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Abstract. The method of ultradiscrete limit is applied to a series of discrete
systems derived from Hamiltonian systems parametrized with corresponding lattice
polygons. For every ultradiscrete system, general solution is obtained from the polar
set of each lattice polygon.
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1. Introduction. The non-analytic limit [1, 3]

U V w
limoe log (exp |:—] + exp [—:| + .- 4exp |:—:|) =max(U, V,..., W) (1)
e—>+ € € €

has been introduced into soliton theory and used to translate many fully discrete
soliton equations into the corresponding soliton cellular automaton [2, 4]. Nowadays,
formula (1) is called the ultradiscrete limit, since the soliton equation of fully discrete
independent variables is further transformed through this limit into a system whose
dependent variables are also discretized.

We propose applying the ultradiscrete limit to the Hamiltonian system

aQ _oH dp __oH
dt — dap’ dt 30’

We will see that it is successful for some of the Hamiltonian functions in the form

0 + kP
HQ P =clog[ Y agnexp [’Q%] , ©

(j.k)edrnz?

where € > 0 is a parameter and the weight constants a; ) depend on a convex lattice
polygon I' having the origin as a unique internal lattice point. Below we explain the
precise correspondence between such polygons and Hamiltonian functions.

1.1. Hamiltonian with polygon I'. Let I be a convex polygon such that

* every vertex € 72,

e the origin (0, 0) is a unique internal lattice point.
Figure 1. shows examples I'l and I'2, where the labels on the lattice points of the edges
are the weight constants. Polygons I'l and I'2 correspond to the following Hamiltonian
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Figure 1. 'l and I'2 with weight constants

functions:

1. eLOH@Pe | 1. o1=DH(Q.P)e

12 . o0~ DHQ.Pe 4 | . p(=1.=D-Q.P)/e
12 . oFLOHOPIE 4 . (—L1M(Q.P)/e
11 . O 1Q.P)e

HFI(Q’ P) = Glog

1. LOHQ.PYe 4 1. oL=D-Q.P)e

12 fO=D(QPIe | | . f~1.=1Q.P)e
13 -L0@PIE | 3. f-LD(Q.P)e
1. -1D@PIE 4 g 0.1 PYe

Hr(Q, P) = €log
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We remark that the weight constants cannot be chosen arbitrarily, but have a
considerable degree of freedom for our purpose of discretization. We use appropriate
binomial coefficients as our weight constants for the present, which allow us to
discretize the independent variable 7. Further research may allow us to determine
the suitable general weight constants on general I'. We give some more examples in the
following section.

2. Discretization of independent variable z. We consider the discretization of our
Hamiltonian systems.

First we note that our Hamiltonian functions H = Hr; (for i=1, 2) are strictly
convex, that s, g%f >0, % %PH — (;]Q‘fl,,)2 > 0forall (Q, P) € R*. Also, they each have
a minimum value, at a unique finite point (Q, P) = (Qyix, Prix) such that % = % =0.

Now, we make general consideration. Let H(Q, P) be a Hamiltonian function
given as strictly convex for all (Q, P) € R> and having a minimum value. Then, for
arbitrary initial point (Qy, Py), the orbit {(Q(), P(¢))|t € R, (Q(0), P(0)) = (Qy, Py)} of

the time evolution with

dQ 0H dP oH 5
dt — dp dt 90 )
is the set {(Q, P) € R?|H(Q, P) = H(Qy, Py)}, that should be either some simple closed
curve or the fixed point {(Qyiv, Pric)}. Here, we emphasize that the time evolution
(Q(1), P(t)) from (Q(0), P(0)) = (Qo, Py) always passes through any (Q, P) such that
H(Q, P) = H(Qq, Poy). This situation enables us to obtain a discrete system.

The idea of discretization is simple: Let (Q(¢), P(f)) be one of the representation of
general solution to system (5), and let (X(¢), Y(¢)) be another,

dX 0oH dY oH
_— = — —_—= —— X’ Y s
= G, == is ) ©
satisfying
H(Q,P)=HX,7Y). @)

Then, for any chosen initial point (Q(0), P(0)) of (O(t), P(¢)), there exists some point
(X(0), Y(0)), the initial point of (X(¢), Y(¢)), and some § such that (Q(8), P(8)) =
(X(0), P(0)). Thus we have

EsQ=X, EsP=Y, (®)
where Ej is the time shift operator Es¢(f) = ¢(t + &) for a properly chosen fixed

parameter 8. We note that this parameter § is determined respectively for each one-to-
one correspondence,

Hence, we have found that (8) and (9) form the discrete system

EsQ = F5(Q. P), EsP = G5(Q, P), (10)
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which is satisfied by the general solution (Q(z), P(¢)) of (5) with a properly chosen fixed
parameter 8, if the pair of functions Fs and Gj satisfy

dFs oH dGy oH
s _ Oy, Gy, O = 2 (Fy, Gy), H(Q, P) = H(F,
7 ap( 5, Gs), o BQ( s, Gs), H(Q, P) (F5, Gs), (11)

obtained from (6), (7) and (9).

REMARK. If a discrete system of the form (10) was given then the condition (11)
would be 4 - E5(Q, P) = E; - (0, P), H(Q, P) = E;H(Q, P).

Here, we rewrite the condition (11) into more suitable form for our Hamiltonian
functions. Let us introduce the following transformation,

(Q(l), P(Z)v H(Q’ P)v FB(Q’ P)’ G(S(Q’ P))
> (q(0), p(), h(q. p). [ (4. p). g(q. p)) := (e, &/, eM'/e e/, e9/€),  (12)

which transforms the condition (11) into the following system of equations,

3 3
S(q,p)a;f + n(q,p)—f =& 9),
q ap
3 3 : 13
E@nsE + 10 pE =0, 1
q ap
h(g, p) = h(f. ),
where the functions & and 5 are defined by
8h 3 ah ’
&(¢,p) =qp gq p), n(q.p) = —qp 4 p)-
P dq

The discrete system (10) is transformed into Esq = f(q, p), Esp = g(q, p).

2.1. Discretization for case I'l. The transformation (12) transforms (3) into

> 12
hoigp)=g+1+ 24—+ 2404 )
P 4 a4 4

and we have

3hr1 8hI‘l
éri(q, p) = P nri(q, p) = —qp
P dq

For the above &ry and 5y (13) is
&ri(g, P)E +1ri(g. P = &n(f 9),
Er1(g, P)5E + 1ri(g, P)FE = (s ),

hri(g, p) = hri(f, ).

This system has an exact solution

p+1
f=p,g=—,
q
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so, we have the rational map

p+1
Esg=p, Esp = W

which is transformed using (12) into the discrete system
EsQ =P, EsP = elog(exp[P/e]l+ 1) — O,
which, for some §, is satisfied by the general solution of continuous Hamiltonian

system.

2.2. Discretization for case I'2. The transformation (12) transforms (4) into

2 1 3 3 ?
hrz(q,p)=q+£1+—+—+—+—p+p—+2p,
p p 490 9 4 q

and we have

3hr2 8hF2
ér2(q, p) = qp—— nra(q. p) = —qp .
ap dq

For this &r; and nr; (13) is

&ra(q, D)L+ nra(q. P = (/. 2),
Era(q, P55+ 1ra(a, P)5E = (. ),
hra(q. p) = hea(f. ©).

This system has an exact solution

_ragtp+l - p+l
a q

/

’

so we have the rational map

+p+1 +1
Eyg=PatrtD po_ptl

’

which is transformed by (12) into the discrete system

E3Q = P + e log(exp[Q/€] + explP/e] + 1) — O,
EsP = elog(exp[P/e]+ 1) — O,

which, for some &, is satisfied by the general solution of continuous Hamiltonian
system.

2.3. Exact solution to system (13): More examples. We can construct other
examples. The following are some of them, where we give only /i and the respective
exact solution £, g of (13) in each case:

https://doi.org/10.1017/S0017089505002314 Published online by Cambridge University Press


https://doi.org/10.1017/S0017089505002314

92 MASATAKA IWAO AND DAISUKE TAKAHASHI

hrs=q+qp ' +p~ ' +q7'p+p.

p 1
= ,g: .
gg+p+1) q+p

hra=qp+2p~ ' +q ' p+4q7 p 2 +6q7p + 47 + 7' p+ 2p.

PR o e,
@+ ’ qp*
*hrs=q+qp ' +2p7 ' +qp + g7 +p.
qp qgp+q+1
f —

= ’g— .
q+1 q(g + 1)

s hre=q+p'+q ' +qp.

P 1
f:—,gZ—.
gp+1 qp

* hey=qp+p ' +q ' p +p+qp

= qp* ) g=— .
S=qp(p+1),¢g 20 ED

The following discussion is also applicable to the above examples.

3. Ultradiscrete Hamiltonian systems. We apply the ultradiscrete limit € — +0
to our Hamiltonian functions (3) and (4) using (1), to obtain

HFI(Q’P):maX(QvQ_P’_Pv_Q_P’_Q’_Q+PaP)a
H]"Z(Q,P):maX(Q,Q_P,_Py_Q_P,_Q,—Q+P,—Q+2P,P),

and we obtain the following ultradiscrete systems,

EsQ =P, EsP = max(P,0) — Q, for Hri(Q, P),
Es;Q = P+ max(Q, P,0) — O, EsP = max(P,0) — Q, for Hr»(Q, P).

In order to find the general solution to the above ultradiscrete system, we use the
polar set of " [5].

3.1. Polar set of . Here we describe how to obtain the polar set for a polygon I
of the form defined in Section 1.1. This procedure is not available for a general polygon.

1. Each edge joins two vertices of I'. For each edge construct outward normals
from each end to the nearest lattice point.

2. Then, for every vertex, construct the triangle spanned by the pair of outward
normal vectors at that vertex.

3. Finally, translate each triangle constructed in 2. So that the original vertices
coincide at the origin. The resulting convex lattice polygon I'® is the polar set
of I'.

For our I'l and I'2, we can construct the polar sets as Figure 2.
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Figure 2. How to make the polar set '

Hereafter, we treat the Hamiltonian function (2) as the ultradiscrete limit,

Hr(Q,P)= max {jQ+kP}.
(i k)earnz?
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Then, we can show that for all T,
{(Q, P)IH(Q, P) =1} = aT"™. (14)

The formula (14) means that the contour line {(Q, P)|Hr(Q, P) = 1} of the ultradiscrete
Hamiltonian function Hr corresponds to the boundary of the polar set I'*. Further,
we note that the similarity Hr(AQ, AP) = AH(Q, P) = A holds for all " and A > 0.
Therefore, we have obtained a procedure for constructing arbitrary contour line of
the ultradiscrete Hamiltonian function. We remark that any solution orbit of the
ultradiscrete system is on a contour line {(Q, P)|Hr(Q, P) = A} for some A > 0 in the
phase space.

We will now verify formula (14): Let I" be an N-gon with N-vertices (ji, k1), (2, k2),
..., (jn, kn), where we choose one of the vertices to be u; := (ji, k1), and then label
the other vertices as u; := (ji;, k;) counterclockwise for i = 2,3, ..., N. We use cyclic
notation uy := u; or up := uy. We note that

Hr(Q,P)= max {(jO+kP)}= max {(jk) (Q,P)}
(j,k)edl'NZ2 (j,k)yearnZ?

max {u; - (. P)},
because of the identity,

l'IlaX{A(Q,P),B(Q,P),C(Q,P)}:de{A(Q,P),C(Q,P)},

which holds when B is on the line segment from A to C. Thus, (14) is equivalent to
{(Q, P)|max <i<nfu; - (Q, P)} = 1} = 8T2.

To prove this we represent 9" using u; = (ji;, k;). We recall that I" includes the origin
(0, 0) as an internal lattice point, and that u; have been arranged counterclockwise, so
we have

r— {(].’ ) ‘det <jij~1—_jj klic-l—_kk> >0, forl <i< N} :

If, we write

o Ji—1 ki
D; ._det< ik )

for 1 <i < N, then, we have that D; > 0 and
I ={(, k)G, k) - (ki — ki1, ji-1 —ji) < D;, for1 <i < N}
Thus we have
ar = {(. k)| lrnfii)](v{(i’ k) - (ki — ki-v,ji—1 —ji)/Di} = 1}.
Now we set v; := (k; — ki_1,Ji—1 —Jji)/D;, for 1 <i < N, that have the following
properties:

e Since u; - v; = u;_1 - v; = 1, we have (4; — u;_1) - v; = 0, hence v; is the normal for
the edge (u; — u;—1) of T.
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e We have

v; _ ki—ki-y ji-1 —Ji A
det (”i - ”il) = det ( Ji —Ji1 ki —ki_y /i >0,

hence, v; points outward.
e With ged(ji_1, ki—1) = ged(ji, ki) = 1, we have

D; = (the number of lattice points on the edge from u; | to u;) — 1,

hence, ||v;|| = ||u; — u;—1]]/D; is the length of the shortest lattice vector as the normal
for Ui — Uj—1.
Therefore, we have shown that {v;]1 < i < N} is the set of all vertices of ' constructed
by the procedure. Here, we note that

¢ T'2 has the unique internal lattice point (0, 0).

e y; are counterclockwise fori=1,2,..., N.

¢ T'2 is convex. (Because, u; - (vig; —v;)) =0fori=1,2,..., N, and both {&;} and
{v;} are counterclockwise.)

Next we represent 9T using v; =: (Q;, P;). We can do this in the same way as 9I":

ar® = {(Q, P)| lrgi)[(v{(PH-l — P, Qi — Qi) - (0. P)/D}} = 1},

where we have defined

P
D) = det Q; ).
! <Qi+l Pi+1>

Now, we set w; := (Piy1 — Pi, Qi — Qir1)/D;, for 1 <i < N, using cyclic notation
W41 := wy. Then, w; becomes the outward normal for the edge v;,| — v; of T2, as the
shortest lattice vector, and {w;|1 < i < N} becomes the set of all vertices of a convex
N-gon having the unique internal lattice point (0, 0). Since (w;+1 — w;) - viy1 = 0, for
1 <i < N, and we note that such a convex N-gon should be uniquely determined. On
the other hand, we have already found that (1, — ;) - v;r1 = 0. Hence, we obtain
w; =u; for 1 <i < N andso

ars = {(0, P max {u; - (Q. P)} = 1} ={(Q, P)IHr(Q, P) = 1},

as required.

3.2. General solution to ultradiscrete system. We restrict the formula (14) to Z*:
{(Q. P) € Z*|Hr(Q. P) = 1} = T* N Z°.

From this formula, we can find the general solution to our ultradiscrete system as
follows. We call it the ‘general solution’ in the sense that the solution includes any time
evolution solution from arbitrary chosen initial point (Qy, Poy) € R

First, we note that our ultradiscrete system for I'1,

ESQ:Pv E3P=maX(PsO)_Qa
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acts to permute the set

{(Q.P) € Z’|Hr((Q. P) =1} = 0T'1* N Z?
= {(17 0)’ (07 _1)7 (_11 0)» (07 1)7 (17 1)}

Actually, we have
(1,00~ (0, =) > (=1,0) > (0, 1) —~ (1, 1) = (1, 0).

Here, we let ®(Q,, Py) denote the periodic solution to our system for I'l of an initial
value (Qo, Py) in aT' 1% N Z2. For instance,

(1,0), /86 =0 (mod>5),
(0,—1), t/6 =1 (mod 5),
®(1,0) =1 (—1,0), t/§ =2 (mod 5),
(0,1), ¢t/6 =3 (mod)),
(1,1), t/8 =4 (mod 5).

Then, the general solution to our system for I'l is written as

u®(Qo, Po) + vE;P(Qy, Po), (15)

for arbitrary p >0, v > 0 and (Qo, Po) € dI'1* N Z2. This solution is, indeed, the
general solution, since,

R = {1(1,0) + v(0, —1)} U {1(0, —=1) + v(—1, 0)} U {;(—1, 0) 4+ v(0, 1)}
U {0, 1) +v(1, D} U {u(1, 1) + v(1, 0)},

which is to say, an arbitrary point of the phase space R? can be taken as the initial
point, and the one-step time evolution of our ultradiscrete system for I'l causes a
permutation of the five components of R> decomposed as above.

Second, we note that our ultradiscrete system for "2,

EsQ = P+ max(Q, P,0) — Q, EsP = max(P,0) — Q.
acts to permute the set

{(Q, P) € Z’|Hr»(Q, P) = 1} = 9124 N Z?
= {(1,0), (0, —=1),(—1,0), (1, 1)}.

Actually, we have
(L) 0, - (-1,00—~ (1,1) = (1,0).

Here, we let W(Qy, Py) denote the periodic solution to our system for I'2 of an initial
value (Qy, Py) in 9124 N Z2. For instance,

(1,0), ¢t/6 =0 (mod4),
(0, —1), t/6 =1 (mod 4),
(—1,0), /6 =2 (mod 4),
(1,1), /6 =3 (mod 4).

W(1,0) =
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Then, the general solution to our system for I'2 is written as

uw¥(Qo, Po) + vEsW(Qo, Po), (16)

for arbitrary u > 0, v > 0 and (Qy, Py) € aT'2* N Z2.

Both general solutions (15) and (16) are represented in the same form. In the other
cases of '3, I'4, ..., and so on, the general solutions are represented in the similar
form without some arrangement of basic periodic solutions for superposition.

4. Summary. The method of ultradiscrete limit is applied to the discrete systems
derived from the Hamiltonian systems as parametrized with lattice polygons. For every
ultradiscrete system considered, the general solution is obtained from the polar set of
each lattice polygon.

Comment: The first author owes his study to JSPS Research Fellowships for Young
Scientists.
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