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Abstract

The box-ball system (BBS), which was introduced by Takahashi and Satsuma in 1990, is a soliton cellular automaton.
Its dynamics can be linearized by a few methods, among which the best known is the Kerov—Kirillov—Reschetikhin
(KKR) bijection using rigged partitions. Recently, a new linearization method in terms of ‘slot configurations” was
introduced by Ferrari-Nguyen—Rolla—Wang, but its relations to existing ones have not been clarified. In this paper,
we investigate this issue and clarify the relation between the two linearizations. For this, we introduce a novel way
of describing the BBS dynamics using a carrier with seat numbers. We show that the seat number configuration also
linearizes the BBS and reveals explicit relations between the KKR bijection and the slot configuration. In addition,
by using these explicit relations, we also show that even in case of finite carrier capacity the BBS can be linearized
via the slot configuration.
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1. Introduction

We consider the box-ball system (BBS) introduced by Takahashi—Satsuma [TS] and a class of its
generalizations BBS(¢) introduced in [TM], which are cellular automata. The states of the system are
configurations of particles (balls) on the half line N = {1,2, ...} denoted by n € Q = {0, 1}, and we
will assume that the site x = 0 is always vacant (box). The dynamics of the BBS(¢) can be described
in terms of a carrier with capacity €. At each time step, the carrier enters the system empty from the
leftmost site (x = 0) and starts travelling to the right. It visits each site x of the lattice updating its local
state as follows:

o If there is a ball at site x and the carrier is not full, then the carrier picks up the ball;
o If the site x is empty and the carrier is not empty, then the carrier puts down a ball;
o Otherwise, the carrier just passes through.

The above updating rules can be summarized by recording in a function Wy : Z59 — {0, 1,...,{} the
number of balls transported by the carrier as it visits each site of the lattice N, that is, we recursively
define Wy : Zso — {0, 1,...,¢} as Wy(0) = 0 and

We(x) = We(x — 1) + min{n(x), £ — We(x — 1)} — min{1 — n(x), We(x — 1)}.
Then by using We, the one step time evolution of the BBS(¢) is described by the operator
Tr : Q — Q
which acts on states as
Ten(x) =n(x) + We(x = 1) = We(x).

The original model, namely the BBS introduced by [TS], corresponds to the case with infinite capacity
carrier, that is ¢ = co. Throughout this paper, by abuse of notation, for any function f : Q — R we will
denote f(Tyn) by Ty f and often omit the variable 5. Also, we denote T, by T.

The BBS has been widely studied from the viewpoint of the integrable system. In particular, the BBS
can be obtained via a certain discretization of the Korteweg—de Vries equation (KdV equation)

A+ 6udyu + d3u = 0.

As the KdV equation is known to be a soliton equation, the BBS also exhibits solitonic behavior; indeed,
this property is a consequence of the solitonic nature of a certain discretized KdV equation [TTMS].
A k-soliton of a given ball configuration 7 is a certain substring of n consisting of k ‘1’s and ‘0’s. If
distances of solitons are large enough, then a k-soliton is identified as consecutive k ‘1’s followed by &
‘0’s — here, we look at the ball configuration from left to right. Even when the distance between some
solitons is small or solitons are interacting, we can identify them precisely, via the Takahashi—Satsuma
(TS) algorithm, which is recalled in Appendix A. For example, Figure 1 shows the time evolution of the
configuration = 111000010010. . ., which includes one 3-soliton and two 1-solitons, and the distance
of these solitons is large enough in 7, T*7 but they interact in 7, T?n, T31. In addition, it is also known
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Figure 1. How the ball configuration n = 1110000100. .. evolves with time, where T™n is recursively
defined as T"n = T(T”’]n), T% = 5. The 3-soliton and two 1-solitons identified by the TS algorithm
are colored by red, blue and green, respectively.

that the BBS can be obtained via the zero temperature limit of a certain spin chain model, and the
BBS inherits the symmetry of the model before taking the limit; see [[KT] for details. Thus, despite the
simple description of the dynamics, the BBS is considered an important model in mathematical physics
since it has the properties of both classical and quantum integrable systems.

For some classical integrable systems such as the KdV equation, the initial value problems are
explicitly solved via the linearization of their dynamics. The BBS, as well as BBS(¢), are clearly
nonlinear dynamics, yet they are also known to be linearized by the Kerov—Kirillov—Reschetikhin
(KKR) bijection [KOSTY] using the language of rigged Young diagrams and also by a procedure
called 10-elimination [MIT]. A relation between the two linearizations was studied in [KS]. Recently,
another linearization using the notion of the slot configuration and the k-slots has been introduced
in [FNRW]. The latter linearization is known to be useful to study the randomized BBS and its
generalized hydrodynamics [CS, FG, FNRW], where generalized hydrodynamics is a relatively new
theory of hydrodynamics for integrable systems; see the review [D] for details. The aim of this paper
is to introduce a new algorithm which also linearizes the BBS dynamics and reveals relations between
the KKR bijection and the slot configuration. In a forthcoming paper [S], the relation between the
10-elimination and the slot configuration will be considered.

To describe the explicit relation between these linearizations, we introduce two novel ways to encode
the ball configuration 1 € Q:

(i) In Section 2.1, we introduce a carrier with seat numbers and the corresponding seat number
configurationn;, € Q,forany k € Nando € {7, | }. We will show that the seat number configuration
is a sequential generalization of the slot configuration, namely ;" (x) depends only on (17(y))o<y <x
but contains full information of the slot configuration; see Proposition 2.3 for details.

(ii) In Section 4.2, we introduce a new algorithm to produce a growing sequence of pairs of interlacing
Young diagrams (,uT(x), ,ul(x))xEN as well as refined riggings (J (x)) .y foreach o € {7, |} from
any ball configuration 7 € Q. This procedure turns out to be useful in order to establish connections
between the KKR bijection and the seat number configuration; see Proposition 2.2 for details. In
particular, we give an intuitive meaning to the KKR bijection, which was a purely combinatorial
object by means of the carrier with seat numbers.

As a result, we obtain an explicit relation between the KKR bijection and the slot configuration, an
open problem addressed in [FNRW]. Our results reveal that the slot configuration can be defined
independently of the notion of solitons; see Section 2.1 and Proposition 2.3 for details. In addition, we
will see that the slot configuration is more related to ‘energy functions’ than solitons; see Proposition 2.2
and the discussion following it. We also explain an interpretation of our result. First, we note that the
original slot configuration is defined via the notion of solitons identified by the TS algorithm. In this
sense, the slot configuration sees the BBS as a classical integrable system. On the other hand, the
linearization property of the rigged configuration obtained via the KKR bijection is closely related to a
combinatorial R matrix which satisfies the Yang—Baxter equation, that is, in this formalism the BBS is
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treated as a quantum integrable system [IKT]. Therefore, the present result can be considered as a new
way to connect two different perspectives (classical and quantum) on the BBS.

1.1. Outline

The rest of the paper is organized as follows. In Section 2, we first define the seat number configuration
(7 ken. Then we explain how the original BBS is linearized by simple observations on seat numbers;
see Theorem 2.1. In the subsequent subsection, we briefly summarize the relationships between other
linearizations and the seat number configuration, where the main results in this direction are Proposi-
tions 2.2 and 2.3. Finally, we state the relation between the KKR bijection and the slot configuration in
Theorem 2.2. As a direct consequence of Theorem 2.2, we show that the BBS(¢) can be linearized by
the slot decomposition for any ¢ < oo as well as the seat number configuration; see Theorem 2.3. Some
possible extensions for other models and applications to generalized hydrodynamics of our results are
also discussed at the end of Section 2.2. In Section 3, we describe some basic properties of seat number
configurations and we give a proof of Theorem 2.1. In Section 4, first we recall the definition of rigged
configurations and of the KKR bijection. Then, we introduce the interlacing Young diagrams algorithm
and prove Proposition 2.2 by using this algorithm. In Section 5, first we recall the definition of the slot
configuration and the corresponding slot decomposition. Then, we prove Proposition 2.3, Theorem 2.2
and Theorem 2.3.

2. Main results

In this section, we introduce a carrier with seat numbers, and corresponding seat number configuration.
Unlike the exisiting methods (KKR bijection and the slot configuration), the seat number configuration
can always be defined for any € Q, and linearize the dynamics of the BBS starting from . When
n satisfies ), ayn(x) < oo, we can obtain an explicit relation between the KKR bijection / slot
configuration and the seat number configuration. As a result, we determine relationships between the
KKR bijection and the slot configuration.

2.1. Seat number configuration

Now, we consider a situation in which the seats of the carrier, introduced in the previous section, are
indexed by N and the refined update rule of such a carrier is given as follows:

o If there is a ball at site x, namely 77(x) = 1, then the carrier picks the ball and puts it at the empty seat
with the smallest seat number;

o If the site x is empty, namely 7(x) = 0, and if there is at least one occupied seat, then the carrier puts
down the ball at the occupied seat with the smallest seat number;

o Otherwise, the carrier just passes through.

The above rule can also be summarized by recording in functions W = (Wi ) e Wk : Zs0 — {0, 1}
whether the seat No. k is occupied at site x, that is, we recursively define W as Wy (0) = 0 for any k € N
and

k-1
Wi(x) = We(x = 1) + 1) (1= Wx = 1) [ [Wex=1) @D
=1

k-1
— (L =NWele =D [ [(1=We(x = 1)).
=1

Then, Wi (x) = 0 means that the seat No.k of the carrier passing at site x is empty, while Wy (x) = 1
means that the seat No. k of the carrier is occupied. We call W = (W )i the carrier with seat numbers.
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It is obvious by definition that for the classical carrier W, with capacity £ € N U {co},

14
We(x) = D" Wilx) 22)
k=1

holds, and we see that WV is a refinement of W,. Now, we say that a site x is (k, T)-seat if n(x) = 1 and
the ball picked at x sits at the seat No. k. In the same way, we say that a site x is (k, |)-seat if n(x) =0
and the ball seated at No. k is put down at x. Then by using this notion, we define the seat number
configuration ny € Q, k € N,o € {T, |}, as

T( ) 1 ifxisa (k,1T)-seat
X) =
T 0 otherwise

= 1w, (x> Wi (x-1)}

k-1
= () (1= Wilx = D) [ [Wex = 1), 2.3)
=1

l( ) 1 ifxisa (k,])-seat
X) =
i 0 otherwise

= Lowe () <Wie(x-1))
k-1
= (1= n)Wi(x = 1) [ (1= Wex - 1), 24)

t=1

where the third equalities in Equations (2.3) and (2.4) are consequences of Equation (2.1). For later use,
we note that

nh () = 1 () = Lo (05w -1)) = Lwi (o< (x-1)}
=Wi(x) = Wi(x - 1),

and thus we obtain
Wi(x) = > (nh () = g () @.5)
y=1

Observe that there is at most one ball getting in and out at each site. Hence, if a ball gets in or out at
site x, that is, Weo (x — 1) # W (x), then the seat number of x, that is the (k, o) satisfying ) (x) = 1,
is uniquely determined. On the other hand, if site x is empty and any seat is vacant at x — 1, that is,
Wo(x = 1) = Wi (x) = 0, then we call such x a record, following [FNRW]. We note that the operator
T : Q — Q can be regarded as a flip operator of Os and 1s except for records, that is,

1 —n(x) if xis not arecord,
Tn(x) = { 7 2.6)

n(x) otherwise.

For later use, we define r(x) € {0, 1} as the function such that r(x) = 1 if and only if x is a record. From
the above observations, we see that any site of given ball configuration can be distinguished either as a
(k, o)-seat for some k, o or a record. In formulas, we have

D om =00, r+ ) mp0)=1-n(x)

keN keN
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7x) 1 100 1 1 1 01 1 0 0 0O 1 1 0 0 0 0

Wy(x) 0 1 2 1 0 1 2 3 2 3 4 3 2 1 2 3 2 1 0 O

Wi(ixy 0 110 01 1101 1 o0 O O 1 1 0 0 0 O

nI(x) 1 0 060 10001 0 0 O O O O O O O O

77%(x) o o0o1o0o00O0O10 0 1 0 O O O 1 o0 o0 O

Wo(x) 0 0 1. 1.0 0 13611 11 1 1 O O O 1 1 0 0 O

) 0 1.0 0 0 1 000 0 0 0 0 0 1 0 0 0 0

mi(x) 0 0 0 1 00000 O0 0 1 0 0 0 0 1 0 0

Wi (x) 0 0 00 00 0 1 11 1 1 1 0 O O O 0 0 O

mi(x) 0000001000 0 0 0 0 0 0 0 0 0

ni(x) o o0 o0o0O0O0OO0OO0OO0OO 0O O o 1 o0 o0 o0 o0 o0 o0

Wy(x) 0 0 0 0O OOOOO 1 1 1 1 1 1 1 1 0 0

771(x) o 0 0 0 0 0 0 0 0 1 o o0 o0 o0 o0 o0 o0 o0 o0
zyi(x) o o0 o0 o0o0o0O0O0O0OO0ODO0O O O O O o0 o0 o 1 0
r(x) o o0oo00O0O0OO0OO0OO0ODTO0O O O O O O o0 o0 o 1

Figure 2. Seat number configurations and records.

for any x. Hence, it is obvious that r(x) is given by

r() = 1= ) (L () +n; ().

keN

Figure 2 shows the values of Wy () and the seat number configuration for the ball configuration
n = 11001110110001100. ... Note that the same specific ball configuration will be repeatedly used
throughout this paper to facilitate comparison of multiple methods.

Now, we observe the relationship between the seat number configuration and the solitons identified
by the TS algorithm. As we will see in Section 3, for any € Q., the total number of (k, T)-seats is
the same as that of (k, |)-seats for each k € N, where Q.. C Q is the set of all finite ball configurations

Qe =491 €Q; Zn(x) < o0
xeN

Moreover, the total number of (k, 0-)-seats is conserved in time for each k € N and o € {7, | }, that is,
DixeN 77,[ (X) = Xcen n,{ (%) = Xyen Tn,[ (x). This relation will be established below in Equation (3.1);
see also Remark 3.1. On the other hand, for a configuration where all entries are ‘0’ except for k
consecutive ‘1”s, that is there is only one soliton and its size is k, we can easily see that such k-soliton
is composed by one of each (¢, 0)-seat for 1 < ¢ < k and o € {T, |}; see Figure 3 for example. For
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nxy ... 1 1 1 1 0 0 0 O
ni(x) ... 1.0 0 0 0 0 0 0
ni(x) ... 00 0 0 1 0 0 0
nli(x) ... 01 .0 0 0 0 0 0
() ... 00 0 0 0 1 0 0
ni(x) ... 00 1 0 0 0 0 0
ni(x) ... 0.0 0 0 0 0 1 0
ni(x) ... 0.0 0 1 0 0 0 0
ni(x) ... 0.0 0 0 0 0 0 1

Figure 3. For the case where only one 4-soliton is included in n.

any configuration in Q_.,, we will show that such a relation between the seat number configuration
and solitons is also valid, that is, any k-soliton is composed by one of each (¢, o)-seat for 1 < £ < k
and o € {T, ]}; see Proposition 2.3 and Section 5 for details. Hence, for any n € Q. we have the
formula

|{k-solitons in n}| = Z (nl(x) - n£+l(x)> = Z (n,l( (x) - U,lﬁl (x)).

xeN xeN

In addition, if x is a record, then by following the TS algorithm, all solitons in (17(y)); <y <, can be
identified independently of (7(y)) > 41, and we claim that the following equation

X X

|[{k-solitons in (17()); <, <.} = Z(n,[(y) -, (y)) = Z(n,{(y) —nb,, (y)) (2.7)

y=1 y=1

holds for any k& € N, while for general x € N Equation (2.7) may not hold. Since any element of 7 € Q.
consists of records except for a finite number of sites, 77 (-) — n;,,(-) can be considered as the local
density of k-solitons for each o € {T, | }. Note that the above claim will be justified by Proposition 2.3.

When we consider a general ball configuration n € Q, the TS algorithm may not work because there
can be infinite number of balls, and thus we may not be able to identify solitons in 1. However, since the
construction of the seat number configuration is sequential, that is, the value of ;" (x) can be determined
by (1(¥))1<y<x forany k € N and o € {1, |}, we can always define n;/ (-) for any n € Q. Therefore,
motivated by the above discussion, to study the dynamical behavior of the BBS for general n € Q, we
define my : Z>o — Zxp as my (0) := 0, and

mi () = > (17 () =gy (), 2.8)

y=1

for any k € N, x € Nand o € {7, |}. Note that from Equations (2.5) and (2.8), we get

m! (x) = my (x) = Wi (x) = Wi (x) € {=1,0, 1}, (2.9)

my (x+1)—mJ(x)=nf (x+1) —n,,(x+1) € {-1,0,1}, (2.10)

https://doi.org/10.1017/fms.2024.39 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2024.39

8 M. Mucciconi et al.

forany k € N, x € Z>g and o € {7, | }. We then introduce the j-th leftmost matching point 7 (j) as

7%(j) == min{x € Zso; m{ (x) > j forboth o € {1, }}
= min{x € Zaos m] (x) = mi () = j}, @.11)

for any &, j € N, where the second equality in Equation (2.11) is a consequence of Equations (2.9) and
(2.10). In terms of solitons, 74 () is the site where the j-th k-soliton is identified by the TS algorithm;
see Proposition 5.1 for details. For example, in Figure 4, the ball configuration 7 contains one 4-soliton
colored in brown, two 2-solitons colored in red and and one 1-soliton colored in blue, and one
can check that the rightmost component of each soliton x = 4,9,17, 18 are (1), 71(1), 12(2), 14(1),
respectively. Indeed, the following proposition justifies the above observation and its proof will be
presented in Subsection 3.3.

Proposition 2.1. Suppose that n € Q and 7 (j) < oo for some k € N and j € N. Then,
x > 1i(j) if and only if m} (x) > j for both o € {1, ]}.

Now, we introduce a way to determine the effective position of 7y (-). First, we introduce the functions
&r(x) counting the total number of (¢,7), (¢, ])-seats satisfying £ > k + 1 and records up to x as

&1 (0) :=0and
aw= Y S(no+nte)+ Y rw
£2k+1 y=1 y=1
k x
=x- Z(n}(y) + n}(y))
=1 y=1

for any k € N, x € Z59 and o € {T, |}. Figure 4 also shows an example of & (-). Then, the effective
position of 7 () is defined as & (74 (j)) for any j € N. We explain the reason of the definition of
the effective position from the viewpoint of solitons. First, we recall that each 7 (j) corresponds to a
k-soliton as pointed out above. Next, we note that the function & (-) is a nondecreasing function but
constant on sites included in ¢-solitons with £ < k. In particular, if ¥y c N is a k-soliton, then the
rightmost component of y is 7x(j) for some j € N, and we have & (x) = & (1% (j)) for any x € 7.
Thus, by associating 7 (j)’s to each k-soliton, we can consider k-solitons as points via & (), and the
function & (1 (- )) can be regarded as measuring certain distances between 7y (j)’s ignoring {-seats
with ¢ < k between them. Now, we claim that at each time step, &k (7« (+)) will be shifted by &, that is,
Tér (Tt (7)) = €k (1x (1)) + k, and in this sense we say that & () gives the effective positions of k-solitons
considering the effect of the interaction between other solitons. In addition, if there are no interactions
between solitons, then the effective positions are essentially equivalent to the original positions of the
solitons in 7. In Figure 5, we give an example of & (-) for the ball configuration n = 111000010010 . .,
which is the same configuration used in Figure 1, and it can be seen that the effective positions are
shifted by k at one step time evolution, while the components of the solitons are not linearly changed in
time due to the interaction. Hereafter, we will justify the above claims not from the viewpoint of solitons
but rather from the viewpoint of the seat number configuration.

From now on, we return to the viewpoint of the seat number configuration. We introduce i (i) as
the total number of 7;’s located at effective position 7 in the above sense, that is,

Ge(@) = H{j € N; 7)) € {x € Zz0; &k(x) = i}}. (2.12)
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z 0123456 789 10 11 12 13 14 15 16 17 18 19

n(z) 11001 1 101 1 0 0 0 0 0

n;(a:) 1000100010 O O O 1T 0 0 0 0 O

nﬁ(x) 001000010O 1T 0O O O O 1T 0 0 O

7];(.%) 01000100O0OO O OO O 1 O O 0 O

né(x) 0o0o010000O0OO O 1T O O O O 1 0 O

7]%(‘1,) 0oo0o00010OO0OO O OO OO0 O O 0 O

() 0000000000 0O O 1 0 0 0 0 0 0

ni(xy 0000000001 0 0 0 0 O 0O 0 0 O

nfl(:v) 0o0oo0000O0OO0OO0OO O OO O O O O 1 O

r(x) 0oooo0oo00000O O OO O O0O O O 0 1

g(z) 0011223444 5 5 6 7 7 8 8 9 10 11

gz) 0O0OO0OO0OCO0OO0OCTI1TI1I 2 2 2 3 3 3 3 3 4 5

é(z)y 0OOOOOOCOOO 1T 1 1 1 1 1 1 1 2 3

g4(x) 00O 0O0O0O0O0O0O0O0OO0OOOO O O O O 0O O 0 0 1

mi(zy 01 00010001 1 1 1 1 2 1 1 1 1 1

mi(z)y 00010000111 2 1 1 1 1 2 1 1 1

mg(m)00111121111111122 2 2

mi(z)y 00001111111 1 2 1 1 1 1 2 2

m%(w)OOOOOOOlllOOOOOOOOOO

mi(z) 00000000000 O 0 1 1 1 1 1 0 0

mL(w)OOOOOOOOOOllllllllI1

mﬁ(z)OOOOOOOOOOOOOOOOOOI1

Figure 4. How the value of the functions m) and &y change for the ball configuration
17 =11001110110001100. . .. The solitons identified by the TS algorithm and leftmost matching points of
my are highlighted in color, and one can see that for each k € N, the rightmost component of a k-soliton
is a leftmost matching point of m{, respectively. We note that the functions £x(x), k € N,x € Zxq are
defined immediately after Proposition 2.1.

For the ball configuration in Figure 4, { is given by

1 (k1) =(4,0),(2,0),(2,3),(1,4),
0 otherwise.

gi(i) =

Now, we present one of our main theorems, which claims that the effective position of 7y (-) is shifted
by k in one step time evolution, that is, the dynamics of the BBS is linearized in terms of {. Before
describing the statement, we will give an example. Observe that Figure 6 shows the seat numbers of 77,
where 7 is the same configuration as in Figures 2 and 4. From the figure, we see that

L) (ki) =(4,4),(2,2),(2,5),(1,5),
o) = 0 otherwise.
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@ 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
n(z) 1 1. 1.0 0 0 0 1 0 0 00 0 0 0 0 0 0 0 O
G( 0 0 1 2 2 3 4 5 5 5 6 6 6 7 8 9 10 11 12 13 14 15 16
€() 0 0 0 0 0 0 0 1 1 1 2 2 2 3 4 5 6 7 8 9 10 11 12
Tn(z) 000 0 1 1 1 00 1 0 0 00 0 0 0 0 0 0 O©
T&(x) 0 1 2 3 3 4 5 5 6 6 6 7 7 7 8 9 10 11 12 13 14 15 16
Tés(x) 0 1 2 3 3 3 3 3 3 3 3 3 3 3 4 5 6 7 8 9 10 11 12
T2n(x) 0000 O0O0OT1T10 1 1 0 00 0 0 0 0 0 O©

T?¢(x) 0 1 2 3 4 5 6 6 7 7 7 8 8 8 8 9 10 11 12 13 14 15 16

T%3(z) 0 1 2 3 4 5 6 6 6 6 6 6 6 6 6 6 6 7 8 9 10 11 12
T3n(z) 0000 O0O0TGO0CTO0OT1 0 0 1 1 1 0 0 0 0 0 0

T%4(z) 0 1 2 3 4 5 6 7 8 8 & 9 9 9 9 10 11 11 12 13 14 15 16

Ts(z) 0 1 2 3 4 5 6 7 8 8 8 9 9 9 9 9 9 9 9 9 10 11 12
T*n(z) 00 00 O0O0O0TO0TO 0 1 0 0 0 0 1 1 1 0 0 0

T4§1(1') 0o 1 2 3 4 5 6 7 8 9 9 9 10 10 10 11 12 12 13 14 14 15 16

T(z) 0 1 2 3 4 5 6 7 8 9 9 9 10 10 10 11 12 12 12 12 12 12 12

Figure 5. At each time step, the effective positions of k-solitons are shifted by k.

£ 0123456789 10 11 12 13 14 15 16 17 18 19 20 21 22 23
n(zx) 110011101 1 0 0 0 00 0 0 0 O
Tp(z) 001 100010 0 1 1 |1 10 0 0 0 0
Té(z) 0122334555 6 6 7 8 8 9 9 10 11 11 12 13 14 15
Téx(z) 01 22222333 4 4 4 5 5 5 5 5 6 6 6 7 8 9
Té(z) 01 22222333 4 4 4 4 4 4 4 4 5 5 5 5 6 7
Téa(z) 01 22222333 4 4 4 4 4 4 4 4 4 4 4 4 4 5
Tml(zy 0001000011 1 2 1 1 1 1 2 1 1 1 1 1 1 1
Tmi(zk) 0000010001 1 1 1 1 2 1 1 1 1 2 1 1 1 1
Tml(z) 00001111111 1 2 1 1 1 1 2 2 2 2 2 2
Tmi(z) 0000001111 1 1 1 1 1 2 2 2 2 3 2 2 2
Tmi(z) 00000000000 0 0O 1 1 1 1 1 0 0 0 0 0 0
Tm4(z) 00000000000 0O O O O OO0 0 0 0 O 1 0 0
Tmi(z) 00000000000 0 0O OO0 0 0 0 1 1 1 1 1 1
Tm!(x) 00000000000 0 O OO0 OO0 O0 0 0 0 0 1 1

Figure 6. Linearization property of the (k, o)-seats.

https://doi.org/10.1017/fms.2024.39 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2024.39

Forum of Mathematics, Sigma 11

In particular, we have

T (i) = Lk (i — k),

for any k € N and i € Zs(, with convention (i) = 0 for i < 0. Our claim is that this relationship holds
true for general configurations as well.

Theorem 2.1. Suppose that 1 € Q and 0 < |{x € Zs; &x(x) =i}| < oo for some k € N and i € Zy.
Then we have 0 < |{x € Zso; Téx(x) =i}| < oo and

(T (D) = L (i = k), (2.13)
with convention that (i (i) = 0 for any i < 0.

In particular, since the function & (-) strictly increases at each record for any k € N, we have the
following corollary of Theorem 2.1.

Corollary 2.1. Suppose that n € Q<o. For any k € N and i € Zs, we have

(TOr (i) = Li(i = k),
with convention that (i (i) = 0 for any i < 0.

We give the proof of Theorem 2.1 in Section 3. We emphasize that the proof is self-contained and
none of the relations with other linearization methods are used, and the definitions of 7, m[, 7x, &k, {
are independent of the notion of solitons. Note that under slightly stronger assumptions than that of
Theorem 2.1, one can reconstruct 77 from £ via the relation to the slot decomposition; see Remark 5.1 and
[CS, Section 2.2] for a constructive proof of this claim. We also note that, in fact, their reconstruction
algorithm only depends on the value of { and does not require the notion of solitons. Hence, the above
results mean that the seat number configuration gives a new linearization method for the BBS.

Remark 2.1. From the relation with the rigged configuration obtained by KKR bijection shown in
Section 4, under the same assumption as Theorem 2.1, the above theorem can be generalized to the BBS
with capacity ¢ as

(Te (i) = G (i = (kA O)).

We believe that there should be a direct proof of this linearization without using the relation with KKR
bijection but do not pursue it in this paper.

Remark 2.2. The following is one example of a configuration that does not satisfy the assumption of
Theorem 2.1 for some k and i.

1 x=1,2,3,7,8,11,4n+1,4n + 2 for some n > 3,
n(x) = .
0 otherwise.

In other words, 7 = 111000110010(1100)®; see also Figure 7. In this example, we see that
0 < {x € Zsp; &1(x) =i}| <ooforanyi € Zsg,and T (i) = £1(i — 1). However, for k = 2, 3, we have

3 i=0,1,
x € Zoo: E2() =i} = {0 i=2,
e Zog: &) =i} =15 170
X s &(x) =i} =
20> &3 0 i>l1.
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z 0123456 789 10 11 12 13 14 15 16 17 18 19 20

n(z) 1110001100 1 0 1 1 0 0 1 1 0 O

Tn(zx) oo0o0111001 1 0 1 0 0 1 1 0 0 1 1

§1(z) 001 2234455 6 6 6 6 7 7 8 8 9 9 10

fo(z) 0OO1 112222 2 2 2 2 2 2 2 2 2 2 2

g3(z) 0O0OOODOOOOOO O O O O O O O O 0 O

Té(x) 01 23345566 7 7 7 7 8 8 9 9 10 10 11

Té(x) 01 2 3334444 4 4 4 4 4 4 4 4 4 4 4

Tés3(z) 01 233333333 3 3 3 3 3 3 3 3 3 3

mi(zy 01 000001000 1 1 2 1 1 1 2 1 1 1

mﬁ(z)OOO()lOOOOlO o 1 1 1 2 1 1 1 2 1

m;(m)OOlOOOOOlll1112222333

mh(z) 0000010000 1 1 1 1 1 1 2 2 2 2 3

mg(z)OOOlllllllllll1111111

mi(zy 00000011111 1 1 1 1 1 1 1 1 1 1

Tmli(z) 0000100001 0 0 1 1 1 2 1 1 1 2 1

Tmi(z) 00000001000 1 1 2 1 1 1 2 1 1 1

Tml(z) 0000010000 1 1 1 1 1 1 2 2 2 2 3

Tmé(w)OOOOOOOOlll1112222333

ng(w)000000111111111111111

Tmé(w)OOOOOOOOOOO o 0 0 0O 0 0O o o o0 o

Figure 7. An example of 1 which does not satisfy the assumption of Theorem 2.1 for k > 2. 7 (j)’s and
Tt (j)’s are colored by red.

On the other hand, we see that 773(1) = co, and thus we get
T{3(3)=0#4(0)=1.

From the soliton viewpoint, this is a situation where a 3-soliton overtakes an infinite number of 2-solitons
and thus escapes to infinity at once. We note that by direct computation,

J=1

R =TeM) =10 T,

and thus »(2) = oo and T'{»(4) = oo for this 1. Hence, Equation (2.13) formally holds for £k = 2. We
also note that this configuration also violates the condition described in Remark 2.3, discussed later in
Section 2.2.

2.2. Relationships between various linearizations

The seat number configuration has a strong advantage that its relation to known linearization methods
is clear, and hence it reveals equivalences between them. In Section 4, we will see the relation to the
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KKR bijection, which gives a sequential construction of growing sequences of pairs of partitions and
riggings, called rigged configurations, from given ball configurations, where a rigging of a partition
u is a collection of integers assigned to each element of u. The term sequential means that starting
from 7, we will sequentially construct rigged configurations (u(x),J(x)) for x = 0,1,... in such a
way that (u(x),J(x)) is a function of n(1),...,n(x) and (&, J) = limy_e(u(x),J(x)) will be the
rigged configuration associated with r. For example, the rigged configuration corresponding to the ball
configuration (17(x));< <19, 7 = 1100111011000110000. .. is given by the partition u = (4,2,2, 1)
and the rigging J = (J1, /2, J4),J1 = (3),J2 = (=2, 1), J4 = (—4), where J; is the sequence of integers
assigned to k’s in the partition u ordered from the smallest to largest, and it can be represented as follows.

See also Figure 11 to see how (u(x), J(x)) grows as x changes.

To state the claim, let u(x) = (u;(x)) be the partitions obtained by the KKR bijection and
A(x) = (Ax(x)) be the conjugate of u(x), that is, Az (x) := |{i € N; u;(x) > k}|. Also, let mg(x) :=
Ak (x) = Ag+1(x) be the multiplicity of k in u(x), J(x) = (Jx(x),k € N) be the rigging, and
pr(x) :=x —2Ei(x) be the vacancy, where Ey (x) is the k-th energy defined as

Ex(x) := ) min{u;(x), k},

ieN

for any k € N and x € Z>o. We note that the number of components in J (x) is equal to my (x). We also
recall that the seat number configuration n;” and the function m are defined in Equations (2.3),(2.4)
and (2.8) for k € N and o € {7, |}. Then, we have the following relation between the quantities from

the KKR bijection and those from the seat number configuration.

Proposition 2.2 (Seat-KKR). Suppose that n € Q. For any k € N and x € Zx(, we have

=
pr(x)=x-2 zk] Z ), (2.14)
=
and
Te(x) = (i () = prlte(x, )): j = 1....m}(x)),
where

te(x, j) = max{l <y <x; ml(y) = j, nl (y) = 1}.

In particular, from Equation (2.14) we see that Zl[;l 77; (x) is the local k-th energy at x € N. Obviously,
there is a direct relationship between (k, T)-seats and the local energy function H used in the crystal
theory formulation of the BBS [FOY]; see Remark 4.1 for details. We emphasize that since the rigged
configuration is constructed sequentially, (u(x),J(x)) can always be defined for any x € Z5y and
Proposition 2.2 is valid for any n € Q, which is not necessarily in Q<.

In Section 5, we will establish the relation between the seat number configuration and the slot
configuration. Compared to the KKR bijection, the slot configuration defined via the algorithm in
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7x) 1 1.0 0 1 1 1 0 1 1 0 0 0 1 1 0 0 0 0

vx) 0 1.0 1.0 1 200 3 0 1 2 0 1 0 1 3 o

m(x) 1.0 00 1 0001 0 0 0 0 1 0 0 0 0 0

nll(x)0010000100100001000

77;(x)0100010000000010000

() 0001 00000 0O 0O 1 0 0 0 0 1 0 0

() 0 000001 00 0 0 0 0 0 0 0 0 0 0

n%(x)OOOOOOOOOOOOlOOOOOO

I]I(x)OOOOOOOOOIOOOOOOOOO

ni(x) 00 00 0O0O0O0O0O0O 0O 0O 0 0 0 0 0 1 0

Figure 8. The slot configuration and the seat number configuration.

[FNRW], denoted by v(x), needs a parallel construction, that is, to define the value of v(x), we need
the entire information of (17(y))yen (or at least (17(y))ye[1,x] for some x” > x in general). However, in
this paper, we will prove that slot configuration can be constructed sequentially. In particular, we show
that (n,‘: (x))(rE (1.0} ke xen CAN be considered as a sequential construction of the slot configuration.

To describe the statement, let & (x) be the number of k-slots in [1,x], and ( ik )kew = (& (V)kew,iezoy
be the slot configuration. For example, the slot configuration corresponding to the ball configuration
n =1100111011000110000. .. is given as follows.

Precise definitions of these quantities are given in Section 5. Then, we have the following relation
between the quantities from the slot configuration and those from the seat number configuration.

Proposition 2.3 (Seat-slot). Suppose that n € Q<. Then for any k € N and x € N, we have the
following equivalence:

n,[(x) +77,£(x) = lifand only if v(x) = k — 1. (2.15)

In particular, for any k € N, i € Zso and x € Zsq, we have & (x) = & (x) and &y (i) = £ (i).

The reader can check the relation (2.15) for the ball configuration n = 1100111011000110000. . .
from Figure 8. Since the construction of the slot configuration requires the TS algorithm, v(x) cannot
be defined for general € Q due to the existence of infinitely many balls, and so the above proposition
is also restricted to Q... In particular, if the number of records in 77 € Q is finite, then we may not be
able to identify solitons in 7; see the description of the TS algorithm given in the appendix for details.
However, the seat number configuration can be defined for any 1 € €, and thus it can be considered as
a generalization of the slot configuration.

Using Propositions 2.2 and 2.3, we find for the first time that the relationship between local energy
and slots can be understood via the seat number configuration. We highlight that KKR-bijection does
not distinguish roles of 0’s in 7, but the seat number configuration and slot configuration do so via the
(k, |)-seats and k-slots, respectively. In other words, the seat number configuration and slot configuration
also give energy to 0’s. On the other hand, the slot configuration does not distinguish 1’s and 0’s if
they are both k-slots, while the seat number configuration distinguishes them as (k,T) and (%, |). By
introducing such a distinction, we obtain the nontrivial relation between the dynamics of (k,T) and
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(k, |) configurations; see Proposition 3.1. See also [FNRW, Proposition 1.3] for an equivalent claim as
that of Proposition 3.1 via the language of the slots.

From the above propositions, we have an explicit relation between the riggings of KKR-bijection
and the slot configuration. In the next theorem, we denote J = xlglgo J(x) the rigging for a configuration

n € Q. , which is well defined since J(x) becomes constant in x eventually. The indexes of the rigging
J will be J ; for k, j in a suitable range.

Theorem 2.2 (KKR-slot). Suppose that n € Q.. Then for any k € N and i € Zy(, we have
Ge() = {j eN; Jij=i—k}.

Theorem 2.2 means that the elements of J; are the effective positions of 7 () shifted by &, and the slot
decomposition counts the total number of 7 (+) at the same effective position. As a direct consequence
of Theorem 2.2 and the result in [KOSTY] quoted as Theorem 4.1 in Section 4, we see that the slot
configuration linearizes the BBS with finite capacity BBS(£). More precisely, we obtain the following
theorem, which is a generalization of [FNRW, Theorem 1.4] for the case £ < co.

Theorem 2.3. Suppose thatn € Q.. Forany k € N, i € Zsy and | € N U {co}, we have

(Te i (i) = &i(i = (kA D).

We mention some possible extensions of Proposition 2.2 and Theorem 2.2. In literature, various
extensions of the BBS have been defined and studied [HHIKTT, HKT, IKT, KMP2, KOY, T, TTM].
One such generalization is given by the multicolor BBS with finite/infinite carrier capacity, and it is
known that such model can also be linearized by the KKR bijection. Nevertheless, in the colored setting
such linearization techniques do not allow to study general hydrodynamic properties of the model in a
rigorous way. To attack such probabilistic questions, a linearization method more close in spirit to that of
slot configurations seems to be required, yet no such result is, at this moment, available. We expect that
Proposition 2.2 and Theorem 2.2 might give a blueprint to generalize the idea of the slot/seat number
configuration for multicolor BBS and hence to carry out hydrodynamic studies of these generalized
models.

Finally, we note an application of Theorem 2.3 to the derivation of the generalized hydrodynamic
limit (GHD limit) for the BBS(¢), £ < oo. In [CS], the GHD limit for the BBS with infinite carrier
capacity (€ = oo) is rigorously derived, and the use of the slot decomposition is crucial in their strategy
of the proof. However, the assumption £ = oo is not necessary for most of the proof and is only needed to
use [FNRW, Theorem 1.4], the linearization property of the slot decomposition. Therefore, combining
Theorem 2.3 and the strategy in [CS], the GHD limit for the BBS(¢) can be also derived in a rigorous
way.

Remark 2.3. Since the main purpose of this paper is to investigate the relationships between the KKR
bijection and the slot configuration and the KKR bijection is only defined for semi-infinite sequences, we
consider the BBS on {0, 1 }N. On the other hand, the slot configuration and the seat number configuration
can be also defined for i € {0, 1}* satisfying

X —1

.1 1 1 1
)}ggo;;n(y)<§,)}grgo)—62n(y)<§,

and the relation (2.15) also holds. That is, for the whole line case, the seat number configuration is also
a generalization of the slot configuration; see [S, Section 4] for the construction of the seat number
configuration on the whole line and the proof of an analogue of Proposition 2.3. We note that for the
whole line case, since there are seats in both directions, the function £; may take values in (—co, 00), and
an ambiguity arises as to where to assign the value of 0 for £x. As a result, to describe an analogue of
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Theorem 2.1, we need an offset, which is also the case for the slot configuration; see [FNRW, Theorem
3.1] and [S, Theorem 4.1] for details.

3. Linearization property of the seat number configuration

In this section, we first state some simple observations obtained by the definition of the seat number
configuration. Then, we prove Theorem 2.1.

3.1. Basic properties of the seat number configuration
Lemma 3.1. For any n € Q, the following statements hold:

(i) Forany k € N, 77][ (x) = 1 implies Z;:l(ng(y) - né(y)) =1foranyl <{ <k
(i) Forany k € N, nlt (x) = 1 implies Z;:l (n;(y) - ni(y)) =0forany 1 <{ < k.
(iii) r(x) = 1 implies Z’y“:l(nl (y) - n,l( (y)) =0 forany k € N.
Proof. From Equation (2.5), it is sufficient to show the following statements:

(i)> Forany k € N, n,[(x) = 1 implies Wy(x) = 1 forany 1 < ¢ < k.

(ii)> For any k € N, n,{ (x) = 1 implies Wy(x) =0 forany 1 < ¢ < k.
(iii)’ r(x) = 1 implies Wi (x) = 0 for any k € N.

‘We prove them one by one.

(i)’ Assume that 77,[ (x) = 1. Then, from the update rule of W(-), the seats of No.f for 1 < £ < k are
all occupied at x. In formulas, from Equation (2.3) we have

k-1
N =1, Wix-1=0, [[Wix-1=1,
t=1

and thus from Equation (2.1) we obtain Wy (x) = 1 forany 1 < € < k.
(ii)> Assume that r],l((x) = 1. Then, from the update rule of WW(-), the seats of No.f for 1 < ¢ < k are
all empty at x. In formulas, from Equation (2.4) we have

k-1

nx) =0, Wilx-1)=1, [Ja-Wix-1)=1,
=1

and thus from Equation (2.1) we obtain Wy (x) =0 forany 1 < ¢ < k.

(iii)> Assume that r(x) = 1. Then the seat of No.k for k € N are all empty at x. In formulas, r(x) = 1 if
and only if We(x — 1) = W (x) = 0 where Woo (x) = 3 pene Wi (x), and thus we have Wy (x) = 0
for any k € N. O

The next proposition is crucial for understanding the dynamics of the BBS.

Proposition 3.1. Foranyn € Q, x e Nand k € N,
L(x)=Tn! 3.1
g (x) =Ty (x). 3.1
In addition, if 77,[ (x) = 1, then we have

Z Tni(x) +Tr(x) = 1. (3.2)

>k

The proof of Proposition 3.1 is in the next subsection.
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Remark 3.1. By Lemma 3.1 (iii) and Equation (3.1), we see that if r(x) = 1, then we have

X X X
PR EOEDIHOEDIE N
y=1 y=1 y=1
for any k € N. In particular, under the assumption 1 € Q..,, we have
D@ = i@ = > Tolx) = Y Toy(x)
xeN xeN x€eN x€eN

since x must be a record of i and 77 if x is sufficiently large. Hence, the total number of (k, o)-seats is
conserved in time for each k € N and o € {T,|}. When }, oy 77(x) = oo, the above conservation law
does not necessarily hold.

Remark 3.2. Relation (3.1) is essentially equivalent to Proposition 1.3 of [FNRW] but generalized to
configurations with infinitely many balls.

3.2. Proof of Proposition 3.1

First, note that if (Wy ) is the carrier with seat numbers for the configuration n, then (1 — Wy)i is
the carrier with seat numbers for the configuration 1 — 5, namely (1 — Wy )i satisfies Equation (2.1)
for 1 — n, but with the boundary condition (1 — W;)(0) = 1 for all k € N. Now, let j = 1 — Ty and
Wi = 1 = TWy. Then, W = (W) is the carrier with seat numbers for the configuration 77 with the
boundary condition Wj (0) = 1 for all k € N. More precisely, W = (W) satisfies Equation (2.1) for 7.
Moreover, from Equation (2.6),

) = n(x) if r(x) =0,
= 1-nx) if r(x)=1.

Then, Equation (3.1) is equivalent to the claim that
Wi (x) = Wi (x = 1) = -1 (3.3)
if and only if ni (x) = 1. To prove this, we first prove that W dominates W.
Lemma 3.2. Forany x € Z>o and k € N,
Wi (x) =2 Wi (x).

Proof. We prove it by induction on x. For x = 0, the inequality holds since W (0) = 1 and W; (0) = 0
for k € N. Suppose

Wi(x = 1) = Wi(x - 1),
forall k e N.If r(x) = 1, Wi (x = 1) = Wi (x) =0forall k € N, so
Wi (x) = Wi (x)

holds for all k£ € N. If r(x) = 0, then n(x) = 7j(x). If n(x) = 7j(x) = 1, then ’711* (x) = 1 for some k* € N.
Therefore, Wi (x—1)=1foralll <k < k* and so Wi (x = 1) = 1 by the induction assumption. This
implies that Wy« (x) = 1 holds for both cases W+ (x — 1) = 0 or 1. Hence,

Wi (x) = Wi (x) = 1
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and for k # k¥,

Wi (x) 2 Wie(x = 1) 2 Wie(x = 1) = Wi (x).
Similarly, if n(x) = 7j(x) = 0, then there exists k* € N such that Wy-(x) — Wy (x — 1) = —1. Then,
Wi (x—1) =0forall 1 < k < k*and so Wy (x—1) = 0 by the induction assumption. Hence, Wi (x) =0
holds for both cases Wi+ (x — 1) = 0 or 1. Hence,

Wi (x) = Wi (x) = 0

and for k # k¥,

Wi (x) = Wie(x = 1) > Wi(x = 1) > Wi (x),
which completes the inductive step. O

Next, we prove that W, and Wy coincide on sufficiently large intervals.
Lemma 3.3. Suppose x’ < x, n]T( (x)y=1landr(y) =0 forallx’ <y < x. Then,
We(y) = We(y)

foranyx' <y<xandl <{<k.

Proof. Since n,Tc(x’) = 1 implies Wy(x’) = 1 for 1 < ¢ < k, by Lemma 3.2, we have W;(x’) = 1
for 1 < ¢ < k. In particular, W, (x") = W,(x’) for 1 < £ < k. Also, r(y) =0forx’ <y <ux
implies n(y) = 7j(y) for x” < y < x. Then, since {W¢(y)}r<y<x,1<e<k (Tesp. {We(y) <y <x1<e2k)

is determined by {W{’ (x/)}lst’sk and {n(y)}x’<y§x (I‘GSB. {Wl’ (x/)}lsl’sk and {ﬁ(y)}x’<y$x) through
the recursive equation (2.1), we conclude that W, (y) = Wy(y) forx’ <y <xand 1 < ¢ < k. m|

<
<

Proof of Proposition 3.1. We first show that ni(x) = 1 implies Equation (3.3), that is Wy (x) —
Wi (x — 1) = —1. Then we will prove the opposite implication. Suppose ni (x) = 1. This means

Wi(x=1)=1, Wi(x)=0.
Let
x" = max{y € N; 77,1()’) =1y <ux},

that is the rightmost site to the left of x where a ball is picked up and seated at No.k seat. We can also
characterize x” as

x"=min{y e N; Wy(z) =1 forally <z<x-1}.

Then, it is obvious that n,[(x’) =1,x" <xand r(y) =0 for all x’ < y < x since r(y) = 1 implies
Wi (y) = Wi (y — 1) = 0. Then, by Lemma 3.3,

Wix=1) =We(x-1) =1
and

Wi (x) = Wi(x) =0
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hold. In particular, Equation (3.3) holds. Next, we assume Equation (3.3) holds and prove 77,{ (x) =1.
Since the relation W (x) — Wy (x — 1) = =1 implies T5(x) = 1 and 7(x) = 0, we have r(x) = 0 and
n(x) = 0. Hence, there exists k* > 1 such that n,{ (x) = 1. Then, by the first part of this proof, this implies

Wi (x) = Wi (x = 1) = —1,

which means k = k*, and so r]]t (x)=1.
Finally, we prove Equation (3.2). If n,T( (x) =1, then Tn(x) = 0 and thus we have

Z Tni(x) +Tr(x) = 1.

CeN

Hence, it is sufficient to show that 77][ (x) = 1 implies Tr]i(x) =0for 1 < ¢ < k — 1. We observe that
TWe(x—1) = TWe(x) = 0implies Tn}(x) =0.Since TW;(x) = 1-W;(x), TWe(x—1) = TW;(x) = 0
is equivalent to W, (x — 1) = Wy (x) = 1. On the other hand, n,T((x) = 1 implies We(x —1) = Wy(x) =1
for 1 < ¢ < k — 1, and thus from Lemma 3.2 we have Wy (x — 1) = W, (x) = 1. Therefore, an< x)=1
implies Tni(x) =0forl <¢{<k-1 O

3.3. Proof of Proposition 2.1
In this subsection, we will show Proposition 2.1. First, we define for any i € Z>g and k € N
sk (i) ;== min{x € Zso; & (x) =i},
with the convention that min ) = co. Since & (x + 1) — & (x) € {0, 1}, the equivalence
&r(x) =iifand only if 55 (i) < x < sp(i+1)

holds, where s (i + 1) can be infinite.
Since s (i) is a (¢, 0)-seat for some £ > k and o € {T, |} or a record, by using Equation (2.9) and
Lemma 3.1, the following result is straightforward.

Lemma 3.4. Suppose that sy (i) < oo for some k € N and i € Zso. Then we have

my (s (D) = mi (si (D).
Next, we show that the sequence (mf{"(sk (i)))ieN, o € {7, ]} is nondecreasing.

Lemma 3.5. Suppose that sy (i+1) < oo for some k € Nandi € Zsq. Then for each o € {1, |}, we have
my (sp(i+1)) —=my (si(i)) > 0. (3.4)
Proof. From Lemma 3.4, it is sufficient to prove the case o =T. Observe that

Sk (i+1)

mi(se(i+ 1) =m(sc@) = > () =0k, ()
y=sp (1)+1

Sk (i+l)

= Z n,[(y) - 77,T<+1 (sk(i+1)).

y=sk (i)+1
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From the above expression, Equation (3.4) clearly holds for the case 77][ +1 8k (i + 1)) = 0. From now on,

we will consider the case 77,1 +1 (8% (i +1)) = 1. Then, to show Equation (3.4) it is sufficient to show

Sk (i+1)

Z n,[(y) > 1.

y=si (i)+1
From Lemma 3.4, we have

sk (i+1) sk (i+1)

> (n,[(y)—n,l((y))= > (n,;l(y)—n,lm(y))

y=sk (i)+1 y=si (i)+1

= 77;[+1(sk(i +1)) - n,trl(sk(i +1)).
Hence, we obtain

Sk(i+])

DU o) 2l (sl + 1) =t (s + 1)
y=si (i)+1
>1,
and this completes the proof. O

Proof of Proposition 2.1. From the definition of 74 (-) given by Equation (2.11), it is sufficient to show
that x > 74 () implies m; (x) > j for each o € {7, |}. Since m}] decreases only at (k + 1, 0")-seats, it
suffices to prove the following claim: For any x > 7¢ (),

ny., () + 1y, (x) = 1 implies m{ (x) > j for each o € {1, ]}.

Define x” := min{y > 74 (j); y = s¢ (i) for some i € N}. Note that x” < co and in particular x” < x since
’71Tc+1 (x) + n]lﬁl (x) = 1 and so x = s (i’) for some i’. Then, again by using the fact that m;] decreases
only at (k + 1, 07)-seats, we see that either ml (x")=jor m]l( (x”) > j holds. Thus, by using Lemma 3.4

we have mlz(x’) = m]l((x’) > j. Then from Lemma 3.5, we obtain my (x) > my (x) > j foro- € {1, |}.
Therefore, Proposition 2.1 is proved. O

We conclude this subsection by pointing out that similar argument used above yields other represen-
tations of i (i) defined in Equation (2.12) as follows.

Lemma 3.6. Suppose that sy (i +1) < oo for some k € Nand i € Zs(. Then for each o € {T, |} we have
Gi (i) = my (s (i +1)) = my (sic(i))
= |{x eN; nl (x) =1,&(x) = lH - |{x eN; n, (x) =1L&(x) =i+ 1}|

Proof of Lemma 3.6. Let j* = max{j € N; 74(j) < sx(i + 1)} with the convention that max( = 0.
Then, we have

J'= D Hh e N: t(h) € {x € Zag: &k (x) = 1 = . &k()-
J=0 J=0

On the other hand, since 7% (j*) < sg(i+1) < 1% (j*+1), from Equation (2.11) and from Proposition 2.1,
we get
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min{ml(sk(i + 1)),m,l((Sk(i + 1))} =j.

Hence, from the above and Lemma 3.4, for each o € {T, |} we have
m? (s (i + 1)) = mi 7 o 1 1 _.*_l .
7 (ki + 1)) = min{m] (s (i + D), my(sic i+ D) =" = " ()
7=0

and thus we obtain

Sk (@) =my (sk(i+1)) —my (s (7))
sk (i+1)

- Z ng (x) = ng,, (s(i+1))

x=sp (i)+1

= |{x eN; n/ (x) =1, &k (x) =i}| - |{x eEN; n/, (x) =1L,&((x) =i+ IH O

3.4. Proof of Theorem 2.1

In this subsection, we give the proof of Theorem 2. 1. First, we prove that the difference between &; and
Té&y is constant under a certain condition.

Lemma 3.7. Forany k € N and x € Zx(, we have

Tép(x) = §x(x) 2 0. 3.5)
In addition, if n}(x) =1land{ > k, then

Tér(x) = &k (x) = k. (3.6)

Proof. From Equations (2.2), (2.5) and (3.1), we have

(n; (y) = Tn; (y)) + i zx:(ni (y) =Ty (y))

M-

Tép(x) —ér(x) =

)
M= I~

LN

~<

I

n

=1 y=1
X k x

= Z(n; (- ni (y)) + Z Z(Tn} ) - Tni (y))
£=1 y=1 =1 y=1

= Wi (x) + TWi(x) = 0.

Suppose ni (x) =1and ¢ > k. By Equation (2.2), Equation (2.5) and Lemma 3.1(ii), Wi (x) = 0. Also,
by (3.1), Tn; (x) =1 and so by Equation (2.2), Equation (2.5) and Lemma 3.1(i), TW (x) = k. Hence,
Tér(x) = Ex(x) = Wi (x) + TWi(x) = k. o

Now, we give the proof of Theorem 2.1.

Proof of Theorem 2.1. First, we note that 0 < [{x € Z>o; &x(x) =i}| < oo if and only if s (i + 1) < oo.
In addition, from Equation (3.5), we have T'sy (i) < 54 (i) forany k € Nandi € Z5¢. Hence, we see that
0 < {x € Zso; ér(x) =i}| < oo implies 0 < [{x € Zsg; Téx(x) =i} < oo.
Next, by Lemma 3.6 and Equation (3.1),
(TR () = Hx € Ny Tpl(x) = 1,Té(x) =i} - {x € N; Tl (x) = 1, Téx(x) =i+ 1}]
= [{x eN; 7t (x) = LTE() =i} - [{x e N; ), (%) = LT (x) =i+ 1}].
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p=(4,2,2,1) [ ] Jaa
Joo

A=(4,3,1,1) 2.1
L J1.1

Figure 9. A partition u and its conjugate on the left and a rigged configuration (u, J) on the right.

Then, by Equation (3.6),

[{x €N pi(x) = LT (x) =i} = [{x €N 7 (x) = L& (x) =i -k},

and similarly,

[ € 15 myy (6) = LTE () =i+ 1} = [{x € Ns my, (0) = L&k (0) =i =k + 1},

Hence, by Lemma 3.6,

(T (i) = {x € N; 7} (x) = 1, & (x) =i -k}
—H{xr eN; b (1) = LE(x) =i~k + 1}
=4 (i —k). O

4. Relation to KKR-bijection
4.1. Definition of the rigged configuration

Let us recall some basic notions. A partition yu = (11 > up > --- > 0) is a weakly decreasing sequence
of nonnegative integers that eventually becomes zero. Partitions are naturally represented by their Young
diagrams and often the two notions are interchanged. The conjugate partition of u, denoted by A, is
the partition defined by A = [{i € N : y; > k}|, for k € N. For any k, the multiplicity of k in u is
my () = A — Ag41; we will often suppress the dependence from u to lighten the notation. A rigging
of a partition y is a collection of arrays J = {J; : 1 < k < u;} such that

Je=Urts - Jkom)s with -k <J1 < < Jem

and Jy = @ if my = 0. A pair (u, J) consisting of a partition and its rigging is called a (rank one) rigged
configuration and we denote the set of them by RC. See Figure 9 for example of a rigged configuration.

Rigged configurations are in bijections with ball configurations n € Q.. In the literature, such
a bijection takes the name of the Kerov—Kirillov—Reschetikhin (KKR) bijection [KKR, KOSTY]
and we recall it below. Starting from 7, we will sequentially construct rigged configurations
(u(x),J(x)) for x=0,1,... in such a way that (u(x),J(x)) is a function of n(1),...,n(x) and
(1, J) = limy_ e (u(x),J(x)) will be the rigged configuration associated with 7. Abusing notation,
we will denote the arrays in rigging J(x) by Jx(x). For any k € N and x > 0, define the k-th vacancy
at x as

pr(x) = x = 2Ex(x),

where Ey (x) is called the k-th energy defined as

Ey(x) = ) min{p(x). k}.

ieN
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-3 | -3 -1 -3 0 | -3
-1 -1 1 1 2 -1

Figure 10. Some examples of partitions with riggings and vacancies. We note that the leftmost rigged
configuration corresponds to n = 1110011, the middle one to n = 111000011 and the rightmost one to
n = 1110001100. We highlighted singular rows writing the corresponding rigging in boldface.

%] —_— 71571 _— 72m72 _— 71m72

— e — O — 2 — P

2 777 -3 SHH S L) -

s
&
Wl
[
|
mr &
L]
&

3 7 3

-2 —4 -1 —4 7; E’:\:\ :‘21 =3 | [] I4
I 2 -2 — 3 -2 — 6 E— 1 E~ )

6 3 7 3 6

Figure 11. The computation of the KKR bijection corresponding to the configuration n =
110011101100011000. ... Integers at the left of each partition represent the vacancies py(x) asso-
ciated with each group of rows of the same length k, while the integers at the right of each diagram
represent the rigging J. We have highlighted singular rows by writing the corresponding component of
the rigging in boldface.

In case y;(x) = k and pi (x) = Ji m, (x) for some i and k, we say that (u; (x), Jx m, (x)) is a singular row
of length k of (u(x),J(x)). For examples of singular rows, see Figure 10. Each partition corresponds
to u(x), and the number on the left-hand (resp. right-hand) side of the row with length £ is the value of
Ppr(x) (resp. Jx(x)) at some x. The leftmost rigged configuration has two singular rows, and the middle
one has one singular row, but the rightmost one has no singular row.

To construct the sequence (u(x),J(x)), we set u(0) = @ and J(0) = @. Assuming that we have
determined (u(x), J(x)), we will construct (u(x + 1), J(x + 1)) as a function of n(x +1). If n(x+1) = 0,
then we set (u(x+1),J(x+1)) = (u(x), J(x)). On the other hand, if n(x+1) = 1, we look for the singular
row (u(x), Jx,m, (x)) of (u(x),J(x)) of maximal length k. Then we replace such row with a singular
row of length k + 1. If there are no singular rows, then we simply create a singular row of length 1.
Since we assume that i has only finitely many balls, it is clear that from a certain x onward (u(x), J(x))
stabilizes and the result is the desired rigged configuration (u,J). Note that even for general € Q,
(u(x), J(x)) is well defined for any x € Zs(, but it may not stabilize. One can easily see that, starting
from a rigged configuration (y, J), it is possible to compute the algorithm just described in reverse and
associate uniquely a ball configuration n € Q.

In Figure 11, we show the computation of the KKR bijection relating the ball configuration n =
11001110110001100000 . .. with the rigged configuration

https://doi.org/10.1017/fms.2024.39 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2024.39

24 M. Mucciconi et al.

For further examples and for generalizations of the KKR bijection, we invite the reader to consult [IKT]
and references therein.

The KKR bijection is extremely important in the study of the BBS as in the rigged configuration, the
dynamics becomes linear. The following proposition recalls a result from [KOSTY].

Theorem 4.1 [KOSTY]. Letn € Qo be a configuration associated with the rigged configuration (u, J)
under the KKR bijection. Then for any k € N and £ € N U {oo}, we have Tu = u, and

(Ted)i = (Jk,j +kANE1 << mk)_

Remark 4.1. In [IKT], relations between rigged configurations and BBS were explained through the
formalism of the theory of crystals. In this formalism, the energy function Ey can be expressed as a certain
sum over a more refined quantity called local energy which is function of a tensor product of two crystals
[FOY]. For our model, such local energy can be given in term of the function A : {0,1} x B — {0, 1},
B :={(k,0);k e N,0 < ¢ < k}, given by

H(a, (k,£)) := min{a, k — £},

using which we can represent E as
X
Ex(x) = Y B (), (k, Wi(y = D).
y=1

Here, recall that W is the carrier with capacity k. There is a direct relation between H and seat numbers.
Actually, from the above representation of £ and Equation (2.14), we obtain

k
H(n(x), (e, Wi = 1)) = 3" n} (),
=1

From this relation, we can also deduce that values of 77,[ (x), or rather their sums, represent the local
energy of the BBS.

4.2. A pair of interlacing Young diagrams with riggings

In this subsection, we introduce a new algorithm to obtain a sequence of pairs of Young diagrams from
a ball configuration n € Q. Then, we prove that the rigged configuration obtained by the KKR bijection
is understood as a projection from the pair of Young diagrams to the first component.

For a pair of Young diagrams (u', '), we say that the pair is interlacing if

leZyllz;lgz@z...

holds, where we use the convention that for a given partition y, y; = 0 for any i > A;. The interlacing
condition is equivalent to

Tl
Al -ale{o,1y, .1)

for any k > 1 where A7 is the conjugate of u“ for o € {T, | }.
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We introduce
T._ Y
k .—sup{kzl,/l[ /lg_l,ls‘v/é’sk}

k
=supfk > 1; ) (4] - A}) = k}
=1

and

kbi=suplk 2 1; Al - Ak =0, 1 <ve<k)

k
=sup{k > 1; ) (] - A7) =0}
=1

with convention sup @ = 0. Note that kT < co for any pair of interlacing Young diagrams (uT, u!) but
k' = co if and only if uT = ul.
The next lemma is rather straightforward, but we state it for clarity.

Lemma 4.1. Take a pair of interlacing Young diagrams (1!, ut). For o € {1,1}, let i be the Young
diagram obtained from u? by adding a box to one of the row(s) satisfying u = k. In other words,
we replace a row with length k7 by a row with length k” + 1. Here, if k% = 0, then we simply add a
row with length one to 1. Then, the pair (i', ut) is still a pair of interlacing Young diagrams. Also, if
wl # ulb, the pair (11, @by is still a pair of interlacing Young diagrams.

Proof. Since 17 = A7 for k # k7 + 1 and A7, | = A7, + 1, the condition (4.1) is satisfied by the

definition of k¢ . O

Now, for a given n € Q, we construct a growing sequence of pairs of interlacing Young diagrams

(1 (x), 1 (0)xezy-
Set 1 (0) = 0 for o =1, |. For x > 0, we construct uT(x + 1), ut (x + 1) as a function of uT(x), ut(x)
and 77(x + 1) by the algorithm explained below.

1. Ifp(x+1) =1, then u(x + 1) = pt(x) and uT(x + 1) is obtained by adding a box to u(x) at one of
the row(s) satisfying ,ul.T(x) = kT(x). In other words,

Al +1) =2 (x)
for any k # kT(x) + 1 and

x+D =4l )+l

N
/lkT(x)+1 KT (x)+1

Then, by Lemma 4.1, (u"(x + 1), u! (x + 1)) is also a pair of interlacing Young diagrams.
2. Ifp(x+1) =0 and uT(x) # ut(x), then uT(x + 1) = u'(x) and ut(x + 1) is obtained by adding a
box to ut(x) at one of the row(s) satisfying ,ul.l(x) = kl(x) as for the first case. Then, by Lemma 4.1

again, (uT(x + 1), ut(x + 1)) is also a pair of interlacing Young diagrams.
3. If p(x+ 1) = 0 and ' (x) = pl(x), then we set (u'(x + 1), ul(x + 1)) = (1T (x), u(x)).

In Figure 12, an example of the process of construction of (u'(x), yl(x)) is shown. Now, we observe

that by comparing Figures 2 and 12, the relation /ll (x)- /l,lc (x) = Wk (x) holds for our working example.
Actually, we can prove the same relation for any ball configuration 1 € Q as follows.
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Figure 12. Construction of the pair of interlacing Young diagrams from the ball configuration n =
110011101100011000 . . .. In this figure, (u' (x), u'(x)) are superimposed. The symbols T and | indicate
the shape of Young diagram u'(x) and ,ul(x), respectively, and | indicates the overlapped area.

Proposition 4.1. Suppose that n € Q. Then, the following relation between the seat-numbers and the
pair of interlacing Young diagrams

A7 (x) = Z ng (), 4.2)
y=1

holds for any o =1, ], x = 0 and k € N. In particular, we have
We(x) = A} (x) = 2L (),
and
m]‘z—(x) = /l]‘:—(x) - A](;.q.] (-x)’
where mj (x) is defined in Equation (2.8). In addition,
kT(x) = sup{k > 1; Wy(x) =1, forall 1 <€ < k}, (4.3)

ki(x) = sup{k > 1; Wy(x) =0, forall 1 < ¢ < k}.

Proof. We prove this by induction on x. The statement clearly holds if x = 0. Then, suppose Equation
(4.2) holds for some x € Zs( for any o =T, | and k € N. Then,
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ALC) = ) = D0k ) = DT mp () = Wi ().

y=1 y=1
Now, suppose 77(x + 1) = 1. Then, by this characterization and the definition of the seat-number

configuration, 771T<T(x)+1(x + 1) = 1. This implies

x+1

an () - an ) = Ljtmil ()21 0=1}-

On the other hand, by construction of the sequence of interlacing Young diagrams,

/l;z-()(fﬁ' l) —/l,‘:(x) = 1{k=kT(x)+l,0'=T}' (44)
Hence, by combining Equation (4.4) with the induction assumption, the equality

x+1

A7 (x+1) = 07 ()
y=1

holds for any o and k if n(x + 1) = 1. For the case n(x +1) = 0, r(x + 1) = 1 if We(x) = 0 and
nkl( )+1(x +1) = 1if We(x) # 0. Noting that uT(x) = ut(x) is equivalent to k!(x) = oo, and so to
Wo(x) = 0, we can also prove the result in the same manner. m]

Remark 4.2. Note that from Equation (4.2), if we obtain the seat number configuration of n € Q,

then the sequence of pairs of interlacing Young diagrams corresponding to i can be obtained via the

following simple rules. Assume that we have constructed (uT(x), ! (x)).

1) 1f n,[(x +1) = 1 for some k € N, then u!(x + 1) = pl(x) and uT(x + 1) is obtained by adding a
box to uT(x) at one of the rows with length k — 1.

@) If ni (x+1) =1 for some k € N, then uT(x + 1) = uT(x) and p!(x + 1) is obtained by adding a
box to u!(x) at one of the rows with length k — 1.

(3) Ifr(x +1) = 1, then we set (uT(x + 1), b (x + 1)) = (1T (x), ut(x)).

For example, by following the above rules, we obtain the same sequence of the pairs of the interlacing
Young diagrams in Figure 12 from the seat number configuration of n = 110011101100011000. . .
shown in Figure 12.

Next, to reveal the relation with the original KKR bijection, we introduce the k-th o energy E (x)
and the k-th o vacancy p) (x) as

EJ(x) = ) min{uf (x),k},  pf(x) =x—2E7 (x).
ieN
Since
D min{uf (x), ky = ) Z Lo (x)20) = Z A7 (x),
ieN ieN (=1
by Proposition 4.1, we can also rewrite

EZ (x) = zx:n,‘f(y)

k
=1 y=1
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and

k x
g =x= > > g +nf () -]

£=1 y=1 =1

M=

k
pr (x) =x—ZZ

=1

(7 ) =ng ()

k x
=1

i

= &(x) - Y W (%),
=1

where & is the opposite arrow to o, W,I = Wi and W,i = -Wk.
The following property of the k-th o vacancy is useful for understanding the relation between the
seat number configuration and the riggings.

Lemma 4.2. Consider a ball configuration n € Q. Then, the following statements hold.

1. Suppose 77,[ (x) = 1. Then

phx) =& (x) -k (4.5)

and for any x’ > x, p][ (x) < p][ (x"). Moreover, for x’ > x, pl[ (x) = p,[(x’) holds if and only if

x ’

k
D) D @+ Y () =0 and Y Welx') = k.
=1

y=x+1 £>k+1 y=x+1

2. Suppose r],l( (x) = 1. Then

pr(x) = & (x)

and for any x" > x, p]l( (x) < p]l( (x”). Moreover, for x" > x, p]l{(x) = p]l((x’) holds if and only if

’ X’

X k
D DL MmN+ YL r() =0 and Y Wex') = 0.
=1

y=x+1 £ >k+1 y=x+1

Proof. Let us only show (1); as the proof (2) is completely analogous. Since n,[(x) = 1 implies
We(x) = 1forall 1 < ¢ < k, Equation (4.5) holds. Let x” > x. Then,

k
PLE) = Pl = E(x) = Ec(x) + = ) We(x)
=1

and & (x") =&k (x) 2 0, k— Z’(f:l We(x") = 0 implies the inequality p,T( (x) < p,t (x"). The last condition
in the statement is equivalent to & (x”) — &x(x) = 0 and k — 215:1 We(x’") = 0, which is obviously
equivalent to p,[(x) = p,t(x’). O

We now introduce refined riggings J7(x) = (J7(x), 1 < k < pu{(x)) such that

J7(x) = (lej(x), 1 < j < mf(x)), where m/ (x) = A7 (x) = A7, (x) = {i;u7 (x) = k}| from
Proposition 4.1. We order them as
J,f’l(x) < J,Zz(x) - < J,ng(x)(x)

to make the notation simple in the following argument. We define the riggings recursively, although later
in the same subsection, we will show that they can be defined more directly in terms of seat numbers.
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Let J9(0) = 0 for o =T, . We will construct J¢ (x + 1) from J“ (x) by considering three cases
separately.

Case 1: 7 (x + 1) = 0 for all k. If n7 (x + 1) = O for all k, or equivalently £ (x + 1) = u“ (x), then
we also keep the rigging as J7 (x + 1) = J7 (x).

Case 2: 117 (x+ 1) = 1. If n{ (x+1) = 1, or equivalently a row of length 1 is added to obtain u” (x+1)
from p“ (x), we append the value p{(x + 1) to J” (x) and obtain J{” (x + 1). More precisely,

JPx+1)=J7(x) €#1
and
JU(x+1) = (J1 1 (x), . 1m(r(x)(x) py (x+1)).
Case 3: 1 “(x + 1) = 1 for some k > 1. If p/,, (x + 1) = 1 for some k > 1, or equivalently a row of

length k is replaced by one of length k + 1 to obtain ' (x + 1) from ¢ (x), we remove the largest entry
from J (x) and append p{,,(x + 1) to JZ , (x) to obtain rigging J7 (x + 1). More precisely,

JP(x+1)=J7(x) C#kk+1,

T+ 1) = U0 T 1 ()
and
Jen(x+1) = (J7, J(X) S, m?, (x)(x) Pry(x+1)).

Now, we analyze properties of this newly defined rigging. By the way of construction, it is clear that
for any J" (x) in the rigging J (x), there exists y < x such that 57 (y) = 1 and J(r (x) = p7 (),
which is not necessarily unique. In the next proposition, we give an explicit expression of one of such
y=y(x,k,j,0).Forl <j<mf(x),let

17 (x,j) =max{y < x; my (y) = j,ng (y) = 1}.

Since [m{ (y +1) —my (y)| < 1 for any y, m; (0) = 0 and m (y) increases only when 7 (y) = 1, the
above set is not empty, namely 1 < 777 (x, j) < x. Moreover, 17 (x, 1) <7 (x,2) < --- <t/ (x,m{ (x)).

Proposition 4.2. For any x € Z>o,k €N, o € {1, |} and 1 < j < m{ (x), we have

J¢ () = pi (1 (x,))). (4.6)

Proof. We prove Equation (4.6) by induction on x. For x = 0, the equality trivially holds as there is no
J satisfying 1 < j < m} (x). Next, suppose Equation (4.6) holds for some x € Z>( and for any k, o and
1 < j < my (x). We prove that the same holds for x + 1 by considering three cases separately as above.

Case 1: 47 (x + 1) = 0 for all k. Then by definition, my’ (x + 1) =m (x) and 177 (x + 1, j) = 17 (x, j)
forany k,o and 1 < j <mj (x+1). Also, J7(x + 1) = J? (x). Hence,

Ji e+ 1) =075 (x0) = py (17 (x,)) = pi (17 (x + 1, )

holds for any k,o-and 1 < j <mj (x +1).
Case 2: m“(x+ 1) = 1. If py (x+1)—1 then as in Case 1, forany £ # L and 1 < j < my (x + 1),

Joi(x+ 1) =J7(x) = pg (17 (x, ) = pf (17 (x + 1, )
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holds. On the other hand, for £ = 1, m{ (x+1) = m{ (x) + L and t{ (x+1,m{ (x+1)) = x+ 1. Moreover,
by Lemma 4.2, for any 1 < j < m{ (x),

JU(x) = py (17 (x, /) < py (x+1)
since n{" (¢ (x, j)) = 1. Hence, as we order
JO e+ ) ST (x+1) <000 < J,Zmr(x+l)(x+ 1),

we have Jl‘fj(x +1) = ij(x) forany 1 < j < m{ (x) and Jl‘fm;,(xﬂ) = py(x + 1). Hence, for

J=my(x+1),
JU i+ 1) =py(x+1) =py (1] (x+ Lm{ (x+1))) = p (17 (x + 1, )

holds. Also, for 1 < j < m{ (x), by the definition of #{" (x, j), it is obvious that #7 (x + 1, j) = 7 (x, j)
and so

ij(x+ 1) =py 7 (x+1,)))

holds as well.
Case 3: 1417 (x + 1) = 1 for some k > 1. If p), (x + 1) = 1, then as in Case 1, for any £ # k, k + 1
and1 <j<m7(x+1),

JE e+ 1) = pZ (1 (x +1,))
holds. Also, for ¢ = k + 1, the same relation holds by exactly the same argument as in Case 2. Finally,
for¢ =k, mJ(x+1) =m/(x) —1and forany 1 < j < m] (x+1), we have 17 (x + 1, j) = 17 (x, )),
Je ; x+1)=J ;{7 ; (x) by definition. Hence,

Jx+ 1) = pg (17 (x+ 1))

holds for any 1 < j < my (x + 1). This completes the proof. O

Finally, we prove that kT and k! can be characterized in terms of the rigging and the traditional
singular condition. We say u/” (x) is a singular row of (4 (x),J7 (x)) if p{ (x) = Jka-m"'(x) (x), where
MM

k= uf(x).

Proposition 4.3. Assume the convention that max O = 0. Then,
kT(x) = mlax{yl.T(x); yiT(x) is singular}.
Also, if ut(x) # ut(x), then
kt(x) = mlax{pl.l(x); ul.l(x) is singular}.
Proof. If u{ (x) is singular, then for k = u{" (x), we have
DY) =T o ) @) = P (1 (e (),

where we apply Proposition 4.2 for the second equality. Then, since x > 1 (x,m,‘:(x)) and
n? (17 (x,m{ (x))) = 1, by Lemma 4.2, we have Sk We(x) = k if o =1 and $5_, We(x) = 0 if
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o =|. Thus, from Equation (4.3), we obtain
k7 (x) = max{u] (x); pf (x) is singular}.

Hence, it is sufficient to prove that if 1 < k7 (x) < oo, then the row satisfying u¢ (x) = k (x) exists in
19 (x) and it is singular. In the rest of the proof, we prove this assertion.

Suppose 1 < k7 (x) < oo. Observe that at least one row with length k“ exists in u“ (x). To simplify
the notation, denote k“ (x) by k. Since Af.(x) > 1 and A7, (x) = Z)y‘zl ng.(y), we define x* as the
maximal y satisfying y < x and n{. (y) = 1, or in formula

x*i=max{y; y <x, ng.(y) = 1}.

From now on, we consider the case o =T. Then, from Lemma 3.1 (i), for any 1 < £ < k*, we have
We(x*) = 1. Also, from Equation (4.3), for any 1 < € < k*, Wy(x) = 1 and Wy«41(x) = 0. Hence, we
have

Wi () = Wi () = 37 (L. () = . () = 0.

y=x*+1
On the other hand, by the construction of x*,

X

D, m-()=0. @7

y=x*+1

Hence, Z;=x*+1 ’71T<* (y) = Z;:x*+1 ni* (y) = 0. This implies that the seat k™ is occupied forany y € [x*, x]
and therefore

X

>0 my=o, 4.8)

C>k*+1 y=x*+1

since if a ball leaves a seat £ > k* + 1, then the ball at seat k* must have already left. Then, from Equation
(2.5), Equation (4.8) and Wi-41(x) = 0, we also have Z;:x*+1 771T<*+1 (y) = 0. Namely, the seat k* + 1 is
empty for any y € [x*, x]. This also implies that

X

> > iy =o. (4.9)

{>k*+1 y=x*+1

Finally, since the seat k* is occupied for any y € [x*, x], it is obvious that

X

Z r(y) = 0. (4.10)

y=x*+1
Combining Equations (4.8),(4.9) and (4.10), we have

Z Zx: () (y) +ni(3) + Zx: r(y) =0.

C>k*+1 y=x*+1 y=x*+1

Then, from Equation (4.3) and Lemma 4.2, we have

pl.(x") = pl.(x).
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Finally, we check that x* = tl* (x, ml (x)). For this, we only need to prove that mlz*(x*) = m,[ (x) and

this is equivalent to Z;‘:x*ﬂ r]]Tc* (y) = Z)yczx*H '71T<*+1 (y), which is true as this is 0 as shown in Equations

(4.7) and (4.9). Consequently, we have J]L i )(x) = pl*(tl*(x,ml* x)) = p,t*(x), and so there
M (X

exists at least one singular row with length k*.
For the case o =|, by using uT(x) # u!(x), the exactly same argument works. O

Remark 4.3. Proposition 4.3 allows us to give an intuitive meaning to the term of ‘singular’ for rigged
configurations by means of the seat number configuration. Combining the above with Remark 4.2 and
Proposition 2.2, we obtain an interpretation of the KKR bijection, which was a purely combinatorial
object, in terms of the seat number configuration.

4.3. Proof of Proposition 2.2

In the last subsection, we have constructed the sequence of rigged Young diagrams (u!(x),JT(x))
satisfying all the properties claimed in Proposition 2.2 if we replace (u(x), J(x)) by (uT(x),JT(x)).
Hence, we only need to prove that (u(x),J(x)) = (u'(x), JT(x)). By Proposition 4.3, we can construct
(11 (x),J(x)) by the algorithm without using information from (ut(x)) to update as follows: Let
11(0) = 0 and JT(0) = 0. Once (u'(x),JT(x)) is given, we construct (u(x + 1),JT(x + 1)) as
follows. If n(x + 1) = 0, we set (uT(x +1),JT(x + 1)) = (11 (x),JT(x)). If p(x + 1) = 1, then let
k = max{pl.T(x) : ,ul.T(x) is singular } with convention max @ = 0. If k = 0, then add a row of length 1
to uT(x) and also add pI (x+1)to JlT (x).If k > 1, thenreplace arow of length k by that of k+1 and remove

J’:ml . (x) = pl (x) from Ji (x) and add p1T<+1 (x+1)to J,IH (x). Note that in the original algorithm for

the construction of (uT(x + 1), ut(x + 1)) from n(x + 1) and (uT(x), ut(x)), we used information from
both Young diagrams, but instead we did not use the rigging. Here, we emphasize that the functions
m,TC (x) and p,[ (x)=x- 2E,I (xx) can be obtained from uT(x) alone without information from gt (x), and
this is also the case for the rigging JT(x). Moreover, the last algorithm is exactly same as the one to
construct (u(x), J(x)) from 5 by KKR bijection, which confirms that (u(x), J(x)) = (u'(x),JT(x)) as
desired.

Remark 4.4. Interestingly, the update algorithm is closed for o =7, namely we can obtain (uT(x + 1),
JT(x + 1)) from the data (x + 1) and (uT(x),JT(x)), but it is not the case for o =|. This is because,
when 77(x + 1) = 0, we should distinguish whether T (x) = ! (x) or not, or in other words if r(x) = 1
or not, and this information cannot be derived from the data (u!(x), J4(x)) only. If we also include an
additional information, such as the total number of balls up to site x, that is N (x) := Z’y‘:] n(y), namely
we consider the sequence (u'(x),J(x), N(x)), then we can construct a local update algorithm which
is closed. We may be able to show that J! = limy_,., J*(x) is also linearized under the BBS dynamics
without using any relation to other linearizations.

5. Relation to the slot decomposition

In this section, we first briefly recall the definition of the slot configuration and the corresponding
slot decomposition introduced in [FNRW]. Then, we give proofs of Proposition 2.3 and Theorem 2.2.
Note that for simplicity we will only consider finite ball configurations, but one can easily extend the
definitions and results presented in this section to the configurations with an infinite number of records,
see, for example, [S] for such an extension.

5.1. Definition of the slot decomposition

The notion of slots was originally introduced in [FNRW]. Before defining the slots, we recall the fact
that, by the Takahashi—Satsuma algorithm (TS algorithm, see [TS] or Appendix of this article), any site
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Figure 13. Slot configuration of n = 1100111011000110000. . ..

of a given ball configuration n € Q. is either a record or a component of a soliton. Any k-soliton
v C N has the form y = {z(y); < ... < z(y)x }, where the coordinates are again identified by the TS
algorithm. Then, the slot configuration v : N — Z -y U {0} is defined as

) {l -1 x=2z(y), z(y)1+x for some k — soliton y in n with k > ¢,
v(x) :=

00 x is arecord,

for any x € N. For k € N, a site x is called a k-slot if v(x) > k. Observe that a k-slot is also a j-slot for
any 1 < j < k, and arecord is a k-slot for any k € N. Intuitively, a k-slot is a place where another soliton
can be added without modifying the structure of existing solitons in the configuration. To explain this
better we define a way to ‘append a soliton to a k-slot’.

First, we define the function & : Zso — Zs as

Ex(x) = Z 1 (y)2k}s (5.1)
y=1
£(0):=0

for any k € N and x € Z5(, which counts the number of k-slots in [1, x]. We number k-slots from left
to right with the origin x = 0 as the O-th k-slot and call 5 (i) := min{x € Z5¢; & (x) =i} the position
of i-th k-slot. We say that a k-soliton 7y is appended to 5 (i) if v C [§k (i), Sk (i + 1) — 1]. Note that
several solitons can be appended to the same slot. By using this notion, for any £ € N, we define the
slot decomposition fk 1 Zso — Zsg as

Zr (i) := |{y : k-soliton in 77; y is appended to the i — th k — slot}|. 5.2)

In Figure 13, we see an example of a slot configuration. For that particular ball configuration 7, we
have that x = 0 is a record, x = 2 is a 1-slot, x = 7 is a 2-slot, etc. In the same example, solitons are
added to slots as follows.

o A 4-soliton is added to the 0-th 4-slot.
o Two 2-solitons are included. One is added to the 0-th 2-slot, and the other is added to the 3-rd 2-slot.
o A 1-soliton is added to the 4-th 1-slot.

Hence, the slot decomposition of 7 is given by

1 (k,i)=(1,4),(2,0),(2,3),(4,0)
0 otherwise.

L (i) = {

Remark 5.1. Consider the following configuration spaces

Q, = {n e Q; Z r(x) = oo},

xeN

Q, = {f S (1100) PR ZiEZZO; max{k € N : (i) > 0} < oo for any i}.
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It is known that the map n — (1) is a bijection between Q, and Q, via the explicit reconstruction
algorithm from Z(n) to n [CS, FNRW]. By combining this fact with Proposition 2.3, one can also
reconstruct 17 from (¢ (7)) ; by using the same algorithm.

The dynamics of the BBS is linearized by the slot decomposition [FNRW]. Actually, the slot
decomposition makes the dynamics a mere spatial shift as described by the following theorem.

Theorem 5.1 Theorem 1.4 in [FNRW]. Suppose that n € Q. Then we have
T (i) = &k (i = k)

forany k € N and i € Zso where £y (i) = 0 if i < 0 by convention.

5.2. Proof of Proposition 2.3

In this subsection, we prove Proposition 2.3, which establishes the equivalence between the seat number
configuration and the slot configuration. First, we introduce an alternative formula for the slot decom-
position:

Lemma 5.1. Suppose that n € Q. Then for any k € N and i € Z5(, we have

Sk (i+1)—1
Se(D) =5 Z Ly (y)=k-1y = L (s ir1)=k)
y=5k (i)+1
1 Sk (i+1)
=5 2 Loy ~1pprn)-
y=5i (i)+1

Proof of Lemma 5.1. First, we consider the case v(§x(i + 1)) > k. In this case, each (k — 1)-slot in
(5% (i), 5 (i + 1)) is a component of a k-soliton in (5 (i), 5x (i + 1)), because if a (k — 1)-slot was a
component of some ¢-soliton for £ > k, then from the definition of v and the TS algorithm, we should
find a k-slot x; € (5¢(i),5x(i + 1)) and thus we would have £, (xz) = i + 1, which contradicts the
definition of §; (i + 1). Hence, the number of k-solitons appended to the i-th k-slot is half the number of
(k = 1)-slots in (§x (i), k(i +1)).

Next, we consider the case v(5x(i+1)) = k. In this case, we will show that the rightmost
k — 1-slot in (§¢ (i), Sx (i + 1)), denoted by xx_;, and §;(i + 1) are components of some ¢-soliton
for ¢ > k, denoted by y,. From the TS algorithm, there exists yx_; € (§x(i),5x(i + 1)) such that
v(¥k-1) =k — 1, n(yr-1) =n(5x (i + 1)), and y4_; is a component of y,. Then, again by the TS algo-
rithm, we see that xz_; = yx_1, because if yx_; < xx_1, then yz_; is not a component of y, but a
component of k-soliton in (5 (7), §x (i + 1)), and this contradicts the definition of yj_;. Therefore, the
number of k-solitons appended to i-th k-slots is the same as the half of the number of k — 1-slots in
(8% (i), $1 (i + 1)) minus one. O

Proof of Proposition 2.3. We will represent ball configurations 1 € Q_, using the notation

n= O®m0 1®n1 ..0m 1®nL+10®mL+1 ,

by which we mean that the first mg entries of 7 are 0’s, the following n; entries are 1’s and so on. Notice
that since the configuration has finitely many balls we have mz,; = co and moreover

L+1

PILEPIIE}

i=1 xeN
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From the TS algorithm, the first solitons that are identified by the algorithm are of the form
0®m,— 1®m,— or 1®n[0®ni
for some m;, n; such that m; < n;41, i # 0 or n; < m;, respectively. In the rest of this subsection, we call

such solitons connected solitons.
Now, we claim that

Claim(A) it is sufficient to show Equation (2.15) for sites that consist of connected solitons.

To verify Claim(A), we will show that after removing a connected soliton, the seat number configuration
for the remaining sites is ‘invariant’ in the following sense. Observe that after the removal of a connected
soliton of the form 0®™ 1®M: or 1®M(Q®" following the TS algorithm, we obtain the configuration

n = 0®Mo1®N1  ®Mi-1 [ ®(Ni+Ni1=M;) ) ®Mist  ()OML | @NL+1 ()OML1 ,

or

n" = 0®Mo®N1 @i )®(Mi-1+M;—=N;) | ®Niv1 ()®Mist  ()OML | BNL41 ()OML41 ,

respectively. In addition, after the removal of a soliton, the seat numbers given to other sites do not
change, that is,

Wi (x") = Wi (x" +2m;)  if 0™ 1®™ jg removed,
Wi (x”) = Wi (x” +2n;) if 1®"0%®" is removed,

for any k£ € N, where x’, x” are defined as

=
I

(mj—1 +nj) = 1,

~.
I
—

x" =) (misp+no) -1

—_

.

with convention that ny = 0, because from the rule of the TS algorithm,

{Wm,. (x")y=m; if 0®™1®M jgremoved,
Wp, (x"”)y=0 if 1®M0®"% s removed.
Thus, we see that if a soliton 0®™ 1™ is removed, then for any x € [1,x’] NN,
x € [1,x']NNisa (k,o) seatin g if and only if x € [1,x"] NNis a (k, o) seatin n’,
while for any y € [x” +2m; + 1,00) NN,
yis a (k,o) seatin n if and only if (y — 2m;) is a (k, o) seat in 7/,
forany k € Nand o € {7, |}. Similarly, if a soliton 1®"0®" is removed, then for any x € [1,x”"] NN,
x€[l,x"] NnNisa (k,o) seatinn if and only if x € [1,x”] N"Nis a (k, o) seatinn”,
while for any y € [x”" +2n; + 1,00) NN,

yisa (k,o) seatin n if and only if (y —2n;) is a (k, o) seat in ",
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for any k € N and o € {T,]}. Hence, by considering multiple iterations of the TS algorithm and
its inverse, we see that if the seat number configuration is determined for each connected soliton,
the seat number configuration of the original ball configuration is completely determined. Also, by
considering multiple iterations of the TS algorithm and its inverse, the slot configuration of the original
ball configuration is also determined. Therefore, Claim(A) is proved.

Now, we show Equation (2.15) for the case when x belongs to a connected soliton. For this purpose,
we divide the cases as follows.

o Ifasoliton 0™ 1®™ is detected by the TS algorithm, then we have n; > m; for j = i,i+ 1. Observing
that

We(x') =1,

for any / < n;, we obtain

r]i(x’ +0)=1
r];(x’ +m;+[)=1

for any 1 </ < m;. On the other hand, from the definition of the slot configuration, we get

{v(x’+l)=l—1

vx'+m;+1)=1-1

for any 1 </ < m;. Therefore, in this case Equation (2.15) holds.
o Ifasoliton 1®%0®" is detected by the TS algorithm, then we have m; > n; for j =i —1,i. Observing
that

We(x") =0,

for any / < m;_;, we obtain

ni(x” +n+10)=1

{n}(x” +0)=1
for any 1 </ < n;. On the other hand, from the definition of the slot configuration, we get

v(x"+n+0)=1-1

{v(x"+l) .

for any 1 </ < n;. Therefore, in this case Equation (2.15) holds.

Hence, by combining the above with Claim(A), Equation (2.15) is shown for any £ € N and x € Z5.
We now compute formulas for £(-) and Z(-), which were defined in Equations (5.1) and (5.2), in
terms of the seat number configuration. By using Equation (2.15), we have

M-

Ex) =x= ) 1)<ty
y=1
k x
”‘ZZ(”}(” +n§(y)) (5.3)
(=1 y=1
=&k (x).
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A direct consequence of Equation (5.3) is §x (-) = s (-). In addition, by using 5 (-) = si(-), Lemmas 3.4
and 5.1, £ (-) can be represented as

1 §k(i+1)
G=5 3, 2 {m-ng0)
oe{T,l} y=5k ()+1
Sk(i+1)
(¢ () =17 ()
oe{T,l} y=sk (i)+1

= i ().

S

This concludes the proof. O

We conclude this subsection by describing the relationship between solitons and 74(-) and the
characterization of the slots via the carrier processes.

Proposition 5.1. Let n € Q_, and k € N. Then, x € N is a rightmost component of a k-soliton if and
only if x = 7, (j) for some j € N.

Proposition 5.2. Let n € Q.. A site x € N is k-slot if and only if one of the following statements hold:

onx)=landmin{€ e N; £ —Wp(x-1) =21} > k+1.
o n(x)=0and min{€ e N; We(x = 1) > 1} > k+ 1.

Proof of Proposition 5.1. From Proposition 2.3, we see that x is a rightmost component of a k-soliton
if and only if n,[(x) + r]]l{(x) =1,x € (sg (i), sg (i + 1)) for some i € Zso and

X X

2, lwwen= 2, >, () =2n

y=si (i)+1 oe{T,l} y=sk(i)+1

for some n € N. On the other hand, from Lemmas 3.1 and 3.4, we also see that x = 7 (j) for some
J € Zs if and only ifn,t(x) + n,lc(x) =1,x € (sg(i), sg (i + 1)) for some i € Z5( and

> nf () =2n
o {1} y=sk(i)+1
for some n € N. By comparing the above two equivalences, this proposition is proved. O
Proof of Proposition 5.2. From Equation (2.2), we have
n(x)=1land min{€ € N; £ —Wp(x —1) > 1} = kifand only if W (x = 1) =0, Wi (x) =1,
and

n(x) =0and min{€ e N; Wy(x = 1) > 1} =k ifand only if Wy (x = 1) = 1, Wi (x) =0,

for any x € N. Therefore, from Proposition 2.3, the assertion of this proposition holds. O

5.3. Proofs of Theorem 2.2 and Theorem 2.3

We finally come to the proof of Theorem 2.2, providing an explicit relation between the KKR bijection
and the slot configuration. Then, by using Theorem 2.2, we show Theorem 2.3.
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Proof of Theorem 2.2. First, we note that since n € Qq, from Proposition 2.2 the rigging J = (Jx)
associated with 7 is given by

Je=(pre(ti()); j=1,....m),
where
i i= lim g (),
() 1= lim ne(x. /) = max{y € N mi(3) = /. nf ) = 1}.

In addition, since # () is a (k, T)-seat, from Lemma 3.1 we obtain

~

©(J)

() = Pt () = 3 Y (1) =np )

=1 (=1

y
k
Thus, we have
[{j eN: ey =i-k}| =11 € N3 sc(i) < 1 (j) < sei+ D},

On the other hand, from Proposition 2.1 and the definitions of #; () and 7 (-), for any j € Z5( we have

T (j) <t(j+1) <7 (j+1).
In addition, if 7¢ (), 7x (j + 1) satisfies

% (J) <se(i+1) <t (j+1),

for some i, then from Proposition 2.2 and Lemma 3.4 we obtain m(si (i + 1)) = m" (s (i + 1)) = j, and
thus we have

sp(@+1) <t (j+1).
From the above, we have
T (j) <sp(i+1) <t (j+1)ifandonly if 75 (j) < s (i + 1) <1 (j + 1).
Since s (1) # tx(j) and si (i) # 7 (j) for any i, j, combining with Proposition 2.3, we have

{7 eNs Jij=i—k}[=1{j €N sx(i) < 1 (j) <seli+ D}
= 1{ €N sk() < () < se(i+ D}
= (i (0)
= 2k (i). o

Proof of Theorem 2.3. From Theorem 2.2 and Theorem 4.1, we have

T &) = [{j € N: Todpj =i -k}
=|{jeN; S+ (kA =i—k
=& (i = (kA D)). .
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A. Takahashi-Satsuma algorithm

Given a configuration 77, we can decompose it into k-solitons, for k£ > 1, which are certain substrings of
7 consisting of k ‘1’s and k ‘0’s. Such a decomposition is produced by the Takahashi—Satsuma algorithm
[TS] described below. The procedure consists in iteratively scanning 7, identifying and crossing out
k-solitons at each iteration. We call a run of n a maximal substring of consecutive equal letters.

Start with a configuration n
while there are still uncrossed 1’s in n do
Considering only uncrossed elements of 7, select the leftmost run whose length is at least
as long as the length (denote it by k) of the run preceding it
Identify a soliton of size k, or simply k-soliton, consisting of the first k letters of this run
and the last k letters of the run preceding it
Cross out these 2k letters from n
end

An example of applying the above algorithm to n = 11001110110001100000. .. is shown in
Figure 14. Then we see that in 5, there are one 4-soliton, two 2-solitons and one 1-soliton.
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