;};50 and {y};>0 respectively, and con-
sider two state dynamics given by the systems of the equations:

l‘(Z,j + 1) = w(y(iaj)vx@aj)v S ,]T(i + @aj))
y(i+1,7) = o(y(i, j),x(i,5), ... x(i + B, J)),

a6, + 1) = he(y' (4, 5),2'(4, 5), ..., 2" (i + v, J))
y,('l + 17]) = th(y/(i,j),l’,(i,j), s 37,(2 + ﬁ:j))>
with the same initial values:
2(i,0) = 2'(i,0) = 25, y(0,4) =y(0,5) =y’

We verify the following:
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Proposition 2.11. The uniform estimates hold:
20,5 +1) = 2/(i, + D), [y(i+1,5) = ¥/ +1,5)] < Prajiyen(e) log, M.

Proof: The proof is parallel to lemma 2.12. By lemma 2.1, one has the
estimates:

2(i, + 1) = 2'(4,5 + 1)
= [0(y(i,5), 20, 3), -, 2@ + @, 5) — ey (5, 5),2'(3,5), -, (i + @, 5))]
< |¥(y(i, 3), 2(i, ), -, 2(i + @, 5)) = V(Y (7, 5), 2'(4, §), ., 2'(i + @, J))]|
+ 1YW (), 20, 7). 20+ o, 7)) =y (0, 5), 2'(8, 7)., 20 + @, 7))
< cmax(|y(i, ) — y'(i, )|, [=(i, 7) — 2 (3, j)I,
S lz(i+ ) — 2 (i + a, §)|) + log, M,

ly(i+1,7) —y'(i+1,5)]
= |o(y(i,5),2(3,5), -, (i + B,5)) — (¥ (4, 3), 2 (4, ), .., ' (i + B, §))]
<|o(y(i,5),2(3,9), ., x(i + B,7)) — o(y'(4,5), (4, 5), ..., #'(i + B, j))|
+ 1o (0,5),2'(4, 3), -, @' (i + B,5)) — ¢ (Y (4,5), 2 (4, 5), -, (i + B, 7))
< cmax(|y(i,7) — v'(i, )], 2(i, 5)—, 2'(i, )|,
(i +B8,5) —2'(i+ B, j)]) + log, M.

By applying proposition 2.11 for pz =2'(i,7), x(i,j) = xf, qg =4/(i,7) and
y! = y(i,j) with T' = log, M, one obtains the result.
This completes the proof.

2.C.4 Initial value dependence: Let ¢, v and M,c be as in 2.B, and
consider the state dynamics:

26,5+ 1) = ¢y, j), 20, ), ., 2(i + a, 7)),
y(i+1,9) = o(y(i,9), 20, 3), .., 2(i + 5, ]))-

Here we consider how the initial values influence on the long time behavioir
of the dynamics. For | = 1,2, let {x;(1)};50 and {y/(1)},;50 be two initial
data, and denote the corresponding solutions by {(z(4, j), v (7, 7)) }i=1,2 with
21(3,0) = 2(1) and (0, ) = (1), Recall [{z:(1), z:(2)}s: {7 (1), 7 (2)};] in
2.C.
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Lemma 2.12. The estimates hold:

21(, 7 + 1) —22(6, 5 + D, [ya (0 + 1,7) — w2(i + 1, 7))
< @O (1), 24(2) 1 {07 (1), 47 (2)}1.
Proof: Let us consider the estimates:

214, 5 + 1) — 29(i, j + 1)| =
|w(y1(i7j>7x1(i7j)> T 7$1(i + Oé,j)) - 1/1(3/2(1';])7372(%3')7 s 7x2(7; + av]))‘
< cmax(|yi(i,7) — 20, 9)|, - |21(i + @, j) — 22(i + @, 5)])

|y1(’l + 17J> - y2<2 + 17])| =
|¢(y1(27])7x1(2a])77$1(Z+/6a])) _@ZJ(yQ(Z,]),sz(Z,]),,1'2(1“‘6,])”
< cmax(|yi(i,5) — y2 (6, 9], - s [z (@ + B, J) — 22(i + B, 4)|)-

Then by applying proposition 2.11 for Pl = 21(i, ), ¥} = x5(i,7) and ¢/ =
y1(4,7), vl = y2(i,7) with T = 0, one obtains the desired estimates.
This completes the proof.

2.D Rational dynamics: Let ¢ : R®*2 — R and 1 : R**2 — R be relative
(max, +) functions as in 2.8, with the constants M and ¢ as before.

Passing through the scale transform in tropical geometry, one obtains
two parametrized rational functions f; and ¢; with respect to ¢ and 1 re-
spectively:

te 2@1 4. 4 taa+22aa+2 et 4+ .. 4+ t75+2w55+2

fi(z) = P11 4 ... 4 tBat2bats’ gi(w) = topd 4. - g0s2qpdese

Let us take initial values:
0<z <oo, 0<uw <oo
fore,7=0,1,2,...
Definition 2.3. The dynamical system given by:

20,5 +1) = filw(i, §), 206, 5), - 200 + @, 7)),
w(i+1,7) = g:(w(i, §), 206, 7), - -, 2( + 5, 7))

15 called the state system of the rational dynamics, where the initial values
are given by 2(i,0) = z; and w(0,7) = w’.
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Let ¢, and ¢; be the tropical correspondences to 1) and ¢ respectively.
Let us consider the state dynamics:

26,5 +1) = 0y (i, 9), (6, 4), - -, w(i + @, )
Y (i+1,5) = ¢y (1,9), 2 (6, 5), - x(i + B, 7))

with the initial values 2/(i,0) = log, z; and ¢/(0, j) = log, w’.
Lemma 2.13. The equalities hold:
@'(i,j) =log, 2(i, ), ¥/(i,j) = log, w(i, j).
Proof: This follows from Proposition 2.4. This completes the proof.

2.D.2 Analysis on the equivalent dynamics for simple case: Compare
the contents here with 2.5.2.

Let ¢! and ¢? be relative (max, +)-functions, which are mutually equiva-
lent with thier Lipschitz constant c. Let M be the bigger one of the numbers
of the components.

Let g/ and g? be the corresponding functions which are mutually tropi-
cally equivalent (see definition 2.1).

Let us take wy € (0,00) and an initial sequence {zg, 21, . .. } € RY, by pos-
itive numbers. Then one considers the rational dynamics defined inductively
by the iterations:

with wl = wy. Notice that these orbits take positive values.

Lemma 2.14. The uniform estimates hold for all i > 0:

ST
[\

w_z’ Y M2Pi-1(0)
w;

58

7

Proof: Let us put x; = log, z; and yo = log, wy, and consider the discrete
dynamics defined inductively by the iterations:

yzl'—i-l - @l(yiy Ty, .- 7171’-&-6)7 (yl);—&—l = @i(ygv Tiy .- 7mi+5)

with v = (y5) = yo. The equalities:
?Jz‘l =Y
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hold for all i > 0, since ¢! and ? are mutually equivalent.
By proposition 2.4, the equalities hold:

(1) =logyw;  (1=1,2)
The following estimates follow from lemma 2.9:

wz‘l w? 1 2 1y/ 2\/

logt{lnax(ﬁa F)} = |log, w; —log, w;| = |(y"); — (¥°);]
<" —wi |+ ly — vl + i — ()]
< 2P, 4(c)log, M = log, M?/-1().

Since log, are increasing, these estimates imply the desired one.
This completes the proof.

Later on we will use the notations:

Wy w w
(J) = max( J, E )

2.D.3 Analysis on the equivalent dynamics: For [ = 1,2, let {w’(l)};>0
and {z;({)};>0 be sequences by positive numbers.

Definition 2.4. The initial rate is given by the positive number:

0] = sapr 265 200, 20 08 >

Let us put log, z;(1) = (1) and log, w’(l) = y’/(I). Then the equality
holds:

log,[{(2i(1), w’ (1)) }ima] = {aa(1), 2i(2) }is {57 (1), 47 (2) 4.
For the later notation, see 2.C.

Let (!, ¢!) and (1%, ¢*) be paris of (max, +)-functions so that ¢! ~ 1?
and ¢! ~ ¢? are mutually equivalent. We say that (¢!, ¢') and (2, $?) are
pairwisely equivalent.

Let ¢, and M, be the Lipschitz constants and the numbers of the com-
ponents for ¢ respectively, and put:

¢ =max(cyt, Cy2, Cyt, Cg2), M = max(Myr, Myz2, My, My2).
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Let (f,g}) and (f?, g?) be the relatively elementary functions with respect
to (11, 61) and (12, 6%).

Let {w(1)};50 and {z;(1) }i>0 be the initial sequences by positive numbers,
and denote the solutions by (z/(1),w? (1)) to the state systems of the rational
dynamics:

N

J
7

(l) o ,zi}a(l));

A7) = fi(w](D), (1),
1)z (0)-

wg+1(l) = g:lr(wzj(l),

N

with the initial values 20(1) = z(1) and wj(l) = w’(l) respectively.

Proposition 2.15. The uniform estimates hold:

zfi“(l) ZZ+1(2) wg:-i-l(l) wzj':+1(2>)
272) ) wl(2) wla ()

max(

S (CTURT )
In particular if the initial values are the same:
z(1) = z(2), w(1) =u’(2)

then they satisfy the uniform estimates:

- - : .

ZZ+ (1) ZZJF (2) wz]'ﬂ-l(l) w£+1(2)) < M2Pititren(©)
202) Y wiH(Q)’ wl (1)

7 K3

max(

Notice that for the Mealy case (o = § = 0), ther rates are bounded by:
MPP O [{ (1), w! (1)} )
Proof of proposition 2.17: Let us consider the solutions to the equations:

z(i, 5+ 1) = Uy, 5), 210, 5), - ., 2y(i + @, §))
yi(i+1,5) = ¢4y (i, 5), 2] (i,5), .., 2} (i + B, 7))

with the initial values x}(i,0) = log, z;(1) and y;(0, j) = log, w’(l) for [ = 1, 2.
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With the same initial values, let us also consider the solutions to another
equations:

xl@,j + 1) = wl<yl(i7j)axl(i7j)v s 7$l(i + O‘vj))
yl(i + 17]) = ¢l(yl(i7j>7xl(ivj>7"'7Il(i+57j)>

with 2;(4,0) = 27(7,0) and (0, 7) = v,(0, 5).
By proposition 2.13, the estimates hold for [ = 1, 2:

(i, 7 + 1) — 230, 7 + DI, 9@+ 1,5) —yi(i + 1,5)| < Pigjiy1)(c) log, M.
On the other hand by lemma 2.14, the estimates hold:

216, + 1) = 22(6,5 + D), [92(0 +1,5) — 4200 + 1, 5)]
< O (1), 2,(2) 1 {y (1), 7 (2)}1-

Thus combining with these, the estimates hold:

|21(4, ) — 25(4, 7))

< |24 (4,5) — 21 (i, )| + |21(4, §) — 22(3, 3)| + |22(4, §) — 25(, 7)]

< 2P (jo1y(r+1)(€) logy M+ EFHUDOTD (1), 2(2) 1 {9 (1), 47 (2) 41,
Y104, 4) — ya (i, 5

< i (8, 5) = ya @, )| + 1ya (i, ) — y2 (8, )] + 1y2(4, 5) — ya(i, 7))

< 2P 14 jiyan)(0) logy M+ &0 (1), 2:(2) i {7 (1), o/ (2) 141

Since log, F'(i,7) = z}(i,j) and log, G'(i,j) = y,(i,) hold by proposition
2.4, these estimates verify the conclusions. This completes the proof.

2.E Dynamical inequalities: Let ¢! and ¢? be relatively (max, +)-functions
with M = max(My1, M,2).

Suppose they are mutually equivalent and so the equality ¢ = c,1 = ¢,
holds. Let us denote tropically equivalent functions by ¢} and g? correspond-
ingly.

Notice that there are some cases where the inequalities g; < g? hold. For
example if ©? has the presentation as p? = max(p!, p!), then g} < g2 = 29}
holds.

Let us analyze orbits which admit dynamical inequalities. Here we start
from the simple case as in 2.D.2. Let us take wy € (0,00) and an initial
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sequence {29, z1,...} C (0,00). Then consider the solutions {w!}; to the
equations with w) = wp:

A P
Wi = gt<wi7 Ziy oo 7Zi+,3>'

Lemma 2.16. With the same wy, suppose that another sequence {w;}; sat-
isfies the dynamical inequality:
gtl(wlv Riyeeey Zi+5) S Wi41 S th(wZ’ Ziy ey Zi-i-ﬁ)
for all i > 0. Then the uniform estimates hold:
w; Ww;

( 1):I:l’( 2):&1 S MQPi_l(C).

w; w;

Proof: Let us put z; = log, z;, y; = log, w;, y! = log, w! and:

T = (T4, ..., Tivp).
Then the equations hold by proposition 2.4:
Yier = P T) = @Y Tiy - Tigg).
Since log, are increasing, the estimates hold:
01 (W 7)) < v < 97 (Y T).

Notice that the equivalent functions take the same values:

o' (y, 1) = ©*(y, 7).
Now we claim that the estimates:
lyi — y;| < 2Pi_1(c)log, M

hold for all ¢ > 0. For i = 0, yo = y§ holds.
Let us take any 7« > 0, and divide into two cases.
Firstly suppose y;11 > yi,, hold. Then the estimates hold by lemma 2.1:

0 <win1 = Yia < 01 (i @) — @1 (v 33) = 197 (yi, ) — 91 (i, 33|
< @7 (i, Ti) — ©*(yi, 7))
ot (i ) — 0 (Y, T+ 10" (Wi, T0) — @ (yi, )
< 2log, M + cly; — 7.
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Conversely suppose ;41 < y;,; hold. Then the estimates hold:

0 <wirr —vinr < @iy mi) — o (i ) = Iy (ui, 20) — o1 (i, )
<ot (yir i) — o' (yi 24
+ ot (yis 1) — 0 (i )| + 9" (Wi, w:) — @1 (i, )]
< 2log, M + cly; — y;|.

Thus the estimates |y;11 — yi 4| < 2log, M + ¢|y; — y;| hold in any case.
By iteration,

[Yit1 — Yira] < 2log, M + cly; — y;]
< 2log, M + c{2log, M + clyi1 — y;_4[}
=2(1+¢)log, M + lyi—1 — y;4|
<+ < 2P(c)log, M + " |yo — yo| = 2P:(c) log, M
hold, since yo = y§ = log, wy. This verifies the claim.
Wit 1

The left hand side is equal to log, (= )=! and the right hand side is equal
i+1

to log, M?"(¢). Since log, are distance increasing, we obtain the estimates:

Wit1y+1 2P;
(=) < MR,
Wit

The estimates (%—*1)*1 < M?P9 are obtained by the same way, and we
omit repetition. Ilihis completes the proof.
2.E.2 Dynamical inequalities for state dynamics: Let (¢',¢') and
(¢?, $?) be paris of (max, +)-functions so that ¥ ~ ¢? and ¢* ~ ¢? are pair-
wisely equivalent. Let (f1, gt) and (f2, g?) be the pairs of the corresponding
relatively elementary functions.

Let us take the initial data {w’};>¢ and {z;};>0 by positive numbers, and
consider the solutions to the state systems of the rational dynamics:

F'(i,j+1) = fi(G'(i,5), F'(i,5), ..., F'(i + o, §)),
G'(i+1,5) = gi(G'(4,4), F'(i,5), ..., F'(i + B8, J))

with F'(i,0) = z; and G(0,7) = w for [ = 1,2.
Now we study the dynamical inequalities:
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Theorem 2.17. Let us take another sequences {w! };; and {2} by positive
numbers. Suppose they satisfy the dynamical inequalities:

ft ('U)i,z,” ) H-Oé)S J+1 <ft( 57 zja 72’{—1-11)
gt<wz7zz7 7Zz+6)§ Z+1<gt< 2]7 1]7 ,ZZ'?+B)

with the same initial values 20 = z; and w) = w.
Then the uniform estimates hold for 1 =1,2:

l . . l . .
(F (z,]%:— 1))i1’ (G (7 ;L 1,])):&1 < M2Piritn(©,

< Wit

Proof: Let us put p/ = log, 2/ and ¢/ = log,w/. Then since log, are

monotone increasing, the estimates:
i pl o pla) <P < e Pl plia)
¢%(Qiapz7 s 7pg+5) S qi+1 S ¢t(qi7pg7 )t ?pg—&—,@’)
hold by proposition 2.4, where p? = z; = log, z; and ¢}, = i = log, w’.
Let us put:
zy(i, j) = log, F'(i,5), (i, ) = log, G'(i. j).
Then z)(i,0) = p{ and y;(0,j) = qg hold, and they satisfy the state systems
of the equations for [ = 1,2:
(6,5 +1) = 9y (0, 5), 210, 7), - 2y (i + @, 5))
yi(i+1,5) = G, 7), 210, 9), - .., 2 (i + B, 7))
We claim that the uniform estimates hold for [ = 1, 2:

)i, 5 + 1) = pl T, i+ 1,5) — ala] < 2P jean(c) log, M.

Firstly suppose p)*' > 21 (i, j + 1) hold. Then the estimates hold:

0<p/tt —ai(i,j+1) = /™" — 2 (i,j + 1)

< il pl - Pha) — LW 5), 24 (0, 4), - 2 (i + o, )

< 2log, M +[*(¢],pl, ..., plys) — V' (WA (0, 4), . 2 (i + o, )]

< 2log, M + cmax(|q] — i (i, j)|, [p] — 240, ), -, [Plea — 21 (0 + o 5))).
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Conversely suppose p{ 1 < 2 (i, + 1) hold. Then the estimates hold:
0 <o +1) —p " = |2i(i.5+1) —pl"|

< WM P P ) = B0, 240, ) 2+ )

< 2log, M + [ (g, 1], - . Pla) — 0 (01 (0, 5), - - (i + o, )]

< 2log; M + cmax(|q; — i (i, )|, i — 21 (0, 9)], - - [Pl — 2100+ @, )
Thus in any cases, the estimates:
[03(, 5 +1) = ]| < 2log, M +emax(|g] —y1 (i, 5)], - [pho =23 (i +a )])
hold. By use of the similar argument, one obtains the estimates:

(i, 5+ 1) —pl ™| < 2log, M +cmax(|q) —y5(i, 5)|s - - -, [Pl — Th(i+a, §)]).

By the same way one obtains the estimates for [ = 1, 2:

(i +1,5) — ¢l
< 2log, M + cmax(|g] — y,(4, 7)), |p] — (4, 9), - -, |ply g — (i + B, )])-

J

By applying proposition 2.11 for J = #/(i,5) and y/ = (i, ) with T =

log, M?, one obtains the estimates:
(6,5 +1) =07 i+ 1,5) = gla| < 2Pigjiaan(c) log, M.
Thus we have verified the claim.
From proposition 2.4, one has the inequalities:
" Wl 2P, ()
log, ————)|, |log;, =—"——)| < log, M*"i+itx+1{),
| St Fl(l,]+1))| | gt Gl(2+1,]>>| St
By removing log, from the both sides, the conclusion follows.
This completes the proof.

Let us consider the case when the initial data take different values. Recall
¢ =max(1,c).
Let us consider the solutions to the state systems:

F'(i,j+1) = f{(G'(i,5), F'(i,5), ..., F'(i + @, ]))
G'(i+1,5) = g(G'(i,5), F'(i, ), ..., F'(i + B3,5))
and denote F'(i,0) = z;(1) and G'(0,7) = w’(1).
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Corollary 2.18. Suppose another sequences {wf}” and {zi}” satisfy the
dynamical inequalities:

ftl(w‘z7z‘ij7"'7z’f+a)§ ]+1<ft( Z’ Z""7Zg+a)’
gi(wl 2, 2 g) Swly < giwl el )

with 20 = 2(2) and w) = wi(2).
Then the uniform estimates hold for 1 =1,2:
Fli,j+1) 0 Gi+17) 1
(—7—) (]—-)
< Wit1

M4Pz+y(w+1)(6)[{( (k) W (k ))}221]6"*‘“1(7*‘1)'

Proof: Let us consider another solutions to the systems of the equations:
JH(i,5 + 1) = fI(K(0,5), ' (6,4), -, T (i + 0, ),
K'(i+1,5) = gi(K'(i,5), J'(i, §), ..., J'(i + B, 7))

with the initial values J'(i,0) = 2;(2) and K'(0,7) = w’(2). Then by propo-
sition 2.17, the estimates hold for [ = 1, 2:

Fl(i,j+1)., ,G(i+1,7)

w c ; Fitl+i(y+1)
T Gagry) ™ S M O k), w (B )

(

On the other hand by theorem 2.19, the estimates hold:
J,i+1) 4 KN (i+1,7)
(—7 ) (—F——

J
Z Wit

)il < M?Piien()

Then by multiplying these, one obtains the desired estimates:

(Fl(ivj + 1)):|:1 — (Jl(z’] + 1)):&1(Fl(iaj + 1)):&1
2t 2t JUi, j+1)

< MPPiritrn (@) p2Piri1)(e) [{ (2 (k), wj(/{))}izl]éiﬂﬂ(”“)
= MR O (z(k), wl (k) Fo

The desired estimates for (M)jEl are obtained by the same way:.
i41

This completes the proof. -
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Let us take two sets of functions {f(1)}x =12 and {gF(l)} =12 such that
they are all tropically equivalent respectively:

F@) ~ L) ~ f12) ~ f£2), /(1) ~ gl (1) ~ g/(2) ~ g (2).
Let ¢ and M be the biggest numbers of their Lipschitz constants and the
numbers of their components respectively. .
Suppose the sets of sequences ({w] (1)}, {2 (1)}:;) satisty the dynamical
inequalities:
FHO@] D), 2 (1), 20 (1) < 270 < O], 2 (1), -, 2a(0),
gt (O] (1), 2] (1), 2 5(D) < wliy () < (), 2 !
with 20(1) = (1) and w)(l) = w’(1).

Corollary 2.19. Supppose the above conditions. Then the uniform estimates
hold:

zf“(l) +1 wfﬂ(l) +1
e LLe) N
< MOt O ), ! () P

Proof: Let (F{(i,7),Gi(i,7) be as in theorem 2.19. Then the uniform
estimates:

EHi,j+1)
2 (k)

+1 Gili+1,7) 14
= wg+1(k) )

< M2Pivi+1(©)

(

On the other hand by proposition 2.17, the uniform estimates hold:
(Fll(iuj—i_l)):l:l (G1(2+1 j)):ﬁ:l
Fiij+1) ° 'Gii+L)
< MR @ (z(k), w (k) Yoo, 0

Thus combing with these estimates, we obtain the following:
<ZZ+1(1))11 — ( zzq'—i_l(l) )il(Fll(iaj + 1))i1(F21(Za.] + 1))i1

211 (2) Fl(i,j+1) “Fli,j+1) 21 (2) ’

< MOPes O (z(k), w? (k) i)

We can estimate (Lg))jEl by the same way. This completes the proof.
z+1
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3 Asymptotic comparison for PDE

3.A Rough approximations by discrete dynamics: Let us describe our
general procedure to approximate solutions to the systems of PDE by the
state systems of rational dynamics.

Let f; = o and gy = & be relatively elementary functions of o + 2 and
£ + 2 variables respectively, where a;,b;, ¢, d; are all elementary. Let us
consider the state systems of the rational dynamics:

J+1_f< 17 z""’sz-l—a)?

] J J
z+1_gt( zﬂzw"'7zi+ﬁ)'

We will be interpreted the dynamical systems as the approximations of the
systems of the partial differential equations as below.

Let us choose constants 0 < ¢ < 1. Let us consider a C**! function
u: [0,00) x [0,00) = (0,00), and take the Taylor expansions:

. \92 o
u(x + i€, s + je) = u + ieu, + jeu, + (i€) Uny + (je) U

2 2
€)M )M
+7:j62ua78 _|_ e + @uuw _|_ @uus
! !
(i€)rt1) (je)(uﬂ)
m (p+1)x (gw) m U(p+1)s (5@])
where |(z,s) — &;| < (|i] + |7])e hold.
Let us introduce the change of variables by:
=% =2 ulws) =20.9), v(w,s) =wlij)
€ €

Then we take the difference, and insert the Taylor expansions:

zf“ — ft(wl,zl,. .. ,zf+a)

=u(z,s+¢€) — fi(v(z,s),u(x,s),...,u(r+ ac,s))

B Py, t,u, v, U, Uy, - . ., Upg) + Ri(€, 10,0, . Uiy (§))
bt(’U(.Q?, S)a u(w, S)a s ,u(l‘ + Qae, 3))

=Li(e,t,u,v,Us, ..., U) + e“HEl(e, tou,v, ..., {ual(&j) ais)-
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where P; and R; are polynomials, and each monomial in R; contains deriva-
tives of u of order p + 1.
Similarly we have the expansions:

w3+1 —gt(wf,zf,...,szrﬁ)

=v(r+¢€8)— g(v(z,s),ulz,s),...,ulxz+ Pes))
Po(e,t,u, v, Up, Vg, . . ., Upa) + Rol€, t,u,v, .. uguy1)2(E))

- di(v(z, s),u(z,s),...,u(z + Pe, s))

= Lo(e, t,u, 0, Uy, Uy, . .., Upg)

+ M Ey (e, t, u,v, .. ., {Ua(&j)}a,i,j, {Ud(gz/‘j)}&,i,j>

where each monomial in R; contains derivatives of u or v of order p + 1.
We say that L; and E; are the leading and error terms respectively.
Once one has chosen a pair of relatively elementary functions (f;, g;), then

the above process determines a system of PDEs P, = P, = 0, while tropical

geometry provides an automaton given by (max, +) functions (1, ¢). So the
pair (f:, g:) plays a role of a bridge to connect between systems of PDEs and
automata.

Conversely a pair of (max, +) functions (¢, ¢) and the order p determine
the parametrized systems of PDEs:

Py(e,t, 0,0, Uy, Us, Ugg, - . ., Upg) =0
PQ(eata UV, Uy Ugy Vgy U2gy - - - >u;w:) =0

which are called the induced systems of partial differential equations of order
i, with respect to the pairs (1, ¢).

Remark 3.1: In this paper we treat systems of PDEs with the same order. In
particular the Mealy systems are of first order. However a general construc-
tion produces systems of PDEs with various orders, where say P; has order
1 and Py order ps. In such cases we will have to choose different scaling
parameters as ¢ = 5 and j = 5. Such cases are treated in [K3] in a general
form.

3.A.2 Mealy automaton: Let us consider the Mealy dynamics given by:
w(i,j+1) =v(y(i,4), =(0,5), yli+17) =y, ) (7))
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Let f; and g; be relatively elementary functions corresponding to ¢ and ¢
respectively, and consider the systems of the rational dynamics:

S fl ), = gl ),

Definition 3.1. The induced first order systems of the equations:
€ us = fi(v,u) —u,
€ vy = gi(v,u) — v

are called the hyperbolic Mealy systems.

Notice that the error term are the followings:
10%u 1 0%
Ei=--=. 2= 5a.3
2 0s 20x
respectively.

3.B Higher distorsions: Our main interest here is to study analysis of
asymptotic growth of solutions to different PDEs with respect to higher
derivatives and initial conditions. In this paper we study globally rough-
analytic behaviour of positive solutions to systems of PDEs, in terms of two
data introduced below.

Let f; and g; be relatively elementary functions of a+2 and 42 variables
respectively.

(A) Let u,u’,v,v" : [0,00) x [0,00) — (0,00) be four functions. The
initial rate of the pairs with respect to € > 0 is defined by:

[(u,v) :(u, 0]

u u’
= max| sup max{—(, s), —(, s)},
(z,5)€[0,00) x[0,€] u u

v v’
sup HlaX{-/(l’, 5)7 —(I, S)}]
(z,5)€[0,€] x[0,00) v v
(B) Let (u,v) : [0,00) X [0,00) — (0,00)* be a pair of functions of C**!
class. We introduce the pointwise norms by:

oty
maX[Sup(x,s)e[x,m+ae]><{s} ‘ LT (l’, S)?

ortly
sup x,s)e{z}x[s,5+¢€ |T (I’,S)], « Z ]-a
[|(u, 0) [l s) = (ro)etepxlestd Lar

Gutly,
Sup(:c,s)e{:r:}x[s7s+e] %ZLT (ZL', S)], a = O7
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+1
max[sup(a},s)e[m,x+ﬁe]><{s} ’% (I, 8)7

ortly
su Sz, s)l, B =1,
1, )11 5 5) = Plasyelratdxiot g (7)), 5

+1y
SUD (2,5) €[, a4 x {s} |%ZLT|($, s)l, B =0.

The higher distorsion is given by:

u,v)||} u, v)||?
K(U,U)E sup maX[H( )H,u,oc7 H( >Hu7,3
e w5 ) ates)

!

The error constants C' is the minimum number so that the pointwise
estimates hold for any functions u, v independently of € and ¢:

|E1<6’ tLu,v, ..., {uﬁ(gij)}@@j”(xv S) < CH(u? U>||;1L,a(x7 S>’

|E2(€7 tu,v,. .., {Ua(&j)}a,i,j, {Ua(&j)}d@,j”(ff, 3) < CH(U, U)Hi,ﬁ(x? 8)

Example 3.1: For the Mealy case, the error constant is C' = %, and we have
the followings:

9*u

1
u,v "= sup —|(z,s),
[[(w, )], (m,s)e{aﬁ}x[s,s+e]|a28’( )
0%v
2
u,v = sup —|(x, s).
[[(w, )75 (m,s)e[m,x+5]><{s}‘82x|( )

3.C Asymptotic comparisons: Let us take four relatively elementary
functions f!, f2 and g¢', g* so that f! ~ f2? and ¢g' ~ ¢? are tropically equiv-
alent mutually. For [ = 1,2, let:

Pl(e,t,u,v,uq, ..., uu.) =0,
=0

!
Py(e, t,u,v, vz, ..., Upy)

be the induced systems of PDEs of order p.
let M be the largest numbers of their components.
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Theorem 3.1. Forl = 1,2, let C' be the bigger one of their error constants.
Let (u!,v!) : [0,00) % [0,00) — (0,00) be the solutions to the above systems
respectively, so that the estimates:

0<CK(u,v) < (1—46)et?

are satisfied for some positive § > 0.
Then they satisfy the asymptotic estimates for all (x,s) € [0, 00) x [0, 00):

< (NOM)GPE_I(HSMl))(c) ([(u!, ") : (UQ’v?)]€)56_1(1+s(w+1))+1.
where Ny is any integer with Ny > max(§~1,2 — §).
Proof: Let us choose 0 < a,b < 1, and put the domain lattices by:
Le(a,b) ={( (I1 + a)e, (Ia + b)e ) € [0,00) x [0,00) : I1,ls € N}.
Let us put:

(1) = (i + a)e, (j + D)e),
w] (1) = v'((i + a)e, (j + b)e)

and consider the Taylor expansions:

M) - ft< (1), 20(1), ., 2y (D)
=Li(e,t,u, vl ul, o ul) + TR (6, Ul o L (&ij) }aig),

7%

w1 (1) = g (w] (D), 2] (1), ... L, (1))

= Lo(e, t,ul, 0!, ul 0! ul)

) x) x)r ot M;E
+ e By (et 0! {ug(€)) Yaig, {05 (€5) Yais)
By the assumption, both the leading terms satisfy the equalities:
Li(e,t,u', 0l ul,...) =0, Li(et,ul, o dl,...)=0.

Y £ Y xr*

Moreover the error terms satisfy the estimates:

IEL (e, t,u', 0! . )|(2,8) < CK (ul,v') ul(x, s 4 ¢),
|EL (e, t,ul 0!, )| (2, s) < CK(ul,v') vl(x + €, s).
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Then combining with these, one obtains the estimates:

270 = (1), 2 (), W (D) < @FHE (e 8! o)
< cOK (ul,v!) 23! (z)gu 8)=I (D),

|wf+1(l) _gt( ( ) ( ) 7Zz]+ﬂ(l))‘ S €u+1’E2(67t7ul77jl>"')‘
< CR ('Yl (1) < (1= 8wl (1),

In particular there is some integer Ny > max(d~!,2 — §) so that the inequal-
ities hold:

Nioff(wf(l)azf(l)w--,Zf;a(l))S A7) < Nofi(w] (D), 2](D). ..., 2, (1)

Niogt( 10,200, 2 5(1) < wly (D) < Noga(wl (1), 2 (1), . 2] 5(D))-

Now NLO f and Nyf are both tropically equivalent to f, with the bounds
maX(MNif,MNOf) < NoMy. Then it follows from corollary 2.21 that the
0

uniform estimates:

Fit14i(v+1)
€

(1) 4 w] (1)« 6Pi i@ [(y! 1)+ (u2, 02
Gy ™ () < o) e Ol ) )

S (NOM)GPG_l(IJFS(WJFl))(C) [(U17 Ul) : <u2’ 02)]56—1(az+s('¥+1))+1

where (z,s) = ((1 + a)e, (j + b)e).
Since the right hand side does not depend on a, b, one obains the uniform
estimates:

(55) (@), (5) (@,9)
< (NoM)* e (w,0) : (0,0

e (ats(v+1))+1

This completes the proof.

43



4 State dynamics and their scale transforms

4.A Automaton: Let us recall the state dynamics. Let S and @ be finite
sets called the alphabet set and the state set respectively. Let «, 8 > 0 and
consider a pair of functions:

QxS 5 S $:Q xS Q

where we call ¥ as the output map and ¢ as the transition map. In this paper

we call such a pair of functions as an automaton.
Let: B
XS:{kf:(k'o,kl,)kZES}

be all the set of one-sided strings of infinite length. Then each state ¢ € @
induces a continuous map:

AthS%XS

given by: A,(ko,k1,...) = (k{, k},...), where k] are inductively defined as
below with ¢y = ¢:

ki = (i kiy - Kkiva), Qi = O(Gis kiy - Kigp).
We call it the state dynamics with respect to A.

4.A.2 Automata groups: Let us consider a Mealy automaton:

ViR xS—=S ¢:QxS—Q

which is a special case of the state dynamics with ¢y = ¢:

k: = w(qi, ki), qi+1 = <Z5(Qia kz)

Notice that the Mealy dynamics induce the level-set actions as A, : X 1]4\7 s
Xt where

XU ={k* = (ko, k1, ... ky) i ks € S}
are the set of words of length N + 1.

Let m = #|A]| be the cardinality of S, and T,, be the rooted regular m-
tree. The set of all vertices of T},, can be identified with X3 = Uy X% . Thus
A, give the actions:

A, T, — T

Let us say that A is invertible, if (g, ):S = S are one to one and onto

forall ¢ € Q. An invertibe automaton A gives automorphisms A, : T;,, = T5,,.
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Definition 4.1. Let A be invertible. The group generated by the set of states:
GA)= gen{A,: T, =T, :q€Q}

1s called the automata group.

Remark 4.1: (1) Automata groups are subgroups of Aut(7,,).
(2) General state dynamics give the maps as A, : 0T, = 01,,.

Later on we will always assume that Mealy automata are invertible, and
both S and () are subsets of the real number:

S, Q C R.
For X5 ={q" = (¢° ..., q") : ¢ € Q}, let us put:

A=A

q q

vo...Ap: T, =T,

If we denote Agr(ko,ki,...) = (k. k¥,...), then the state dynamics
given by the Mealy automata are exactly given by Az, so that {k]},; are
the orbits given by the state dynamics with the initial data (¢°, ¢',...) and

(ko k1, ...).

4.A.3 Extensions: One of the most basic properties commonly shared
among all Mealy automata is that the groups are residually finite, since
their restrictions induce the level-set actions. Here we consider a canonical
generalization whose groups are not necessarily the case, which arise from
the state dynamics.

Let us consider an automaton A given by the two functions:

QxS 5 S $:Q xS Q

and consider the corresponding state dynamics A, : Xg — Xg for each
q€ Q. A,:0T,, — 0T, does not induce level-set actions in general.

Let us say that A is invertible, if A, : Xg = Xg are isomorphisms for all
¢ € Q. An invertibe automaton A gives automorphisms A, : 97, = 901,
and the group generated by the set of states is also denoted by G(A):

G(A)= gen {A,: 01, =0T, : q € Q}
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which is a subgroup of the boundary automorphism group Aut(97,,).

Ezxample 4.1: The following automaton is not Mealy, since dynamics are not
determined by every level set of the trees.

Let us choose a = 1. Let S = {sg,s1} and Q@ = {¢°,¢'}, and ¢ be the
permutation between two elements. Let us consider the functions:

(gt s)=eo, v(d’ ,S):{EO .

id s=s;
QS( » Sy S,) = €o
where s, € S.
Lemma 4.1. The state dynamics by this automaton is invertible.

Proof: Let us consider ¥(¢°, , ), and suppose (¢°,s,t) # (¢°,s',t').
The equalities 1(¢°, s,t) = ¥(q°, s, ') hold only when (s, s") = (s1, 89) or (8¢, 51)
and t £ t'.

On the other hand at the next level, ¢(q° s,t) = ¢(¢°, s',t') = ¢* hold,
and so:

g t, ) Ao, ).

This implies Ao : 9T, — 0T, is injective.

Since ¥ (¢', , ) does not depend on the second variable, injectivity of
A, 0T, — 0T, follows from the one of A p.

Let us consider surjectivity, and take any (xp,z),...) € Xg. We seek for
some elements (xg,z;...) € Xg with A (xo,z1,...) = (zf,2],...). Notice
that the states change periodically as (¢°, ¢*,¢% ¢, ...) or (¢%,¢% ¢*,...).

Both cases can be considered similarly, and we treat the first case only.
Firstly we choose 911 = 2%, + 1 mod 2 for all ¢ > 0. Then we can choose
T9; uniquely so that the equalities 1(q°, 29;, 2;11) = xb; hold for all 4. Thus
A, are surjective, and so they are isomorphisms. This completes the proof.

4.B Extensions of automata: Let (), S C R be finite sets, and choose an
automaton ¢ : Q x S“™ — S and ¢: Q x ST — Q.
Let:
V:RxR™ SR, ¢:RxRF SR

be two maps.
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Let us say that the pair of functions (7,2,45) extends the automaton, if
their restrictions coincide with each other:

DR x ST =y, Q x ST = ¢.

Conversely if there are finite subsets (), S C R so that their restrictions
of the pair of functions (1, ¢) induce the functions:

V=10:Qx SN S s=6:0Q xS 5 Q

then we say that (1, @) restricts to an automaton (1, ¢).
Notice that if a pair of bounded functions induces maps as:

V:ZXZT ST, ¢ L xTP ST
then they restricts to some automaton for some @, S C Z.
4.B.2 Lamplighter group: Let:
¥i{d”q'} x {s0, 51} = {s0,s1}, ¥’ ) =1id, ¥(¢', )=p¢
¢:{d" q'} x {s0.s1} = {d",d'}, o( ,s)=¢ (1=0,1)

be the pair which gives a Mealy automaton A. It is known ([GZ]) that the
associated automata group is isomorphic to the Lamplighter group which
acts on the rooted binary tree.

Let us extend the automaton to a a pair of (max, +)-functions as below.
Let us put ¢ = so =0 and ¢ =5, =3 € Z.

Now consider the piecewise-linear functions:

P(k) = —max(—3, —max(0, —3(k — 2))),
Q(k) = —max(—3, —max(0,3(k — 1))).

Then an extension of the pair (¢, ¢) is given by the function:

(g, 5) = max(P(s),Q(s — q)), ¢(g,5) = Q(s)

as maps from Z? to Z.
The extension (1), ¢) holds the following properties:

(1) They are constants on the intervals [—1,1] and [2,4]. Namely the
extension satisfies stability defined in 4.C'.
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(2) They are bounded.
Now let us put the functions:

1
1+ 23t

ag(z) = (t73 + )L

The tropical pair of the rational functions (f;, g;) is given by:

Go(w,2) = a_s(2), fulw, ) = ag(=") + a_g(zw)).
The induced system of the partial differential equations is given by:
cus = fi(v,u) —u, ev, = gi(u) —v

where f; and g; are as above.

4.B.3 Extensions by relatively (max, +)-functions: Let ¢ : Z" — 7Z be
a map. Let us note that there are two canonical ways of the extensions:

(1) By connecting these integer values by segments, one can extend ¢
straightforwardly to a piecewise linear map:

v :R" — R.

(2) If p : Z™ — Z is equipped with its presentation as a (max, +)-function,
then it is canonically extended as a map ¢ : R® — R.

For our purposes in this paper we will choose the method (2) above.

Lemma 4.2. Let us consider a Mealy automaton ) : QxS — S, ¢ : QxS —
Q with Q,S C R. Then there is a bounded extension:

V:RxR—>R, ¢:RxR—R
so that both functions zﬁ and& are represented by relatively (max, +)-functions.

Proof: We construct local cone extensions inductively.

Step 1: Let {my, ma,mg} C @ x S be three points which are mutually
different, and consider the triangle A C R3 whose vertices are given by:

O; = (my,v(my)) € R*  (i=1,2,3).

48



Let [; C A be segments whose end points are O; and O;,; mod 3.
Let us choose planes L; which contain /; so that they are represented by
graphs of affine linear functions ¢; : R> — R as

Li = {(xl,xg,gpi(xl,xg)) . (Jfl,l’g) S ]R2}

Let g € A be the barycenter, and [ : [0, 00) be the half lines starting from
g which are vertical to R? in R?® = R? x R. Exactly there are two choices [
and [, which go below or above to A.

Fori =1,2,3, let L® and L¢ be another planes which contain /; and inter-
sect with [, and I, at [y(t) or [,(t) respectively. So three places {L%, L5, L5}
intersect at one point [,(¢). Similar for a. We will choose these planes with
sufficiently large t >> 1. Let ¢? and ¢¢ be their representations by relative
(max, +)-functions.

Now we have two types of the cones:

Cy, = graph max(p}, 5, %)

and C, are similar. Cj, are concave and C, are convex. Notice that we may
choose arbitrarily sharp slopes of the cones.

Let us choose a large C' with C' > max{|¢)(m)| : m € Q x S}. Let ¢ be
another affine linear function whose graph contains A.

Now we put the bounded functions:

Y = — max(=C, —max(p, 1, ¢5, ¢5)),
Y& = max(—C, — max(—p, —¢f, =95, —¢3)).
Notice that both graphs contain A.
Step 2: Let us order all the points {m_1,mg, my,mo,...,m} =Q X S,
so that there are families of two dimensional polytopes M; such that:

(1) M; are given by unions of M;_; with a single triangle A; which contain
the vertices m; and
(2) M; do not contain the sets {m;1,...,my}.

Now we inductively construct relaive (max, 4)-functions t; : R — R so that
the equalities:

Yi(mg) = P(my,)
hold for all 1 < k <.
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We have constructed y§ = ¢% by Step 1, with A; = A.

Suppose we have obtained 1@, and let us construct 151‘+1- Let us divide
into two cases:

Suppose ¥;(m;y1) > ¥(miyq). Let W&,H be as in Step 1. By choosing
sufficiently sharp slopes, we may assume that the estimates:

¢Zi+l(mk) > sz(mk)
hold for all 1 < k <. Then we put the bounded function by:

Next suppose 1;(mip1) < ¥(miy1). Let Y4,,, be as in Step 1. Again by
choosing sufficiently sharp slopes, we may assume that the estimates:

YA, (mi) < i(my)
hold for all 1 < k <4. Then we put the bounded function by:
lzz'ﬂ = HlaXWbAM,@Zi)-

In any cases @ZNJZ-H above satisfy the desired properties. This finishes the
induction step. This completes the proof.

4.C Stability and extensions: Let us itroduce stability under iterations
of maps and study their long-time bahaviours.

Let @,S C R be finite sets, and consider a map ¢ : @) x S* — S with its
extension ¢ : R x R* — R.

Definition 4.2. ¢ : R x R* — R is stable with respect to (Q,S), if there are
0<d<1and0<pu<1 sothat the estimates hold:

ey, ) — (g, 8)| < p d((y, ), (¢, 5))
for any (y,z) € R x R* and (¢,5) € Q x S* with d((y, %), (q,5)) < 0.

Notice that ¢ is (¢, u)-stable for all 0 < ¢ < 0, whenever it is (0, u)-
stable.

Let A be an automaton given by a pair of two functions ¢ : Q x St — S
and ¢ : Q x SPT1 — Q. A stable extension of A is given by two stable
extensions of the functions:

P RxR 53R, ¢:RxRFL SR
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Examples 4.1: (1) ¢ : RxR>™! — R is a stable extension of ¢ : @ x S®™1 — S
with g = 0, if it is locally constant on small neighbourhoods of each (g, 5) €
Q x St

(2) ¥ : R x R — R is a stable extension of ¢ : @ x S — S, if it is of the
form with |ags| + |B,.s] < 1 on small neighbourhoods of each (¢,s) € @ x S:

Uy, w) = ags(r = 8) + Pos(y — q) + (g, 5).
Proposition 4.3. Let Q,S C R be finite sets and (¢, ¢) be an automaton:
P:QxS—=95 ¢:QxS5—=5.
Then there is a bounded and stable extension:
V:RxR—-R, ¢:RxR—R
so that both functions 1; and& are represented by relative (max, +)-functions.

Proof: The proof consists of a minor modification of lemma 4.2.

Let us choose disjoint union of squares in R? so that each square contains
unique point (g,s) € @ x S in its interior. Let us denote such square by
D(q,s) C R%

Firstly let us put locally constant functions by:

Yy, x) =v(g,s), oy,z)=d(q,s)

for (,y) € D(q, s). This determines functions ¢ and ¢ on Ug,s)caxsD(q, s).
For the rest, one can follow the same argument as the proof of lemma
4.2, and extend the domains of these functions inductively.
We omit the repetition. This completes the proof.

4.D Stablity and state dynamics: Let ),S C R be finite sets, and
consider an automaton A defined by ¢ : @ xSt — Sand ¢ : QxS = Q.
For each ¢ € @, let A, : Xg¢ — X be the continuous dynamics given by:

Agllorkiy.2) = (K Ky,
k; = w(q“ k’i? ey ka+1), qi+1 = ¢<Qm ki? R ]{"B‘i’l)

with ¢y = ¢. For a sequence ¢ = (¢°, ¢*,...,¢"), let us denote the composi-

tions of the corresponding dynamics Ay = Ajo---0Ap: Xg — Xg.
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Let us introduce the space of the real sequences:
XR:{ZZ’: (l‘o,l’l,...)l IL'ZER}

and equip with the uniform distance between two elements z = (g, x1, ... )
and ¥’ = (xg,2),...) € Xg by:

d(z,7') = sup |z; — x| € [0,00]
0<i<oo

Let:
v RxRM 53R, ¢:RxRFL SR

be a stable extension of A with the constants (6, ). For each y € R, let us
extend the above dynamics as A, : Xgp — Xy given by the same rule:

Ay (zo,x1,...) = (2,27, ... ),

:U; = w<yl7 Liy - 733&-1-1)7 Yit+1 = ¢(y17 Liy - - ,$B+1)

with yo = y. For ' = (°,9,...,¢y") € R we put:

AglEAle"'OAyOIXR—)XR.

This is exactly the state dynamics in 2.5.
For finite sequences ¢ € Xgl and ' € X@l, we also equip the same
uniform norms by d(¢', ) = supy<;<; |¢ — y7| € [0, 00).

Lemma 4.4. Let us choose pairs of the sequences, j* € R4 with ¢ € X5,
and T € Xg with k € Xg, so that they have bounded distances by 0 < § < 1
from each other:

d(z, k), dy.q < o
Then the estimates hold:

d(Aq(k), Ag(z)) < 6.

Proof: We split the proof into two steps.
Step 1: Firstly let us consider the case [ = 0, and put yo = y°(= ).
d(¢°,y°) < & hold by the assumption. So let us verify the estimates:

d(Gis1,Yirr), d(ki ;) <9
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by induction on ¢ =0,1,2, ...
Let us start from the former estimates, and suppose they hold up to .
Then we have the estimates:

d(Qi+17 yi+1) = d(ﬁb(% Ki, ... >/€B+1;)7 <Z5(?Ji, Tiynn,y kﬁﬂ'))
< u max {d(ql,yl),d(k’],x])} < ,u(5 < 0.

B 1<j<p+i

So it holds also at ¢ + 1. Thus d(g;,y;) < ¢ hold for all i by induction.
Next let us consider the latter estimates. By use of the former ones, we
have the desired estimates:

d(k)’:) 'I;) = d(w((ha ki) CII) ka—i—i)) ¢(y27 Liyonny koc—‘ri))

< p max (d(gs, %), d(kj, 25)) <.

Thus we obtain the bounds:
d(Aqo(/%), Ao (Z)) <.

Step 2: Let us replace the pairs (k,Z) by (A (k), Ayp(Z)) and (¢°,y°)
by (¢*,y') in Step 1. We apply the same process and obtain the estimates:

d(Aq (A (), A (Ap(z)) < 0

By iterating this process [ times, one obtains the conclusion.
This completes the proof.

4.D.2 Change of automata structure: For [ = 1,2, let:
Al QxS =S ¢ QxS = Q

be two automata. For each ¢ € @, let (A;), : Xs — Xg be the continuous
dynamics and denote (A;),(ko,k1,...) = (ky(1), k1 (D),...), where k[(l) are
inductively determined by:

k(1) = 9 (a(D), kil), ko (D), gon (1) = ¢ (@ (D), k(D) -+, kg (1))
with ¢o(l) = ¢. It happens quite often that two different automata A; and
A, give the same dynamics. In such situation, the equalities always hold:

(ko(1), k1 (1), - .) = (ko(2), k1(2), )

while the state sequences may differ from each other:

(¢°(1), ¢ (1),...) # (¢°(2),¢'(2),...).
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Definition 4.3. Let us say that Ay and Ay are equivalent, if they give the
same dynamics in the sense as above.

Let R C @ be a subset. If the equalities (A;), = (A2), hold for all ¢ € R,
then we say that A; and A, are equivalent over R.

Let us give stable extensions of A; and A by relative (max, +) functions
(¢!, 1) and (42, 1?) respectively.

Let us consider the corresponding state dynamics:
xl(ihj + 1) = ¢l(yl<i’j)u Il<i7j)7 s 7xl(i + Oé;j));
wi+1,7) = ¢ (i, ), (i, 3), . 2li+ B, )

with the initial values z(l) = {z;(1)}; and y(I) = {y/(l)}, respectively. For
[l =1,2, let us denote:

Zf](l) = (xl(O,j),xl(l,j), .. ) € Xg.

For an infinite sequence ¢ = (¢°,¢',...) € X, we denote its restrictions
as @ = (¢°,q",...,q") € X5

Corollary 4.5. Suppose the following conditions:
(1) There exist subsets R C @) so that Ay and Ay are equivalent over R.
(2) The initial data satisfy the uniform estimates:

d@(l),k), d(yl),q) <

for some k € Xg and § € Xg forl=1,2.
Then the uniform estimates hold for all 0 < 7 < oo:

d( 7 (1), #7(2) ) < 26.
Proof: The condition (1) implies that the equalities:
(A1)g = (Ag)g : Xg — Xg (1=0,1,2,...)
hold for all ¢ € X}l;’l. Let us denote:
Agyo-oAp(kokr,...)= (KK, )=k

By lemma 4.4, the estimates:

dF (1), ) < 6
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hold for [ = 1,2. So the estimates:
d(7(1),77(2)) < d(@ (1), k) +d(T(2), k") < 20
hold. This completes the proof.

Remark 4.2: In particular for two different stable extensions of the same
automaton, we can still apply this and obtain uniform estimates between
their orbits.

4.D.3 Uniform estimates for stable dynamics: Let:
Aip:QxSH S ¢:QxS™M = Q
be an automaton, and choose stable extensions with the constants (9, u):
v RxR* 53R, ¢:RxRFI SR

represented by (max, +)-functions. Let (¢, ¢;) be the tropical correspon-
dences to (¢, ¢), and M be the bigger one of the numbers of their compo-
nents.

Let us consider the corresponding systems of the state dynamics:

m(%] + 1) = Q/J(y(la])?x(l:])??xu —i—()é,j)),
y(i+1,7) = oy (i, ), x(i. 4), -, x(i + B, 7)),

26,7+ 1) =y (i), 2'(6, 7). - ... 2'(i + o, ),
y(i+1,5) =y (i,9),2'(i,5), ... 2" (i + B, 7))
with the same initial values Z = {z;}; and § = {y’}, respectively.
Lemma 4.6. Suppose to >> 1 satisfies the estimates:
po + 2log,, M < 6.

Then for all t > ty and any initial data with the uniform bounds:

or some k € Xg and § € Xo, their orbits satisfy the uniform estimates:
Q Yy

(i, 5) = ' (i, 4], ly(i,5) —y'(i,5)] < g

95



Proof: Step 1: The first condition can be realized for sufficiently large
to >> 1, since u < 1 holds by stability assumption.
Let us denote the orbits by ({k]}, {q]}) determined by:

]{;{JF :Z/}(qg,l{ig,...,kg+a>, qz+1:¢(QZ7kz]7akzj+B>

with the initial values k and ¢ as above. By lemma 4.4, the uniform estimate:

. ; . 0
\z(i,5) — K|, |y(i,5) —dl| < 3

hold for all 4, j.

Let us consider the case y(7,0) and x(i, 1).
y(0,0) = 4/(0,0) hold by the assumption. So let us verify the estimates:

d(y'(i+1,0),y( +1,0)), d(z(i,1),2'(:,1)) < g

by induction on ¢ = 0,1,2,... So suppose they hold up to i. Notice the
estimates:

d(y'(i,0),¢)) < d(y(,0),q)) + d(y/'(i,0),y(i,0)) <.

Then we have the estimates:

d(y(l + 17 O)a y/(l + 17 0)) = d((b(y(% 0)7 Ly o 7xi+a)7 th(y/(i, 0)7 Liy - axi—I—a))
< d(¢(y(l, 0)7 Liy - - 7$i+a)7 (b(y,(iv 0)7 HOPI 7Ii+oé))
+ d(¢(y/(l, 0)7 Liy--. 7:[;’i+oz)7 ¢t(y/(ia O)a Tiyon- 7$i+a))

5 5
< pd(y(i,0),y' (i, 0)) + logy M < pg +log, M < 3.

So we have verified the estimates d(y'(7,0), y(7,0)) < g for all 7 by induction.
Then we have the estimates:

d(l’(l, 1)? x/@? 1)) - d(l/}(y(Z, 0)7 Liy oo 7$i+a)7 wt(y/(iﬂ 0), Ly oo 7xz'+a))
S d(¢(y(27 0)7 Ly 7xi+a)7 w(?/(’la O)? Liyon- ,$i+a))
+d( (Y (4,0), x5y .o, Tiva), V(Y (,0), T4, o, Tita))

0 )
S ud(y(lv O)a y/(ia 0)) + 1Ogt M < M§ + logt M < 5
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So we have verified the estimates d(«/(i,1), z(i,1)) < 2.
Step 2: Let us put the sequences 77 = (z(0,7), z(1,
for others. Let us verify the estimates:

J),...) and similar

by induction on 7 =0,1,2,...

We are done for j = 0 at Step 1. Suppose the above estimates hold up to
j—1.

Let us start from the former estimates. y(0,7) = ¥'(0,7) hold by the
assumption. Suppose the estimates d(y'(,j),y(i,)) < $ hold up to i. Then
we have the estimates:

d(y(i+1,7),y'(i +1,5)) =

d(p(y(i,a), (i, 7)., x(i,i+ 8)), (Y (i, 5), 2" (3, 7), . .., ' (i + B))
SdW@@ﬁ,(J) yu(iyi+ B)), 6(y'(4,5), 2 (4, 5), ..., 2" (i + B))
+dW(@j)’(ﬁ, (4,1 + B)), o (y' (i, 7), 2 (i, ) ,f@+®)
< max {d(y(i J),y(2¢0),d( (L,5),2'(1,7))} + log, M

)

J
1<I<B+1 )
o o

<,u§+logtM< 3

So we have verified the estimates d((y')’, %) < 2 for all i by induction.
Then we have the estimates:

(4, +1),2'(i,5 + 1)) =

d(x

d((y(i, ), 2, 5), - w(i+ o, ), oy (7, 9), (0, ), - 2 (4 @, )

< d(¥(y(i, ), @J) (i 4 e, 7)oy (@) (6, 7), - @' (04 @, 7))
AW (@ 5), @' (1), 2"+ @, ), ey (s 5), 2 (0, 7)o 2 (04 s )
< max {d(y @,J),y ( ), d(x (L, 5), (1, 7))} + log, M
</Lg+logtM< g

So we have verified the estimates d((z')7+!, z7+1) < 2.
So we have finished the induction step on j. This completes the proof.

4.D.4 Rational dynamics and change of automata: Let S C R be a
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finite set, and take a = (ag, ai,...) € Xg. The exponential sequence is given
by the sequence of positive numbers parametrized by ¢ > 1:

1% = (t%, 1%, ...
Its C' > 1 neighbourhood is given by the set:

Nc(t&) = {5 € Xg: C_ltai <z < Ctai} ot

For [ =1,2, let:
Ayl Qx 8 =8 ¢ QxS Q
be two automata, and choose their stable extensions:
PR xR SR, o RXxRFF SR (1=1,2)

with the constants (9, ) by relative (max, +)-functions.

Let (fl,g)) and (Wl ¢!) be the tropical correspondences to (¢!, ¢') re-
specively, and M be the bigger one of their numbers of the components.
Let us consider the state systems of the rational dynamics:

A7) = f(w] (1), £ 1), 2L ),
wlyy (1) = gi(wl(1), 2/ (D), ..., 2], 5(D)

with the initial values z(I) = {z;(1)}; and w(l) = {w’(1)};.

Theorem 4.7. Suppose A, and Ay are equivalent over some R C @, and
choose stable extensions with the constants (9, ).

Then for any large C' >> 1, there exists tg > 1 so that for all t >ty and
any wnitial values which are are contained in:

2(1) € No(t*), w(l) € Ne(t)  (1=1,2)
for some k € Xg and § € Xg, then the uniform estimates hold:

ax{w @
2(2)" 2(1)

7

} < C*
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Proof: We split the proof into two steps.
Step 1: Notice that the pairs (1!, ¢') are (&', u)-stable for all 0 < §" < 6.
Let us choose large C' so that the estimates hold:

M < C'H,
Then choose ty >> 1 so that the estimates hold:
4}
log, C < 3
Now let us choose and fix any ¢ > t,, and put ¢’ = log, C'. Then the estimates:
pd” +log, M < plog, C' +log, M < log,C = ¢’

hold by the above inequality. So the condition in lemma 4.6 is satisfied.
Let us regard that the pairs (¢!, ¢') are (20, u)-stable.

Step 2: Let us put:
zi(l) =log, (1), (1) =logw’(l)  (1=1,2)

and consider the corresponding systems of the state dynamics:

Jil(i,j + 1) = ¢l<yl(i7j)vxl(i7j)= s 7‘rl(i + Oé,j))7
yl<i + 17j) = ¢l(yl(i7j)7xl(iaj>7 s 7xl(i +6’j))’

2)(i,j + 1) = iy (i, 5), (i, 5), - -, )i + @, §)),
yi(i+1,5) = oy, (i, 5), 27 (i, ) - .., 2y (i + B, 4))

with the initial values (1) = {x;(1)}; and g(I) = {y’(1)}; respectively.
Then the estimates:

_ i (1 ,
d(z(1), k) = sup |2;(1) — ki| = sup logt(i—,g))ﬂ <log,C'=4¢

hold. Similarly the estimates d(g(1),q) < ¢’ hold.
By corollary 4.5, the estimates:

|l‘1(2,j) - $2(l,j)| < 25/
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hold for all 7, j.
On the other hand by lemma 4.6,
|xl(z7j> o x;(%])l <d
hold for [ = 1,2 and all 4, 3.
Then combining with these, we have the estimates:
< 46 = log, C*.

Since the equalities:

124, 7) — 20, 5)| = logy (D1

z(2)

hold, this verifies the desired estimates. This completes the proof.

4.D.5 Dynamical inequalities under change of automata: Forl = 1,2,
let:

A QxS =S ¢l QxS = Q
be automata which are equivalent over R C ().

For each [, let us take two pairs of their stable extensions with the con-
stants (0, ) by (max, +)-functions:

PR xR S R, ¢ R RIS R (m=1,2)
Suppose that for each [ =1, 2:
(q/)l,l ¢l,1) ~ (¢l,2 ¢l,2)

are pairwisely tropically equivalent. Let (I, gb™) and (0™, ¢!™) be the

tropical correspondences to (1)"™, ¢!™) respectively.

Corollary 4.8. Assume the above conditions. Then for any large C' > 1,
there exists to > 1 and D > 1 so that the following holds for allt > ty:

Suppose two sequences {w?(1)Y;; and {2 (1)}:; satisfy the dynamical in-
equalities:

P00, o) £ O <SPI0, D)



Moreover suppose the initial values are contained in the same C' neighbour-

hoods:
zZ(1) = (20(1), 21(0),...) € NC(tE), w(l) = (wo(l),wl(l), ...) € N¢o(t9)

for some k = (ko, ky,...) € Xs and ¢ = (¢°,q¢",...) € Xk.
Then the uniform estimates hold:

IEIRELC)

G D
9@ 20

Proof: The proof is long and we split it into several steps, but the idea is
quite parallel to theorem 2.19 and corollary 2.21.

Let us choose and fix large ¢ >> 1. By replacing ¢ by a smaller one as in
Step 1 in the proof of theorem 4.7, we may assume the followings:

(1) 6 =log, C' and the estimates:
M? < Ot H

holds. In particular the estimates 2log, M + o < 9 holds.

(2) (pbm™ @tm) are all (36, p)- stable.

Let us put p!(l) = log, /() and 0!(I) = log, w!(I). Then we have the
estimates:

W] (1)), pha (D) < BP9 (0] (1,07 (1), - pha (D),

¢ (0] (1).p (1), 1l p(D) < 0l (D) < & (0] (D, 01D, 5(0)
where p?(1) = z;(1) = log, (1) and 0)(1) = /(1) = log, wi(l).

Notice that both the equalities:

Y= b2 gl = gh?

hold as functions by the assumption. We will use the notation ' and ¢'
when no cofusion occurrs.
Let us consider another solutions to the state systems:

R0 = 1), ), k()
qg—f—l(l) = gbl(qg(l)? ki OIFP kzj'-i-ﬁ(l))
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with k(1) = k; and ¢}(l) = ¢/.
We verify the uniform estimates:

i) = KO 1o]() =g (D)] < §
by several steps.

Step 1: Let us introduce another state systems:

.. I, .. .. ) .
JJLm(Z,j + 1) = ¢tm(yz,m(lv])7x2,m(lv])7 s ,a:im(z + O./,j)),
?Jf,m(l+17j) =@y (yf,m(%ﬂ)aw;,m(l7])a-~-,$2,m(l+5,]))a

CUl(iaj + 1) = ¢l(yl(iaj)7xl(iaj)7 cee 7Il(i + O‘7j>>’
yl(i + 17j) = gbl(yl(iv]’)’xl(iaj)’ s 7Il(i + 57]))7

with the same initial values 7, (i,0) = 2;(i,0) = z;(I) and y;,,(0,7) =

By lemma 4.4, the estimates hold:

(i, §) = K@) i 5) = al (D] < 0.
On the other hand by lemma 4.6, another estimates hold:
|20(d,3) = @1 (9], 10 (E,5) = Yo (3, 5)] < 6.
So combining with these estimates, one obtains the estimates:
|21, (1, 5) = KL (D], (90 (0) — @ (D] < 26.
Step 2: Next let us verify the uniform estimates for [ = 1, 2:

Notice the equalities y;,,(0,0) = of(l) and z7,,(i,0) = p{(I).

Let us verify |y; . (4,0)—0f(I)] < & by induction oni =0,1,2,... Assume
that the estimates hold up to i.
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Firstly suppose o, (1) > y; (i + 1,0) hold. Then the estimates hold:

0< Oi-l—l(l) - ylll(z +1,0) = |Oi+1(l) - ?/1,1(2 +1,0)]

S ‘QS?Q(OZO(Z)’p?(l)? cee 7p?+ﬁ(l)) - ¢f§71(y2,1(i7 0)7 1’271(@ 0)7 s axg,l(i + Ba O))’
< 2log, M+

|6 () (1), (1), -+ Pl p (D) = &' (41,14, 0), 27, (5,0), ..., 27, (i + B, 0))]

< 2log, M + pfoy (1) — ;1 (i,0)| < 2log, M + pud < 6.

Conversely suppose of, (1) < ;,(i 4 1,0) hold. Then the estimates hold:

0<yl1(1+1 0) — z—i—l() |yl1(z+1 0) — z+1(l)|

S |¢t (yl,l(lv 0)7 :El,l(Z? 0)7 s axl,l(Z + /8’ )) - il(O?(l),piU), s 7p?+5(l))|

< 2log, M+

|¢l(y2,1<i7 0)7 1'271(2'7 0)7 L ,IL‘EJ(Z' + Ba O)) - gbl(O?(l),p?(l), cee 7p?+,8(l))|

< 2log, M + pfoy (1) — y;1(i,0)| < 2log, M + pud < 6.
Thus in any cases, the estimates |y;, (i 4+ 1,0) — of,,(I)] < ¢ hold. By the
induction step, we have verified the claim. By the same way the estimates
|y1.5(4,0) — 0} (I)] < ¢ also hold for all .

Then by use of the above estimates, we follw a parallel argument as below.
Suppose p; (1) > x7,(4, 1) hold for some i. Then we have the estimates:

S |wll€’2(0?<l>ap?(l)7 L ap?—i-a(l)) - ¢i’1(y2,1(i7 0)7 I;,l(ia 0)7 tee 7x2,1(i + B’ 0))|
< 2log, M+

|¢Z<O?(l>,p?(l), ce 7p?+a(l>> - 1/1[(92,1(1'7 0)7 x;,l(i7 0)7 cee 7:1:2,1(7; + 57 O))’

< 2log, M + p|oj (1) = ;,,(3,0)| < 2log, M + pud < 4.

Conversely suppose p! (1) < 27,(i,1) hold. Then we have the estimates:

0 < a7,(6,1) = pi (D) = |27, (i, 1) = pi (1)

S |¢Il§71(yl,,1(i7 0)7 x;,l(ia 0)7 s 7‘T;,1(i + 57 O)) - llf,l(o?(l)ap?(l)’ s 7p?+a(l))|
< 2log, M+

WJZ(yl,,l(i) 0)7 x;,l(i7 0)7 tee ,1’271(2' + 67 O)) - 77Z)l(0?(l)ap(z)(l)7 L ap(z')+a(l>>|

< 2log, M + pfoy (1) — y;1(i,0)] < 2log, M + pud < 6.
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Thus in any cases we have the estimates |x7,(i,1) — p;j(I)] < ¢ for all i =
0,1,2,... The estimates |z],(i, 1) —p;(l)| < ¢ are obtained by the same way.

Step 3: Let us verify the estimates for all 7,7 > 0:
Let us put the sequences:

j;,m(.j) = (ZL‘E’m(O,j), J}E7m(1,j), x;,m(27j)7 s )

and similar for 7; . (4), 7’ (1) and o/(l).
Let us verify the estimates:

d(x),,(j + 1), 7 (1), d(§, ()0 (1)) <0

by induction on 57 = 0,1,2,... We have verified the estimates for j = 0 at
step 2. So assume they hold up to j — 1.
The initial conditions op(l) = y;,(0,7) hold. Let us verify the estimates

ol (1) — Y1.1(i,7)| < ¢ by induction on i. Suppose they hold up to i.
Firstly suppose o (1) > Y;.1(7+1,7) hold. Then the estimates hold:

0< Og+1(l) - y2,1(i +1,7) = |0{+1(l) - ylll(z +1,7)|

S |¢i’2(05(l)7795(l)7 s ,Pz+,3(l)) - gbi’l(yl,,l(i’j)a‘r;,l(iaj)7‘ c ,11271(2' +67]))|
< 2log, M+

|¢l(03(l)apz(l)a>pi+5(l)) —¢l(y;71(2,j),$;71(l,j),,[L’;,l(l—l—ﬁ,])”

< 2log, M+

umax(|0{(l) - yl/,1<i7j)|a \pi(l) - x;,l(iaj)’7 ceey |Pg+ﬂ(l) - %1(2 +5,9))

< 2log, M + po < 6.

The converse case can be estimated by the same way as step 2, and we omit
repetition. So by the induction step we have the estimates |y; , (4, ) —d(l)] <
¢ for all i. By the same way we can verify the estimates [y; (i, j) —ol(l)] <.
Then we have the estimates |v7,,(i,7 + 1) — P < 6 for all i =
0,1,2,... again by the same way as step 2.
This completes the induction step on j, and so we have obtained the
desired estimates:

[ (657) = DTN, 91 (E5) = 0] ()] <6
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foralli,7=0,1,2,...

Step 4: Combining step 1 ~ 3, we obtain the estimates:

() — K ()] < 35.

In particular all the values of these sequences lie within p-Lipschitz constants
of '™ and ¢"™.
Let us consider the state systems of the rational dynamics:

FU(i,j+1) = f{H(G(0,4), F'(i,j), ... . F'(i +a, )

G'(i.j+1) = g (G'(i,5), F'(i, ), ... F'(i + B,5))
with the initial values F'(i,0) = 2;(I) and G*(0, j) = w’(l) respectively. Then
we apply theorem 2.17, and obtain the uniform estimates:

F'li,j+1) ()

: < M2*Piicrn® < o l=1.2
T T L

max(

for some C’; since P;(u) are uniformly bounded for 0 < g < 1. On the other
hand by theorem 4.7, the estimates hold:

Fli,j+1) F?2(i,j+1)

< 4.
F2(i,j+1) Fl(i,j+1)" ~

max(

Thus combining with these, one obtains the desired estimates:

2 (1 2 (1 F?(i,j ,

( j( ))il :< . ( ) )il( j( ))il § C C4ED.
7 (2) FYi, ) 7 (2)

This completes the proof.

4.E Quasi recursivity: Let us consider recursivity for rational dynamics.
We start from a simpler case which is time-independent and one dimensional.
Let ¢ be a (max, +) function of n variable, and consider the one dimen-
sional dynamics:
TN = @(TN_ny- - TN_1).

It is recursive over X C R, if there is some M > 0 so that any orbits
{z;}; with any initial values Zo = (zq,...,z,_1) € X™ C R", are periodic of
period M. Namely equalities x; .y, = x; hold for all ¢ > 0.
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Let f; be the tropical correspondence to ¢, and consider the corresponding
dynamics:
2N = fi(aN—ns - ZN-1)

with the initial data zy = log, 2o, ..., Tn—1 = log, 2n_1.

It is known that ¢ is always recursive over R whenever f; is the case over
(0,00) for all £ > 1. However the converse is not true.

Let us say that f; is a quasi recursive of period M over X; C R, if
there are constants C' > 1 and M > 0 independently of ¢ and initial values
(20,--+,2n-1) € X;* C R™ so that the uniform estimates hold:

z z
max( N+M, N )<C, N=01,...
ZN  AN4+M

Proposition 4.9 (K2). Suppose f; corresponds to a relative (max, +)-function
. Then f; is quasi recursive of minimum period M, over (0,00) if and only
if @ is recursive of the same minimum period over R.

For example:
gol(aco,xl) = max(0, z1) — o,

g02($0,x1) = max(xy, —x1) — T

are recursive of periods 5 and 9 over R respecively. The corresponding rela-
tively elementary functions are given by:

fi(w,2) =w ' (1+2),
fiw,2) =w (27" +2)

respectively. It turns out that the former is also recursive over (0, 00), but
the second is not the case, and so it only satisfies quasi recursivity.

4.E.2 Finite order group elements: Let:
A:yp:Qx8 58 ¢:QxS=Q

be an automaton, and ¥ : R x R**! — R, ¢ : R x R%*1 — R be stable
extensions with the constants (0, ).

Let (fi, g:) and (¢, ¢;) be the corresponding functions to (v, ¢) respec-
tively, and M be the biggest one of the numbers of their components.
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For ¢ = (¢°,...,q™) € Xg“, let us denote [ times iterations of g™ by

lq = (q07 L ,qm’ q07 s 7qm7 s 7q07 LR 7qm) S Xém+1)l. We also denote the
infinite times iterations of ¢ by:

m

q’perz(qo,...,qm,qo,...,qm,...,qo,...,qm,...)EXQ.

Let us consider the state dynamics:

. o .
J+ _ f( w!, 1,...,zi+a), le = gi(w Z,zf,...,szrﬁ).
Proposition 4.10. Suppose Agn : Xg — Xg is of finite order with period p:
Apgn = (Agn) oo (Agn) = (Agn)’ = id.

q

Then for any C' > 1, there exists to > 1 so that for allt > ty and any initial
values: _
{zi}i © No(t%),  {w’}; C No(1%)
the uniform bounds hold for all i,5,l =0,1,2,...:
J

“i +1 4

( j+p(m+1)l) <C
i

Proof: Let us choose large ¢ty > 1 so that the estimates hold:

o o
log, C, Hy +log,, M < 7

Recall that the pair (¢, ¢) is (¢’, u)-stable for any 0 < ¢’ < §. Let us fix
t > tg. Then by replacing § by ¢’ = 2log, C, one mya assume the equality
0 =2log, C.

By the assumption, there is k = (ko, k1, ...) € Xg so that the initial value
is contained as {z;}; € No(t¥). Let us rewrite g, = (¢°.¢',...)

Let us consider three state systems of dynamics:

w(i,J +1) = o(y(i,5), 20, 4), - x(i + @, 1)),
y(i+1,7) = o(y(i, 3), 20, 5), - -, x(i + 5, 7)),
2(i, 5 +1) = ey (1, 9), 2(6, 5), ., 2/ (i + o, ),
y(i+1,9) = ey’ (i,5),2'(0,5), .., a'(i+ B,)),
KT =0l K] k),

%-1—1 = ¢(qz7k] "'7'1{55-1-,8)

67



with the initial values z(7,0) = 2/(7,0) = log, z;, ¥(0,7) = ¥'(0, j) = log, w,
and k? = k;, ¢} = ¢/. By the condition,

(1) The estimates |z(i,0) — ki, [4(0, j) — ¢/| < £ hold.
(2) periodicity & = k"™ hold for all 4, j, 1.

By lemma 4.4, the estimates |z(i,7) — k| < ¢ hold. By lemma 4.6, the
estimates |z(7,5) — 2'(i,7)| < g hold. Combining with these, we obtain the
estimates: ‘

|‘T/(Zaj) - kﬂ < 0.
Then we have the estimates:
|2'(4, 7) — (4, j + p(m + 1)1)]
< [a'(i, 4) = K|+ /(.4 + plm + D)) = K7D] < 25 = log, O,
Since the left hand side is equal to logt(%)ﬂ, the conclusion holds.

7

This completes the proof.

4.E.3 Infinite quasi-recursive rational dynamics: The Burnside prob-
lem asks existence of finitely generated and infinite torsion groups. The
solutions in the class of automata groups are given by Aleshin-Grigorchuk as
follows:

Lemma 4.11. There exist Mealy automata such that the groups generated

by some states of them are infinite and torsion.

Let (f,g) be a pair of (unparametrized) rational functions, and let us
restate the state dynamics so that it is compatible with the expression of the
dynamics by automata. For w € R, let:

A, RY 5 RN
(20,21, ) = (20, 215+ )
be given by the rule:
zi= f(wi, ziy -5 Ziva)y  Wit1 = g(Wi, iy -, Zigp)
where wy = w. For finite sequences w = (w’,...,w') € R we denote:

As=A 0---0A, :RY 5 RV
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Let:
X, YCR

be two subsets. The state system is said to be recursive over (X,Y), if for
any finite sequences:

w = (w’,... w) eyt c R

there exist some p = p(w) € N so that the rational dynamics induce:

Ay XN — XN
which are periodic of period p:
(Aw)p - ld .

The rational Burnside problem asks existence of pairs of rational functions
whose state dynamics are recursive such that A are mutually different with
respect to infinitely many words w € Y*.

So far it seems not known whether such a pair of rational functions exist.

Let us introduce a variant of the rational Burnside problem, where we
need to use pairs of parametrized rational functions.
Firstly we introduce some notations. Let us consider two dynamics:

A Ay XN — XN
and denote their orbits by:
(A (2) = (2(k), 2 (K),...)
for £ =1,2. Let us say that:

(1) A; and A, are C-close over X C R, if for any z € XN C RN, the
corresponding orbits satisfy the uniform estimates:

max(

hold for all 2,5 =0,1,2,....
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(2) A; and A, are C'-separated over X, if there is some z € X so that the
bounds hold for some 4:

Let (fi, g:) be a pair of relatively elementary functions, and consider the
state system of the rational dynamics.

Definition 4.4. The state system of the parametrized rational dynamics by
(fi, g¢) is infinite quasi-recursive if there exist a constant C' > 0 and subsets:

Xty}/;fCR

so that for any C" > 1, the followings hold for all t > tq = to(C"):

(1) For any words w € Y™, there exist some p = p(w) € N such that (Ay)P
and the identity are C'-close over Xj.

(2) There are infinitely many words @/ € Y so that Ay and A,y are
mutually C'-separated over X, for any j # j'.

Let S = {sg,s1} C Z and R = {¢°,¢'} C Z be any embeddings, and
denote:
Ne(t®) ={z€ (0,00): CTH* <2< Ct* : s € S}.

Now we have the existence of parametrized infinitely quasi-recursive dy-
namics:

Theorem 4.12. There ezists a pair of relatively elementary functions (fi, gi)
so that for any C > 0, the state dynamics is infinitely quasi-recursive over:

(X1, V) = (Ne(t), Ne(tR)).

Proof: Let us choose any embeddings S = {sg,$1} C Z and Q =
{¢°,...,q"} C Z. Let us introduce quasi periodic exponential lattices:

Ne(t9) = {(w®,w',...) : O™ <w! < Ct7, ¢ € Q},

NET(t9) = {(w®,w',...) CHY <w <Ct? g€ X are periodic}.

Notice that if two points z,2’ € Ng(t*), then their ratios satisfy the
estimates (£)*! < C%?for s € S.

Z/
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If 2 € No(t*) and 2’ € No(t*1), then the estimates hold:

Z

z

In particular if ¢ >> 1 is sufficiently large, then C =2t > C’ holds.

Let us consider the automaton A which produce the infinite torsion
groups in lemma 4.11. By proposition 4.3, there exists a stable extension
of A. Let (f;,g;) be the pair of the corresponding relatively elementary
functions.

Because the group generated by {¢°, ¢'} is infinite torsion, the conclusion
follows from proposition 4.10. This completes the proof.

4.E.4 Estimates for dynamical inequalities: Let A : ¢ : Q x S@*1 — S,
¢ :Q x SP*TT — Q be an automaton, and choose embeddings Q, S C Z.
Let us take a stable extension with the constants (9, u):

YR x R & R,
¢: R xR 5 R.

Let us represent the pair of functions by two relatively (max, +)-functions
(Y, @) for I = 1,2, and let (f,g}) be the tropical correspondences respec-
tively. Thus (f}, gt) ~ (f2,9?) are pairwisely tropically equivalent.

Corollary 4.13. Suppose Agm : Xg — Xg is of finite order with period p
for some ¢ € XZQ”H.

Then for any C' > 1, there exists to > 1 and D > 1 so that for all
t > to and any pair of sequences {(zf,wf)}” which satisfy the dynamical
mequalities:

ftl(wzj'7zg7 e 72%’7—5—@) S Zng S ff('lUg,Zg, e 723—‘,—&)7
1 . . . 9, i i .
G (wf,zi,...,z§+5) < wzq+1 < g (wzj"zgw'wzzj'-s-ﬁ)

with the initial values {2 }; C No(t°), {w'}; C N¢(t%er), then they satisfy
the uniform bounds for all i,j,1=0,1,2,...:
J
A _cp

. - <
Zg—&-p(m-*‘ )
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Proof: Let us consider the state dynamics:

Fij+1 = ftl(vaFy7 - vF‘j )7

1+

Gg+1 = gtl(GgaF’zja s >F1i]+ﬂ)

with the initial values F? = z; and G = w’.
By corollary 4.8, the uniform estimates hold:

<
(ﬁ)il §

By proposition 4.10, the uniform bounds:

F
()™ <€

hold for all ¢, 5,1 > 0.
Combining with these, we obtain the desired estimates:

() = Gyt B < oo
ZJ+P(m+1) FY Fj+p(m+1) Zj+p(m+1) = .

This completes the proof.

5 Analysis of hyperbolic systems of PDEs

In section 5, we develop basic analysis of the hyperbolic Mealy systems of
PDE in our sense, and then apply the previous results to the large scale
analysis of them.

5.A PDE systems and equivalent automata: For [ = 1,2, let
A QxS =8 QxS = Q

be equivalent automata over R C (), and choose embeddings @), S C R.
Let us take their stable extensions with the constants (6, u):

YRR SR O RxRFFI SR (1=1,2).
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and (f, gl) and (WL, #!) be the corresponding functions respecively.
Let us consider the state systems of the rational dynamics:

zf“(l) = ff(w{(l), zf(l), . ,z;+a(l)),
wi (1) = gi(w! (1), 2 (1), ..., 2], (1))

Let us follow the process in 3.B, and induce the systems of partial differ-
ential equations of order u:

Pll(e,t, T ui,uls, . ,uils) =0
Ple, t,ul, ot ul ol ,ufw) =0
with the scaling parameters:
. €T . S . .
i== J= ul(z,s) = 2(1), o'(z,s) =wi(l).

Let us fix any positive number 0 < 7 < 0.5, and put the domains:

Di(e,7)={ie+a€0,00): i €N, |a] <er},
D(e,7) = D1(e,7) x Di(e,7) C [0,00) x [0,00).

D(e) are the disjoint unions of the squares.
We also put the initial domains:

I.(e,7) =[0,00) x [0,7€), Is(e,7)=][0,7€) x [0, 00).

Proposition 5.1. Let Cy be the bigger one of their error constants. Let

ul, vl 1 (0,00) %[0, 00) — (0,00) be solutions to the above systems respectively.

Then for any C' > 1, there exists to > 1 and D > 1 so that the followings
hold for all t > tqy:

Suppose two conditions: (1) The estimates:
0<OK(uv) < (1 —p)e

are satisfied for some positive p > 0.

(2) The inclusions hold:

u'|L(e,7) C Ne(t%), o'|L(e,7) C No(t9).
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Then they satisfy the uniform bounds:

for all (x,y) € D(e, 7).

Proof: We follow a similar argument as the proof of theorem 3.2. Let
Ny > max(p~t,2 — p) be an integer.
Let us fix 0 < a,b < 7, and put the domain lattices by:

Le(a,b) ={( (l1 +a)e, (o +b)e ) € [0,00) x [0,00) : I1,l5 € N}.
Let us put:
(1) = (i + a)e, (G + b)), wl(l) = v (i + a)e, (j + b)e)
Then by the same way as the proof of theorem 3.2, we obtain the inequal-
ities:
N AW, ) O < Naflwl), 20, D)

Niogi(wlj(l)ﬂf(l)v (D) S wly (D) < Nogi(wl(1), 2 (1), -, 2], 5(D)-

Notice that Nio f and Ny f are both tropically equivalent to f.
By the assumption, the initial values satisfy:

22(1) = ul((i + a)e, be) € Ne(t%), wj(l) = v'(ae, (j + b)e) € Na(tF).

(2

It follows from corollary 4.8 that the uniform estimates:

(1) (2

max(— — < D.

12 A1)

Since the right hand side does not depend on a, b, one obains the uniform
bounds:

N
S,
N

I
N

ul

(E):H(x’ 8) <D

for all (z,y) € D(e, 7). This completes the proof.

5.B. Hyperbolic Mealy systems: In this section we study the basic anal-
ysis of 1st order hyperbolic systems of PDE with 2 variables.
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Let (f;, g:) be a pair of relatively elementary functions, corresponding to
the pair of relative (max, +)-functions (¢, ¢).
Let us consider the corresponding hyperbolic Mealy systems:
€ us = f(v,u) —u,

€ v, = gi(v,u) — .
Recall the higher distorsion for the Mealy systems:

u, )| u,v)|[?
K(u,0)=  sup Ol (TRl
(z,5)€[0,00)2 u(z,s+¢€) v(r+e,s)

).

Definition 5.1. The pair (f;,g:) is admissible, if there are 0 < 6 < L < L/,
0 < p and constants A so that there are solutions with the initial values:

u,v: [0,00) x [0,00) — [tL,tL/]),

[Juz||C([0, 00) x {0}),  [Jvs[IC7({0} x [0,00)) < A
which satisfy the following estimates hold for all 0 < a < 1:
[|(fe(v, u) = w)((f)ulv,u) = D]+ [vs(fr)o(w, 0)[[(z, s) < (2 = pulz,s + a),

[1(ge(v, u) =) ((gr)u(v, w) = D] + |ua(ge)o(u, v)[[(z,8) < (2= p)o(z + a,s).

Corollary 5.2. For | = 1,2, let (f!,g}) be admissible pairs, and (u',v') :
[0,00) x [0,00) — (0,00) be the solutions to the above systems respectively.
Then they satisfy the asymptotic estimates:

ut vl

+1 +1
(), () s)
< (Mp)SFetarsarmn @ ([, 01 : (u27U2)]6>6€*1<w+s<w+1>>+1

for some My and all (z,s) € [0,00) x [0, 00).

Proof: For the Mealy systems, the error constants are always % Moreover
we have the equalities:

T (Aw.) = (v 0) 1) + ()l )
83220 = (9:(v,u) = v)((ge)o(v,u) = 1) + (ge)u(, V) Uy

T
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So in order to apply theorem 3.1, the required consitions on the higher
distorsion are:

|(fe(v, ) = ) ((f)u(v, u) = D] + [0s(f)o(u, v)[ (2, 5) 1
2u(x, s + ) <=9,

[(ge(v, 1) = v)((g)o (v, ) = )| + [ (gr)u(u, v)| (2, 5) 1
2v(z + a, 5) < (L=

for some 0 < 9 < 1 and 0 < € < 1, which follow from admissibilty.
This completes the proof.

In 5.D we have concrete examples of admissible pairs with the Lipschitz
constants 1. In particular we obtain the exponential estimates for their so-
lutions.

5.B.3 Refinement: Let:
Ayp: QxS 58 6:QxS5Q

be an automaton over R C Q. For ¢ = (¢°,q¢',...) € Xgand k = (ko, ky1,...) €
X, let us denote the orbits by {k’} and {¢/}.

Let ¥ : Rx R*"! 5 R and ¢ : R x R — R be two maps. Suppose the
restrictions induce maps as below for some a,b € RU {£o00}:

(©,0) : [a,b)* — [a, b0]".
For g = (y°,y',...),Z = (xo,x1,...) € X[ay, let us denote the orbits by
{z!} and {y]}. Let us choose embeddings S, Q C [a,D].

Definition 5.2. (12,&) is an e-refinement of the pair (¢, ), if there is a
posiive number N so that for any ¢ € X¢g and k € Xg, there are paths
y:{0,1,...} 2 Randz:{0,1,...} = R with:

yUN)=¢, (G +1) —-y0)l <e
z(iN)=Fk;, |z(i+1)—z()| <e
for alli,j € {0,1,...}, such that the equalities hold:

N .
N —

JN _ j
TiN Yin = G-

(¢, @) is refinable, if there is an e-refinement for any small € > 0.
An € refinement is almost diagonal, if moreover they satisfy the estimates

for all (x,y) € |a,b]:
|(l’,y) - (@(‘rvy%&(‘ray))’ <e
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By use of refinement, we verify existence of admissible solutions in 5.D,
and their exponential asymptotic estimates, which we will state below.

5.B.4 Asymptotic comparisons with group actions: Let A be a Mealy
automaton with 2 alphabets, equipped with a representative (¢, ¢) by rela-
tively (max, +)-functions.

For any (sg, s1,...) € Xo, and (¢°, ¢*,...) € X, 41, let:

A(qow.7ql—l)(807 S1,. .. ) = ((Sé, Sll, . ) e Xy
be the orbits of the automata group actions. B
For its refinement (1), ¢) and their tropical correspondences (f;, g;), let us
consider the hyperbolic Mealy systems:

us = fi(v,u) —u, v, = gi(v,u) —v.

Theorem 5.3. For any C > 0 and any t > t(C) > 1, there are refinements
(¥, @) of (1, ¢) with the pairs of tropical correspondences (f;, g:) so that:
(1) (fi, 3¢) admits admissible solutions,
(2) for any another pairs (f:,g;) toropically equivalent to (fi,g:), any

admissible solutions to the equations:
us = fr(v,u) —u, v, = gi(v,u) — v

whose initial values satisfy the inclusions for all k =0,1,2,...:
d(u(NE,0),S), d(v(0,Nk),Q) <C

then they satisfy the asymptotic estimates for some M,c > 1:

Si

< MEnGi+i)+1(¢)

Proof: This follows from proposition 5.12 below.

Remark: (1) We can choose ¢ = 1 and hence obtain the exponential estimates,
if we can represent the transition functions by 1-Lipschitz functions.

(2) It would be quite possible to obtain better estimates, by tracing the
orbits in detail, but one will be required more analysis to achieve it.

It would be of interest to apply group-theoretic results to the analysis
of PDE. Compared with the dynamical Burnside problem, we would like to
propose the following.
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Let X C [0,00) be a net and Y C [0,00) be a periodic subset. Let us
take parametrized functional subsets Ax, By C C[0,00).

Congecture 5.1: There exists a Meay automaton so that the corresponding
hyperbolic system is infinitely quasi-recursive over (Ax, By) in the following
sense; there exists C' > 1 so that for any C” > 0, the followings hold:

(1) There are solutions u,v : [0,00)*> — (0,00) for any initial values
u(z,0) € Ax and v(0,s) € By.

(2) For each n € By, there is a minimal p such that any solutions (u,v)
with u( ,0) € Ax and v(0, ) = n satisfy quasi periodicity:

u(®,s) g
(u(:c,s—l—kp)) =D

for any (z,s), (z,s + kp) € X x Y.

(3) For each n # n’ € By, there is some m € Ax so that for any
solutions (u,v) and (u/,v") with u(z,0) = ¥/(2,0) = m with v(0,y) = n
and v'(0,y) = n/, the estimates hold:

U(I7 1) +1 /
> .
Sgp(u,(wj 1>) ¢

On e-controll of higher distorsions: In order to apply the construction
in section 3, we need to controll the second derivatives of solutions.
Let (u,v) : [0,00) x [0,00) — (0,00)? be a solution to the hyperbolic
Mealy system:
€ us = fi(v,u) —u,
€ v, = g(v,u) —v
with finite higher distorsion K (u,v) < occ.

In order to apply the asymptotic comparisons for solutions to the PDE
systems, their solutions are required to satisfy some bounds:

CK(u,v) < (1 —=6)e!

for some 0 < § < 1, where C is the error constant.
For small 0 < 7, let us consider the reparametrized pair of the functions:

(a,0)(x,s) = (u,v)(1z,78)
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which satisfy the equations:
er i, = fi(0,0) — 4,
et Uy = gi(0, 1) — .
Lemma 5.4. The pairs (U,v) satisfy the condition above on the higher dis-

torsion if we choose sufficiently small 7 > 0.

Proof: Notice that the higher distortions are related as:
72 Ko (u,v) = Ky(i, D).
The required condition with respect to the reparametrized pair is given by:
CKy(,7) < (1 —68)7e?
which can be rewritten as:
TCKs(u,v) < (1—9d)e.

So if we choose sufficiently small 7 > 0, then the pairs (u,v) satisfy the
required condition. This completes the proof.

On the other hand the estimates 0 < e7~! < 1 are required, and so at
best we can take 7 = €. So for our later purpose this reparametrization is
not so effective. We will take:

e=1

for the rest of this paper.

5.C Basic PDE-analysis, existence and uniqueness: Let us start from
some analytic properties of the hyperbolic Mealy systems.

Lemma 5.5. (1) Suppose 1y and ¢ both take bounded values from both below
and above. Then f; and g; also satisfy the same properties for each t > 1.

Let us fix t > 1, and (u,v) : [0,00) x [0,00) — R? be a solution to the
hyperbolic Mealy system, which take positive initial values on x, s € [0, 00):

u(x,0),v(0,s) € (0,00).

(2) Suppose that there are constants r < R so that f; and g; both satisfy
the uniform bounds:

r < ft(a’ b)v gt(bv CL) < R.
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Then they take positive an bounded values on all the domain:
u,v : [0,00) x [0,00) = (0,00).
(8) If fi and g; both satisfy the bounds:
r < fi(a,b), gi(b,a) < R

for any r < b < R and all a > 0, and if we choose the initial values with
their ranges as:
r <u(x,0),v(0,s) <R

then their values are also contained in the range:
r <u(x,s),v(r,s) <R
for all (z,s) € [0,00) x [0, 00).

Proof: (1) follows from lemma 2.1 and proposition 2.4.
Let us fix x € [0,00) and v(z,s). Then we regard u(z, ):[0,00) = R
satisfy the ODE on s variable:

GUS(xv ) :ft(v(xvs)vu(xﬂ )) —U(ZL', )

For (2) and (3), because the range of f; is away from 0, if u(z, ) take
small values, then us(z, ) become positive and so their values must increase.
Conversely if u(xz, ) take large values, then us(x, ) become negative and
their values must decrease.

Forv( ,s) case, we can use the same argument. From these observations,
the conclusions follow immediately. This completes the proof.

Let us say that the pair (f;, g;) restricts to a self-dynamics over [r, R] (for
a fixed t > 1), if there is some 0 < ¢ < r so that they satisfy the bounds for
all a > 0:
>q b<r+gq
<—q¢ bz=2R-—gq

fi(a,b) = b, gi(b,a) —b {

|fe(a,b) — 0|, |gi(b,a) —b| < R—7 r<b<aR.

If (f:, g¢) satisfies the uniform bounds as r < f;, ¢; < R, then the pair restricts
to a self-dynamics over [r — 2q, R + 2q¢].
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By lemma 5.5, if we take the initial values as r + ¢ < wu(z,0),v(0,s) <
R — g, then their values are also contained in the range:

T—i—qu(fE,S),U(iB,S) < R_q
for all (z,s) € [0,00) x [0, 00).

5.C.2 Existence and uniqueness: Let us study the existence of solutions
to the hyperbolic Mealy systems. We use the automatic version of the Picard
iteration method of successive approximation.

Let (f;, g:) be a pair of relatively elementary functions of 2 variables,
which correspond to the relative (max, +)-functions (¢, ¢). Let us assume
that the pair restricts to a self-dynamics over [r, R] with ¢ < r.

Let us introduce the following:

D = Dr,R(ftagt) = ( S)'U[p | {’ft(’l)?u) - U|, ‘gt@),U) - U‘}
v,u)€E[r,R|?

Let us put fy(v,u) = fi(v,u) — v and g;(v,u) = g,(v,u) — v so that the
hyperbolic Mealy equations can be written as:

Us = ﬁ(v,u), Ug = gt(v7u)'

Now let us fix t > 1 and give the initial values:
wl[0,00) x {0}, v [{0} x[0,00)
which satisfy the followings:

(1) Their ranges are uniformly bounded both from above and below by:

r—i—qgu(m,O),v(O,s) SR_q

(2) Both have uniformly bounded C* norms.

With u amd v as the initial values, let us solve the equations of the hyperbolic
Mealy systems by the following constructions (1),(2),(3), (4):

(1): Let us choose small 7 > 0 so that:

(a) the Lipschitz constants of both f; and g, are smaller than (27)7*,
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(b) the estimates holds:
< D

(2): For m =0,1,2,..., let us put the small domains:
Dy = [, (m + 1)7] x [0,7] € [0,00) x [0, )

and construct solutions inductively on m =0,1,....
Suppose given solutions over D,, 1. With the original initial values, we
have determined the values of solutions as:

u|Dyy—1 U0,00) X {0},  v||Dy_1 U{0} x [0, 00).
(3): For zp = m7, we have the initial values as:
ullzo, xo + 7] x {0}, wl[{zo} x [0, 7]

and let us extend the solutions over D,,.
For (z,s) € D,,, let us put:

(uo,v9) = (u(z,0),v(xg, 5))

and define the sequences inductively by:

(U, V) = (ug,v0) + (/0 ﬁ(vn_l,un_l)dt,/ Gt (Vp_1, Up_1)dy).

o

Lemma 5.6. Suppose that the pair (f;, g¢) restricts to a self-dynamics over
[r, R]. Then the sequences {(un, vy)}n converge uniformly on Dy, and:

(u,v) = lim (uy,,vy,)
n—oo
give the solutions which coincide with the given initial values:
ul[xo, zo + 7] X {0},  vl[{zo} x [0, 7].

Moreover they satisfy the estimates:

1
|(u,v) = (Up,v,)| < 2—ﬂmax(|u1 — upl, |v1 — vo).
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Proof: Step 1: We claim that the ranges of u,, and v,, are in the region
[r, R]. We verify it only for u,. v, can be considered similarly.

By the assumption, the uniform bounds r + ¢ < ug < R — ¢ hold. Firstly
we have the estimates:

|uy — ug| < / | f+(vo, u) — uo] <7D < D™ 'qD = q.
0

So uy admits the bounds » < u; < R.
Let us consider:

Up = U + / [ft(vnflvunfl) - unfl]dt
0

and assume the uniform bounds r < u,,_; < R. Then we have the estimates:
i — 0] < / f(Unorstins) — thys] < 7D < D7'gD = g,
0

So we have verified the uniform bounds r < u,, < R for all n by the induction
step. Since the estimates are independent of chioce of © € [z, xy + 7], this
verifies the claim.

Step 2: By step 1, both u, and v, take their values in [r, R]. So the
Lipschitz constants L of f; and L are both uniformly bounded at (u,, vy,).
Let us put V,, = (un, v,). Then:

|Vn+1_vn|
= ;nan_;nfanf d, x_t nan__t n,,n,d
(] o) = ftvaor 1)”/%(9@ ) — Ge(nts s )y

< max(sL¢|V, — Vi_i|, (. — 20) Lg| Vi — Vio1])
< rmax(Ls, Ly)|[Vi — Vo] < %IVn )
Thus they are contracting:
max{|u, — Up_1|, |vn — Vn_1|} < %maxﬂul — upl, |v1 —vol}
and (u,v) = lim,,0 (U, vy,) exist uniformly. One also obtains the estimates:

1
max{|u, —ul, |v, —v|} < 2—ﬂmax{|u1 — ugl, |v1 — vol}-

83



Then they satisfy the integral equations:

(1,0) = (wow0) + ([ vt [ g iy

Zo

which are equivalent to the hyperbolic Mealy equations.
Let us check that these satisfy the boundary conditions. On [zg, o+ 7] X

{0} U{zo} x [0, 7],

(u,v)(z,0) = (u(x,0) , v(xo,0)+ /m gi(v,u)dy) = (u(x,0),v(x,0))

Zo

(u,v)(zo,s) = (u(xo,0) + /Os fi(v,u)dy , v(xg,s)) = (u(xo, s),v(x0,5)).

So the pair (u,v) certainly satisfies the boundary condition.
This completes the proof.

(4): Let us continue the construction of solutions on [0,00) x [0,00). By
lemma 5.4, let us extend solutions on D,, inductively, and one obtains solu-
tions on [0, 00) x [0, 7].

Since the initial values u|[0, 00) x {0} and v|{0} X [0, c0) take their ranges
between [r — ¢, R+ ¢|, the range of both w, v on [0, 00) x [0, 7] also the same,
since the pair (f;, g+) restricts to a self-dynamics over [r, R].

Next let us regard that:

[0,00) x {7} U{0} x [, 27]

is the boundary equipped with the boundary condition. Let us iterate the
same construction over [0,00) x [7,27]. By the above observation, the range
of the initial conditions are also contained in [r+ ¢, R —¢]. So one can repeat
the above process by the same way.
By repeating this process, one finally obtains the solutions with the given
boundary condition:
u,v : [0,00) x [0,00) = R.

This completes the construction of solutions to the hyperbolic Mealy systems.

Let us put the initial domain:

In =1[0,00) x {0} U {0} x [0, 00).
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Theorem 5.7. Suppose that the pair (f;, g;) restricts to a self-dynamics over
[r, R, and give the positive initial values:

u, v: Iy = [r+q,R—q.

Then:
(1) there exists a positive solution

u,v :[0,00) x [0,00) = (0,00)
with the uniform bounds:
r+q < U(.T,S), U(:U?S) < R_q

hold.
(2) The solution is unique.

Proof: The first statements follow from the above construction with
lemma 5.2.

Let us verify uniqueness. Suppose two solutions (u,v) and (u',v") exist
with the same initial values. Let us put:

a=|u—ul], b=|v—1:[0,00)* = [0, 00)

and verify a = b = 0. Notice that a|[0,00) x {0} and b[{0} x [0,00) both
vanish. Firstly, at x = 0, the ODE:

us(0,5) = fr(v(0,5s),u(0,s)) —u(0,s)
has the unique solution on s € [0, 00), where v(0, s) is the given initial value.
So u(z,0) = u/(z,0) hold for all z € [0, 00).
Similarly v(0, s) = v/(0, s) holds. In particular:

u(z,s) =u'(z,s), v(x,s)=1'(z,s)

hold for all (z,s) € [0,00) x {0} U{0} x [0, 00).
The solutions satisfy the integral equations:

u(z,s) = u(x,0) + /05 fi(v,u)ds, v(z,s)=v(0,s)+ /OI Gi(v,u)dz.
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Since both f; and g; are Lipschitz, there exists L so that the estimates hold:

aSL/ (a+0b), bgL/ (a+0b).
0 0
Let us denote the broken lines:
Yo s = {(a,s) U (z,6): 0 <a<z, 0< 0 <s}.

Then combination of the above inequalities gives the following inequalities:

@+ )s) <L [ (a+b)
Yzx,s
Let us choose (z, s) so that the estimate L(x + s) < § < 1 holds.
Now let D C [0,00)? be the rectangle whose boundary is given by:

0D = 7, U [0,2] x {0} U {0} x [0, 5].

Let us choose some point (xg, sg) € D so that the equality (a + b)(zo, so) =
SUp(, gep(a + ) (p, ¢) holds. Then for (z,s) € D, the estimates hold:

(a+b)(x, 5) < (a+b)(x0, 50) < L/ (a+b) <5 (a+b)(z0, 50).

Yzq,s0

Since § < 1, this implies (@ +b)(zo, s9) = 0 and hence (a+b)(z,s) =0 on D.
By changing the domains by parallel transport as in the above construc-
tion, we can follow the same argument as above. By iterating the same
process, we conclude that a = b = 0 hold on [0, 00)?.
This completes the proof.

5.C.3 Energy estimates: Let us study C! estimates of solutions. It is well
known as the energy estimates for hyperbolic equations. Here we also give
concrete estimates of the constants which appear in the asymptotic growth
of C' derivatives of solutions.

For functions u : [0,00)? — [0,00), let us denote the norms of the first
derivative by:

- ou ou
1 7e -z
Wt = s max{1 201G ), 1921, )}

(2,5)€[0,00)?

The following is elementary:
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Lemma 5.8. Let us give any discrete initial values:
u:Nx{0} =>R, v:{0} xN—=R
such that the estimates holds for allm =0,1,2,...:
lu(n+1) —u(n)|, [vin+1) —v(n)| < p.

Then there is a constant C' independent of choice of the initial values and
1 so that there are extensions of the initial values as:

u:[0,00) x {0} - R, wv:{0}x[0,00) >R
equipeed with uniform C' bounds:
[lul|C* ([0, 00) x {0}),  [[v[|C* ({0} x [0,00)) < Cp.

Proof: Let us extend the initial values by connecting the discrete values
by segments. Then its C! approximations give the desired property.
This completes the proof.

Recall the number D = D, g(f;, ¢:) in 5.C.2 and introduce another one:
B = max(||(fo)u = UIC [1(f)o]IC°, 11(ge)0 = LIC®, [1(g1)ul|C?).

The next gives the exponential energy estimates:

Proposition 5.9. Suppose that the pair (fi, g;) restricts to a self-dynamics
over [r, R], and give the initial values:

u( ,0), v(0, ):[0,00) = [r+q,R—q]
with uniformly bounded C*norms:
||z |C7([0,00) x {0}),  [us[IC°({0} x [0, 00)) < A < o0.

Then there is a constant C' so that solutions u,v : [0, 00) %[0, 00) — (0, 00)
have the asymptotic C* bounds:

1951070, 00) x {m}).  1921C" ({m} x [0,00)) < 27 "(A +2D),

ou ov
1581c°, 19l < D

where:

Il
\‘
Sy
IN

T<Dl, ¢

Ny

) 1
T Llpﬂ,gt < 5
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Proof: Let us use the notations in 5.C.2. Firstly we split the domains
into periodic stripes. Then we verify some uniform estimates on the first
derivatives of the approximated solutions (uy,,v,) over each stripe, which are
independent of n. Secondly we verify that they converge to the solutions
uniformly in C! over each stripe.

Step 1: By theorem 5.5, the range of solutions (u,v) are uniformly
bounded between r to R. Then by the defining equations, both uniform
bounds hold:

[lus]|C°, |va]|C° < D.

Let us estimate u, as follows. By theorem 5.7, the solutions are unique
with respect to the given initial values.

Let us recall the inductive construction of solutions over [0, c0) x [0, 7] in
5.C.2. We split the domain into periodic squares D,,, = [m7, (m-+1)7] %[0, 7],
and construct solutions successively on each D,, as lim,, o (u,, v,), where:

Uy = Ug + / (ft(vn—h un—l) - un—1>dt7
0

Up = Vg +/ (g1 (Vn—1,Up—1) — Vp_1)dy

Zo

for0<s<7Tand zg=mr <z <(m+1)r.

Let us denote u!, = %Llf‘. Then:

oy =)+ / (et o) — Tty + (Fo)o(0nors ) ),
0
U;l = gt<vn717 unfl) — Un—1-

By lemma 5.6, the estimates:

1
v —v,], |u—u,| < Q—nmax(|u1 — ugl, |vy — vol|) < on

hold. Since the equality v, = g;(v,u) — v holds, we obtain the estimates:
|/U;L| < ‘U/| + |U; - U/| < D+ [(g:(v,u) = v) = (ge(vn—1, Un—1) = Vn_1)|
<D+ -

2n—1

. q
Lip;, <D+ —.
Par = 20T

Let us put:
TB=§<

| =
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Then we have the estimates:

fup| < [y + 7 Bllup | + D+ =]

2n
= |u6|+(5D+BQ—n)+5|u;_1| < ...

1 1
<(1+6+0+...)(|uy + D) + (2n+2n+1+...)Bq
B B

2(|ug|+D+2—f) <24+ D+

Similarly we have the estimates |22| < 2(A+ D + D4 on [0, 7] x [0, 00).
By lemma 5.6, we have the estimates:

ou, ov,,
i < D.
Py,

Notice that so far we have required the conditions on 7 > 0 as:

. 1 _
TLlpﬂ7gt§§ r<D'q, 6=7B<

] =

Step 2: Let us verify C'!' uniform convergence of {u,, v, }n. For simplicity
of the argument, we assume that the Lipschitz constants of (f;)u, (G:), and
(ft)vs (g¢)u are all finite and bounded by B’.

Let us consider the estimates:
2Bq

v/ | <D, |ul| <2A+2D+ —= 5w = Qn-

on the domains [0, 00) x [0,7]. Then we have the estimates:

|(f) (Vn—1, Un—1)t, (ft) (V-2 Un—2) Uy, _o|
<[ (f)uvn 1, tn 1) — (fo)u(Vn—1, tn 1)1y, |

+ 1(ft)u (Un 1 1)Uy = (fe)u(Vn2, tn—a)u, o]
< Blug_y — | + B'(Jun-1 — Un—2| + [Vn-1 = Vna]) [y, o

< Bluy,_y = Uy | + B'an_a([tn-1 — tn_a| + [vn_1 — vn_2]),

89



|(fe)o(Vn-1, un—l)U;—l - (ft)v(vn—Qaun—Q)U:z—2|
< B,y — Vpo| + B'([tn—1 — tn—2| + [vn—1 — va2|) |V},
< B(gi(vn-2, Un—2) — Ge(Vn—3, Un—3)| + |Vn—2 — Vn_3|)
+ B'D([tp—1 — tn_a| + [vn—1 — vp_2])
< BT (Jup—2 — Un_s| + [Vn_g — Un_3|)
+ B'D(Juy—1 — tun_a| + |vn_1 — vp_2]).

By lemma 5.6, the estimates hold:

|un - un—1|; |Un - Un—l‘ S ;in

Thus we have the estimates:

|y, — | < T[Blup,_q — |+
B/(an72 + D)(|un71 - un72| + |'Un71 - Un72|>]
+ B(’un—2 - un—B‘ + |Un—2 - Un—3|)

C
< (5|u;'L*1 - U;Lq‘ + on

for some constant C'. Then we have the estimates:

c 1 C
|, = g | < Oup g — g | + on < Z|U;fl — Uy | + ont1
/ / C 1 / !/

§§|Un_2—un_3|+2nw S on 1|U1—Uo\+W-

Similarly we have the estimates:

3vn 8Un_1
‘ o ‘ S n—1
s ds 2

\Ui—UGHW

on [0,7] x [0, c0).
So the convergence is uniform.

Step 3: By step 1 and 2, we have the uniform estimates:
0
2% <24+ 2D
Ox

on [0,00) x [0, 7], and:

|@| <2A+2D
0s
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on [0, 7] x [0,00) by letting n — oo.

Let us repeat the same process of extensions of the solutions, on [0, c0) X
[7,27] for u and on [7,27] x [0, 00) for v.

Notice that the initial norms have to replace from A by 2A + 2D. Then
successively we have the estimates for N =0,1,2,...:

|g_z‘ <24+ 2V —1)2D  on [0,00) x [(N — 1)7, NT]
32 <2¥A+ (¥~ 12D on [(N = 1)7, N7] x [0,00)

So in total, we have the following estimates:
0 _
|8—z (z,5) <27 '*(A +2D)
0 _
5] (rs) < 27 **(A 4 2D),
ou ov
— —| < D.
22, Jool <
This completes the proof.

Example 5.1: Let us consider the hyperbolic systems of the form:

_au
14w

Ug —u, vy = gi(u,v) —wv.

Suppose the initial conditions satisfy u(1,0) = a — 1. Then along the
half line {(1,s) : s > 0}, the ODE u, = % — u has the unique solution
u(1,s) = a — 1. Then by differentiating the first equality by = variable, one

obtains the equation u,s = (a‘1 — 1)u,, whose solutions are given by:
ua(1,5) = exp((a~" — 1)s)us(1,0).

They are uniformly bounded if a > 1 hold.
If we choose a < 1, u, grow exponentially, even though u take negative
values.

For our purpose of the estimates on the second derivatives, this may not
be so useful.

Let us induce the uniform energy estimates by assuming negagive coeffi-
cients on derivatives as below.

Firstly we have the general estimates:
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Lemma 5.10. Let w(s) satisfy the estimates:
—aw(s) +b < w'(s) < —cw(s) +d

for some positive a,b,c,d > 0. Then the estimates hold:

g + (w(0) — g) exp(—as) < w(s) < %l + (w(0) — CEZ) exp(—as).

~—

Proof: Let us rewrite the inequalities as:

Then we obtain the left hand side estimates of the conclusions immediately.
The right hand side can be treated similarly. This completes the proof.

Let us consider the hyperbolic system of PDE:
us = fi(v,u) —u, v, = g(v,u) — .
Proposition 5.11. Assume negativities:
—a <(fu—1 (g)o—1< —c
for some 0 < a,b. Then the uniform estimates hold:
Db (al,0) — ) exp(—as) < wa(,5) < © o+ (ualr,0) — ) exp(—as),

g + (vs(0, 8) — g) exp(—ax) < vg(z, s) < d + (vs(0, 8) — g) exp(—as)

o

where:
b:sup](ft)v(gt—v)\, dzsupl(gt)u(ft_u)"

In particular |u,| and |vs| are both uniformly bounded.

Proof: By differentiations, let us consider the equations:

Ugs = ((ft)u - ]-)ux + (ft)v(gt - 'U)a
Vas = ((96)v — Dvs + (90)ul(fe — ).

Then the conclusions follow by applying lemma 5.9.
This completes the proof.
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5.D Refinement and the higher distorsions: Let us consider a Mealy
automaton:

A: Yv:QxS—=S5 ¢:QxS—=>Q

with two alphabets S = {sg,s1} = {L,L + 1}. Our aim in 5.D is to verify
the following;:

Proposition 5.12. Let A be a Mealy automaton with 2 alphabets.
There is an refinement of A with the pair of functions (¢,) so that the
corresponding relatively elementary functions (fi, g:) satisfy the estimates:

[ (ft(vau) - u)((ﬁ)ﬂ(uu) - 1)| + |(ft)v(uav>||08| ](J},S + a) < QU(ZE, 5+ 1)’
[ 1(ge(v, u) = 0)((ge)o(v,w) = D+ [(ge)u(u, v)[|ua] [(z 4+, 5) < 20(x + 1, 5).

for any solutions (u,v) and all 0 < o < 1.

Proof requires constructions of (max, +)-functions by several steps and
occupies 5.D. We also need some general estimates of rational functions with
positive coefficients.

5.D.2 Prototype : Let us describe a prototype of rational functions, which
appear by refinement.
Let £ : R — R be another relatively (max, +)-function, given by:

¢(z) = max(min(x + 0, L),z — )
= max(—max(—(z + ), —L),z — 9).

¢(x) is increasing for x < L and decreasing for x < L. So for any
q > 6 >0, £ gives the funnctions as:

§:[L—qL+q]—=I[L—qL+ql
Let f; be the corresponding relatively elementary functions to &:

1 th
)
ft(Z) =t 24 F@ Wz

where Ny = Ny(t%) > 1 are chosen so that the estimates hold:

)

t
=1-t"——>0.
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Let us consider the equalities:

s 1 t2L—5
— Y =t -1+ —=———
(fi(2) — 2) + Ny (t1-0 + 2)2’
f(z)—z—(t_‘;—l—i—ii)z
K N NO tL—o + z
Then the estimates hold:
t2L75 tL
<49,

(tL—é + 2)2’ tL—é + 2z =

Thus we have the estimates:

t5
—1<t_5—1<(ft(z)—z)’gt_5—1+ﬁz—u<0,
0

té
—Z<(t_5—1)z<ft(z)—z§(t_5—1+ﬁ)z:_uz-
0

So in total we have the estimates:

|(fe(2) = 2)lIfe(2) = 2] < (1 = ¢7°) 2.

This will be one of the required estimates for our asymptotic estimates of
solutions to PDE systems.

5.D.3 Construction of exit functions: Let us construct admissible pairs
concretely. Such functions arise from almost diagonal functions as below.
Let:

¢(z) = max(min(z + 4§, L),z — 0)

be the relative (max, +)-functions in 5.D. Given the initial value zy = 0, let
us iterate it as x,+1 = £(z,,). It is easy to see:

T, =L ifeg=L,L+1 andn>§"
Let us have another relative (max, +)-functions with ‘two-step stairs’ by:
&(x) = max(min(§(x), L+ 1),z — 39).
This satisfies the properties:

> z <L
fo(r) =L L—-0<z<L+96
<z x> L
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The iterations satisfy the same properties, x, = L for all n > §~! for 2y =
L,L + 1. On the other hand let us translate &. Then its properties change
as:

> r<L+1
Er+20)d=L+1 L+1-0<az<L+1+9
<z z>L+1

In particular the orbits behave differently. The iterations satisfy:
T, =L+1 if to=L,L+1 andn >4 .
Inductively let us have relative (max, +)-functions with n-step stairs by:
&n(z) = max(min(§,—1(z), L +n —1),x — (2n — 1)0).

To represent exit functions, one can use & when we have [ alphabets. In fact
if we want an action which exchanges L + a and L + a + 1 with a < [, then
the translations:

&( +2a0): L+a,L+a+1— L+a,
&G( +2(a+1)8): L+a,L+a+l—L+a+1

can play such roles. Notice that all &, are 1-Lipschitz functions.

Let us fix n, and choose a large number Ny = Ny(n) which will be deter-
mined later.
Let f; be the rational functions corresponding to £ above:

1 thz
e
ft(z) z+ N02+tL_6

For 0 < m < n let us put rational functions inductively by:

R )

m( ., :t—(Zm—1)5Z+_
ft ( ) NO tL+m—1+on_1(2)

which correspond to &, defined above.

Lemma 5.13. let us choose Ny > 1 so that the estimates:
s

t
t*5+ﬁzl—,u<1
0
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holds. Then the following estimates hold:

t
— 14 @1d (fi(z) —2) < 014+ —= —u <0,
No
t5
(1T < ) — 2 S (@ -4 ) 2= ae

In particular the estimates:
|(fe(2) = 2)[1fo(2) = 2 < (=147 F70%)2 2,

Proof: We have already verifed the conclusions for m = 1.
Suppose f"! satisfy the conclusions for m < n.
Let us consider:

L+m—1 m—1y/
|(ftm)l(z)| = |t_(2m—1)5 + (tL+m_tl + fml(z))z( t NO) (Z)
m—1 8

! 1 t
< + —No < + N = + N, iz

So we have the estimates —1 < (f{"(z) — 2)' < —p < 0.
Next we have the estimates:

A L U W s
No 5+ [P(2)

< ¢—m1s, NL mol() < (¢ @mmDo 1__N>Z
0

t5
< (70 + Fo)z < (1—=p)z.

Thus we have verified the conclusions for m. This completes the proof.

Corollary 5.14. By choosing Ny = Ny(t°) as above, the solutions to the
equation:

Us = ftn<u) —u
satisfy the following estimates:

2

1— 72

(7 (@) = w) (i )ulu) = D](s + ) <

forT=1—t" =109,

u(s+1)
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t~(n=1% By lemma 5.12, the estimates

Proof: Let us put 7 = 1 —
|f7(z) — 2| < 722 hold.

Let us choose 0 < ag < 1 so that supy,«; u(s) = u(ap) holds. Then we
have the inequalities: o

s+1

s+1
u(s +ap) <u(s+1) ~|—/ lus| <u(s+1)+ 72/ u(a)da.

s+ag

By the mean value theorem, we have the estimates:

/S u(a)da = u(s+ B) < u(s + ap).

Thus combining with these estimates, we obtain the following:
(1 —713u(s + ap) < u(s+1).
Now finally we have the desired estimates:

[(f(u) = w)((ff)u(u) = D|(s + ) < 7%u(s + a)
< 72u(s 4+ o) <

. _7_2u(s+ 1).

This completes the proof.

5.D.4 Transition functions with 2 alphabets: Now let us consider a
Mealy automaton:

A: Yv:QxS—=S5 ¢:QxS—=0Q.

We will construct the transition functions by relatively (max, +)-functions
with two alphebets S = {sg,s1}. The reason for this restriction is just for
simplicity of the notations. The general case can be constructed similarly.

Let us embed as s = L and s; = L + 1 for some large L >> 1. Let
Q = {¢° ...,q'} be the set of the states. We change the set, prepare twice
of the number of them as {¢",¢°,...,q¢', @'}, and embed them as:

Qz{q(),q(),.."ql,ql} Céz

so that: . ‘ .
¢ 45, ¢t =¢ +8

qj
hold for 5 =0,...,1l.
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Lemma 5.15. There exists a refinement by relatively (max, +)-functions
v, Rx R — R.
Proof: Construction of 1) : Let us put the function:

p(y) = min[26, max(r(y — ¢°), ..., 7(y — ¢"))],
7(y) = min[max(0,y — ), max(0, —y + 79))].

For ¢ € @), these functions satisfy the following properties:

0 Jy—¢’| <4,
wly) =920 |@ —y|l <6,
0 y>¢d+Tory<qg®+96

Now we put the desired functions by:
by, ) = & + ply))-
Construction of ¢ : Denote ¥ = @ for x = ¢/ or ¢, and let ¢ be the
permutation between L and L + 1. Let:
¢:RxR = [¢° ¢ + 7]
be the relatively (max, +)-function which satisfy the following properties:

(1) é(*,61) = * if §l # Z for | € Z and * € Q.

(2) |p(y, ) —y| < ké for all z € R and y € [¢°, ¢' + 76] for some k.

(3) Suppose ¢(¢',s) = q and let ¢y be the permutation between sy = L
and s; = L + 1. Then for ¥ = ¢ or ¢:

Sy =10 Tvle ) =c
P {q if (g, )=id

(! _ q lfw(cb )2607
¢(*’L+1>{q if (g, ) =id

If we choose 6! equal to some integer [y, then these constructions give

the refinement. This completes the proof.
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Ezample: Let us consider the one state case @ = {g}. Then we have repre-
sentations of ¢ by:

Sy z) = | PEmax(y.y +x — (L 1=0)] (g, )=a,
P minlg, max(y, y — @ + L+ 0)] if (g, )= id

5.D.5 Estimates of relatively elementary functions: Let us give C° and
C'! estimates for relatively elementary functions in terms of the corresponding
(max, +)-functions. Let fi(zo,...,2,-1) correspond to ¢(xo,...,2,—1), and
fix ° = (y1,...,yn1) € R"L. Then we consider:

e=e( Y1,y Yn-1) R—=R.
Assume that ¢ has the form:
o(x) = Lo + a(x — x¢)

as a function on some neighbourhood Iy = (g — 7,20 + 7) € R.
For w° = ¥’ € R;Lgl and zy = t*°, let us put :

fi=fi( ,w"):(0,00) — (0, 00).

Lemma 5.16. Let M be the number of the components of f;.
(1) For any t*~7 < z < t*F7  the estimates hold:

fi(2) ):i:l < M.

thoz %z
(2) Suppose p takes bounded values from both sides:
L<yp<L+a.

Then there exists some constant C' so that the estimates:

a)t tL
- < a__
| . (z) < Ct .

hold for all t > 1, where C = C(deg hy, deg ki, M) with f; = tLZ—i.
(3) Suppose a > 0. Then there exists an integer N so that the estimates:

tL—a S th(Z) S tL+3a

hold for all t"=¢ < z < tE*+3¢ and all sufficiently large t >> 1.
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Proof: (1) Let us put = log, z and ¢;(z) = log, f:(z). By lemma 2.1,
the estimates hold for all x € Ij:
[pi(x) = p(@)] = |log, fi(z) — logy(t"or o)
_ fi(z) (4
= 10gt(W) < log, M
By removing log, from both sides, one obtains the desired estimates.
(2) Notice that f; is a parametrized rational functions. For each t > 1, f;
takes bounded values from both sides, since:

MLe@] < le@lle@ =@l < | £,(2)| < te@lge@ @l < prie@l

In particular the degree of f; must be equal to 0 with respect to z. So the
derivative of f; with respect to z has negative degree.

Let us denote f, = t* Z—z by polynomials. Then by the above estimates,
we obtain the uniform bounds:

Mt < he Mit®
=% S

where the coefficients of both h; and k; are rational in ¢. Notice that all the
coefficients take positive values, which is a characteristic in tropical geometry.

Suppose h; has degree ng > 1 in z. Then its derivative satisfies the
estimates:

oh
0 <z 8_;<Z> < c(no)hy
for some constant ¢(ng) which is independent of ¢ > 1.
Now suppose deg h; = deg k; = ng, and denote h; = %. Then the
estimates hold:
fy h; _ hy tk

/
ZJt — Lt P < ol a@: a’
|3z (z) =t Hkt 02 H < 2t" Mt . 2¢c(ng) Mt .

(3) Firstly we show that there exists an integer N and some L < L' < L+a

so that the estimates:
th < Nfi(th) <ttt

hold for all sufficiently large ¢t >> 1.
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There is some L’ so that the estimates (%’%))il < M hold by (1) for

some L < L' < L+ a and all ¢ > 1. Since %'S,L) is a rational function in
t > 1, there is a limit:

M7 < limt ™V f(tH) =k < M.

t—o00

One may assume the estimates NM < t% with N = [s*!] + 1 for all large
t >> 1, where [k*!] = max([x], [s7!]) > 0.
Then one obtains the estimates 1 < Nt_L/ft(tL) < NM < t% and so:
tL S tL/ S th(tL) S tLl'Hl S tL+2a
since L < I/ < L + a hold. It follows from (2) that the estimates:
NM ' < Nf,(t") < Nfi(t") + CNt*log t*

hold forall L —a < x < L + 3a.
One may assume the estimates for all sufficiently large t >> 1:

NflM < ta’ CNtLJra lOg t4a < tLJrZa.
Then combining with these estimates:
tL*CL S th<t$) S 2tL+2a S tL+3a

hold for all L — a < x < L + 3a. This completes the proof.
5.D.6 Proof of proposition 5.12:

Step 1: Let 7(y) be in 5.D.4 and [; correspond to 7:
L(w) = [(1+t°w) ™ 4+ (1 + w7 L
The inequalities hold:
L+ <L(w) ™ <2, |L(w)] <4(1+t70).
Let:

he(w) = K20 4+ (LT w) + - + Lt w)) !
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be corresponding to u, where K € N are chosen so that the estimates h;(w) <
1 hold. Notice that the estimates hold:

2
L+ DA+ 472 < (Khy(w)) ' < —— 4+ ¢72,
( [+1
By inceasing the number of [ if necessarily, one may assume the lower bound
1 — x < hy(w) for sufficiently small 0 < y < 1.
We have the estimates:
(=) 11 (g
()| = t—q°+2a| Eé':ot (@ =a") 1 (t= )
(t2 + lt<t—q°w) 4+t lt(t—qlw))2

% |

PN l(w)| < CK~ 14"
— — Su w
" K(I+1) weﬁ t -

where C' is independent of ¢ > 1.
Now let ¢ be in 5.D.3, and recall £ with corresponding f;. Then corre-
sponding to 1 is the following:

fi(w, 2) = fi(zhy(w)).
By lemma 5.13, both the estimates:
(—1+t73)z2 < fi(w,2) — hy(w)z < —pz,
— 14+t < (f).(w, 2) — he(w) < —p.
In particular we have the estimates:

— 2 < (=24t 4 hy(w))z < filw,2) — 2 < —pz,
— 1< =2+t 4 hy(w) < (f).(w,2) =1 < —pz,
[(Fo)ulw, 2)] = [y(w) || fi (zhe(w))] < CK~H7 2.

Step 2: Let g,(w, z) correspond to ¢, and estimate:
[(fwlge —w)l, [(90)=(fe = 2)I.

Let us modify ¢;(w, z) so that there are C' and some a independent of
t > 1, and the estimates hold:

[(90)=1 1(g0)u| < CE,
—w < g(w, z) —w < —pw,
—1<(g)w—1<—p
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for all t=% < w < ¢,
Let us denote qg(y, x) = ¢(y,r) —y. Then there is some a with the esti-
mates |¢(y, )| < ad. So we have the equality ¢(y, T) = max(¢(y, z), —ad).
Let §i(w,z) correspond to ¢. Then gj(w,z) = Z 4+ ¢799 are tropically
equivalent to g; for Ny € N. By lemma 5.16, g; is umformly bounded and so
one may assume the estimates:

1—x<gi(w,z)<1l+y
for sufficiently small 0 < y. Moreover:

th| < Oy

hold. Now we have the equality:

g, w 0g
99 4 _ g — 1+ el
ow Ny Ow
where the estimates |3 8gt| < t2“5ﬁ < Cﬁsé << 1 hold, and so we
0

obtain the desired estimates.
Since

_ w .
gé(wa Z) - 5 gzlt(wﬂ Z)

are tropically equivalent to g;(w, z), we obtain the desired rational functions.
So we obtain the followings:

|(ft)w(ge —w)| < CKfltmsz, 1(g0).(f: — 2)| < Ot 5.

Step 3: By proposition 5.11 and step 2, we have the following estimates:

ol )] = ) 21w o
SCK W a® ;= CK 1+ 2
[(90)u (v, w)Jus| < CE2.

If we take ¢° > L + 1 and large t >> 1, then we obtain the estimates:

[(F)o (v, Wllosl(a, 5) < pul,s), 1(Ge)u(v,w)lual (2, 5) < p'o(a, 5)

for sufficiently small 0 < p/ << 1.
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Now combining with corollary 5.14, we obtain the estimates:
(w0l 5+ ) < (s + 1),
[(F0)u(v, u)|ue| (z + o, 5) < p'v(z +1, )
for some 0 < p” < 2. This completes the proof of proposition 5.15.

Basically the constructions of the refnement are quite general, and it
would be reasonable to expect the following:

Conjecture 5.2: For any pairs of relatively (max, +)-functions (¢,), there
are refinements (¢,v) by 1-Lipschitz functions so that the corresponding
relatively elementary functions (f;, g;) are admissible.
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