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Abstract

A soliton cellular automaton on a one dimensional semi-infinite lattice with a reflecting
end is presented. It extends a box-ball system on an infinite lattice associated with
the crystal base of Uy(sl,). A commuting family of time evolutions are obtained
by adapting the K matrices and the double row construction of transfer matrices in
solvable lattice models to a crystal setting. Factorized scattering among the left and
the right moving solitons and the boundary reflection rule are determined.

1 Introduction

The box-ball system [26, 24] is a soliton cellular automaton on a one dimensional lattice.
It has been studied and generalized from a variety of aspects; ultradiscretization of soliton
equations [28], solvable vertex models [1] at ¢ = 0, connection to crystal base theory
[5, 4, 8], description as particle and anti-particle systems [9, 20|, factorized scattering
[7, 27], Robinson-Schensted-Knuth correspondence [3], geometric crystal and tropical R
[18, 19], inverse scattering method [17, 25], quantization [6, 10] and so forth.

The automaton is defined on an infinite lattice and these studies are concerned with the
behavior without a boundary effect. Solitons undergo factorized scattering during their
travel from the left to the right asymptotic regions where they acquire individualities being
well separated from each other.

For instance, the standard box-ball system with n—1 kinds of balls is a dynamical
system on an infinite lattice whose state is an element p € --- ® By ® B1 ® ---, where
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By ={1,2,...,n} and 1 € B is interpreted as the empty box. Typical time evolution of
this system goes as follows: (. denotes 1 € Bj.)

3 3 2 . . . 4

3 . . . 4 3 2
This example shows two solitons of length 3 and 1, moving to the right. The basic
ingredient in the crystal formulation of the model is the combinatorial R for U, (;[n) which
is a certain bijection satisfying the Yang-Baxter equation. This system has sl,,_1-invariance
and the scattering of the solitons is most naturally described in terms of the combinatorial
R for Uq(g[n_l) .

In this paper we formulate a soliton cellular automaton on a semi-infinite lattice having
a reflecting end. A new feature here is the reflection at the boundary, which essentially
doubles the soliton degrees of freedom into the right and the left moving ones. When there
are only right moving solitons, their behavior far away from the boundary is the same as
the original box-ball system [24] with n—2 kinds of balls. (The case n = 2 is trivial and
we assume n > 3 throughout.)

In order to incorporate the left moving solitons we consider the states in the space
- ® (B ® BY) ® (By @ BY), where BY = {1,...,n} and 1 ® m € By ® By plays the
role of the empty box. Then the double row construction of transfer matrices in solvable
lattice models [23, 2, 16] is adapted to the crystal setting to generate a commuting family
of time evolutions. In the construction we need three kinds of combinatorial R: R, R,
RYY and a combinatorial K: the map K that satisfies the reflection equation (2.13). We
find three solutions K = Rotateleft, Switchy,, Switcha of the equation. See (2.10)—(2.12)
and Remark 1. By using R, RV, RV and K, the commuting family of time evolutions {7} }
as well as conserved quantities { N;} counting solitons are constructed.

Our system has asymptotic sl,,_2 symmetry and we identify special patterns (i1 ® ) ®
(20M) @ @((e7) (n—12>i1 > i >+ >0 >2) and (10i1) @ (1®i2) @ @ (1®7)
(2 <y <ig <--- <4y <n—1) that behave as right/left-moving solitons respectively. (For
K = Switchy slightly different patterns are identified. See Sec. 4.1 for details.) Their
reflection at the boundary and the scattering involving the left and the right moving ones
are identified essentially with the combinatorial K and the combinatorial R of U, (;[n_g).

Here is a summary of some characteristic features of the automata associated with
Uq(s/y\[n) on the infinite and the semi-infinite lattices.

infinite system semi-infinite system
local state B B, ® BY
symmetry sl,_1-invariance asymptotic sl,_o-invariance
soliton Afi(B)) of Uy(sl,_1) | Afi(B;), Af(BY) of Uy(sl,_2)
reflection rule K of U, (51,_2)
two body scattering rule R of Uy(sl,_1) R,RY,RYY of Uy(sl,_2)



Box-Ball System with Reflecting End 477

For symmetry, see Sec. 3.1 in [7] and Sec. 3.4 in this paper. The reflection and the
scattering rules in the semi-infinite system are obtained (and more precisely stated) in
Theorem 1 and Theorem 2, respectively.

The paper is arranged as follows. In Sec. 2, we recall basic facts on crystals, combina-
torial R and the Yang-Baxter equation. A combinatorial version of the reflection equation
is formulated and the combinatorial K is given. In Sec. 3, we present the automaton with
a reflecting end. Conserved quantities {E;} are constructed and the asymptotic sl,,_o-
invariance is explained. In Sec. 4, we identify solitons and determine their reflection and
scattering rules. We omit most of the proofs but provide several examples. In Sec. 5, we
formulate an automaton on a finite lattice surrounded by two reflecting ends and having
a commuting family of time evolutions. We illustrate reflecting solitons with a few exam-
ples leaving a thorough study as a future problem. Appendix A contains a proof of the
reflection equation in a tropical setting.

2 Yang-Baxter and reflection equations

2.1 Crystals B, B/

Here we fix notations concerning the U, (;[n) crystals used in this paper. We omit standard
facts on crystals such as weight decomposition and tensor product rule, etc., for which we
refer to [11, 12, 13, 14].

Let By and By be the crystals of the vector and the n—1 fold antisymmetric tensor
representations of Uq(;[n), and let B; and B)’ be the ones corresponding to their [ fold
symmetric tensor product representations. As a set B; and B) are both presented as

{x:(xl""’x")E(Zzo)n|m1+"‘+$n:l}.

This parameterization originates in the basis labeled with the semi-standard tableaux. For
By, x; corresponds to the number of the letter ¢ in the length [ row shape tableaux. For B,
x; corresponds to the number of columns without the letter ¢ in the n—1 by [ rectangular
shape tableaux. A given array x = (x1,...,%,) can specify two crystal elements, one in
By and the other one in B). When necessary we distinguish them by writing, for instance,
(2,0,1) € Bs as 113 and (0, 3,1,2) € By as 222344, etc.

Action of Kashiwara operators f;,&(0 <i <n—1): B — B;U{0} or B — B L{0}
is defined by

(fix)j = @) = 61 + 0jir1,  (&i2); = 2 + 043 — j41 for z € By,

(fix)j = 5+ 8ji — 0jav1,  (&w)j =5 —j; + 0541 forze By,

Here and in the remainder of the paper all the indices are to be understood in Z,. The
right hand side is to be interpreted as 0 if it does not belong to B; or B)’. We see that the
crystal graphs of B; and B}’ are identical by reversing all the arrows. ¢;(z) = max{k >
0| fFz # 0} and ¢;(z) = max{k > 0| &z # 0} are given by

90(95) = Iy, Ez‘(x) = Tjt+1 for x € B,
<P(9C) =zit1, ¢&i(z)=uz; forxze BlV,
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For crystals B; and B)’, we define their affinization Aff(B)) = {:%z | z € B;,d € Z}
and Aff(B)) = {z% | x € BY,d € Z}. z is called the spectral parameter. They also admit
the crystal structure by &; - 2%z = 2%+%0(¢;x) and f; - 2%z = 2% % ( f;x).

2.2 Combinatorial R and Yang-Baxter equation

The isomorphism of crystals Aff(B) @ Aff(B’) = Aff(B’) ® Aff(B) is called the combina-
torial R. It has the following form:
R : Affi(B)® Aff(B’) — Aff(B') @ Aff(B)
2@y — ze+H(x®y)§ ® 24 HE@®Y) 5

~

where  ® y — § ® & under the isomorphism (classical combinatorial R) B® B’ — B’ ® B.
H(x®y) is called the energy function and determined up to a global additive constant by

Hzoy)+1 ifi=0, po(z) >eo(y), vo(7) = €o(T),
HE(z@y)=q Hrey) -1 ifi=0, po(r) <eo(y), vo(¥) <eo(?),
H(zx®vy) otherwise.

In this paper we are concerned with the following combinatorial R:
R: Aff(B)) ® Af(B,,) — Aff(B,,) ® Aff(B;) (2.1)
2z @ 2y s 2o Q@Y) g g L+ Qo(@y) 7
T =z + Qi(z,y) — Qi-1(z,y), Ui =y + Qi—1(z,y) — Qiz,y),

k—1 n
Qi(,y) =min{d mir;+ > wip;|1<k<n}

j=1 j=k+1
RY : Aff(B)) ® Aff(BxL) — AH(BXL) ® Aff(B) (2.2)
2 2y N ZefPo(l“,y)g ® ZdJrPo(l“,y)j,

T = + Pi(x,y) — P_i(z,y), 9=y + Pi(x,y) — P—i(z,y),
Pi(z,y) = Pi(y,x) = min(zi41, Yiy1)-

VR: Af(BY) ® Afi(B,) —  Aff(B,,) ® Afi(B)) (2.3)
2z ® 2% —s e PEN)g g Py

Ty =z + Pia(v,y) — Pioi(x,y), Ui =vi+ Pic2(z,y) — Pii(x,y).

RV Afi(BY)® Af(BY) —  Af(BY)® Af(BY) (2.4)
2 @ 2y s 207 Q0W) g g Lt Qo) 7
Ti=x+Qi1(y,x) — Qi(y,x), Ui=vi+Qi(y,x)—Qi—1(y, ).

Except (2.6) below, YR will not be used in the rest of the paper. We have normalized the
energy as

—Qo(z,y) for R,
H(x ® y) = _PO(x’ y) for Rva (25)
_QO(y’ $) for RVV
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so as to simplify the definition of the conserved quantity Ej in Sec. 3.3.
These combinatorial R commute with the Kashiwara operators €; and f;. They satisfy
the inversion relations:

RR =id,
RY(YR) = YRRY =1d, (2.6)
R\/\/R\/\/ —id

where we have suppressed the [, m-dependence. For instance, the first line actually means
that Rp,, B, RB, B, is the identity map on Aff(B;) @ Aff(B,,). They also satisfy the Yang-
Baxter equations:

I@R)(R1)(1®R)=(Re1)(1® R)(R®1),
I9R)(RV@1D(1®RY)=(R"®@1)1®RY)(R®1), (2.7)
I@R)RY@1D)1®RYW)=(R"Wel)(1®RY)(R'®1),

1o R™Y)(RW o) (1eRY)= (R @)1 R"Y)(RY 1),

o~ o~ o~ o~

which correspond to the isomorphisms that reverse the order of tensor products Aff(By) ®
Aff(B))@Afl(B,y,), Afl(By,)QA(B)@Af(BY,), Aff(By,)QA(B))®Af(B),) and Aff(B))®
Aff(B)) @ Afi(B),).

We attach the elements in B, and B,, with solid and dotted lines, respectively. The
combinatorial R are depicted as in Fig. 1.

R R\/V
de Zey zdx Zey
._‘
Ze+hﬂ Zdihf Ze-i—hy Zdihf
h = —Qo(z,y) h=—Po(z,y) h=—-Qo(y,z)

Figure 1. Diagrams for R, RY and RV

For convenience the classical combinatorial R (combinatorial R up to z? part) will be
denoted by R : B} ® B, — B, ® By, R B, ® B)Y, — B, ® B; and R B/ ® BY, —
By, ® B)’. The relations like R(z% ® 2°y) = 26§ ® 297 and R(z ® y) = § ®  will also be
denoted by 2% ® 26y ~ 2°§ ® z9% and QY ~ § ® .

There is a simple rule to compute R graphically [21]. In particular, Q)¢ is known as the
‘unwinding number’. Although R and RV act on different kind of crystals, their formulas
are intertwined by the transposition of the components of the tensor product. Thus RVV is
also calculated graphically. Here we illustrate a graphical procedure to compute R" along
the example RV : 29(3,1,1,1)®2°(2,2,0,1) — 2¢72(1,1,1,2)®2972(2,0, 2, 2), which reads
29111234 ® 2611224 ~ 27212344 @ 2%+2113344 in the tableau notation.

(i) Draw pictures corresponding to (3,1,1,1) ® (2,2,0,1).
(ii) Connect dots horizontally to make as many pairs as possible.
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(iii) Shift the pairs upward by one cyclically leaving the unpaired dots.
(iv) Exchange the left and the right components.

The result yields the image (1,1,1,2)®(2,0,2,2). The minus energy Py = 2 is the number
of pairs sent from the top to the bottom in step (iii).

(i) (i) (i) (iv)

o0 0 o o .‘ * ° L] LN
L] [ ] L ad lv vl LN ] e o

Example 1. For ;[3, one has

R(z%123 ® 2°12) = 213 ® 27 H122, H = —1,
RY(24112 ® 2°T123) = 2t 1333 ® 247133, H = -2,

RVWV(2112 ® 2°2233) = »*"H 1222 ® 2 H 33, H =0.

2.3 Combinatorial K and Reflection equation

We introduce the maps

K: Aff(B) — Afi(B)) (2.8)

2l — 2@ (1),

KY: Afi(B)) — Aff(B)) (2.9)

2z 27 @ g ().

Here we have three choices for the pair (k,I). For x = (z1,2,...,,), they are given by
k(z) = Rotateleft(z) = (x2,...,zpn, x1) (any ), (2.10)
I(z) = —x;
k() = Switchyy, () = (Tp, 3, T2, T5, Ty, . ., Tp—1, Tp—2,21) (even 1), (2.11)
I(z) =z, — 21
k(xz) = Switchia(z) = (22,21, 24, T3, ..., Tp—1,Tp) (even 1), (2.12)
I(x) =0

Rotateleft is a cyclic permutation, whereas Switchy,, and Switchys are transposition of
adjacent coordinates. We call K and KV the combinatorial K. To the relations (2.8) and
(2.9) we assign the diagrams in Fig. 2.

In Fig. 2, the vertical line in K and KV stands for the right and left reflecting end,
respectively. The diagonal line segments switch from the one corresponding to Aff(B;)
and Aff(B,") upon the contact with the reflecting ends. Actually KV is irrelevant to our
automaton until Sec. 5, where its classical part is denoted by Kjefs.
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z_d+1(x)/:.(x) 274 1(®) k(1)
K KY
Figure 2. Diagrams for K and KV

We let Ky and K" denote the operators acting as
Ko(ele ® 2°y) = 2z © K(2),  KY (s ® 2%9) = K" (%) ® 2y,
where the untouched tensor component can be either B,, or B,.

Proposition 1 (Combinatorial reflection equation).

KsRVKoR = RV KsRY Ko, (2.13)
K/R'KYR" = RKYR"KY. (2.14)

This is proved in a tropical setting in Appendix A. (2.13) is an identity as the maps
Aff(B;) ® Aff(B,,) — Aff(B)) ® Afi(By,), and (2.14) is the one for Aff(B)’) @ Aff(B),) —
Aff(B;) ® Aff(By,). They are depicted in Fig. 3. (‘Aff’ omitted)

Figure 3. Diagrams for (2.13) and (2.14)

Remark 1. By a computer experiment we have checked for small n that solutions of the
combinatorial reflection equation are exhausted by those in (2.10)—(2.12) provided that
they are given as a permutation of coordinates x1,...,x,.

3 Automaton on semi-infinite lattice

3.1 States

Consider the one dimensional semi-infinite lattice which extends towards left from an end.
To the end we assign the coordinate 1 and successively 2,3, ..., to the sites located in the
left. To each site we assign an element of

B=DB ®BY,
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which we call a local state. Thus there are n? local states. We impose the boundary
condition that all the local states sufficiently distant from the end are vac € B defined by

1®mn for kK = Rotateleft, Switchy,,,

_ ) (3.1)
1®2 for k = Switchys.

vac=1®/£(1):{

See (2.10), (2.11) and (2.12). An assignment of local states to the semi-infinite lattice
satisfying the boundary condition is called a state. See Fig. 4.

B B B B B

vac vac b3 b2 b1

Figure 4. States
Let P denote the set of states:
P={ -®Qp®p € B® B|p,=vac for k> 1}. (3.2)

Our automaton is a dynamical system on P.

3.2 Time evolution

The dynamics is given by a commuting family of time evolution operators 17} : P — P
with | € Z>1. We set

!
——
w=(0,..0=1...1T€B,

(w) nn...n € B for k = Rotateleft, Switchiy,
u =k(u) =<
! : 22...2 € B)  for k = Switchys.

For any [ and m, the relations

2y ® 2U, ~ 2, @ 2%y, 20y @2, ~ 200, @ 2%y, 2%y ®2%uY, ~ 2fu, @ 2% (3.3)

are valid. It is easy to verify
Lemma 1. By iterating B; ® B~ B ® B; and B ® B~ B® B)’, we consider maps

(i) B9B®--9B - B®---©B® B
@b @by = b ®---Rby 7,

(i) B®---®B®B’' — B/'®@B®---®B
(N Qa®Y = YRCN®---®c,

where we assume (i) bj = vac ((i1) ¢; = vac) for N — Ng < j < N with sufficiently large
Ny. Then we have (i) & =y ((ii) § = ).
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Pick any state p € P and | € Z>;. By repeated applications of combinatorial R, one
can determine another state Tj(p) € P along with the subsidiary data v € B; and p' € P
as follows:

B®(--®B®B)~(---® B® B)® B

wRp~p @, (3.4)
(-®B®B)®B’~B’®(---®B®DB)
Pl @ K(v) = © Ti(p). (3.5)

In (3.4), the tensor product w; ® p makes sense due to the boundary condition on P
and the property u; ® vac ~ vac ® u; which follows from (3.3). Similarly in (3.5), the
right hand side takes the specified form due to the boundary condition, Lemma 1 (ii) and
u) @vac ~ vac®u,’. The definition of T;(p) via (3.4) and (3.5) is a crystal theory analogue
of the well known double row construction of transfer matrices in solvable lattice models
with a boundary. Schematically it is shown in Fig. 5, where the vertical solid lines except
the rightmost reflecting wall represent elements of B instead of By. (The same convention
is used in Fig. 8 and Fig. 10.)

P

o )
pl ,

u;/ R K(U)
Ti(p)

Figure 5. Diagram for T;(p)

The family {7;} possesses a saturation property.

Proposition 2. For any fixed element p € P, there exists an integer ly such that Ti(p) =
Ti,(p) forl>lo.

Proof. For any 1 < i < n, let * be the array © = (z1,...,z,) with only x; increased
by 1. Suppose z ® y ~ § ® ¥ under R, R’ or R'". Then from the concrete form of the
combinatorial R, it follows that there exist an integer N such that 27 @ y ~ § ® (2)" for
x; > N. Similarly there exists an integer N’ such that * ® y* ~ ()" ® & for y; > N'.
The assertion follows from ¢ = 1,2, n cases of this and the analogous property of the map
K. |

Remark 2. In the infinite box-ball system without a boundary [24], T} is the global trans-
lation. This is not the case in the present automaton where the translational invariance
is absent. See Example 4.

Example 2. ;[5, k =Rotateleft. Time evolution T% of the state in the first line is presented
for 0 <t < 4. The symbol ® is omitted and .. stands for vac = 1® 5 and 45 =4 ® 5 € B,
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etc. There supposed to be an infinite tail consisting of .. only in the left on each line.

0: ..452525 .. .
1: .. 452525 ..
2: .. . . .1141
3: . .. 131414
4 . 131414 ..

In this case T} with any [ > 3 yields the same evolution pattern. The action of T3 on the
t = 1 state is calculated according to the rule (3.4) and (3.5) as in Fig. 6.

N
(1]
()

L
[N
ot
=
ot

v 122

Figure 6. Calculation of 75 on the ¢t = 1 state

In Fig. 6, the combinatorial R’ is acting just as a transposition of the components
everywhere. The symbol o is put for convenience in Example 5.

Example 3. 5A[4, k =Switchy4. Time evolution T% of the state in the first line is presented
for 0 <t < 7. The symbol .. stands for vac = 1 ® 4 and 34 = 3 ® 4 € B, etc.

0: 343424 .. .. .. .13
1: . 343424 .. 13 ..
2: 343324
3: 12 .. 3423
4: . .. 12 ..121313
5: . 1212 .. 1313

6 : 121213 .. 13 ..

7: 121213 .. .. 13

These states have the same evolution pattern under 7; with any [ > 3.
The action of T3 on the t = 2 state is calculated as in Fig. 7.

3 1 3 3 2 1 1 1
& : & | : |
11 ¥ 13 v 13 ¥ 33 v 23 ¥ 22 v 22 ¥ 12 v 12
1 1 1 2 3 1 2 1
ilz?flflzlzlzlz?m
1 2 1 4 3 4 2 3

Figure 7. Calculation of 75 on the ¢ = 2 state

Again the symbol o is put for convenience in Example 5.
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Example 4. 5A[4, k =Switchja. Time evolution TY of the state in the first line is presented
for 0 <t < 4. The symbol .. stands for vac =1 ® 2 and 23 =2 ® 3 € B, etc.

0: ce 23041 c 21
1: .. 1311 11423, ce 14T
2: 1314 42 14 4245.. e 14144242 .
3: 1314 SAdL L4242 L1414 L4242
4: " 1314.. .. ..13..35.. o L A242 1414 .. L4242

On the other hand, time evolution of the initial state under Tlt with any [ > 2 are the
same, and given as follows:

0 e 223 AT L .21

1 1314420 10144242 L ResEToIoN

2 ce W 131442014 4545 1111 ..4545
3 L1314 A4 L 134432 . 1313
4 1314 13..32 L1313 3232 1313

Proposition 3. {T;} forms a commuting family, i.e., /T, = T,,T;.

Proof. This is shown by a standard argument based on the successive transformations in
Fig. 8. In this figure, each line segment is assigned with an element of a crystal and each
cross represents a relation @y ~ §®# under R, R’ or B"’. A touch with the end stands
for an application of k. The first and the last equalities are due to (3.3). The second
and the fourth ones are results of repeated applications of the Yang-Baxter equation. The
third one is the reflection equation. |

3.3 Conserved quantity E;

To each time evolution 7j, a conserved quantity Fj; : P — Zx( is associated. It is a
consequence of the affinization of the construction (3.4), (3.5) and Proposition 3. To see
this we set p; = s; ® t;, p;r = sz ®t;r and Tj(p); = s, ®@t; € B= B;® BY in (3.4) and (3.5).
Then Fig. 5 is detailed as Fig. 9.

In Fig. 9, we have introduced v;, v? € By such that ;@ (- @ piy1) ~ (- ®p;r+1) ® v;
and v; ® s; ~ SI ® vg. Similarly, w;, wg € B)’ are determined by (p;r_1 Q- ®pJ{) ® K(v) ~
w; @ (Ty(p)i—1 @ --- @ Ty(p)1) and t;-r ® w; ~ wg ® th.

Now consider the affinization of Fig. 9. We replace u; € B; by attaching the spectral
parameter as z%u; € Aff(B;) and keep track of it along the arrow, namely the affinization
of ...,v;,v;_1,...,v0,W1,Ws,...W;,.... Due to the boundary condition and the prop-
erty (3.3), as the classical part of w; converges to u)” for i large, the spectral parameter
also tends to a finite value. We define Ej(p) € Z by saying that z%u; comes back as
2B}y € Aff(B)) as in Fig. 10.

Figure 9 is useful to write down a formula for Ej(p). From (2.1) and (2.2) we have
d="> ,~1(Qo(vi,si) + Po(vg, t;)) in Fig. 10. Combining this with a similar calculation in
the bottom horizontal arrow we obtain

Ei(p) = (Qo(vi, 1) + Po(vf, 1) + > _(Qo(ws, t]) + Po(wt, s1)) — I(v) + I(w). (3.6)

i>1 i>1
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p p
Uuj uj
ulv B .
Ti(p) =
Um
U, e L
TnTi(p)
p
W
U,
VNS TUTT P RPRIE e N
ulv L R RS CREEEEREREE (ERREE
TnTi(p)
p p
uj Um
v
Um >< """"""""" L N R
ulv S SEEEETEPEPETE FEPEPEPEEY SRR Uz/ B R R EEEE EEPEPEPEEE IR
TrnTi(p) TnTi(p) = TiTm(p)
Figure 8. Explanation of T,,,T;(p) = T, T,.(p)
Here I(u;) = —1 (Rotateleft, Switchy,), = 0 (Switchj2) is a normalization constant for a

later convenience.

Proposition 4. E is invariant under time evolutions, i.e., Ej(Ty(p)) = Ej(p) for any
I,m€Z>1 andp € P.

Proof. We consider the affinization of the series of identities depicted in Fig. 8, which
makes sense since the Yang-Baxter and the reflection equations are both valid in the affine
setting. In the first diagram, let the affinization of u; and w,, be 2%u; and 2%u,,, respec-
tively. Then by definition u)’ and u, are replaced by 2z~ FiP)F1(w)y and z=Fm (TP)+(wm)y v
respectively. In the diagrams in Fig. 8, these four elements on the left change their po-
sitions only because of (3.3). Therefore in the last diagram they are aligned as 2%u,,,
2 Em L)+ Wm)qyv - 200y and 2~ FiP)H (W) from the top to the bottom. On the other
hand, the last diagram itself tells that if the first and the third ones are chosen as 2%u,, and
2%, the second and the fourth ones should be z~Fm )+ wm)y v and »=EulTm @)+ (),
respectively. Therefore we conclude Ej(T,,(p)) = Ei(p) (and E,,(T;(p)) = En(p) as
well). |

Remark 3. Given a state p, Ej(p) = Ej,(p) holds for any [ > [y with the same Iy as in
Proposition 2.
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Pi+1 Pi
Si+1 lit1 8q 12}
ul — e e e ﬁ ﬁ
Uity (% ¢ U
1 1
Sit1 tit1 5 t;
U/?/ B X T R jj ~~~~~~~ R EEEEEEE ﬁ ----- Peees eee oao-
Wiy oy Wikl oy wp oy
/ / / /
Si+1 it S t;
Ti(p)i+1 Ti(p)

Figure 9. Another diagram for T;(p)

p
b2 P
0 R | |
zZ-uy | | ZdU
ool
Z*EZ(P)JFI(UI)ul\/< .................... ‘ ........ }zl(”)d/ﬁ(v)
Ti(p)

Figure 10. Definition of Fj(p)

Example 5. E; in the previous examples reads

E1 E» FE3 FEy

Example2: 1 2 3 3
Example3: 2 3 4 4
Example4: 6 10 10 10

In Example 2, F5 = 3 can be read off Fig. 6. Only those vertices marked with o contribute
to the i—sums in (3.6) each by 1, adding up to 5. Together with I(v) = I(122) = —1 and
I(usz) = —3, one finds E5 = 5+ 1 — 3 = 3. Similarly in Example 3, the i—sums for Es
(3.6) equal to 4 from the marked vertices in Fig. 7. Therefore Ey = 4 — I(12) 4+ I(u2) =
4—(-1)+(-2) =3.

3.4 Asymptotic sl, o-invariance

Suppose a Kashiwara operator f; act on the defining relations (3.4) and (3.5) of T} as

filwep) ~ filpfew), fit@k@) = filw @ Tip)),
I I I I (3.7)
wefip =~ fiplew, fitor@) =~ e fili(p).
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Then by definition the bottom line implies the commutativity T;(fip) = f;Tj(p). The same
argument holds also for €;. The maximal set of Kashiwara operators {é;, fz} commuting
with the time evolutions is the fundamental data to characterize the quantum group
symmetry of the system. In the scheme (3.7), the leftmost and the rightmost equalities
(for ¢; as well) are automatically satisfied if

i€{2,3,...,n—2} for k = Rotateleft, Switchy,, (3.8)

i€{3,4,...,n—1} for k = Switchjs. '
On the other hand the middle two equalities in (3.7) are essentially dependent on pl and v,
and are not guaranteed by the simple condition (3.8). To remedy this, we give up coping
with the full set of states P but confine ourselves to the subset

Pasy = {p €P | w; @ p~p' @y for any I with some (I-dependent) p' € P}.  (3.9)

We call an element of P,sy, an asymptotic state. In view of Lemma 1 (i), the states whose
deviation from --- ® vac ® vac is sufficiently far from the right end of the lattice are
asymptotic states. In (3.9) there are actually finitely many conditions on p, because for
sufficiently large [ they become equivalent owing to the saturation property explained in
the proof of Proposition 2. The set Pasy is not stable under the time evolutions {7;}. For
p € Pasy, one has v =y and k(v) =« in (3.7), hence all the equalities therein are valid
under the choice (3.8). To summarize we have shown

Proposition 5 (asymptotic sl, o-invariance). For any asymptotic state p € Pasy and
i specified in (3.8), the commutativity Tj(€;p) = &Ty(p), Ti(fip) = fiTy(p) is valid.

Note that the choice of the ;[n_g subalgebra is dependent on . For a comparison,
the box-ball system without a boundary associated with Uy(sl,) [24] possesses sl,,_i-
invariance. See [5, 4, 7.

Remark 4. The identity €;(k(v)) = &;(v)(= v;41) is valid for k =Rotateleft (any i),
Switchy, (even i) and Switchia (odd i). Therefore for these i further satisfying (3.8),
the commutativity 7j(é Zp) = &Ti(p) (resp. Ti(fip) = fiTi(p)) holds under the condition
©i(p") > viy1 (vesp. @i(p") > vi11) in (3.7). There are such p’s not belonging to Pasy-

Example 6. A commutative diagram exemplifying the asymptotic sly-invariance in the
sl automaton with x =Switchyy (.. = 14).

C14 2132 1417 2 .14 21 33 14 14
T | | Ty
J14 43 17 31 31 2 .14 43 11 31 24
The states on the top line are asymptotic states. They exhibit the same evolution pattern
under 77 with any [ > 2.
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4 Solitons

By a soliton we mean some localized pattern of local states. Under time evolutions it re-
mains stable as long as it is surrounded by sufficiently many vac states. Here we formulate
solitons in our automaton and study their scattering and reflection rule. We demonstrate
the results mainly with examples and include only sketchy proofs, for they are straight-
forward or quite similar to those for the infinite systems [8, 4, 7].

In this section we let B and B’ denote the crystals B, and B for U,(sl,_2).

4.1 Basic feature of solitons

Example 2 illustrates a reflection of a soliton at the end. There are two kinds of solitons,
one moving to the right and the other one moving to the left. In order to describe them
we introduce an injection

w:BjUB — B¥

for each | € Z>1. In terms of the tableau notation x = iyis...4% € Bjorx =iyis...4 € B
with 1 <41 <--- <4 <n—2,it is defined by

x = Rotateleft, Switch,, :
(+1)e7n)®@ - @ ((i2+1)@7) @ ((h +1)®n) for z € By,
u(r) = — — —
(Ien+1)@(1Qi+1)@ - (1eq+1) for z € B}
K:SWitChlgi
u(z) = (h+2)2)@- o ((2+2)©2)@ ((1+2)®2) forzec B,
: 1eh+2) 0 (10n+2) 0107 +2) for z € BY.
A state of the form

...... (25 23 TSR | 8 I (4.1)

is an example of m-soliton states of length Iy,lo, ..., defined generally in the sequel.
Here ..[l].. denotes a local configuration such as

- ®@vac ® vac @ y(zr) @ vac @ vac® - -~ for some x € B U B} (4.2)

surrounded by sufficiently many vac’s. It is called a right (resp. left) soliton if x € B
(resp. = € B')). We call z the label of a soliton. (For (4.1) to be an m-soliton state, it is
sufficient (but not necessary in general) to assume there are at least vac®! between [I;] and
[li+1] if they are both right solitons, vac®+1 if the both are left solitons, and vac®litli+1
if [l;] is a right and [l;41] is a left soliton.)

According to these terminologies, Example 2 is the reflection of a length 3 soliton with
label 113 into 233.

By a direct calculation one can check

Lemma 2. Let p be the length | one-soliton state (4.2).

(1) The k-th conserved quantity of p is given by Ex(p) = min(k,l).



490 A Kuniba, M Okado and Y Yamada

(2) Under the evolution p — Ty(p), the right (resp. left) soliton moves to the right
(resp. left) by min(k,l) lattice steps. (For a right soliton we assume there are at
least vac® ™K Gy its right until the end.)

For any state p, define the numbers N; = N;(p) (I =1,2,...) by

Ei(p) = > min(k, )N, (4.3)

>1

By definition {V;} is a set of conserved quantities such that N; = 0 for sufficiently large
l. See also Remark 3.

Motivated by the property of individual solitons in Lemma 2 and apparent independence
of sufficiently separated solitons, we define the number of length [ solitons in p to be IV
forl =1,2,.... The total number of solitons is N1 + Ny +--- = Eq. The general definition
of m-soliton states is those p satisfying E;(p) = m, and the state (4.1) is such an example.
In fact it is not difficult to show

L

——
Lemma 3. Suppose a state of the form p = -+ ® vac ® vac ® b® vac® --- Q vac with
b€ B® and L > | satisfies the one-soliton condition Ey(p) = 1. Then b = 4(x) for some
z € B/UBY.

Example 7. Example 5 is translated into {/V;} as

N1 Ny N3 Ny ... label of solitons
Example2: 0 0 1 0 ... 233 (t=4)
Example3: 1 0 1 0 ... 112,2(t=7)
Example4: 2 4 0 0 ... 12,1, 1, 22, 22, 22 (T} case)

Labels of solitons are not conserved quantities. It is our subject in the following sub-
sections to determine the transformation rule of labels combined with another important
data, phase, under collisions and reflection.

4.2 Scattering data

Let us introduce the position and the phase of a soliton. These are the data defined only
for those states where solitons are enough separated as in (4.1). Consider a length [ label
x soliton
u(x)
s @ vac @ vack pip @ v @ Piya @ pip1 Wvac vac @ - -

appearing as a portion of the state p = --- ® po ® p1. See Fig. 4. We define its position to
be i+ 1 if it is a right soliton and 1 — i — [ for a left soliton. By the definition, the position
of the length [ soliton, either it is a right or left one, always decreases by min(k,!) under
Ty, from Lemma 2 (2) as long as it remains isolated. Therefore within such a time interval,
the position (t) of the soliton at time ¢ should be written as v(t) = — min(k, )t + d for
some d. This constant d is called the phase of the soliton during the time interval in
question. The arbitrariness of d due to the freedom ¢ — t + const does not matter since
we will actually be concerned only with the phase shift from one time interval to another.
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To the one-soliton state ...[l]... containing a length [ soliton with label = € BjU B’} and
phase d, we assign the scattering data:

2%z € Aff(B]) for a right soliton,
2% e Afi(B')) for a left soliton.
Similarly the scattering data for the m-soliton state (4.1) is defined by
A @, @@ 2y, € AH(B’;E) ® AH(B’;Z) R ® AH(B’;;), (4.4)

where B’} = BJ,B', = B’} and the + symbols are to be taken + (—) for right (left)
solitons.

Example 8. sl5, © =Rotateleft. The symbol .. stands for 15. Time evolution T%(p) for
t =0,1 is given. (p = the middle line.) The top line shows the coordinates of the lattice.

17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1

t=0: .. 45 35 25 .. .. 45 25 . . . .13 . . 1214
t=1: .. .. .. 45 35 25 . .. 4525 . 13 .. 1214 .

The number of solitons are N7 = 1, No = 2 and N3 = 1. Under T, phases d are determined
by fitting the positions to the formula —t + d for the length 1 soliton and —2¢ + d for the
other solitons. The resulting scattering data is

2141232 213 ® 2422 21 13
for the both ¢t = 0 and ¢ = 1 states.

4.3 Reflection rule

Let dy and dy be the phases of a soliton before and after a reflection, respectively. We
define the phase shift of the reflection to be dy — dj.

Example 9. In Example 2, the position —3¢ + d and the phase d of the length 3 soliton
are given as follows:

t position phase
0 5 5

1 2 5

2

3 -2 7

4 -5 7

The phase shift of this reflection is 7 — 5 = 2. At t = 2, neither data are defined nor
needed to determine the phase shift.

Suppose a length [ soliton with label « € B] and phase d is transformed into the one
with label y € B’lv and phase d + § by the reflection. We introduce the following map on
the scattering data that integrates the reflection rule:

L: Affi(B) — Afi(B"))

2 — z_‘s_dy.

(4.5)

We call L the reflection operator. (The letter L is chosen as the next one to K.)
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Example 10. In view of Example 9, the reflection in Example 2 (5A[5, k = Rotateleft) is
expressed as L(z5113) = 277 233.

’/I:heorem 1. Let Kqgiaperere @74 Kyicen,, denote the K defined by (2.10) and (2.12) for
sl,_o, i.e., those with n replaced by n—2, respectively. Then the reflection operator is given
by

L = {Kll%otateleft fOT’ R = ROtateleft,

, . .
Switchis for k = Switchyy, Switchys.

In particular, the phase shift in (4.5) is given by 6 = —1(x).

Proof. We give the proof only for kK =Rotateleft. By Proposition 3 and Lemma 2 (2) one
can assume that at £ = 0 our right soliton is given by

p=vac®t QN ® - Qi ® T,

where 1 < i; <iy <--- <4 <nand L is sufficiently large. Set a = #{s | is = 2}. A direct
calculation shows

vac®t) @ 1ig ] —1Q - @ 1ij—q — 1@ Nij_gr1 —1®---Qnij — 1
if { —2a >0,
— 2a—1 P — D
D®72 @nigr1 — 1@ @nig — 1
ifl —2a <0, [is even,
vac®H ) 21T ® (nT)@)Qa_?l_l ®nigr1 — 1@ @ni;—1
if | —2a <0, [ is odd,

vac®(+3) g (n

T2 (p) = vac® L HD @15, 1 — 1@ @15 —1® (1In — 1)®? @ vac®(=9).

Under our notation this reflection is written as
L: 28 1%Gg — 1) (i — 1) — 270D (o —2) - (i — 2)(n — 2)%.

” s / + des
This agrees with Kp i o @S desired. |

In Example 10, L = K ;o010 indeed holds as I(113) = —2. Since I = 0 in (2.12),
no phase shift takes place for kK = Switchy,, and Switchis. The following two are such

examples.

Example 11. 5/’\[6, x =Switchig. Time evolution under T% for 0 < ¢t < 4. The symbol ..
stands for 16.

0: ... 5646462626 ..
1: .. 56 46 46 26 26
2: .. 135345
3: . . 1313141515 ..
4: ..1313141515 ..

Fitting the positions of the length 5 soliton to —3t + d, we find the phase remains d =
4 before and after the reflection. Hence L(2%11334) = »~422344, which agrees with
K{iten,, (211334).
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Example 12. 5A[6, x =Switchiy. Time evolution under Tj for 0 <t < 4. The symbol ..
stands for 12.

0 ..625252323232 .. .

1: . .. 625252323232 ..

20 . e .. .. 62525434
31 . .. 1414141516 16
4: ... ..141414151616 ..

Fitting the positions of the length 6 soliton to —4t¢ + d, we find the phase remains d = 7
before and after the reflection. Hence L(z7111334) = »~7222344, which agrees with
K{iten,, (77 111334).

4.4 Scattering rule

Here we consider the scattering among solitons which takes place far from the end without
a boundary effect. The result is the same for all the choices k =Rotateleft, Switchy,, and
Switchia when expressed in terms of the scattering data (4.4). (All the examples in this
subsection are taken from the first two.) In particular the scattering involving only right
solitons are essentially the same as the infinite system studied in [5, 4, 27].

Let us observe scattering of two solitons, which is the most fundamental case.

Example 13. 5A[5. Scattering of length 3 and 2 right solitons under 7; with any [ > 3.

... ..453525 .. .. 3525 ..
.. 453525 .. 3525 .. .. .. ..
. 4525 .. 353525 ..
.. 4525 .. .. 353525.. -

The phases, say dy and ds, of the larger and smaller solitons before the collision have been
changed into dy — 3 and ds + 3, respectively. In terms of the scattering data the event is
expressed as

21123 ® 29212 s 221313 @ 29173122,

Example 14. 5A[5. Scattering of a length 3 right and a length 4 left soliton under 7; with
any [ > 4.
352525 .. .. .. .. 12121314 .. ---
. 31221314 ..

Cee .. 121414 5545 25 .. et

e 12141414 . . . .. .. .. 454525 . . ...
The phases, say d; and ds, of the right and left solitons before the collision have been
changed into d; + 2 and do + 2, respectively. In terms of the scattering data the event is
expressed as

21112 @ 272 1123 — 2 %2 21333 @ 24 12133.

The same result is valid under 7; with any I > 1.



494 A Kuniba, M Okado and Y Yamada

Example 15. 5A[5. Scattering of a length 2 and 4 left solitons under 7; with any [ > 4.

. L1213 .. .. .. .. .. 13131414.. ---
co.o. 1213 . . .0 13131414 .. ..
e e .. 121313 . 131414 . L L
e 12131313 . . L 1414 L L
The phases, say d; and ds, of the smaller and larger solitons before the collision have been
changed into d; + 4 and do — 4, respectively. In terms of the scattering data the event is
expressed as

N T2 @ 27922233 o 21222 @ 1133,
The same result is valid also under T5.

In general suppose that the initially enough separated two solitons with length 7, m,
labels z,y and phases di,ds are scattered into those with labels Z,y and phases d, da,
respectively.

where the phases are attached as further indices and . denotes vac. We define the three
kinds of scattering operators by

S: Afi(B]) ® Afi(B.) — Aff(B,) @ Afi(B]) (I #m) (4.6)
M@ dey — ZCZQg] ® zdli“,

SV Afi(B)) @ Afi(B'))) — Afi(B")) @ Afi(B]) (4.7)
2y @2y —s z_CZQg ® zczli“,

SV Af(BY)) @ Afi(B'))) — Afi(B'))) @ AfE(B')) (I #m) (4.8)

7l z*de — z*dQQ ® 2z N,

These operators are the fundamental objects that integrates the two body scattering rule,
which is common under T}, with & > min(l,m) for S and SVV, and any k > 1 for SV.
The action of S,SY and SVV is illustrated in Examples 13, 14 and 15, respectively. The
operators S and SVV with [ = m are not determined by (4.6) and (4.8) because solitons of
equal length and direction do not collide. Here we formally define them by declaring that
the following theorem can be extrapolated to the | = m case.

Theorem 2. Let R R" and R be the combinatorial R defined by (2.1), (2.2) and
(2.4) for sl,_o with the energy H(x ® y) (2.5) replaced with

2m1n(lam) - QO(xay) fOT R/’
A ®y) = —Pofa.y) for BV, (19)
2min(l,m) — Qo(y,x) for R'"Y.

Then scattering operators are given by

S=R, SV=RY, S"W=pr".
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Proof. Let

p = vac®t @ y(z) @ vac®? @ 1, (y) @ vac®M,

be a truncated state in the semi-infinite system. One may observe the scattering after
applying the following isomorphism of crystals.

¢ (BieB)* — Bo(BY)*
p —  pMep?,
since one can show ® commutes with 7; by the inversion relation (2.6) and the Yang-
Baxter equation (2.2). Here L = L+ 1+ d +m + M and we assume L, M are sufficiently
large. )

First suppose both solitons are right ones. Then one finds p? = %L and notices that
the transition p™) — (the left component of ®(Tj(p))) is nothing but the time evolution
of the original box-ball system. Therefore it is natural to see our scattering rule agrees
with that in [5, 4]. If both solitons are left ones, the proof reduces to the above by taking
the dual.

The proof is left when ¢ (x) is a right soliton and 1,,(y) is a left one. By the asymptotic
s, _o-invariance (Proposition 5) it suffices to show when p is an sl,,_o highest weight
element, i.e.,

p=vac®’ @ 2m)® @ vac®? @ (12)%% @ (1n — 1)®m~) g vac®M .
Here a <[ and one can assume [ +m > d. Then one has

B(p) = 1- @ 2 @ 147 +M g pltitd 3 o =T oM.
(We omitted ® in the superscript.) A direct calculation shows

le(q)(p)) — 1LHil g ol g 14+m+M—jl o pLtltd—jm o 50 o "7 M4 o mim+M.
for j > 1. Applying ®~! when j = 3 (scattering is finished), we get

T3(p) = vac®(LHi+d=3m+a) o 1n—1)®" ® vac®(@l+2m—d—2a)

® (n—11)%* @ (27)®0~Y @ yac®dtmtM=sli+a),
In our notation, this scattering reads as

ZM+m+d+1 . 1l ® Zf(lfom) .Tamm—a

— Zf(lfom)fa re— UL ® S MAmtdtita 1lfa(n _ 2)a.

This shows SV = R, [ ]

Example 16. The transformations of the scattering data in Examples 13, 14 and 15
should coincide with the ;[3 combinatorial R with the modified energy (4.9). In fact, they
agree with the three formulas in Example 1 with H replaced by A = 3 (for R), —2 (for RY)
and 4 (for RVV).

Remark 5. The phase (d;, d2) of the colliding two solitons are changed into (d; —A, da+A)
under S, (d; — A,dy — A) under SV and (d; + A,dy — A) under SVV. Thus the modified
energy A plays the role of the phase shift. For S and SVV, min(l,m) < A < 2min(l,m),
whereas —min(l,m) < A <0 for SV.
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4.5 Factorized scattering and reflection

Here we briefly discuss the scattering and reflection in multi-soliton state. Theorem 2
implies that the scattering operators S,SY and SV satisfy the Yang-Baxter equations
(2.2). Moreover from Theorem 1 and Proposition 1, the reflection operator L and the
scattering operators satisfy the reflection equation:

LoSY LS = SYVLySY Lo. (4.10)

These properties lead to the factorized scattering and reflection. Namely, multi-soliton
scattering and reflection is expressed as a composition of two body scattering and single
body reflection whose order does not alter the final state. This statement is made most
transparent in terms of the scattering data. Let p be an N-soliton state with length
l1 > 1y > --- > [y and consider the time evolution Tf(p) with r > [;. The scattering data
of T!(p) is convergent in the limit ¢ — —oo (resp. t — +00), where there are only right
(resp. left) solitons. Thus the time evolution specifies a map

AfE(B])® - @ Afi(B] ) — Aff(B))® - @ Afi(B')) (4.11)

between the scattering data. By factorized scattering and reflection it is meant that this
map coincides with any product of

1--18SR1®---®1, 1--®0105VQ1®---®1,
1018V ele---®1, 191®---®1®L

that achieves the rearrangement (4.11).

Example 17. ;[6, k =Switchig. Time evolution under T5.

..56 46 36 36 26 .. .. 56 46 26 . .
. 56 46 36 36 . 56 46 26 26

. 56 46 36 .. 56 46 36 26 26
. 5646 36 .. .. .. 56 42 23

52 42 23 14 15 .

12 121313 14 . .. 4636 26 .

12 121313 14 e e e e e 12 43
1515131311 e e e e e w1213 5..

Here scattering and reflection are occurring along the order in the left hand side of the
reflection equation (4.10).

..0646363626 .. .. .. .. o e e . .. D646 26 ..

5646363626 e . . ..564626

5646363626 o .. 131415

. 5642342526 ..
121314 .. .. . 124223

. 12 12 13 13 14
. 15 121313 11 . . 1213 15 .
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Here scattering and reflection are occurring along the order in the right hand side of the
reflection equation (4.10). In terms of the scattering data the both cases are expressed as
the same transformation (4.11):

24112234 © 2%2134 +— 2411223 @ %4124
for some dy,ds and dg.

For a scattering without a boundary effect, the factorization is due to the Yang-Baxter
equation of the scattering operators only. We finish with such an example involving both
right and left solitons.

Example 18. ;[5. Scattering of two right and one left solitons under T5. The two patterns
correspond to the two sides of the second Yang-Baxter equation in (2.2):

129SYel)(1esY)=(S"ea)1esSY)(S®1).

453525 .. .. . .. . D
.. 453525121314 .. 4
. e . .. 12533525 .. .. .45 . .

v 121314 . . .. .. 453525 .45 .. .. ..
. . . 121314 .. .. . . . . .. .. .. .. 45354525 . .
121314 . . . . . . . . . . w w . .. .35 . 454525 ..

.45 ..352525 .. .. .. 121213 ..
45 . 312213 .

e 34 .. . . . .. 454525 . .
e 2121314 .0 .0 .35 . .. 454525 L L L
121314 . . . 35 . . . .. .. .. 454525 ..

In terms of the scattering data the both patterns are expressed as
21123 @ 221 @ 2B T12 - 2 #2123 @ 22122 291133

for some dy,ds and dg.

5 Automaton with two reflecting ends

Here we formulate an automaton on a finite lattice surrounded by two reflecting ends. We
will only display its soliton behavior leaving a thorough study as a future problem.
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5.1 General case

First we consider a rather general setting where the set of states of the automaton is taken
as

P=B; ®B2 @ - @Bt

mr,?

(5.1)

where ¢; = +1 and B}, = By, B,, = B),. m; and L are arbitrary positive integers.
This is an inhomogeneous system in that the local states belong to different crystals
according to the data {(e;,m;)}. We denote by P(® the L—1 fold tensor product without
the 4 th component Bfi in (5.1). Let kpgne : B; — B) and ke : B — B; be any
one of the maps (2.10), (2.11) and (2.12). Given by ® --- ® by, € P, its time evolution
T(Z)(bl ®br) =01 ®---® by, € P (1<i<L) is defined as follows:

Ifb; € By,, bi®- @by ~p@b; P ®By,,
P ® Kight(b) = b ® p' € By, @ P, (5.2)
Fre(Bf) @ p' ~ b1 @ -+ @ br.

Ifb; € By, bi® @b, ~b@pe By, @PY,
Kot (b)) @ p ~p' @b € P @ By, (5.3)
pl & "fright(bél) ~ 51 Q& IN)L-
Here ~ is obtained by repeated applications of the combinatorial R. The definitions (5.2)
and (5.3) are depicted in Fig. 11, where we have assumed €1 = ¢;_1 = ¢;41 = ¢, = 1.
(Otherwise, the corresponding vertical lines therein should be dotted ones.) Unlike the
semi-infinite system, we impose no boundary condition as in (3.2).

By using the Yang-Baxter equation (2.2) and the reflection equation (2.13) and (2.14),
one can show

Proposition 6. {TM, ... . TW} forms a commuting family, i.e., TOTW) = 7OT0),

b; € By, case bi € By, case
b1 bifl bZ bi+1 bL Z 1 b bz+1 bL
A. Rright ’ﬂeft’\ ‘ ‘ b;/
) YUy vy oy
b1 b1 b; bix1 br b1 bi—1 b; bix1 br

Figure 11. Diagram for 7()

5.2 Soliton behavior

Next we report the soliton behavior in the automaton corresponding to the almost homo-
geneous specialization of (5.1):

P =B, ® B%, (5.4)
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where B = By ® By as before and [ and L are arbitrary positive integers. According
to Proposition 6, there are commuting operators TW, 73 . TCL+D  However they
are not independent under the choice (5.4). In fact, T7? = 7@ = ... = 7L and
TG = 76) = ... = TCL+D can be proved by means of the inversion relation (2.6). In
what follows we shall concentrate on 7' := T which is an analogue of T} in the semi-
infinite system. (T(Q) is an analogue of T7.) For v € B; and p € B®%, the time evolution
T(u® p) € P defined in Sec. 5.1 is rephrased as follows:

w@p~p @ve B @B,
P’ ® Kyignt(v) ~w @ p' € BY ® BEE,
T(u®p) = ket (w) @ p'.

In place of a boundary condition, we postulate that there exist an element a € B; such
that

Kieft (Kright (@) = a. (5.6)

Under this condition one can let the local state a ® kyight(a) € B play a role analogous to
vac (3.1). The condition (5.6) is satisfied only for even n and the following choices:

Rleft Rright a
Switchy,, | Rotateleft odd
Switchis | Rotateleft even

Rotateleft | Switchy, even
Switchy, Switchy,, | arbitrary

Rotateleft | Switchio odd
Switchys Switchqg | arbitrary

Here the freedom of a can be absorbed into a relabeling and is not essential. By regarding
the local state a @ krignt (a) as the vacuum one, the present automaton contains the semi-
infinite case (with time evolution 7}) as a natural limit L — oco. By computer experiments
we have observed that in each case in the list, the system behaves as a soliton cellular
automaton on finite lattice with two reflecting ends. (Unless (5.6) is satisfied, we observed
a chaotic behavior.) We include two examples with a = 1.

Example 19. 5A[4, kright = Rotateleft, ki = Switchyy. P = B3 ® B®13_ The symbol
.. stands for 14. The leftmost components 111,113 etc. are the tableau representation of
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the elements in Bs. Successive collisions and reflections of solitons of length 2 and 3.

111
111

11313 .. ..

oo 1213 .

L1213 .0 . L
121213 .. .. ..

113221213 .. .. ..
1334424 .. .
11324 .. 343424 ..

111

111 .. ..
111 .. .. .
111 .. .. .
111 .. .. .
111 .. .. .

111

1131213 ..
13324 .. ..

111
111
111
111

1111213 ..
123 .. .. ..
11134 24 ..

111
111

13313 .. ..
1133424 ..

111

L3424 .. .. 343424 . T
L3424 L 0343424 .

121213 ..

. 343424 .. .0 1213 .. . ..
o e W 343113 L L
oo 1213343424 . . L
.o 1213 ..343424
. . 1132
: .. 121213
C121213 . L L
..034221213 . L L

. 12124424 ..

.o.343424

Example 20. ;[6, Kright = Kleft = Switchia. P = By ® B®2l The symbol .. stands for
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12. Successive collisions and reflections of solitons of length 1, 1, 2 and 3.

1111 .. .. .. 161616 .. .. .. .. .. 1314 . .. .13 . . . 14
1111161616 .. .. .. .. L1314 . . 13 . L 14
1555 .. .. .. . . 3 4. .. .. .. .13. . .14.
1111525252 .. 13 14 e e W 1314
1111 .. .. 535452 e e 1314
1111 . 13 14 e 52 5252 .. .. 13 .. .. .. 14 .

1114 14 i e e e e o .. .. B25352 .. .. 14,

111432 .. .. .. .. .. .. .. .13 . .. 525452 .

1111 .. 4232 .. .. .. .. .13 .. .. .14 . 52 52 52 . .
1111 .. .. ..4232 .. .13 .. .. .14 Lo 52 52 52
111 .. . . . ..4233 . . .14 .. . . . .. . ..161616
i .. .o .. L1142 14 . L . 161616 .. ..
I 16 . 63 32 .. ..161616 .. ..

1111 .. .o .o .16 .. . 3 .15 56 36 .

1111 .. .. 16 13151 6 . 16 o 52 32 .

1111 13 16 16 15 .. .. .16 .. .. . . . . 52 32 .. .
1455 .. .. 15 .. .. .16 .. . . . . . . o . B232 . .
1111525542 .. .. 16 .. oo oo oo oo o e . D232
111114 .. .. 524642 .. .. .. .. . o oo oo oo e e . .. B4
1113 .. .. .. 16 .. 52 4242 . .. .. 1416 ..
111132 .. 16 .. .. .. .. .. 52 4242 .. . Z 16 .
1111 036 oo oo o e 52 42 44 16
111116 .. 32 .. .. .. .. .. .. .. . ..1316 . 52 42 32 ..
1115 .. .. .32 .. .. .. . . . 1316.. .. .. . . .52
111152 .. .. .32 .. .. .. 1316 .. .. .. .. .. .. . .13

1111 .. 52 .. .. .. 321316 .. .. .. .. .. .. .. 131416 .. ..

A Proof of Proposition 1

A.1 Equivalence of (2.14) and (2.13)

Let P(2%2®2°y) = 2°y® 2% be the transposition and let ¢ be the map Aff(B;) — Aff(B)’)
defined by «(2%) = 2z~ %.

Lemma 4.
(e HYRYW (1 ®1) = PRP, (A1)
(L@ )KYR'KY(1t®1) = PKyRY K> P. (A.2)
(A.1) is also written as (t®¢)R(: "' ®:71) = PRYVP. Thus one has (1®¢)(2.14)(1®1) =

P(2.13) P, hence the two relations are equivalent.

Proof. We apply the formulas (2.1), (2.2) and (2.4). Pick any 2% ® 26y € Aff(B;)
Aff(By,) and set R(z y @ z%x) = 23wz @ Le+QW2) g Then the both sides of (A.
apphed to 2%z ® 2y become z¢TQ0W:)f @ 24=Q¥:2) 7 Similarly, the both sides of (A.2
send 2%z ® 20y to 2~ PH @ k(§) ® 2~ (@=Pp, where w = k(z), O = R (w®y) and
p= PO(w’y) = PO(y’w)'

\_/C®
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A.2 Classical and affine parts of the reflection equation

In the rest of the appendix, we concentrate on (2.13). We let its two sides act on z%2®2°y €
Aff(B;)) ® Aff(B,,) and name the generated elements as in Fig. 12.

KyRVKsR RYWK3;RVK>

Sithi—d

2,11 +hi+ho 7dxl/l

ZIg —ey*

Ze+h1 —ho y/l

ZIg +h3—ey**'4,«'4

PRI N A

Zl4+h3+h4fdx***
r
» Zlg+h37h4fey***
Zlgfhl +h276yl/l

Figure 12. Diagram for (2.13)

Here the energy hi,...,hs4 and I4,...,I4 are given by

h1 = —Qo(z,y), I =1(2),
hy = =Po(2"y),  L=1I1("),
hs = —Py(x,y"), I3 = 1(y),

ha = —=Qo(xz™,y™), I=I(z").

Comparing the final outputs of the two diagrams in Fig. 12, we find that the reflection
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equation (2.13) consists of

classical part:

x/// — x***7 (A.

y" =yt (A.4)
affine part:

Qo(x,y) + Po(2",y') — 1(z") = Qo(2™,y™) + Po(z,y") — I(z"), (A.5)

Qo(z,y) — Po(2",y) + I1(y") = Qo (=™, y™) — Po(z,y") + I(y)-

A.3 Switch to tropical version

There are three cases (2.10), (2.11) and (2.12) to treat, to which not only I in the affine
part but also the classical part is dependent. In any case, (A.3) and (A.5) are piecewise
linear relations among the 2n coordinates x = (x1,...,2,) and y = (y1,...,y,) involving
min through @; and P; functions. This allows us to employ the tropical analysis [15, 22].
Namely, we are going to show the totally positive rational relations obtained by replacing
all the +, — and min in the original piecewise linear ones by x, / and +, respectively. This
is justified, at a calculative level, by the simple identities lim_, ¢ elog(X; x X2) = 21 + o,
lim.,_gelog(X1/X2) = 1 — zo and lim.,_gelog(X; + X2) = min(x1,z2) under the
correspondence X; = exp(z;/e) with x; € R [28]. To save the notation, we let the same
letter z; to denote the tropical coordinates X;. Now the piecewise linear formulas (2.1),
(2.2) and (2.4) are replaced by rational maps R(z,y) called the tropical R [29, 18, 19].

e = (1) (e ), wn
o= (o) () ) o
e = (oL (2ol ) o
Q= Y Lo 1 v Plew) = reon+ venn (A.10)

We write P;(z,y) and Q;(z,y) without any change of the entry as P;(z,y*), Q;(y,x),
etc. simply as P; and @Q;. Obviously, @); changes into ;41 under the transformation
(z,y) — (Rotateleft(z), Rotateleft(y)). One has [29]

Tit1Qi+1 + YiQi—1 = (i + vit1)Qi, (A.11)
Ti + Yir1 = Tipq + Y (A.12)

In fact, ;Q; —yiQi—1 = 1+ Tp —Y1 - - - Yp is independent of i, showing (A.11). In view of
(y,2") = R(x,y) (see Fig. 12), (A.12) is equivalent to (A.11) upon substitution of (A.7).
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A.4 k= Rotateleft case (2.10)

First we show the classical part (2", y"") = (x™**, y***)

RY(y',2"), o} =z}, and y" =y . Thus 2’ and y

. From Fig. 12, we know (2", y") =

" are calculated as

m (A-8) Pi(y',2") (a10) 35;‘+2 —|—y§+1 (A12),(A7) Tig1 (Tit1 + Yiv2)Qit1

= =z = ,
‘ Py, 2") Y (7 + yir1)Qi
m (A-8) " Py, 2") (A.10) " Tips + Yigo (A.12),(A.7) Yir1 (Tir2 + Yits) Qs
! Py, a”) Yl (i1 + Yir2) Qi1
Similarly, Fig. 12 tells (z***, y***) = RV (y**, 2**), hence
wrr = g QYT e Qi1 (Y (A.13)
? ? Qiq(ﬁﬂ**,y**) ) ? ? Q@(ﬂf**,y**)
By using (2.10) and (A.8) we find
- Tit+2 + Yi+3 - Tit1 + Yit2
o = gy 2T YA e DAL T Vit A4
i i+ Tit1 + Yiro Yi Yi+ Zi + Yir1 ( )
From (A.14) it is easy to show
ZTi+1 + Yit2
(x, ) = 2L AR g A.15
Q=™ y™) Tiv2 + Yit3 Qi1 ( )

Upon substitution of (A.14) and (A.15), z;** and y** in (A.13) coincide with =}’ and y”
obtained in the above.

Next we proceed to the affine part (A.5) and (A.6), which read, in the tropical setting
as

(2 +y1) 21 Qo = (z1 + y7)ziQo(z**, y™),
Qo Qo)
(2 +yDy! (e +yDwn

By applying ] = b, 2} = 21Q1/Qo, ] = x1(x2 + y3)/(x1 + y2) to the former, and
yi = vi(s +15)/ (27 +91) = y1Qo(xs +45) /((¢7 +y1)@1) to the latter along with y} = ys,
they are simplified into

(25 +y1)x1Q1 = z1(22 + Y3)Qo (2™, y™),

T3 + Y r1+y2

which are obvious from (A.12) and (A.15).

A.5 k= Switch,,, Switch;, cases (2.11), (2.12)

Here we assume n is even. Set Switcha(x) = (21, 22,...,2,), namely, i =i —1 (i + 1) for
i even (odd). A direct calculation leads to

Q; o
= Li ZH, yf* = in—Jrla Q; = T; + Yi- (A.16)

Q4 e
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Lemma 5. For k = Switchia,

Kx ok Qi 1 even,
Qz(w Y ) T\ @ig14y) (@i Qit1+yit1Qi—1) i odd
(@i+yi+1)(@it2+yits) ’

For k = Switchy,, the same relation with the opposite alternative with respect to the parity

of © holds.

Proof. It suffices to show Switchjs case only. Suppose Q;(z**,y**) = Q; for any even
i. Then in (A.11) with odd 4, replacement of (z,y) by (z**,y™) and application of
(A.16) lead to the sought formula for Q;(z**,y**) with odd i. Thus we are left with
i even case, which is done by checking Qo(z**,y**) = Qo only. We use the expres-

sion Qo = zzg T1X9 -+ Tog_200k—_1Y2k+1Y2k+2 - * - Yn- Under the replacement (x,y) by
(™, y**), agx_1 changes into aokiq while z1 - zok_o and yor11Yokt2 - - - Yn acquire the
extra factors agp_1 /a1 and aq /agg41, respectively. Hence the summand for each k remains
invariant. |

First we prove the classical part 2" = z*** and y"” = y*** in Switch;s case. By using

(A.12), we have

m_ Tt (TiQiv1 + Yir1Qi-1) (i odd) Qimi—1(Tit1 + Yit2)

= 1 even),
‘ Qi—1(wi + yit1) 2i—1Q; + ¥iQi—2 ( )
Y = Qi—1Yit+1(Tiv2 + Yita) (i 0dd), Yi—1(2i—1Qi + 1iQi—2) (i even).

i Qi1 + Yir1Qi—1 Qi(zi—1 + i)

On the other hand,

‘ Qi ()T Tt Qi yr)

" k3kok " kokok

Applying Lemma 5 and (A.16), one finds 2" = «** and y}" = y**.

Second we show x” = 2*** and vy = y*** for Switchy,. This is a corollary of Switchs
case. To see this, note that z]” in the two cases have the same expressions except the
opposite alternative concerning the parity of ¢, and the same holds for z**,y/ and y;**
as well.

Third we prove the affine part (A.5) and (A.6) in Switchjo case. Since I (2.12) is trivial,

we are to show

QO = QO(x**7y**)7 PO(xl/ayl) = PO(x7y*)

The former is due to Lemma 5, and it is easy to check the both sides of the latter agree
with 21 + y2 by using (A.12).
Finally we prove (A.5) and (A.6) in Switchj,, case. Their tropical version read

T

!/ *
QOPO(.%'”, yl)i_i = QO(x**a y**)PO(xa y*)i_%a
Qoy,  Qo(z™, vy )yn
Po(e",y)yl — Polz,y*)n
With the help of Lemma 5 and (A.12), these relations can be directly checked. This
completes the proof of Proposition 1.
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