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1 Introduction

1.A Asymptotic comparison between solutions to different PDEs:
Scaling limits connect several dynamics whose features are often very differ-
ent mutually. One of particular properties of scaling limits is that in many
cases such associations are not injective. When two dynamical systems cor-
respond to the same one by such scaling limits, then one might say that these
two dynamics behave by the same way at infinity, and so expect that they
will hold some common structural similarity.

Motivated by such aspects, in this paper we study large scale analytic
properties of solutions to evolutional differential equations by use of a par-
ticular type of scaling limit. It consists of two steps, where one is to associate
discrete dynamics given by real rational functions from differential equations,
and the second is automata given by (max, +)-functions from the rational
dynamics, which comes from tropical geometry. Combination of these two
steps gives a process of association of automata from PDE. As above one of
the important observations for the process is that it is not one to one, and
so different differential equations can correspond to the same dynamics by
automata. The situation can be interpreted that large (also very small) val-
ued solutions to these PDEs admit mutual analytic relations in some sense,
which we would expect to lead us to a large scale analysis of structure for
classes of differential equations.



In this paper we introduce a new method for study of solutions of non
linear partial differential equations. Let u : (0,00) x [0,75) — (0,00) be a
positive solution to some PDE of order at most &« > 1. Our main interest
here is to estimate asymptotic growth of the solutions with respect to higher
derivatives of order o + 1:

aa+1u
Cot1 = _— 00 .
+1 8i2111£{<as{"81 - Ount | co((0,00)x[0,10)) }
Let ¢ = inf (4 5)c(0,00)x[0,10) V(¥, 5) > 0 be the infmum of u. Suppose u(z, s) >
¢ > 0 is uniformly bounded from below. Then we say that the ratio:

Ca—l—l

K(u) = .

is the width of large scale rates. In principle even when the higher derivatives
Cqy1 take large norms, still if the lowest values ¢ >> 0 are also large, then
K will stay within bounded regions.

Our method focuses on comparing rates of asymptotics of solutions to dif-
ferent differential equations on the large scale. Let us consider two differential
equations P(u, Uy, Us, Ugg, Ugs, - - - ) = 0 and Q(v, vy, Vs, Vog, Vgs, - . . ) = 0 of or-
der at most . Let us take positive solutions u, v : (0,00) x [0,75) — (0, 00)
of class C**!. For small € > 0, we introduce the initial rates:

[u:v] = sup U@, ) i1
(,5)€(0,00) % [0,€4]U(0,eP] x [0,T0) U(% 5)

When both P and () are induced from the same automaton ¢, then we
verify that there exist constants C' = C(y,r, K) which depend only on the
structure of the differential equations P and (), and which are independent
of individual solutions, so that they satisfy uniform bounds:

U(x’S) U(ZE,S) <C(I+k’8 T K)

v(z,s) u(z,s)

if the estimates for widths K(u), K(v) < K and for the initial rates [u :
V](L+1)2cK)-1 < 1 are satisfied, where k, L = max(l,d) and C' are explicit
constants which arise from scaling limits of these PDE as below.

Our basic process is to extract very rough framework of structures of
PDE. They are given by n variable rational dynamics of the form:

t+1 t+1 t+1 t t t—d
v = Ny 0 2N ,ZN_ll,...,zNJrkl,...,zNMdH)
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and scaling parameters (N, t) = (¢ Pz, e 9s) where € > 0 are small.
Once such reductions are given, then automata ¢ are canonically associ-
ated, and at this stage, one has chosen several numbers:

L =max(l,d), k, n, D=max(p,q), C

where [ = max(ly,...,lqy1), K = max(ki, ..., kqr1) and C are the coefficients
of aw+ 1 derivatives in the Taylor expansions, called error constants (3.B.3).
Relative (max, +)-functions ¢ are piecewise linear, and they are Lipschitz.
So one obtains particular two data:

M, c

where M is the number of the components (1.B) and ¢ is the Lipschitz
constants both for ¢. In total at the level of defining equations of dynamics,
induction of rational functions and scaling parameters determine the above
seven data. In section 4 we see that these constants are explicitly calculated
or estimated in concrete cases.

On the other hand individual solutions give the constants:

[u:vl, K.

C(y,r, K) are in fact given quite explicitly. The above numbers are all
the data which we need for the above asymptotic estimates among applicable
pairs of PDEs. They are given by the double exponential estimates:

D
86(2CK) y+1_ 4

Cy,r, K)=(2M) o1 rc(2CK)Dy+n.

This comparison method discovers very rough structural similarity among
different differential equations. We notice that as a general principle, double
exponential growth are optimal in our setting (remark (2) in 2.C).

Now what are the rest is to find suitable pairs of PDEs which arise from
the same automata, or in other words, to find suitable rational functions
which produce the desired PDEs. This is the key step for our general ma-
chinery of discritization of PDE.

Before going into general statements, let us see explicit estimates for
concrete cases. Here we treat two equations, one is quasi linear equations of
order 1, and the other is diffusion equations of order 2. The proofs contain
two fundamental techniques, where one is cancellation, and the other is linear



deformation both for rational functions. Our basic direction is to combine
with these two techniques and produce more general classes of PDEs which
are applicable to our comparison method, which will be studied in furthur
research.

Firstly let us consider the quasi linear equations. We choose the derivative
constant Cy by the uniform norms for the 2 derivatives:

0 0

0% v %y
Csy = max(||m||coa ||@||CO7 ||@||C°)

As before we choose ¢ as the lower bound of values ¢ = inf(, 5 v(z, 5).
Let us fix any positive constant K > 0.

Theorem 1.1. For any 0 < € < 0.1K!, let v,u: (0,00) x [0,Tp) — (0,00)
be C? solutions to the quasi linear equations:
L,
Vs + €VV, — Qv = 0, 2us+ eu(us +u,) =0.

Suppose their width constants satisfy the bounds % < K. Then they

satisfy the asymptotic estimates for all (x,s) € (0,00) x [0,Tp):

~—

u(z, s
v(z, s)

)il < 402671(z+25)+4<[u ) U]Q )2;1(14-25)4-3
= . € .

(

In particular when u(z,s) = R > 0 is constant, then the estimates hold:

R(40)72€71(1+28)+4([U : R]26)72€71(m+23)+3 (1>

26_ 1 (z+2s)+3

<oz, s) < RMA0)T " ([w: Rly) (2)

Next we treat diffusion equations. Let F' be an elementary and increasing
function. Here we consider the diffusion equations of the type:

Us = Uz + F(u).

There has been various studies for such type of diffusion equations, in
relation with blowing up of solutions. We point out two known results.

(1) Let F(u) =u' for I =1,2,... If | = 2, then the any positive solutions
to the equation blow up at finite time. For [ > 4, it has global positive



solutions for small initial values ([F]). The number 3 is called the Fujita
index (for one dimensional case).

(2) For all [, if the initial functions take sufficiently large values, then
such solutions blow up at fintie time ([LN]).

As before we choose ¢ as the lower bound of values ¢ = inf(, 5 u(z, s),
and put uniform norms of the third derivatives:

Pu

0:,0:, 0, lleo

Then we put the width constant by K = %

Firstly let us compare linear diffusion equations with advection-diffusion
equations of variable exchange. For the linear case, the corresponding Lips-
chitz constant is equal to one, and one obtains the exponential asymptotics:

Proposition 1.2. Let us fir K > 0, and choose any 0 < ¢ < (200K)~!. Let
u,v : (0,00) X [0,00) — (0,00) be C? solutions to the linear equations:
7 193 15 43

Sty = g, =0, v, 2o — e, = 0
5% T 0 g Vs T ggls T g

which satisfy lower bounds 0 < ¢ < inf, o u(z, s),v(z, s).
Suppose their width constants satisfy the bounds % < K. Then they
satisfy the exponential asymptotic estimates for all (x,s) € (0,00) x [0,00):

(

This is obtained directly by applying tropical linear deformation of ratio-
nal functions. Such method is also applied for non linear case as below.
For 1 < a € Q, let us treat the diffusion equations of the form:

C3 = max(|| ci € {x, s}).

u(:c,s))il < 1048(5*2(x+4s)+1)[u ).
v(x,s)” ‘

Ug = Ugy + U’

Let us consider the function v : [0,.Sy) — (0, 00) given by:

v(s) = (1—co1(a—1)s)@ D"

where Sy = m For any 0 < sg < Sp and @ = (a —1)7!, the width rate

K (s¢) for the restriction v : [0, 5] — (0, 00) is given by:

AN a+ 1) (a+2)
02(1 — o Talgg)ats

K(So) =

5



Let us put Ky = & a~2(a+1)(a+2). Conversely for any Ky < K < oo,
there are unique sy < Sy so that the equality K = K (s() holds.
Let us fix a sufficiently large K = K(s¢) >> 0.

Theorem 1.3. For any 1 < a € Q and Ty < so, let u : (0,00) x [0,Tp) —
(0,00) be C3 solutions to the diffusion equations:

Ug — Ugy = U™,
Suppose their width satisfy the bound Csc™ < K. Then for any 0 < € <
(200K)71, u satisfy the asymptotic estimates:

—2
(20:+4s)+171

u(x, S))ﬂ < 1040(16#(@ : U]5e>

v(s)

Next we treat diffusion equations of the form:

a572(21+4s)+4

(

U — Usgy — u® — oub =0, (I<a<b 0<d<<]1)
where we consider the equations of the types:
(a,b) = (2.3), (1+a7, 14207, (3,5)

and 0.5 < a < 1 are any rational numbers. Both the right and left hand
side terms touch the Fujita index (= 3), and the middle terms cross it. For
example it contains the case (a,b) = (2.5,4).

For 0.5 < a <1 and ¢ > 0, let us put:

-1

30713 o’
oY B a+1)(a+2) 1 ,  5c
K(s0) = 63a2(1 — /sp)t3 (0= < g)’ “7 T6a (3)
1
(@b)=(1+a ' 1+2a7), 6=ue, n= O‘g* . (4)
o

For any positive rational numbers p = § € Q-¢, where p, g € N are relatively
prime, we put ¢, = pq € Zy.
Let us compare u with the function:

v(s) =

c
(1—cs)>

Let us fix a sufficiently large K = K(s¢) >> 0.
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Theorem 1.4. For any 0 < Ty < s9 and any 0 < ¢ < (200K)7', let u :
(0,00) x [0,Ty) — (0,00) be C? solutions to the the diffusion equations:

Ug — Uy = u + du’.

Suppose their width satisfy the bound % < K. Then u satisfy the asymp-
totic estimates:

(

u(x’ S) b6_2<2z+45>+1_1 b6_2(21+4s)+4

oS M) ()

where M, = max(2 x 10°c;, 3 x 10%).

These results come from a general procedure of comparison method which
we will describe below. Our task is to seek for discrete dynamics which induce
desired PDE, but such dynamics are not unique. The analytic constrains in
these results are heavily depend on choices of such discrete dynamics. If
one can find more suitable discrete dynamics, then one will obtain better
asymptotic estimates of solutions.

1.B Real rational dynamics and tropical geometry: A relative
(max, +)-function ¢ is a piecewise linear function of the form:

©0(7) = max(a; + @17, . ..,y + GnZ) — max(By + b7, ..., B + bT)

where @;7 = X alx;, T = (v1,...,7,) € R", @ = (a},...,a}),b € Z" and
a;, 3 € R. We say that the multiple integer M = ml is the number of the
components of .

Correspondingly tropical geometry associates the parametrized rational
function given by (see [Mi]):

k(z) X tex Z

ft(z) = ht(i) - 22:1tﬂk25k

—a 7
where z¢ = I ,2?

“Z = (z1,...,2,) € R%,. We say that f; above is a
relative elementary function. We say that both terms hy(z) = XL_ #Fkzb
and k;(z) = X7t Z% are just elementary functions.

These two functions ¢ and f; admit one to one correspondence between
their presentations. Moreover the defining equations are transformed by two
steps, firstly taking conjugates by log, and secondly by letting ¢ — oco. Notice

that when all a; and b; are zero, then the corresponding f; are ¢ independent.
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In some cases the same (max, +) function admits different presentations,
while the corresponding rational functions are mutually different. For exam-
ple for p(x) = max(z,z) = z = (x), the corresponding rational functions
fi(z) = 2z and ¢:(2) = z are mutually different. We call such a pair of
rational functions tropically equivalent.

Let fi : R%, — (0,00) be a rarional function, and consider the discrete
dynamics defined by:

an = [i(enen, -y 2n-1), N 2>n

with initial values (2o, ..., 2,—1) € RZ;. One can regard that tropically equiv-
alent rational functions determine the same dynamics at infinity.

Let us put:
A e |
PN(C) = el ’
N—-n+1 c=1.

For a relative elementary function f;, let ¢; > 1 be the Lipschitz constant
and M; be the number of the components with respect to the corresponding
(max, +)-function.

Our basic analysis on the orbits is given by the following (corollary 2.8):

Lemma 1.5. Let g, be tropically equivalent to f;, and {zx}n and {wy}y
be the orbits for f; and g, with the initial values Zy = (20,...,2n-1) and
wo = (wo, . .., w,_1) respectively. Then the estimates hold:

(Z_N)i < M4PN(C)[ max ﬁ):ﬁ:l]cN
wN o 0<i<n—1 " w;

where ¢ = max(cys, ¢;) and M = max(My, M,).
If the initial values are the same, then uniform estimates hold (prop 2.3):
(EN)E < 2P
WN

One particular feature is that when the Lipschitz constant is equal to 1, then
the above inequalites give the exponential estimates, while for ¢ > 1, they
are double exponential. The former is applied for the estimates of solutions
to linear PDEs.

When one considers evolutional discrete dynamics, a parallel estimates
are given. An evolutional discrete dynamics is given by flows of the form

8



{24}t n>0, where ¢ is time parameter. A general equation of evolutional
discrete dynamics is of the form:

1 et t+1 ¢ t—d
Zn = flan_ s AN , 2o Ir s ANy zN+kd+1)

where ;, k; > 0, N > max(lo, ..., l411) and t > d, with initial values:

Zo = {Za}0<a<max(zo, olar1),t=0,1,... U{ZN}o<h<dN 0,1,...-

Let us take g tropically equivalent to f, and consider the dynamics {w?,}
defined by g with any initial values w]. Then we put the initial rates by:

=0 . -0 —
20 : W] = sup { b7—b}~
0<a<max(lo,...,lg41),6=0,1,..., or a=0,1,...,0<b<d Wq 24

Let us put | = max(lo, l1,...,lq1), & = max(ky, ..., kqy1) and
AN t)=(t—d—1)k+N—-I1+n—1
for N>[l+1andt>d+ 1.

Proposition 1.6. (1) Let f and g be tropically equivalent. Then any orbits
{z4}n and {wi}n for f and g with the initial values Z) and W) respectively,
satisfy the estimates:

t
(z_lj)j: S M4PA(N,t)(C) [28

70]CA<N’t>
Wy

Wy

where ¢ = max(cys, ¢;) and M = max(My, M,).

(2) Let f, f',g,9" be four relative elementary functions, and assume that
they are all monotone increasing and all tropically equivalent. Let {vh}n 4
and {uly} N be positive sequences so that these satisfy the estimates:

PO fvfde) o < fw t+1lo’,,.,va_fkd+l), (5)
g (ug\—}_llo u?V-I(fderl) < u?\—/ﬁl < g(ug\—;ll ) ’ug\?ilderl) (6>

for all N,t. Then the ratios satisfy the uniform estimates:

t
(0t < MpsPao Ol ol
N

A(N,t)



Here also if the Lipschitz constants ¢ are equal to 1, then the above two
estimates are at most exponential, while for the case ¢ > 1, they are double
exponential.

Such general form will allow us to treat wider classes of PDE. But for
concrete cases, we use evolutional discrete dynamics only of the forms:

1t ot i -
L F(ZN_1, 2y Zh10) for quasi linear equations,
N41 T 1 - s :
* F(2, 25 2 s 2NY)  for diffusion equations.

For the former [ =1, k = 2, d = 0, and for the latter [ = k = d = 4. So they
are given by:

AN.0) = A+N—-1 (N>2 t>1),
U |4t+N-21 (N>5,t>5).

1.C Rough approximations by discrete dynamics: Let us describe
our general procedure for approximating solutions to differential equations
by discrete dynamics, and outline how to verify theorems in 1.A.

Let us consider a C**! function u : (0,00) — (0,00), and for 1 < |i| <
n — 1, take the Taylor expansions:

(i€)* (1€)* (i€) (@)
2

u(z 4 ie) = u(x) + ieu, + Uy + -+ + o o + (@+1) U(at1)z(§i)-

Then for small e >0 and N =0,1,2,..., let us put
zy = eu(eN) = eu(x), (N = E)
€

Let f = % : R?, — (0,00) be a relative elementary function of n vari-
ables, where both h and k are elementary, and consider the discrete dynamics
defined by wyy1 = f(WN_pt1,-..,wyn) with the initial value w; = eu(ei) > 0
for 0 < i < n—1. Our basic idea is to regard that the sequence {wy}y
would approximate the orbit {zy}y.

So let us consider the difference and insert the Taylor expansions:

ane1 — faNonst, -y 2n) = eu(z +€) — fleu(x — (n — 1)e), ..., eu(x)) (7)

:e(u+euw+%u2x—|—...)—f(e(u—(n—l)eum—i—...),...,eu) (8)

_ eFY(u) + 2F(u,) + EF3(uy ug) + oo+ € F™ (U, oy Ugar1ya(€)) + - ()
h(eu(x — (n — 1)e), ..., eu(x))

(10)
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where F* are monomials.
For any finite subset A C {1,2,3,...}, let us divide the expanded sum
into two terms as:

_ ZiEAGSiFS;(ua Ug,y - - 7uaa:) EjEAcest% (U, Ugy - - au(a+1)x(€)) (11>
h(eu(x — (n — 1)e),...) h(eu(x — (n — 1)e),...)
= F(E, Uy Ugy + - - auax) + €2F1(€7 Uy Ugsy -, a+1 (51) a—i—l):c(gn 1)) (12)

We say that F and F! are the leading and error terms respectively. Once
one has chosen a relative elementary function f, then the above process
determines a PDE defined by F, while tropical geometry gives an automaton
by a (max, +) function ¢. So f plays a role of a bridge to connect between
PDE and automaton.

We define € variation of F! by:

[F (6, uy gy - -y Unzs Yot 1)2(€1)s o5 Wat 1)z (nm1)) || (@) (13)
= sup |F1(67 U(y)7 s 7uocx(y)a (a—i—l)x(,ul)a ) (a+l)az(ﬂn—1))|' (14)
ly—a|,|ni—z|<ne
Let us say that w is €y controlled, if there is some constant C' > 0 so that
the ¢y variation of F! satisfy the pointwise estimates for all z € (0, 00):

Cu(z) > ||F' (e, u, ug, . . ., Uag, U U(ar1)e(§1)s - -+ Uiat 1)z (En-1))]]eo (7).

Now we state the first estimates. Let f and g be relatively elementary
functions, and F and G be their corresponding leading terms. Recall that
associated with f are the Lipschiz constant c; > 1 and the number of the
components My. Let us put ¢ = max(cys, ¢,) and M = max(My, M,).

Proposition 1.7. Let f and g be both relatively elementary and increasing
functions of n variables, which are mutually tropically equivalent. Let F and
G be their leading terms of order at most o > 0, and take positive C*H
solutions u,v : (0,00) — (0, 00) with:

Fle,u,ug, ..., uaz) =0, G(€,0,0z,...,04) =0.

Assume both u and v are €y controlled bounded by C. Then for any

0<e< min(%, €0), the estimates hold:

11



One can proceed parallelly for evolutional case. Let f be a relatively
elementary function, and consider the evolutional discrete dynamics defined
by the equation 23!y = f(257 . 2nih,, )

Let us take a C*™! function u : (0,00) x [0,Ty) — (0, 00), and introduce

another parameters by:
s

x
u(x,s) = 2k, N:e_p’ t:e_q

Em

where p,q > 1 and m > 0 are integers. By the same way as one variable
case, one takes the Taylor expansion, and take the difference:

zﬁjl - f(zﬁflo, . ,zfv_fkdﬂ) (15)
=c"u(x + €, s + €?)— (16)
fle™u(z —lpe?, s + €7),. .., €"u(x + kgp1€”, s — de?)) (17)
emFY(u) + emPF? (u,) + €T3 (ug) + 2P FY (u up) + .
= (18)
h(em™u(x — lpeP, s + €9), ..., eu(x + kgr1€P, s — de?))
=F(e,u,uy, Us, Ugs, - - -, Uz, Uns) (19)
+ €™ (e, u(z, 8), up (2, 8), . . ., Uae (T, 8), (20)
Us(T,8), .- Uas (T, 5), {u(aJrl)m(fij)a o >u(a+1)8<5ij>}i7j)- (21)

By the same way as before one defines the € variation ||F!||.(z, s) and €
controlledess (3.B). Let us put k = max(ky, ..., kas1)-

Corollary 1.8. Let f and g be both relatively elementary and increasing
functions of n variables, which are mutually tropically equivalent. Let F and
G be their leading terms of order at most o > 0, and take positive C*H!
solutions u,v : (0,00) x [0,Ty) — (0, 00) with:

F(e, u, ty, Us, . .., Ugz, Uas) = 0, G(€,0,0;, Vs, ..., Vaz, Vas) = 0.

Assume both u and v are ey controlled bounded by C. Then for any

0<e< min(%, €0) and D = max(p, q), the estimates hold:

(

o Patks)+1_ D (miks)tn
U(.Q?, 3)):|:1 < (2M)876*1 1 [u : U}EL_H();HIC )+

v(zx, s)

Our basic process goes as follows. Firstly we choose a PDE F(u, ug, us, . . .)
= 0, and fix scaling parameters. Then find a relative elementary function f

12



which induces F as its leading term. Next take another relative elementary
g which is tropically equivalent to f. Then by use of the same scaling pa-
rameters, it induces its leading term G. Finally for two solutions v and v
with F(u, uz, us,...) = 0 and G(v,v,,vs,...) = 0 respectively, we seek for
analytic conditions to both u and v which insure ¢y controllednesss. Even
though choice of f and g are rather flexible, whether one could find some
reasonable conditions for solutions depends on choices of these functions.

2 Discrete dynamics and tropical geometry

2.A Elementary functions: A relative (max, +)-function ¢ is a piecewise
linear function of the form:

©(Z) = max(oy + @1 T, . . ., Oy + @ T) — max(Fy + bhz,..., 3+ l_)li)

where @,z = X7 atz;, T = (v1,...,2,) € R, Gy, = (a},...,a}), b, € Z" and
ar, Bk € R.

For each relative (max, +) function ¢ as above, we associate a parametrized
rational function by:

XL P zhe

fi(2)

where z% = H?le?}“, Z=(2z1,...,2n) € RZy = {(wq,...,wy,) :w; >0}.
We say that f; above is a relative elementary function. Notice that any
relative elementary functions take positive values for z € RZ,,.
We say that the integer:
M =ml

is the number of the components.

We say that f,(z) = 37" ,t* 27 is an elementary rational function ([K2]).
The corresponding (max, +)-function is given by ¢(z) = max(a;+1Z, . - . , Q-+
JmT), and in this case m is the number of the components.

These two functions ¢ and f; are connected passing through some inter-
mediate functions ¢; ([LiM], [Mi]). Let us describe it shortly below. For
t > 1, there is a family of semirings R; which are all the real number R
as sets. The multiplications and the additions are respectively given by
x @y = log,(t*+1t¥) and z ®;y = v +y. Ast — oo one obtains the equality:

T Boo y = max(z,y).

13



By use of R; as coeflicients, one has relative R;-polynomials:
pi(Z) = (o1 + @ T) By - By (i + amT) — (b1 + b1T) B - - - @ (6 + biT)

The limit is given by the relative (max, +) function above:
lim ¢ (7) = o(7).

Let us put Log, : Ry — R" by (21,...,2,) — (log, 21, ...,log, z,). Then ¢,
and f; satisfy the following relation:

Proposition 2.1 (LiM,V). f; = (log,)~" o ¢ o Log, : R%; — (0,00) is the
relative elementary function fi(z) = S 1o z% /L 15k zbe,

These functions ¢, ¢, and f; admit one to one correspondence between
their presentations. We say that ¢ is the corresponding (max, +)-function
to f;. Notice that any relative (max,+) functions of the form ¢(z) =
max(a,Z, . . . , Gp) — max (b7, ..., bZ) correspond to t-independent relative
elementary functions f.

2.B Discrete dynamics: Let f; : R%, — (0, 00) be a relative elementary
function, and ¢ be the corresponding (max, +)-function. Let us consider the
discrete dynamics defined by:

v = filznen, -, 2n-1), N >n

with initial values (zp,...,2,—1) € RZ,. These orbits {zy}y admit some
asymptotic controll passing through tropical geometry, which we describe
below. Let us compare the orbits {xy}y with {zyx}y, which are determined
by:

ey =p(@N_p,. ., TN_1)
with the initial values z¢ = log, 2o, ..., 2,—1 = log, z,—1. For this, we intro-
duce the intermediate dynamics:

x;V = ¢t<x§V—nv S ’xg\f—l)
with the same initial data z( = log, 2o, ..., @/,_; = log, z,—1.
By proposition 2.1, two orbits {zy } ;v and {2y } ; are conjugate each other
as 'y = log, zy for all N = 0,1,... Since lim;_, ¢ = ¢ holds, one may

think {log, zy } v ‘approximate’ {zy}y in some sense.

Let ¢ and 1 be two relative (max, +)-functions with n variables. Then 1)
is equivalent to ¢, if they are the same as maps, ¢(x1,...,x,) = ¥(x1,...,2,)
for all (xy,...,x,) € R" (but possibly they can have different presentations).
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Definition 2.1 (K2). Let f; and g; be two relative elementary functions. g,
is tropically equivalent to f;, if the corresponding relative (max, +)-functions
@ and Y are equivalent.

Remarks: (1) If the pointwise estimate ¢ > ¢ holds, then ¢ = max(p, ¢’)
and ¢ are equivalent. Let f; and g; be the corresponding relative elementary
functions to ¢ and ¢’ respectively. Then h; = f; + g; is tropically equivalent
to fi.

(2) For any relative elementary f; and positive rational numbers 0 < o =
2 € Q, afy is tropically equivalent to f;. In fact let ¢ correspond to f;. Then
n f; are tropically equivalent to f;, since n f; correspond to max(p,...,p) = ¢
(n times). Similarly - f; are also tropically equivalent to f;.

(3) For any tropically equivalent pairs of relative elementary functions f;
and ¢, the corresponding (max, +)-functions ¢ and 1 have the same Lips-
chitz constant ¢ > 0, since they are the same as maps. On the other hand they
may have different numbers of the components M and M’ since it depends
on their presentations. For example if f; has M number of the components,
then ™ f; has nmM number of the components.

(4) For our purposes in this paper, it is enough to treat the case that the
Lipschitz constsnts ¢ for ¢ is larger or equal to 1, and later on we will assume
the bounds ¢ > 1.

2.C Basic estimates and Lipschitz constants: Let f; : RZ;, — (0, 00)
be a relative elementary function. Take initial values (zg,...,2,-1) € RZ,
and consider the orbits {zy}%_, defined by zy = fi(en—n,...,2n-1) for
N > n. Let g; be another relative elementary function, and consider its orbit
{wy}n with the same initial values w; = z; for 0 <i <n — 1.

In order to estimate their asymptotic rates (1'2—17\])il in detail, we use the
metric on R" given by:

d((l’o, s 7$n—1)7 (90, s 7yn—l)) = Inax l{lxl - yz|}

0<i<n—
(which is of course equivalent to the standard one.)

Lemma 2.2. Let f; = f be t-independent, relative elementary and lin-

ear. Then the corresponding (max, +)-function ¢ has its Lipschitz constant
bounded by 1.

Proof: This follows immediately, if one checks the estimates carefully. One
can express ©(Zg, . .., Tp—1) = max(og +;,, ..., 1 +2;, ,)—max(0,...,0).
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Let o(zo,...,Tn-1) = a1 + x5 > ©(Yo,---,Yn—1) = o + y;,. Then the
estimates hold:

’90('1707 s axn—l) - Qp(y(b s 7yn—1)| =) + Tiy — (OQ + yiz) (22)
<t ay = () = 2 =y < max {|z -yl ) (23)

This completes the proof.

In general we have double exponential estimates for (;—ijv)ﬂ as below, but
in a special case that the Lipschitz constants of the corresopnding (max, +)-
functions are equal to 1, they can be improved to be just exponential. This
happens when one considers linear PDE.

Let us put
it c>1
PN(C) = el "
(N—n+1) c=1.
For a relative elementary function f;, let ¢; be the Lipschitz constant

and My be the number of the components with respect to the corresponding
(max, +)-function.

Proposition 2.3. f; and g; are tropically equivalent, if and only if any orbits
with the same intial values satisfy uniformly bounded rates:

z ZN W
(_N +1 = _N’ N < MQPN(C), (N > n)
%Y WN ZN

where ¢ = max(cys, ¢;) and M = max(My, M,).

For the proof, we use the next lemma.

Let ¢(%) = max(ay + @17, ..., Oy + GpZ) — max(f) + 0T, ..., 0 + bT)
and ¢; be the corresponding functions to f;. For the same initial values
Ty = T(y ..., Tn_1 = T4, let us denote the orbits by {zx}x and {2y} x for
@ and ¢, respectively.

We will improve lemma 2.2 in [K2] slightly.

Lemma 2.4. Let ¢ > 1 and M be the Lipschitz constant and the number of
the components for ¢ respectively. Then the estimates hold:

lzy — 2'y| < Py(c)log, M.
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Proof: One can obtain the following estimates easily ([K2] lemma 2.1(1)):

lo(zo, .y Tno1) — ©ie(To, - ., Tno1)| < log, M.

Let us denote Ty = (zn, ..., Tyin-1) € R". Thus xy4, = ¢(Zy) hold
for all N > 0. Similar for z'y.
Firstly one has the estimates |2/, — x,| < log, M as above.

Since ¢ is ¢-Lipschitz and z; — ) = (0,...,0,z, — z/)), the estimates:
|Tnr1 — 2| = [0(Z1) — @u(T))] (24)
< [o(@1) — o(T)] + [0e(T)) — (7)) (25)
<c|lzy — )| +1log, M < (c+ 1)log, M (26)

hold. Next we have estimates:

|0(Z2) — @(25)| < cmax(|zns1 — 2, [on — 23) < c(c + 1) log, M, (27)
[Tnt2 = T yol = [0(T2) — @u(T3)] (28)
< |p(72) = o(Z2)] + [0(72) — @r(75)] < [e(c+1) +1]log, M (29)

The rest is just the repetition of the same process. Now suppose ¢ > 1.
Then by a direct calculation, one obtains the estimates:

, CN7n+1_1
|13N — Z’N| S ?logtM

On the other hand when ¢ = 1, then |xy — 2/y| < (N —n + 1) log, M hold.
This completes the proof.

Proof of proposition 2.3: The proof is almost the same as theorem 2.1 in
[K2], but for convenience we will include only if part.

Let ¢ and 9 be the relative (max, +)-functions corresponding to f; and
g+ respectively. For the same initial values z; = y; = log, 2;, 0 <@ <n —1,
let us denote the corresponding orbits by {zy}ny and {ynx}n. We also put
2’y = log,(zn) and yj = log,(wy) respectively. Thus {a'y}y is the orbit for
¢ and {yy fn is for ¢;.

By lemma 2.4, the estimates:

lzn — 2y, lyvy —yn| < Pn(c)log, M

17



hold. Suppose f; and g; are tropically equivalent, and so ¢ and 1) are the
same as maps. Thus zy = yy hold, and so we have the estimates:

z
logt(w—]]\;)i < |log,(2n) — logt(wN)| = |x§v - ?J;V| < 2Py(c)log, M.

Thus we have the estimates:

ZN>
WN WN ZN

This completes the proof.

Remarks: (1) In order to determine zy for N > n, one needs to iterate
N —n+1 times to apply function f;. One can say that ratios between N —n+-1
times iterations of f; and g; are at most uniformly double exponential rates.

(2) Such double exponential estimates are optimal between tropically
equivalent functions. Let us consider two dynamics for [, £ > 1:

v = flano) = 2ho1,  wy = glwy_1) = 2wh_,.

If [ = k holds, then f and g are tropically equivalent. Let zy = wy be
initial values. Then a direct calculation gives:

N _ N _
k 1 k 1 kN

N N
IN=2h, wy=2FTwh =271 2

Thus if [ = k, then the equality:

(N 1 gl
ZN

holds, which satisfies the uniformly double exponential bound.
On the other hand if k£ > [, then

w N -1 N _ N
—N = 2 k—1 Zg -l
ZN

which heavily depends on the initial values.

Lemma 2.5. Let f; and g; be relative elementary and assume that both are
monotone increasing. Let {vy}n be a positive sequence so that the estimates:

Gt(UN=ns - ON-1) S UN < fiflUnon, .. soN—1), N 2>n

18



hold. Let {zy}n and {wx}n be two dynamics defined by zxy = fi(zn—n, .-, 2N-1)
and wy = g(WN_n,...,wn_1) with the same initial value z; = w; = v; for
0 <@ <n—1 respectively. Then the estimates hold:

UJNS'UNSZN (NZO,l,)

Proof: We proceed by induction. For N = n, the estimates follows by
the hypothesis. Suppose the estimates wy < vy < zy hold for N < Ny — 1.
Then the conclusion for Ny follows from two estimates:

WN, = gt(wNo—m . ;wNo—l) < gt<UN0—m . 7UN0—1)7 (30)
ZNy = ft(ZNO,n, ey ZNO,1) > ft(/UNofna ce ,UNO,l) (31)
and the assumption gt(vNo—na s 7UN0—1) S UnNy S ft(UNo—na e aUNo—l)-

This completes the proof.

Corollary 2.6. Let f; and g; be tropically equivalent, and assume the con-
ditions in lemma 2.4 are satisfied. Then the estimates hold:
AN \+1 w_N):tl < M2Pn(e)

)

UN UN
where ¢ = max(cys, ¢;) and M = max(My, M,).

Proof: By lemma 2.5, the estimates wy < vy < zy hold for all N
0,1,... On the other hand by proposition 2.3, the uniform bounds 5)—1]\;
M?2PN(©) hold. Then the conclusions follow from the estimates i_]; < 2N

wN
M?PN(©) and % < Z—fl\’v < M?Px(9) This completes the proof.

VA VANI

For example g, = L f, are the cases for m > 1, when f, is monotone
. . m
increasing.

2.C.2 Dependence on initial values: Let f, : R2, — (0,00) be a
relative elementary function. Let us take two initial values:

20 = (Z(),...,Zn_l), Wy = (wo,...,wn_l) GRZO
and consider the corresponding orbits {2y }¥_, and {wy}F_, defined by:
an = filan—n, - 2n-1), wn = fllwn—n, .. wn-1), (N >n)

respectively. Let ¢ and ¢; be the functions corresponding to f;.
Here we have more elaborate estimates:
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Proposition 2.7. Let f; and the orbits {zn}3_o, {wn}F—o be as above with
wnitial values Zy and wy. Then they satisfy uniformly bounded rates:
AN N+ 2Pn () Zi \£17eN
)E L M — N >
(0% < AP max (2] (N 2 n)
where ¢ and M are the Lipschitz constant and the number of the components
for ¢ respectively.

Proof: The idea of the proof is parallel to proposition 2.3.

Let us put zy = log,(zy) and y)y = log,(wy) respectively. Thus {zy}n
is the orbit for ¢, with the initial value 2, = log, z; for 0 < i < n — 1, and
similar for {yy}n-.

Let {zn}n be another orbit for ¢ with the same initial value z; = log, 2;
for 0 <i <n —1, and similar for {yy}n.

Let ¢ > 1 be the Lipschitz constant for ¢. Let us estimate |zy — yn| for
N > n. Since z,, = ¢(xq,...,2,_1) and y, = ©(yo, - - -, Yn_1), the estimate:

— — — < s
20 =yl = (0, ., 1) = (W0, - Yn-1)| < € max |z; -yl

hold. Let us iterate the same estimates:

Tt = Yns1| = [0(21, - T0) — @Y1, Yn)| (32)
< ] < 2 C_ay
> Cg%}; lzi —yi| < ¢ Ogr?gzx—l lzi — yil. (33)

The same process gives us the estimates:

’xN yN| >cC 0%%%?-1 |xz yZ| c

N-n+1 % ):I:l

log, ( w.

max
0<i<n— i

1
On the other hand by lemma 2.4, the estimates:
oy — 2|, lyvy — Yyl < Pn(c)log, M

hold, where M is the number of the components for ¢. So combining with
these estimates, we have the followings:

z w
max(log, —, log, —) = |log, (2x) — log,(w)| = |2y — yly| (34)
WN ZN
<lzy —oy| + [yny — Yyl + 28 — yn| (35)
< 2Py(c)log, M +c¥ max log,(—)*! (36)
— 2PN (c) ﬁ +17eN
log, {2 max (Z4)2"), (1)
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Thus one obtains the estimates:

(Z—N)il < MR max zi )iCN.

WN 0<i<n—1"w;
This completes the proof.

Now let g; and f; be two relatively elementary functions, and denote the
corresponding pairs of the functions by (¢, ;) and (¢, 1) respectively. Let
(c¢g, My) and (cy, M,) be the Lipschitz constants and the numbers of the
components for ¢ and 1 respectively.

Corollary 2.8. Let g; be tropically equivalent to fi, and {zy}n and {wn}n
be the orbits for f; and g, with the initial values Zo = (20,...,2n—1) and
wo = (wo, . .., w,_1) respectively. Then the estimates hold:

(z_N):I: < M4PN(C) max (ﬁ):ﬁ:l]cN
WN o 0<i<n—1"w;

where ¢ = max(cys, ¢;) and M = max(My, M,).

Proof: Let {2y } v be the orbit for f; with the initial value wg = (wo, . . ., wy_1).
By proposition 2.7, one obtains the estimates:

(Z_N):tl < MZPN(C)[ max ﬁ)il]cN.

2y 0<i<n—1"w;

On the other hand by proposition 2.3, one has another estimates:

WN o

By multiplying both sides, one obtains the desired estimates:

!/ .
(Z_N):tl _ (Z_/N):tl(z_N)jzl < M2PNE VPN max ﬁ):l:l}cN (38)
WN ZN WN 0<i<n—1"w;
— Af4Pn(c) Ziy+11eN
=M [ max (—) '] . (39)

0<i<n—1"w;
This completes the proof.

Now we induce the main estimates:
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Theorem 2.9. Let us take four relative elementary functions, fi, fi, gt, ;-
Assume that they are all monotone increasing and all tropically equivalent.
Let {vy}n and {un}n be positive sequences which satisfy the estimates:

(N, yon_1) <on < fi(vnn, - ON_1), (40)

G(un—p, . un-1) <un < g(Un—n, ..., Un_1). (41)
for all N > n. Then the ratios satisfy the uniform estimates:

(U_N>i1 < MSPN(C)[ max %)il]c]\f
UN - 0<i<n—1"v;

where ¢ = max(cys, ¢y, cg,cq) and M = max(Myg, My, My, M,y).

Proof: Let us consider two orbits {zx}n and {2}y defined by zy =
fi(zneny -y 2n—1) and 2y = f{(ZN_,s -5 2n_1) with the the same initial
value z; = 2, = v; for 0 < i < n — 1 respectively. Similarly by use of g, and
g;, one has orbits for {wy}y and {w} y with the initial value w; = w] = u;
for 0 < i < n — 1 respectively.

Then by corollary 2.6, one has the estimates:

ZN \+1 (w_N):I:l < M2PN(),

9

UN un

On the other hand by corollary 2.8, the estimates hold:

(Z_N)il < M4PN(C)[ max (ﬁ)il]cN — MA*PNO[ max ﬂ)il]cN.
WN 0<i<n—1"w; 0<i<n—1"u;

Thus from these two, one obtains the desired uniform estimates:

UN \+1 UN\+1/,4N \4+1,WN 41

— =(— — — 42
() = (P2 (2 (42)
< MZPN(C)M4PN(C)[ max (ﬂ)il]cNMQPN(C) (43)
o 0<i<n—1"1;

_ As8Pn(c) Uiy+17eN

=M [ max (—)=]° . (44)

0<i<n—1"u;
This completes the proof.

2.D Evolutional dynamics: For simplicity of the notation, later on we
will omit to denote the parameter t for f; and just write f for any relative
elementary functions.
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Let f be a relative elementary function. A general equation of evolutional
discrete dynamics is of the form:

1 pp bl t+1 _t ¢ t—1 t—1 t—d
zN+1—f(zN_lO,...,zN ,szll,...,ZNJrkl,zN_lQ,...,zN+k2,...,zN+kd+1)

where [;,k; > 0, N > max(lo, ...,ls+1) and ¢ > d, with initial values:

-0 _ t h
Zo = {2 fo<a<max(lo,lar)t=0,1,.. U {2 Fo<h<da,N=0,1,...-

Let us take g tropically equivalent to f, and consider the dynamics {w! }
defined by g with any initial value ).
Now we put the initial rates by:

(=

b
Z, w
(25 : W) = sup =% =)
0<a<max(lo,...,lgy1),6=0,1,..., or a=0,1,...,0<b<d Wq 24
As before one puts the Lipschitz constant and the number of the compo-
nents by ¢y and My for the corresponding (max, +)-function to f.

Let us put | = max(lo, l1,...,lg11), & = max(ky, ..., kqy1) and
AN, t)=(t—-d—1Dk+N—-I1+n—-1
for N>[l+1andt>d+ 1.

Proposition 2.10. (1) Let f and g be tropically equivalent. Then any orbits
{24} n and {wi}x for f and g with the initial values Z) and W) respectively,
satisfy the estimates:

Zt A(N
(SEVs < M0 - af]
where ¢ = max(cys, ¢;) and M = max(Mys, M,).
(2) Let f, f',g,9" be four relative elementary functions, and assume that
they are all monotone increasing and all tropically equivalent. Let {vh}n 4
and {uly} N be positive sequences so that these satisfy the estimates:

PO o) SO S PO o) (45)
9%“%—1107 .. 7u§v_fkd+1) < “?\?Lh < 9(“3\?—1107 . aulj\?fkdﬂ) (46)

for N > 1 and t > d. Then the ratios satisfy the uniform estimates:

4
(Z_tN)il S MSPA(N,t)(C) [ﬂg : ﬁg]cA(N’t)
N

for N>1l+1andt>d+1.
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Proof: Let us check that in order to determine zldf]{,, one has to iterate

at most (t — 1)k + N times to apply f for N,¢ > 1. Then the conclusions
follow from corollary 2.8 and theorem 2.9 (see remark (1) below the proof of
proposition 2.3).

Let us denote by «(N,t) the number of compositions of f in order to
determine 2. It is an increasing function on both variables. We show the
estimates a(l+ N,d+t) < (t — 1)k + N.

Let Ag = {(a,b) € {0,1,...,k+1} x{0,1,...,d}U{0,.... 1} x {d+1}}
be the finite set. This is a basic building block in the sense that for N, > 1,
2 is determined if one knows 2 '[! for (a,b) € A,.

We proceed by induction on t. a(l + N,d+ 1) < N clearly follows.

Suppose the conclusion follows for ¢ < ¢y, and so a(N + [,d + t5) <
(to — 1)k + N hold. Then a(l + 1,d +to+ 1) = a(l + k,d +ty) + 1 <
(to — 1)k + k 4+ 1 = tok + 1 hold. Next a(l + 2,d + to + 1) = max(a(l +
Ld+to+1),a(l +k+1,d+1y) +1 < tok + 2. By use of the estimates
a(N+1d+to+1) <max(a(N—1+1d+to+1),a(N—-1+1+k,d+1))+1,
one can obtain the bounds a(N +I,d + tg+ 1) < tok + N.

This completes the proof.

3 Asymptotic comparisons

3.A Formal Taylor expansion and ODE: Let us consider a C**! function
u : (0,00) — (0,00). Below we proceed to approximate u very roughly by
discrete dynamics defined by relative elementary functions of n variables. For
1 < il <n—1, let us take the Taylor expansions around z € (0, 00):

(i€)” (i€)” (ie) D)

Ung + ++ o+ ——Ugy + —),U<a+1>z(fi)

u(x 4 i€) = u(x) + ieu, + 5 o (ot1

for small |¢] << 1, where |z — &| < |i]e (for our applications, we will choose
a < 2 later).
For N =0,1,2,..., let us put:

zy = eu(eN) = eu(z), (N = %)

Let f = % : R?, — (0,00) be a relative elementary function, where h and k
are both elementary. Later on we will assume positivity:

h(0) > 0.
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Let us consider the difference:

vl — [(eN—ni1s -5 2n) = eu(x + €) — feu(x — (n — 1)e), ..., eu(z))

and insert the Taylor expansions:

2

= e(uteu, + %uzx +...) (47)
-1 2.2
—f(e(u—(n—1)eux—l—%uzx+...),...,eu). (48)
By reordering the expansions with respect to the exponents of €, there are
rational numbers ag, ay, - - - € Q so that the equality holds:
eu(x + €) — fleu(z — (n — 1)e), ..., eu(x)) (49)
capu + €a1u, + Easuu, + .. 4+ M aguas + €2 1u012(8) + -
= (50)
h(eu(x — (n — 1)e), ..., eu(x))
_ PN (w) + EF (ug) + EF (uyup) + A €T (o g e (§)) + - (51)
N h(eu(x — (n — 1)e), ..., eu(x))
(52)

where F* are monomials.
Let us choose finite subsets A C {1,2,3,...}, and divide the expanded
sum into two terms as:
_ Yica€® [ (Uy Uy, - ooy Upg)  LjeAc€™ Fsg(u, Uz, -+ Uat1)z(§))
h(eu(z — (n —1)e),...) h(eu(x — (n — 1)e), ..)
= F<€7 Uy Ugy - - uam) + €2F1 (67 Uy Ugy -y u(a—‘rl)z(fl)u <0y u(a-l—l)x(gn—l))‘ (54>

(53)

We always choose A so that two conditions are satisfied;
(1) F do not contain ug41),(€), and (2) 1 € A, i.e. F!is included in F.

In all the concrete cases later, we choose relative elementary functions and
A so that the corresponding F'* vanish.
Now fix € > 0, and suppose u obeys the equation:

F(e, u,ty, ..., Uy) = 0.
Then the difference satisfies the equality:

eu(x +¢€) — fleu(x — (n —1)e), ..., eu(x)) = EF e, u, uy, . . . ).
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We say that F is the leading term, and F! error one for u respectively.

Remark: Conversely when one starts from ODE F (e, u, uy, tn,) = 0, there
will be several choices of relative elementary functions f and A with the
leading term F. Various choices of f will assign different error terms F!,
which reflect estimates of solutions F (e, u, uy, . .., uq:) = 0. So ‘better’ choice
of f will give us ‘better’ estimates of large scale analysis of such solutions.

Let us define € variation of F! by

||F1 (67 Uy Ug, - - -5 U u(a+1)m<£1)7 s u(a-l-l)a:(gn*l))”é(x) (55>
= sup [FUeuy), s Yaa () ar e (1) - Uatna(pn-1))]. (56)

ly—=|,| i —z|<mne
Definition 3.1. Let f be a relative elementary function with the leading and
error terms F and F' respectively.
A C* function u : (0,00) — (0,00) is €y controlled, if there is some
constant C' > 0 so that the ey variation of F! satisfy the pointwise estimates
for all x € (0,00):

Cu(z) > ||F (e, u, tg, . . ., Ugg, U U(at1)2(61); -+ -5 Uar1)e (En1))|]e (7)

3.A.2 Comparison theorem for ODE: Let us take another rela-
tively elementary function g = g which is tropically equivalent to f. Let
v : (0,00) — (0,00) be another C°*! function. By replacing f by g and
choosing another subsets B C {2,3,...} in 3.A, one has its leading and error
terms G and G! respectively. Then we have the equalities:

ev(z+e€) —glev(x — (n — 1e), ..., ev(x)) (57)
B Ve G5 (0, Vg, . . ., Vag) N ZjegcestSQ(v, Vg, V(at1)z(§))
— e(ev(z — (n—1)e),...) e(ev(z — (n—1)e),...)
= G(G, Uy 7vax) + €2G1(67 Uy .oy Vozy V(at1)z (51) 7,U(OZ+1)I<€’:L71)>' (59>

Let us fix a small € > 0, and take two positive solutions u,v : (0,00) —
(0, 00) to the equations:

F(e,u,uz,...) =0, G(e0v,04...)=0.
Now we compare their ratios:




For this we introduce the initial rates:

~—

I~

()41

[u:v]. = sup ( )=
z€(0,€] U(CL’)

Recall that associated with f are the Lipschitz constant c¢; > 1 and
the number of the components M. Let us put ¢ = max(cys,¢,) and M =

max(M;g, M,).

Theorem 3.1. Let f and g be both relatively elementary and increasing
functions of n variables, which are mutually tropically equivalent. Let F and
G be their leading terms of order at most o > 0, and take positive C**
solutions u,v : (0,00) — (0,00) to the equations:

Fle,u,tug, ..., Uaz) =0, G(€,0,04,...,04) =0.

Assume both u and v are €y controlled bounded by C. Then for any

0 < e < min(55, €0), the estimates hold:

w(@), 1 ge Loty ot
< (2M =1 cvl¢
() < ) ol
Proof: Let f and g be both n variables, and (F,F!) and (G, G') be pairs
of leading and error terms respectively
Let us choose 0 < ¢ < min(s5,¢€). By the assumption, the pointwise
estimates hold:

Cu(z +€) > [F (&, u(@), ua(2), -, Uoaa(2), Uas1)2(€1), - -, Uatn)a(€nm1))]-

In particular the estimates €?|F!| < 55¢[F!| < eu(x + ¢) hold.
Let us consider the equalities:

20> ©

eu(x + €) — fleu(z — (n — 1e), ..., eu(x)) (60)
=F(e,u,. .. Uaz) + EF e, 0, o Uag, Uar 1)z (&1), - - Utz (En1))  (61)
= 62F1 (6, Uy, Ugy « ooy Uy, U (a+1)z (£1> . a—i—l);r(én 1)) (62)

since u obeys the equation F (e, u, u,,...) = 0.

Then combining with the above inequality, one obtains the estimates:

%f(eu(x (= 1)e),... eu(w)) < eulz + ) (63)
<2f(eu(x — (n — 1e), ..., eu(x)). (64)
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By the same way one obtains the estimates by replacing f by g:

Lev(@ — (n—1)e),..., ev(x)) < ev(w + ) (65)

2
< 2g(ev(x — (n—1)e), ..., ev(x)). (66)

f, % f and 2f are tropically equivalent, and % f,2f, %g, 2¢g are all so by the
assumption. Notice that the number of the components for % f and 2f are
both 2M f-

Thus the estimates hold by theorem 2.9:

u(NE) 11 8Pv(e) U(EZ)
(U(Ne)) < (2M) ogigg—l v(er)

N

):N:CN S (QM)SPN(C)<[U . U](n_1)€>c )

For any 0 < p < e, let us apply the above estimates for the translations
u(z + p) and v(x + p). Then one obtains the estimates:

u(Ne+p) 1y 8P, N
—_ < (2M)BEN(E)]yy + g€ 67
e ) < @Ol (67)
CN7’71,+1_1 65—1(N5+M)7n+2_1 6_1 e+
= @MY T o)t < @M e usls, T (68)
CN7n+l_1

since Py(c) = “—
Such Ne + p takes all the points 2 € (0,00), and so the estimates hold:

(A < @S g 2 @ gy
This completes the proof.
Ezample: Let us consider a simple equation:
F(u,u,) = uy +u* = 0.
It has solutions u(x) = % with the initial values u(0) = a > 0. Let

us put zy = eu(x) with x = Ne and take the Taylor expansion eu(x +
€) = eu(x) + uy(r) + %ng(f). We choose the relative elementary function
f(z) = z(1+ x)~! and calculate the difference:

u(z +€) — f(eu(x)) (69)
_ aup U’ 5 3U2:(8) + u(@)ug(2) + Su(@)us, (§)
BT It cul2) (70)
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Since 1 + eu(z) > 1, the estimates |ug,(§)], |uu,(x)], |u(z)uz(§)] < Cu(x)
hold uniformly in z € (0,00) for some C' = C(a,¢) > 0 and |z — &| < e
Thus w is €y controlled.

The corresponding (max, +) function to f is given by Vyi1 = Vy —
max(0, Viy). Notice the equality Vy — max(0, Viy) = Vy — max(0, Vi, V).
The tropical inverse for the latter is given by g(y) = y(1+2y)~!. By choosing
the same scaling parameterl, one obtains the leading term G (v, v,) = v, +2v2.

It has solutions v(x) = 5%, and the ratio is in fact uniformly bounded:

u(), 4 _ a(2d'r + 1)
<v(x)) (a’(ax+1)

3.B Evolutional dynamics: Here we treat partial differential equa-
tions. The process of 3.B is quite parallel to 3.4 by introducing time param-
eter.

A general equation of evolutional discrete dynamics is of the form:

) < 2(%)i1 < 2[u : v]..

1 pp bl t+1 _t ¢ t—1 t—1 t—d
zN+1—f(zN_lO,...,zN ,szll,...,ZNJrkl,zN_lQ,...,zN+k2,...,zN+kd+1)

where ;, k; > 0, N > | = max(ly, ..., lqy1) and ¢ > d, with initial values:

58 = {Zé}ogagl,tzo,l,... U {Z%}Oﬁhéd,NZO,L---'
Now let us consider a C*™! function u : (0,00) x [0,7p) — (0,00), and

introduce another parameters by

_r 5 m _ ot
N = - t=—, ¢ u(z, s) = zy
where € > 0 is a small constant, and p,q > 1, m > 0 are integers. Then we
take the Taylor expansions:

: p\2 : g\2
U(l’ + iﬁp; s+ j€q) =u-+ iepux + quUS + (262) Ugg + (j;) U2s (71)
. v . g\a
+ jeqiepum + e + (ZE ) ax + (]6 ) Uqs (72>
a! a!
(iev)@+D) (jen)tory
- vy Ua+1)z\Sij T Ny Ya+1)s\Sijg 73
(i1 Uat)e(&ij) + -+ (@t 1) U(a+1)s(ij) (73)
AW AW
= u + 1é’u, + jelug + (262) Ugg + @ms + Jetie Uy (74)
(€")° (je1)* (ie?)* (jet) ot
+ 4 Tuax + Tuas + EZL (Oé T 1)| Ua(ﬁij) (75>
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where @ = (Yiy, -+ Yiy ) Y5 = wor s, [(,5)=E| < ([i[+]7])e", 7 = min(p, g).
Let f = % :R%, — (0, 00) be a relative elementary function, and consider
the difference as in 3.A:

t+1 t+1 t+1 ot t t—d
21 — FEN 1y s AN s ANty Nk - zN+kd+1) (76)

= €e"u(x + €, s+ €) (77)
— f(€Mu(z — lpe?, s + €7), ..., €"u(x + kg1€°, s — de?)). (78)
By reordering the expansions with respect to the exponents of €, there are
rational numbers ag, aq,--- € QQ so that the above difference is equal to the
following;:
o + Paru, + elasus + € Paguu, + ..+ (ie?)"(je) T apug (&) +
h(emu(x — lpeP, s + €9), ..., emu(x + kqy1€P, s — de?))

€M EYu) + €™ R (uy) + €mTUE3 (ug) + 2™ PF (u ug) + .
N h(em™u(x — lpeP, s + €9), ..., emu(x + kqy1€P, s — de?))

where F* are monomials.
Let us choose finite subsets A C {1,2,3,...}, and divide the expanded
sum into two terms as:

€"u(r + €7, s+ €7) (81)
— f(e"u(z — lpe?, s + €7),. .., €"u(x + kgp1€’, s — de?)) (82)
€mFY(u) + €™PF?(u,) + €T3 (ug) + P FY (uup) + .

= (83)
h(emu(z — lpeP, s + €9), ..., emu(x + kqy1€P, s — de?))

o EieAesiFs;(ua Uz, Usy - - - 7uas) + ZJjEACest’s; (ua Ugy - - 7“&(&']’)) (84)
h(emu(x — lpeP, s + €2), ..., emu(x + kgy1€P, s — ded))

= F(6, U, Up, Us, - -+ 5 Ugs) + €T e U, g, - {ua(&ij) Yaig) (85)

As in 3.A, we always choose A so that F do not contain u;(¢) and 1 € A.
We call F as the leading term and F! the error term respectively.

Let us regard F! as a function on the variables (x, s, {&;}i;). Then we
define its € variation:

[EH]e(2,5) = sup (36)
WD)~ @i~ (@) | < (o+d2)er

F (€, u(y, q), ua (Y, @), s (Y, q), - - uas(y, @), {ua (&)} (87)
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where 0 = max(ly, ..., lgs1, k1, .., kqr1) and 7 = min(p, q).

Now we return to the starting point. Let f be a relative elementary
function, and choose its leading and error terms F and F! respectively. Let
u: (0,00) x [0,Tp) — (0,00) be a C*T! function. As before, let us say that
u i8 € controlled, if there is some constant C' > 0 so that the ¢y variation of
F! satisfies the pointwise estimates:

Cu(z,5) > ||F], (2, 5)
for all (x,s) € (0,00) x [0, Tp).

3.B.2 Comparison theorem: Let g be tropically equivalent to f, and
choose the same scaling parameters. By replacing f by g above, one obtains
another leading and error terms G and G! with the equalities:

€"v(x + €, s+ €e?)— (88)
gl€™v(x —lpe?; s+ €), ..., €"v(x + kgy1€°, s — de?)) (89)
= G(Ea UV, Vg, Usy - - 7/Uas) + €m+1G1(67 U, Vg, Usy -+ -+, Vas, {vé(nij)}d,i,j)- (9())

Let us fix a small € > 0, and take two positive solutions u,v : (0,00) X
[0,75) — (0,00) to the corresponding PDEs:

F(e, u, Uy, Us,y - ..y Ugz, Uas) =0,  G(€,0,0,, Vs, . .., Voz, Vas) = 0.

u(x,s)

oz S))il, we introduce the initial rates:

In order to estimate their ratios (

[u:v] = sup u(@, 8))i1.
(,5)€(0,00) % [0,4]U(0,eP] % [0,Tp) v(,s)

Recall the Lipschitz constant ¢y and the number of the components M;
for f. Let us put ¢ = max(cy, ¢,), M = max(My, M,), k = max(kq, ..., kat1)
and L = max(l,d) for | = max(ly,l1,...,las1).

Corollary 3.2. Let f and g be both relatively elementary and increasing
functions of n variables, which are mutually tropically equivalent. Let F and
G be their leading terms of order at most o > 0, and take positive C**!
solutions u,v : (0,00) x [0,Ty) — (0,00) to the equations:

F(e, u, ty, Us, . . ., Ugz, Uas) = 0, G(€,0,0,, Vs, ..., Vaz, Vas) = 0.
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Assume both u and v are €y controlled bounded by C. Then for any
0<e< mm(QC, €0) and D = max(p, q), the estimates hold:

-D
U(CE, S) 1 806 (I+ks)+1—1 e_D(z+ks)+n

)< (2M) et [w: V{11

(

v(x,s)

Proof: Recall A(N,t) =(t—d—1)k+N—-Il+n—1for N>1+1 and
t>d+1. Let us take 0 < € < m1n(20, €0). Combining with proposition 2.10,
the parallel argument to the proof of theorem 3.1 gives the estimates:

u(NeP + i, te? + x)
v(Ner + p, tel + x)

A(N,t)

)< 2M)P oy o]t L),

(

for any 0 < p < e and 0 < y < €. Then we have the estimates:

AN, t)=(t—d—1)k+N—-Il+n—1 (91)
< e k(te’+ x) —dk+ e P(NeP +pu) —l+n (92)
< e k(te + x)+ € P(NP + ) +n (93)
< ekt +x) + (Ne” + p)] + 1 (94)

where o« = max(p, ¢). Then:

(2M)Faco @y : o] )] (95)
o€ Pkl 42+ (NeP+p)]+1_ —D k(494 x)+ (N eP+u)] +
< (2M)° et [w: o]y R (96)

Now combing with these estimates, one obtains the desired estimates:

-D
u(z, ), 4 get THRIFly P (@tks)tn

( )7 < (2M) ot [u: U}((:L—i—l)e

v(x,s)
This completes the proof.

Example: Let b > a > 1 be positive integers, and consider linear PDEs
F(v,,vs) = av, + bvs = 0. For increasing and relative elementary functions
f with its leading term F', let us consider the discrete dynamics:

1
Zﬁ# = f(zn, ZN—H) b<aZN +(b— a)Z§V+1)'
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Let v : (0,00) x [0,00) — (0,00) be C? functions, and take the Taylor
expansions up to order 2. We choose the scaling parameters by N = £, ¢ =2
and z% = v(z,s), and insert the Taylor expansions:

v(x+es+e€) — flu(z,s),v(r+e¢s)) (97)

€ € b—a
= g(d@x + bvs) + 5((7)23: + Vs + 27}905)071) - b U2x(772))' (98>

[\

f correspond to Vith = max(Vy, ..., VE, Vi, ..., Vi) — max(0,...,0),

where their terms iterate a, b —a and b times respecively. Clearly this shows
that f are all tropically equivalent indpendently of b > a > 1.

By lemma 2.2, the Lipschitz constants c; = 1 are all equal to one. For the
numbers of the components, M; =b* hold. D=1, L=0,n=2 and k = 1.
For any positive integers a, b, a’, V', let us take two solutions u(z, s) and v(z, )
satisfying the equations au, + buy, = 0 and a’v, + b'vy = 0 respecively. One
may assume b > 0. Suppose both are €y controlled bounded by C'. Then by

corollary 3.2, for any 0 < € < min(55, ¢), the exponential estimates must

207
hold:

~—

(x,s

I~

)* < (2b2)8(€71(z+5)+1)[u ..

(

v(x,s)

3.B.3 Width: Let f be a relative elementary function, and consider the
expansions of the differences in 3.B5:

€"u(x + €, s+ €?) (99)

— fl€™u(x — Lo, s+ €7), ..., €"u(x + kgr1€”, s — de?)) (100)

= F(6,u, Uy, Us, - ., Uns) + €T F 6,0, 1y, o, {ua(és) Yaig) (101)

F has order at most o, while F! may contain derivatives of u smaller than

a + 1 in general.
Let us say that the error term F! is admissible, if it is of the form:

F' = Socacca€® Hy(¢"u(z — loe? ;s + €9), .. Jua (&)

where (1) |a|] = a+ 1 and (2) ||Hy (21,29, ... )||co < 1 for any z1,29--- > 0.
For this case we put the error constants by:

C(Fl = EaEAC

Ca‘ € @>O-
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The error constants are determined by the coefficients of rational functions f
and of the Taylor expansions. Our applications later are all admissible cases.
Let u : (0,00) x [0,Ty) — (0,00) be a C**! function. Here we consider
classes of functions which satisfy uniform rates between higher derivatives
and lower values.
Let us introduce the derivative constants of a + 1, which is given by:

aa—‘rlu

Cosr =, max {|l 5= —ller@oerxnmn}-

Suppose u satisfies two conditions:

(1) Caq1 < o0 is finite and (2) ¢ = inf(; gec(0,00)x[0,10) (2, 5) > 0. Then

we say that the ratio:
CaJrl

C

K(u) =

is the width of large scale rates.
Now we state the following which requires more practical conditions:

Corollary 3.3. Let f and g be both relatively elementary and increasing
functions of n variables, which are mutually tropically equivalent. Let F and
G be their leading terms of order at most a > 0, and take positive C*!
solutions u,v : (0,00) x [0,Ty) — (0,00) to the equations:

F(eﬂ u? ux?“s? A 7ua$7ua5) = 07 G(E7 /U7 /U.'L"/US7 A 7/UOC£U7/UOCS) = 0'

Assume (1) the widths of u and v are both bounded K (u), K(v) < K and
(2) their error terms are both admissible bounded by Cg1,Cgr < C.
Then for any 0 < e < (2CK)™!, the estimates:

—D
U(I, S) € (ztks)+1_q CefD(m-Hcs)-&-n

< M1 ([u: V) (L+1)e)

(

v(x, s)
hold, where D = max(p, q).

Proof: By the conditions, the error term F! satisfies the estimates:
|F'| < Cp1Chy1 = Cpi K (u)c < Cp K (u)u(z, 5).

So u is eg-controlled bounded by C'K for any ¢y > 0. Thus one can apply
corollary 3.2. This completes the proof.
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Below we apply the general procedure of the previous sections to non
linear partial differential equations. We treat two PDEs, where one is the
quasi linear equations of order 1, and the other is diffusion equations. Given
PDE, then our procedure is to find ‘good’ relative elementary functions f.
We have to require them to be increasing. Any elementary polynimials are
increasing. One of applicable form of f is:

f('Zl’Z??"') = Zl(a+f$12i’122’“.)) +Q(Zla--')

where both P and () are elementary polynomials and 0 < o < 1.

One may weaken the required properties, if both the range and the domain
for disctete dynamics are within the regions of monotone increasing for these
functions.

4 Applications

4.A Quasi linear equations: Here we introduce a cancelation method
of non linear terms and use it to compare solutions between the following
equations. Let us consider the equations of the form:

1
Vg + €UV, — 51)2 =0, 2us+eu(us+u;)=0

where € > (0 are small constants. These two types of the equations differ
from each other, in that for the right hand side, each monomial contains
differentials of u, and so in particular any constants are solutions. Notice
that v(z, s) = =5z are degenerate solutions on (0,00) x [0, 2) for ¢ > 0.
We choose the derivative constant by the uniform norms of the second
derivatives:
0%v 0% 0%
oo, g oo, 15 o).
As before we choose ¢ as the lower bound of values ¢ = inf(, 5 v(x, 5).
Let us fix any positive constant K > 0.

Cy = max(||

Theorem 4.1. For any 0 < e < 0.1K~', let v,u : (0,00) x [0,Ty) — (0, 00)
be C? solutions to the quasi linear equations:

L,
Vs + €VV, — Qv = 0, 2us+ eu(us +u,) =0.
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Suppose their width constants satisfy the bounds % < K. Then they

satisfy the asymptotic estimates for all (x,s) € (0,00) x [0,Tp):

(

In particular when u(x,s) = R > 0 is constant, then the estimates hold:

u(aj’, S) 1(m+25)+4<[ 2671(1-‘(-23)-"-3

)E < 40> w: vlae)

v(x, s)

R<4O)726*1(z+25)+4([fv : R]26)72671(z+25)+3 (102>
< U(x, S) < R(40)26—1(m+2s)+4<[v : R]Qe)Qs_l(LE+2s)+3' (103)

4.A.2 Induction of the equations: Let us consider the dynamics:

t+1
S+l f(zt At i1 ) Z§V+2 Z}tv(l + 2ZN—1)
N+1 N»~“N+2“N-1 2 2(1 _i_z}fv)

f is an increasing function. The corresponding (max, +)-function is given by
max (Vi o, Virs + Vi, Vi VE + Vi VE + Vi) — max(0,0, V5, V). The
number of the components is M = 5 x 4 = 20, and its Lipschitz constant is
equal to 2.
We choose the scaling parameters by:
‘ x
v(z,s) =2y, N=-, t=-
ev(, s) N c .
where we take a small € > 0 so that the estimate € < 0.1K ! holds.
Let v : (0,00) x [0,75) — (0,00) be a C? function, and take the Taylor
expansions up to order 2:

v(x+ie, s + je) (104)
Z‘2 j2

= v+ iev, + jev, + 62(52123; + 5 V2 + 1j02s) (&ij) (105)

= v +iev, + jevs + € D%*0(&;5). (106)

Let us insert the formal Taylor expansions:

ev(r+e,s+€)— flev(x,s), ev(x + 2¢, 8),ev(r —€,5 +€)) (107)
1 2 2 2 12

= m[e (205 + 2evv, — v°) — 2(ev)e* D v(E-11)}] (108)

+E(DR0(en) — 3D (Em) (109
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where the leading term is given by:

520, + 2evv, — v?

F —
‘ 2(1 + ev)

The error term is admissible, and let us calculate the error constant Cpa.
s
Notice the estimates |D?*v(&;)| < (5L + |ij|)Cs, where Cs is the second
derivative constant. Then the error term satisfies the estimates:
2(ev)e’| D*v(€-11)]
2(1 + ev)

1
[F| < +e(|D?(&n)| + !§DQU(€20)D < 562 Ch.

In particular the error constant is given by:

CFI - 5

4.A.3 Deformation and cancelation: Let us introduce a cancelation
method below. Let us consider the discrete dynamics:

¢ ¢ ¢ttt

B (h, wh ) Wyypy | Wy +WNWN
Wy = J\WN, W2, Wy 1) = 9 2(1 + wh)
N

g is also an increasing function and is tropically equivalent to f. The number
of the components is 16, and the corresponding (max, +)-function has its
Lipschitz constant 2.

Let u : (0,00) x [0,Ty) — (0,00) be a C? function, and choose the same
scaling parameters, eu(z,s) = 2§, N = £ and t = 2. Then let us insert
the Taylor expansions of u up to order 2 into the difference as before. Then
the direct calculation shows that unlike to the previous case, u? term is

eliminated, and the result is given by:

cu(z +e€,s+¢€) — gleu(x, s), eu(x + 2¢, s), eu(r — €, s + €)) (110)
1
= m[e2(2us + euug + euny) — eue® D*u(n_11)] (111)
1
+e*(D*u(nu) — §D2U(U20)) (112)

where the leading term is given by:

9 2us + euus + euuy
2(1+ eu)

G=c¢
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In this deformation also, the error term is admissible, and satisfies the esti-
mates:

cue’| D*u(n-n)|
2(1 4+ eu)

So the error constant is give by Cg: = 4.

|G| <

1
+ (|D*u(n)| + |§D2u(n2o>|> < 4620,

Proof of theorem 4.1: Let u,v : (0,00) x [0,Ty) — (0,00) be C? functions
which satisfy the equations vy + evv, — %02 = 0 and 2ugs + eu(us + u,) = 0.

Suppose they have bounded widths K (u), K(v) < K. Then by applying
corollary 3.3, one obtains the asymptotic estimates:

—D
u(ﬂ?, 8) c€ (z+ks)+l_1 _D(z+ks)+n

( )il < (2M)8 =1 ([u: U](LJrl)e)ce

for any 0 < € < (2CK)™!, where in this case D = max(p,q) = 1, C = 5,
L=1,M=20,c=2k=2andn=3. Thus for any 0 < ¢ < 0.1K~!, the
estimates:

v(x, s)

e L(zt2s e L(at2s
'LL(,’L‘7 S)):I:l S (40)2 (z+2 )+4(['U, . U]26)2 (z+2s)+3

(

hold. This complets the proof.

v(x, )

4.B Diffusion equations: Here we introduce a linear deformation of
elementary functions, and use it to compare between solutions to different
diffusion equations.

Let F' be a relative elementary and increasing function of one variable.
Here we consider the diffusion equations of the type:

Us = Ugy + F(u).

As before we choose ¢ as the lower bound of values ¢ = inf(, o u(z, s),
and take the constant by the uniformly bounded third derivatives:

Pu
GG ||CO

Then we put the width constant by K = %

C3 = max(|| i € {x, s}).

4.B.2 Linear deformations: Let F' be relative elementary and increas-
ing, or zero. We consider the discrete dynamics of the form:

t+1 t—4 t—1 t t o t—1 t—4 t t t
21 = FNCD 2N 2N 2nga) = @2y + By 2y + 02y + F(2y)
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where «, 3,7, > 0 are all positive rational numbers.
We choose the scaling parameters by

2 = u(z,s), N= i, t= QL, (>0, m>1).
e €“m
For a C® function u : (0,00) x [0,Tp) — (0,00), let us take the Taylor
expansions as before:

u(z +ie™,s + &™) = u + i€ u, + e ug (113)
. €2m . 4dm N
+ ZQTU% + ]2771/25 + 158Uy + e3mD§’u(§ij). (114)

Firstly we consider the differences:

t+1 (p t—1 L—p 14 )

AN+1 T ZZN74+ 1 EN-1

for 0 < p < 1. It is immediate to see that this does not contain wu,, term. Let
us determine p € Q so that it also contains no ugs term. In fact for p = %,
the difference is:

3 4

7 37 9
Zeu + gel”mus + %eHmux — gel“mu% + /3™ Higher terms

where Higher terms consiste of linear combinations of three derivatives.

Next we eliminate u, term by adding 024, for 6 = %, and then finally
we eliminate u terms by adding vzY; for v = %:
1, 1, 37 23
Z}t\;rh_(ngvh + %vai + %Z%H + @Z}ev) (115)
7 193
= el+2m(5us - 4—Ou%) + €™ Higher terms . (116)

Next if we choose constants as below, then one induces the following;:

w}‘/\th - g(w§\7—417w§\7247w§ww§\7+4) (117>

_ ot Loy 5 4 Lo B 118

=Wny1 — (ﬂwz\/—zx + ﬂqu + mwN—M + @UJN) (118)
15 43 19

= ooy, 2 Doy, ) 4 Higher terms . (119

g and f above are mutually tropically equivalent. If one exchanges the role
of variables and regards = as the time parameter, then the first term of the
right hand side equation gives the advection-diffusion equation.
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Proposition 4.2. Let us fir K > 0, and choose any 0 < ¢ < (200K)~!. Let
u,v: (0,00) x [0,00) — (0,00) be C* solutions to the linear equations:

7 193 ) b . 43 19 , .
—Ug — —— Uz = 0, —€vs+ —V, — —€ Vg =
5 40 2 8 32 16 2

which satisfy lower bounds 0 < ¢ < inf, o u(z, s), v(z, s).

Suppose their width constants satisfy the bounds % < K. Then they
€

satisfy the exponential asymptotic estimates for all (x,s) € (0,00) x [0,00):
(U<I7S))i1 < 1048((2(x+4s)+1)[u V5.
v(x,s)”  —
Proof: Let us consider two linear functions:
_ _ 1, 1, 37 23
f(z}t\f:ll? Z?V—lzp 2 Z§V+4) = gz}f\f—l4 + 2_025V:11 + %Z}twrz; + %25\77 (120)
_ _ 1, 5 1 95
glwyy, wily, wy, w§V+4> = ﬁ%i + ﬂwf\/fl + mwg\/+4 + ﬁwgv |
121

Let us choose m = 1. Then the estimates in corollary 3.3 give the follow-
ing for 0 < e < (2CK)™ %

u\xr, s CE_D<z+k5>+1— E_D x s)+n
(z, >)i1§(2M)8 T (Ju V) T

For the corresponding (max, +)-functions, their Lipschitz constants are both
¢ = 1, and the numbers of the components are bounded roughly by M < %.
For both cases, the error terms are the Higher terms above, consisted by
the linear combinations of the three derivatives. So the error constants are
roughly bounded by § x 8 x 4% < 10%. k = 4, D = max(p,q) = 2 and
L =max(l,d) = 4. So in this case for any 0 < € < (200K)~!, the estimates:
M)il < 1048(6_2(I+4s)+1)[u 0]

(

v(x,s) >

hold. This completes the proof.

4.B.3 Non deforming: Let us consider the non linear diffusion equa-
tions:
Uy = Uy +u?, 1< a€Q.
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In order to estimate its asymptotics, one considers v : (0, 00) x [0,T) —
(0,00), which is a C? solution to the equation vy = v®. For the initial value
¢ > 0, this is easily solved as:

c
v(s) = )
() (1 —c*ta—1)s)leD7"

The blowing up time is Sy = m The minimal value is ¢ > 0, and its
e Bo(s) _ 3T (a41)(a42) _ 1
three derivative is given by —=* = = Tas1g)ats? where o = (a — 1)~

Thus for 0 < s < 59 < S, the width rate K is given by:

Ao+ 1D (a+2)
a2(1 — @ Talsg)ats’

K(so) =

Let us put Ko = ¢ 'a 2(a + 1)(a + 2). Conversely for any Ky < K < oo,
there are unique sy < Sy so that the equality K = K (sq) holds.
Let us fix a sufficiently large K = K(s¢) >> 0.

Theorem 4.3. For any 1 < a € Q and Ty < s, let u : (0,00) x [0,Tp) —
(0,00) be C? solutions to the diffusion equations:

Ug — Ugy = U™,

Suppose its width satisfies the bound Csc™! < K. Then for any 0 < € <
(200K)~1, u satisfies the asymptotic estimates:

“2(20+4s)+1_4

U(LE, 8)):|:1 S 1040%([U : ?J]5e

v(s)

Proof: In 4.B.2, let us choose the rescaling parameters m =1 and [ € Q
so that the equality [ + 2m = [a holds. In order to induce the above non
linear diffusion equations from discrete dynamics, we add non linear term.

Let @ : (0,00) x [0,75) — (0,00) be a C? function, and consider the
discrete dynamics:

)a6_2 (2z+4s)+4

(

Z?\ﬁh — a2 2t 2 Znia) (122)
1, 1, 37 23 7 u
= AN — (A + oA T ggiva + 5ot + 5 (38)°) (123)
7 193 7
_ ot~ ~ ' ~a +3 1718
=¢ (5u5 10 2o — gl ) + € Higher terms. (124)

41



For the corresponding (max, +)-function to f, the Lipschitz constant is

a > 1, and the number of the components are bounded roughly by %105. The

error constant is again roughly bounded by 102, k =4, D = 2 and L = 4.
Suppose 4 satisfies the equation %as — %fth — %1’2“ = 0 which admits

positive lower bound ¢ = inf{a(z,s)} > 0 and uniformly bounded three
derivatives C3 < oco. Then by corollary 3.3, one finds the asymptotic esti-
mates for K = < and 0 < e < (200K)~":

672(x+4s)+171

— 2 )E < 1070 == ([a: v]se)

a€72(92+4s)+4

Let us change the variable z as @(x,s) = u(px,s), where 3 < p =

\/% X g < 1. If u satisfies the equation uy, — ug, — u® = 0, then u sat-
isfies the equation gﬂs — %ﬂgm — %a“ = 0. Let (5 be the third derivative
constant for u. Then the estimates C3; < (5 hold, and so K < K = % Thus

the asymptotic estimates hold for 0 < ¢ < (200K)~":
u(z, s)

( v(s)

This completes the proof.

“2(20445)+1_,

at e 2(2z+4s
)E <10 ([u: o]se)” &

4.B.4 Inhomogeneous non linear equations: The above method does
not work for diffusion equations with inhomogeneous non linear terms. In
order to treat such cases, we use tropical deformations for relative elementary
functions. Here we treat diffusion equations of the form:

U — Usgy — u® — dub =0, (I<a<b 0<d<<).
Here we cover the equations of the types:

(a,0) =(14+a ' 1+2a7h), 05<a<l.

Let p = § € Q.o be positive rational numbers, where p,q € N are

relatively prime numbers. We put ¢, = pg € Z-o and call them as the
number of the components for .
For a € Q and ¢ > 0, let us put:
AR+ 1) (a+2) B

(80) 630(2(1 _ C/S[))a+3 ) & 6@ 9 ( 5)

—1

_ _ a+1
(a,0) = (1+ a7 14+2a77), §=pe’, p=—-

(126)
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for 0 < so < (¢)~!. Let us compare u with the function:

v(s) =

c
(1—s)>

Let us fix a sufficiently large K = K(s¢) >> 0.

Theorem 4.4. For any 0 < Ty < s9 and any 0 < € < (200K)7', let u :
(0,00) x [0,Ty) — (0,00) be C? solutions to the the diffusion equations:

Ug — Uy = u® + ou’.

Suppose ¢ = inf gu(x,s) > 0 is positive, and its width satisfies the
bound % < K. Then u satisfies the asymptotic estimates:

“2(2z44s)+1_,

Uy < ) s o)

v(s)

where M, = max(2 x 10°cZ,3 x 10%).

pe 2 (2z+4s)+4

Proof: Firstly let us consider the tropical deformation:

w?\?h — gy, wily, w, Wiyts) = w}f\Jfrh_ (127)
(5 (W ) + sl ol + (0 )+ i) (128)
— el(ezm(gvs + %62’"@28) + %emvx + ;—gemvxs — %ezmv%) (129)
— (i)™ + p(w'y)?) + €™ Higher terms (130)

= [e”zm(gvs + ;562’”1)25) — ey — et (131)
+ el(g—gemvz + ;—gemvzs — ;5627”0%) + 3™ Higher terms.  (132)

Since p < % hold, the number of the components for g is bounded by
75 x 25¢; < 2 x 10°c,. The corresponding Lipschitz constant is b. D =

max(p,q) = 2m and L = 4. The error constants are bounded by 235%86 x 43 <
11.

Sublemma 4.5. For (a,b) = (1+a~!,1+2a7!), 0.5 < a < 1, one can choose
[ € Q and m =1 so that both the equalities | + 2m = al and (b — a)l = 2m
hold.
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Proof: By the condition, m = ”_T“l must hold. By inserting into the first
condition, one obtains the equality 1 + (b — a) = a, which certainly hold for
the above pairs (a,b). This completes the proof.

If one chooses | € Q and m = 1 as above, then the equality holds:

6 4 6 4
—vg + ——€2vg5) — €0 — pe® = €T (Zu, + =g, — 0" — pen®).

5 25 b} 25

6l+2(

Sublemma 4.6. Moreover let us put p = O‘ZI. Then for any ¢ > 0:

—1
c 5c”

U(S):m, (¢ = 6&)

satisfy the equations:

6 4 _o
Uy + — €209 — v — et =
50 25° 2 a
This can be checked by direct calculations. Notice it satisfies the equation

2 (Su, 4 5- €M vg,) — €0 — e v’ + € (a1 €My + a2€¥ M Vg — aze? ™ vg,) = 0.

Proof of theorem: The minimal value for v is again ¢ > 0, and its three
a71
derivative is given by d‘;”s(;) = CHZsaQ (Sffiﬁ;)lgi‘;”) Thus for 0 < s < 59 < Sy =

()71, the width rate K(sq) is given by

A5+ 1) (a+2)
63a?(1 — sg)>t3 -

K(so) =

Let us put Ky = o ‘E’Bé?;;l) (@+2) " As before for any Ky < K < oo, there are

unique so < Sy so that the equahty K = K(sp) holds.

For 0 < Ty < sg, let @ : (0,00) x [0,Ty) — (0,00) be C? functions, and
consider the discrete dynamics:

o — ey AN 2 Zivga) (133)
1. 1 ,, 31 23, T ,. 7T
= = Gt e T 2 Tty T sy
7 193 7 7
= gla(gas -0 Sy J— gﬁ“ ~5¢ e20’) + €3 Higher terms . (135)

f and g above are mutually tropically equivalent.
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For the corresponding (max, +)-function to f, the Lipschitz constant is
b > 1, and the number of the components are bounded roughly by 3 x 10%.
The error constant is roughly bounded by 10%. k =4, D =2 and L = 4.

Suppose u satisfies the equation %ﬁs — %ﬂh — gﬂ“ — géﬂb = 0, and
admits positive lower bound ¢ = inf{a(z,s)} > 0 and uniformly bounded
three derivatives C’g < Q.

Now let us put M, = max(2 x 10°c, 3 x 10*). Then by corollary 3.3, one
finds the asymptotic estimates for K = % and for any 0 < e < (200K)":

2(m+4s)+1_1 N

A A S (CRYT

v(s)
The rest of the proof is the same as theorem 4.3 just by changing the

variable x as u(zx, s) = u(pzx, s), where p = */f@T% X g Then for K = % and
for any 0 < € < (200K)~!, the estimates hold:

b€_2 (z+4s)+4

(

“2(20+4s)+1_4

€ 6_2 ) .
)il < (2MM)8%([U . U}55)b (2z+4 )+4.

This completes the proof.
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