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Explicit forms in lower degrees of rank 2

cluster scattering diagrams

Ryota Akagi

ABSTRACT In this paper, we study wall elements of rank 2 cluster scattering diagrams based
on dilogarithm elements. We derive two major results. First, we give a method to calculate
wall elements in lower degrees. By this method, we may see the explicit forms of wall elements
including the Badlands, which is the complement of G-fan. In this paper, we write one up
to 7 degrees. Also, by using this method, we derive some walls independent of their degrees.
Second, we find a certain admissible form of them. In the proof of these facts, we introduce a
matrix action on a structure group, which we call a similarity transformation, and we argue
the relation between this action and ordered products.

1. INTRODUCTION

1.1. BACKGROUND. Cluster scattering diagrams (CSDs, for short) were introduced
by [2]. They have great effects on cluster algebra theory, which was introduced by
[1]. For example, the sign coherence of c-vectors and the Laurent positivity, both
of which are important properties of cluster algebras, were shown by using CSDs.
Roughly speaking, a CSD D is a set of walls, and a wall contains a certain element
of the structure group G of ®, which is a non-abelian group. In particular, G has
dilogarithm elements W[n|, which are defined in Definition 3.7, and they play an
important role in CSDs. In this paper, we concentrate on CSDs of rank 2. We write
Uln] by 4] for n = (a,b). Then, the consistency condition of a CSD of type (41, d2),
which is the most fundamental property of a CSD, has the following form, where
U(a,p)(01,02) are some nonnegative rational numbers:

o [E-R T BT

di(a;.b;) €2,
The right hand side is a product such that % > 3+ for any j < i. It is called the
y i

strongly ordered product expressions of [(]%2[}]°. Moreover, in [5], it is known that
the above equality is obtained by applying the pentagon relation (possibly infinitely
many times):

(2) x'yz’y_z’yx+zvxw
y| |w| — |w| |y+w| |y|
where 7! = yz — zw. The explicit value of Ua,p)(01,02) is well known when 4102 < 4.
3,

When 6102 < 3, a CSD is of finite type, and the product in (1) is finite [2, 5]. On the
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other hand, when 6155 = 4, a CSD is of affine type, and the product in (1) is infinite
[7, 6, 5, 4]. Also, the explicit forms of w4 p)(d1,02) are known in the case §; = do and
a = b [8]. However, they are known only few cases. In particular, when §;2 > 5, there
is the region which is complement of the G-fan (that is so called the Badlands). The
walls in the G-fan correspond to the cluster algebra theory, in particular, c-vectors and
g-vectors [5, Thm. 6.13]. On the other hand, the structure in the Badland is hardly
known. It is expected that every w(, p)(01,02) is positive for such (a,b) belonging to
the Badlands [2, 5].

1.2. MAIN RESULTS AND IDEAS. In this paper, we treat u, ) (01,0d2) as a function
of 0; and d2. The main purpose is to describe u(q,p)(d1,02) explicitly. In order to
emphasize that uq4)(d1,02) is a function of J; and dy, we write 6; = m and J = n.
Namely, we mainly consider u(, ;) (m,n) as a function of (m,n) € Zio.

The main idea to obtain some results for CSDs is the similarity transformation,
which is a group homomorphism defined by matrices F' € Mato(Z>o) with |F| # 0.
By applying this action to dilogarithm elements, we have

® fBl-lO]

where (a,b) € Z%,. This action is compatible for the pentagon relation and ordered
products. In particular, by applying this action to (1), we have

(<) (e l) -
(LD T CRDTTERD

j,(aj,bj)EZél

This equality is the key to derive strongly ordered product expressions in lower de-
grees.

Let us see the main results. As the first result, we give a method to calculate
U(a,p) (M, n) explicitly in order of a 4+ b (Method 5.7). More directly, we obtain the
following recurrence relations:

PROPOSITION 5.8. Let | € Z1, and let (a,b) € Nt with deg(a,b) =1+ 1. Let C(p, 1y
and C(m ny be the products which is defined by (113) and (115), respectively. The
following two statements hold.

(a) By applying Algorithm 5.5 to C(y, 1) repeatedly, we give a method to obtain the
recurrence relation:

(5) U(a,p) (M +1,1) = uggp)(m, 1) + p(m),

where p(m) is some polynomial in m.

(b) By applying Algorithm 5.5 to C(m,n) repeatedly, we obtain the recurrence relation:
(6) U(a,p) (M, 4 1) = U p) (M, 1) + U p) (M, 1) + p'(m,n),

where p'(m,n) is some polynomial in m and n.
Moreover, p(m) and p'(m,n) are determined by the data of w(g,)(m,n) with
deg(z,y) <1 as functions of m and n.

More strongly, we can show that ged(a, b)p’(m,n) can be expressed as the following
form:

(7) ged(a,0)p' (m,n) = > ak,l(T;:> (7) (A, B, g € Zsy).

0<k<A,
0<I<B
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Explicit forms in lower degrees

In particular, polynomials of the above form are often used in this paper. We name
them polynomials in binomial coefficients (PBCs, for short), and we derive some their
properties in Section 2. By using this method up to a+b < 5, we obtain the following
explicit forms:

-3-2(’5‘1)(3)+(%1)(?)+6(’?)(3) ()
“ 12 M
§ :3:2(2)(2) E](U(s)ﬂ(z)(2)+6(2)(3) H( (%)
o (1)) m(?)(&) o o

In principle, we may proceed to any order a + b. However, the calculation of this
method becomes complicated rapidly when the order is larger. In Example 6.1, we
write one up to a + b < 7.

As the second result, we give the following restriction for a possible form of

U(q,p) (M, 1),
THEOREM 7.1. Let a and b be positive integers. Then, we express
B . Cf(m\ [(n
U(a,b) (m7 TL) - ng(a7 b) Z Q(a,b) (Za J) ( i ) <J) ’
1<iLa,
1<j<b

where aqp)(4,7) are nonnegative integers independent of m and n.

Thus, for each (a, b), if we determine the ab factors a4 ) (7,7), U(ap) (m,n) is com-
pletely determined. Moreover, by the following claim, the special values w, 3)(k, 1),
where 1 < k < a and 1 <[ < b, suffice to determine u(a,b)(m,n) as a function of

(m,n) € Z%,.

PROPOSITION 8.3. Let a and b be positive integers. Then, for any 1 < k < a and
1 <1< b, it holds that

_ it kN (1 .
ged(a,b)tagp (kD) = Y (~1)HH ( ) () u(ap) (i, )-
1<i<k, N
1<l
Last, we obtain the general formula of w4 2)(m,n) as follows.
THEOREM 8.9. For any a € Z~q, we have
U(q,2) (M, M)

o =2 () ) G)0)

5<k<a

2 U (a2 G G 6)

$+1<k<a

In the above relation, [x] is the least integer greater than or equal to x € Q.
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1.3. THE STRUCTURE OF THE PAPER. As we can see from Theorem 7.1, binomial
coefficients play an important role in this paper. In Section 2, we show some equalities
and properties which we use later.

In Section 3, we recall the definitions and notations of CSDs.

In Section 4, we introduce a similarity transformation, and consider the relation
between a similarity transformation and ordering products.

In Section 5, we give the method to derive u(qp) (m,n) explicitly.

The latter sections, we give some properties of u(ayb)(m, n). The most contents are
independent from each other.

2. POLYNOMIALS IN BINOMIAL COEFFICIENTS

Binomial coefficients play an important role in exponents of ordering products. So, in
this section, we prove some equalities to use later.

DEFINITION 2.1. Let m € Z and k € Zxo. The binomial coefficients are defined by

(m—1)(m=2)--(m—k+1)
(9) <m> _ TR e k>
1 k

We may also view them as polynomials in an indeterminate m. In this case, the degree
of (7,?) € Q[m] is k. Then, we call the following polynomial f in m and n a polynomial
in binomial coefficients (PBC for short).

(10 sonn = 3 () (1) € Q] (anse )

0<k,l

Moreover, if g, = 0 for any k and [, we call f a nonnegative PBC. For any non-
negative PBC f, if f # 0 as a polynomial, we call f a positive PBC.

By definition, a sum of two nonnegative (resp. positive) PBCs is also a nonnegative
(resp. positive) PBC. Also, the equalities (m+1) () = (k+ 1)("”'1) and (m—k) () =

k+1
(k+1)(,7,) hold.

When m and n are viewed as indeterminates, the set {(7,?) (?) is a basis

}ogk,l
of Q[m,n]. So, every polynomial f(m,n) € Q[m,n| can be expressed as f(m,n) =
Zogkyl V1 (T,ZL) (’Z), where v;; € Q. By the following claim, we may distinguish PBCs

from mere polynomials.
LEMMA 2.2. Let f(m,n) be a polynomial. Then, the following two conditions are equiv-
alent.

(a) A polynomial f(m,n) is a PBC.

(b) For any (u,v) € Zxg, f(u,v) € Z holds.

Proof. (a) = (b) is immediately shown by (}) € Z for any u,k € Zzo. We show
—(a) = —(b). Suppose that a polynomial f(m,n) = > ok () () has non-
integer coefficients «; ; ¢ Z. We chose (ig,jo) as i + j is the smallest among such

Algebraic Combinatorics, Vol. 8 #4 (2025) 1024



Explicit forms in lower degrees

(4,7). Consider f(io,jo). Then, we have

f(io, jo) = Z Ok <ZIS) <j10)

0<k,l
= Z Qg1 ‘0 Jo ‘0 =0ifig <k
) k l k
(11) 0<k i,
0<i<jo
i9\ (Jo
—ownt X au(})(7)
0< k<o,
0<i< o,

(k,1)#(i0,50)

The second term on the RHS is an integer since ay; € Z for any (k,!) in the sum. By
the assumption, the first term «;, ;, is not an integer. Thus, f(io,jo) ¢ Z holds. O

For any a,k € Z>(, we can easily check the following equalities as polynomials in
m and n (e.g. [9, Identity 1, Identity 11, Identity 57]).

(12) <7Z) - (le) - (71?:11>
(13) m(?) :(k+1)<k1j:1>+k<7;§>’
(149 ("= 2 )

0<ai,az
a1+az=a

Moreover, the following equality holds when m € Zsq and k € Zx¢ (e.g. [9, Iden-
tity 58]).

£ (-7

The following lemma is a generalization of (13).

LEMMA 2.3 (Product formula). For any s,r € Zso, the following equalities hold as
the element of Q[m].

(0= ()
- 2 (L)O0)

max(s,r)<k<s+r

<
Moreover, for any s,s',r,r" € Zxq, {(m) <n/>} . {(m) <n/>} is a positive PBC
s)\s r)\r

inm and n.

(16)

Proof. The equality

o E O (00

max(s,r)<k<s+r

can be shown by replacing k with k — r. We prove the first one by the induction on
s. If s = 0, the equality is obvious. (Both sides are equal to ("").) We assume that
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IE::) (M = > o<kss ;) (T'gk) (er) for some s. Then, by the inductive assumption, we
ave

R S [ = ([ == ol [ [N |

By using (13), we have

(19) m(rfk>=(r+k+1)(r+rg+l>+(r+k)<rfk>.

Thus, (18) can be rearranged to the following form:
T -7 2 G0
<s+1 r s+1{0<k<s k s r+k
-2 @)
0T, k s r+k

(19) 1 s\ (r+k m
s+1{0<zk<s<k)< s >(r+ M )<r+k+1)

IPX

- D)

Now, the first term on the RHS can be written as follows:

= 0oL
S ()0 e )

(T§S>(T+S+1)(r+?+1)

= 2 () e )

Since (r+ s+ 1)("7) = (s + 1)("F5TY) and (r+ k) ("TETY) = (s + 1) (11)), we have

2 @O )ereen(L3)
#2) - (Hl)(r;riil) (r +7:+ 1>

= el ) ()G

1<k<s

(20)

(21)
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Explicit forms in lower degrees

Similarly, by using (r + &k — s) (TJgk) =(s+1) (Zi’f), the second term on the RHS can
be written as follows:

2 o) ()0
(23) = (s+1) O;KS (Z) (7; i llc) (T Tk)

r m s\ (r+k m
= 1 1 .
(s )<s+1)<r>+<s+ )1;Ks<k)<s+l>(r+k)
Hence, putting these expressions to the last line of (20), we have
m m
s+1/\r
_(r+s+1 T m
B s+1 r+5+1 s+1/\r
+
=2 AL R E )
1<k<s +LAr+k

Y e ()
Sy (G
- 2 (E)EEDET)
(Y OHOEHEOEHO)
o - T (OO T (06

max(s,r)<k<s+r max(s’,r")<I<s' +r

2O EHEC)

’

where (,°,) (];) (%) (sl) > 0. 0

COROLLARY 2.4. Let fi(m,n), fa(m,n),..., fr(m,n) € Q[m,n] be positive PBCs.
Then, H;:1 fi(m,n) is also a positive PBC.

Proof. 1t suffices to show the case r = 2. Let f(m,n) = > <, ok () () and
g( ) Zo<k/ G Bk:’ 14 (k’) (l’) Where Oék; l,/Bk/ I (S Z>0 Then

m\ (n\ (m\ (n
o e 2w ()0G0)
0k, k! 11!
By Lemma 2.3, every (') (}) () () is a positive PBC. So, f(m,n)g(m,n) is a positive
PBC. O

Algebraic Combinatorics, Vol. 8 #4 (2025) 1027
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For any PBC f(m,n), we may consider a composition

(f(mvn)> _ f(mvn)(f(mvn)_l)(f(m?n)_k+1)

(27) 3 k(k—1)---2-1

Then, we have a following decomposition.

LEMMA 2.5. Let a be a nonnegative integer, and let f(m,n) =3 °"_, u; (M) (), with
uj, kj,l; € Zxo, be a positive PBC. Then, the following equality holds.

(28) (f(ﬂ;n)) _ 0;% E<UJ(%3(Z))'

4 aj;=a
Proof. Tt is immediately shown by (14). O

Every factor of the above decomposition is also a positive PBC.

LEMMA 2.6. Let a, s,t,u € Zxq. Then, the following polynomial
m n
(29 famem) = ()0
a
is a nonnegative PBC in m and n.
Proof. If u = 0, the claim is immediately shown by definition. Assume u > 0 . For

any p,q € Z, we can easily check that f(p,q) € Z. Thus, by Lemma 2.2, f(m,n) is
a PBC. Now, we fix v > 0 and s,t > 0. Since its degrees in m and n are sa and ta

respectively, we may express
m n

0 (O)- 5

a
0<i<ta
We show the following two claims.
(a) If u(’:) (i) < a, then aj ; = 0 holds.
(b) If u(¥)(}) = a, then af , > 0 holds.

(a) In this case, for any k',l' € Z>( such that ¥’ < k and I’ < I, we have u(ksl) (l/) <
u(’;) (i) < a. It implies

an (0

Thus, we have

o 0m 5 al)0)- £ a0 (()-owees)

: 0<igk/,
0<j<ta o< <l

for any & < k and I’ < [. Considering (k',1') = (0,0), we have af, = 0. Next,
considering (k',1") = (1,0), we have af , +af ; = 0, and it implies af ;, = 0. Repeating
this process, we have o ; = 0.

(b) We show the claim by the induction on a. For a = 0, we have

(33) (“(722 (?)) .
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Explicit forms in lower degrees

Thus, ag’o =1 > 0 holds. Suppose that the claim holds for some a > 0. We show that

aZjl > 0 when u(lz) (i) > a + 1. We have the following equalities:

e ("CO) = (o) (1) ) (I
R CWIWED M6

0<iLta
Z a m m n n Z a m n
= U « —a (0% .
B\ s J\ Kk )\t )\ B\ k) A\
0<k<sa, 0<k<sa,
0<I<ta 0<i<ta

By (16), the first term can be written as

2w (DHOO]
2 s S OISO
@) - og;s, osgg:sa, aZJG) (kjl (D ltj (kr‘tl) (ZZJ)

0<j<t 0<I<ta

s\ (k\ [t
- Z Z i <z> (S> ()
0<i<s, i<k<sa+i, J

0<j<t j<I<ta+j

- > 2 ans(O0000)

0<j<t 0<I<ta+s

In the above last equality, we use (];) = (i) =0forany k <i<sandl < j <t We
decompose the region of the latter sum as follows:

(36) o= >+ >

0<k<sa+1, 0<k<sa, sa<k<sa+1,
o<iLta+yj 0<iLta or ta<l<ta+j

Namely, we consider

2 ()0

0<I<ta

(35) . s\ (K [t (1
o 222 ()00
0<i1<s, 0<k<sa,

0<j<t 0<i<ta

LD DR DR S (j)

0<i<s, sa<k<sa+i,
0<j<t or ta<i<Lta+]

/
> 3
~
/—3
~
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Then, in the first term, 4, j, k, and [ are independent. Thus, we can exchange the order
of the sum. In the second term, we have

(38) 2 > = > )

0<i<s, sa<k<sa+i, sa<k<s(a+1l), k—sa<i<s,
0<jst or ta<l<ta+j  or ta<i<t(a+l) I—ta<j<t

Thus, we have

2 () EHE G

0<i<ta

w = 2 {Z (0000

0<i<ta  O0<j<t

2 2 L E mn(O60HEG)

sa<k<s(a+1), kfsagégs,
or ta<l<t(a+1) I—ta<{j<t

Putting the last expression to the last line of (34), we have

w0 (“0)

a+1
s\ (k\ [t\ [l m\ [(n
= X e X s ()G G - (7))
(40) ogkgsa,{ 0<i<s, /AVAVVAX kJ\1
0<I<ta 0< <t
a s\ (k\ ([t (! m\ (n
SRR O S BI04 W]6]
sa<k<s(a+1), k—sa<i<s, J
or ta<l<t(a+1) I—ta<j<t

If £ > sa or [ > ta, then we have

(41) (a+Dagh' = u Z Q_i—j (j) (i) (D (i) > 0.

k—sa<i<s,
I—ta<j<t

This is because, for i = k —sa and j =1 —ta, af_;,; ; = ag,4, > 0. If k < sa and
| < ta, then we have

a s\ (k) ([t [ a
o= 3 i ()C) () () -
0<ics, ) S 7 t

0yt
(42) k\ (1 s\ (k\ [\ (1
etefu(l) () -op o X et () () ()0
0<i<s,
0<j<t,
(1,5)#(0,0)

is positive since u(];) (i) —a>1and agJ > 0. Hence, aZjlrl > 0 when u(l;) (i) >a+1.
This completes the proof. O

We have the main conclusion in this section.

PROPOSITION 2.7. If f,g, and h are positive PBCs, then f(g(m,n), h(m,n)) is also a
positive PBC.

Proof. Since the sum of positive PBCs is also a positive PBC, it suffices to show the
case of f(m,n) = (7)(}) for a,b € Z>o. In this case, we have f(g(m,n), h(m,n)) =

a
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Explicit forms in lower degrees

(g(m ”)) (h(m ")) Moreover, by Corollary 2.4, it suffices to show that (g(rz ")) is a
positive PBC. It is immediately shown by Lemma 2.5, Lemma 2.6, and Corollary 2.4.
O

3. DILOGARITHM ELEMENTS AND CLUSTER SCATTERING DIAGRAMS OF
RANK 2

In this section, we summarize the definitions and properties of cluster scattering
diagrams which were introduced by [2]. We concentrate on them of rank 2, and most
notations mainly follow from [5].

3.1. DILOGARITHM ELEMENTS AND ORDERED PRODUCTS.

DEFINITION 3.1 (Fixed data and seed). We define a fixed data T' = (N, N°,{, }, 1, d2)
and a seed s = (e1,e2) as follows:

o A lattice N = 7% with a skew-symmetric bilinear form {,}: N x N — Q.

e Positive integers 01,05 € Zq, and a basis (e1,e2) of N. They satisfy
{d;ei,e;} €Z fori,j=1,2.

o A sublattice N° = Z(d1e1) ® Z(d2e2) C N.

For given fixed data I" and seed s as above, we have dual lattices M = Homg (N, Z)
and M° = Homy(N°,Z), and we define a real vector space Mr = M ®zR. We regard

(43) M c M° C Mg.

Also, we have the dual basis (e}, e3) of M. Let f; = ef/d;. Then, (f1, f2) is a basis of
M°. We define the canonical pairing

<7>:M]R><N—>R7

2 2 2
(44) <Z aifi,25j€j> = Z5flaiﬂi~
i=1 j=1 i=1

Let

2 2
(45) Nt = {Zaiei aiEZ>O,Zai>O}-
=1 =1

We define the degree function deg : NT — Z+q as

2 2
(46) deg (Z aiei> = Z a;.
i=1 i=1
For any integer [ > 0, we define the following sets.
(NT)Sh={ne N |deg(n) <1}, (N")>'={neNT|deg(n)>1i},
Nt ={neN*|Forany jeZs1,n/j¢ N}

(47)

DEFINITION 3.2 (Normalization factor). Let s be a seed for a fixed data T'. For any
n € N, we define §(n) as the smallest positive rational number such that §(n)n € N°,
and we call it the normalization factor of n with respect to (I, s).

DEFINITION 3.3 (Structure group). Let g be an NT-graded Lie algebra over Q with
generators X, (n € NT) as follows:

(48) g= @ Iny, On = QXn;
neN+
(49) [Xna Xn’] = {n) Tl/} Xognr
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For each integer | € Z~q, we define an ideal g of g as

(50) g>l = @ 9n,
ne(N+)>t

and we define the quotient

(51) o' =g/g”".

We define the group

(52) G = {exp(X) | X € g&'}

whose product is given by the Baker-Campbell-Hausdorff formula (e.g. [3, §V.5]).
exp(X) exp(Y)

B3 ep <X+Y+ SIX YT LI IX Y] - VXY +> .

. . . . ’ . . .
Since the canonical projection my ;| : gSt — gSt (I’ > 1) induces the canonical projec-
tion mp g ¢ GSY — GSY, we can consider the inverse limit of {1}, and we obtain
a group

(54) G =lim G
—

with the canonical projection m : G — GS'. This group G is called the structure group
corresponding to (I',5). We define G>' = Ker 7.

DEFINITION 3.4. For any g, € G and | € Z>1, we write g = ¢’ mod G>! when
m(g) = m(g'), and we say g is equal to g’ in GSL.

By definition, for any ¢,¢’ € G, g = g is equivalent to ¢ = ¢’ mod G>! for any
l e Z)l.

For any g = exp(X) € G and ¢ € Q, we define g¢ = exp(cX). Then, ¢ = id and
gcgcl = gc"'cl hold.

Every structure group G is determined by a fixed data I' and a seed s. However,
there is some redundancy.

DEFINITION 3.5 (Exchange matrix). For any fized data T and seed s, define a exchange
matrix Br s associated to I' and s by

(55) Br.s = ({mS,el} o ez}) ‘

PROPOSITION 3.6 ([5, Prop. 1.23]). Let I’ and I be fived data, and let s and s’ be
seeds for T' and T, respectively. Let G and G’ be structure groups corresponding to
(T,s) and (I',s"), respectively. If Br,s = Brs o, then G and G’ are isomorphic.

If we focus on a structure group, it suffices to consider the case of {es,e1} =
1. For any fixed data IV = (N, (N°),{,},d1,95) and seed s = (ey,ez) such that
{ea,e1} > 0 (if {e2,e1} < 0, interchange e; and e3), we define another fixed data
I'= (N,NO,{,},(Sl,(sQ) by

& = —{dje1,ea}, o ={0hea,e1}, {ez,e1} =1,

(56) NO = {a(élel) + b(6262) | a, b S Z} C N.

Then, s is also a seed for I'. Moreover, because of Proposition 3.6, the structure
group corresponding to (T, s) is isomorphic to the one corresponding to (IV,s). From
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now on, we fix a seed (e, ez) satisfying {ez,e1} = 1. Then, we may view N = Z?2,
Nt =72,\{(0,0)}, and Mg = R* as follows:

N — 72, aey + beg — (a,b),

(57) )
Mr — R afi + Bz = (o, B).

In the above notations and our assumption, the skew-bilinear form {,}: N x N — Q
may be viewed as

ac
bd

(58) {(a,b),(¢,d)} = bc—ad = —

Moreover, for any (a,b) € N*, the normalization factor 6(a,b) only depends on the
data of (01,d2). So, we call it the normalization factor with respect to (d1,d2). In
particular, when (d1,02) = (1,1), we write it by d(a,b). This is given by

1

(59) d0b) = Ty

DEFINITION 3.7 (Dilogarithm element). For each n € N, we define the dilogarithm
element for n as

o (_1)j+1
(60) Uln] = exp Z TXJ' €qG.

j=1

Let n € NT. Then, the lowest term of ¥[n] is X,,. Thus, for any positive integer
I < deg(n), it holds that m;(¥[n]) = id.
In this paper, the following relations may be viewed as fundamental relations.

PROPOSITION 3.8 ([5, Prop. II1.1.14]). Let n,n’ € NT. Then, the following relations
hold.
(a) If {n/,n} =0, then for any v,7" € Q, it holds that

(61) U] U[n] = O[] U]
(b) (pentagon relation) If {n’,n} =y~ € Q\{0}, it holds that
(62) U YU n]Y = ¥n|"V[n+n]"¥n]7.

Also, by (53), the following relation is immediately shown for any n,n’ € NT,
v,7" € Q, and I < deg(n + n').

(63) [/ On) = U]V mod G

Now, we introduce the notation
(64) 5| = vt (e,

Also, we define the degree deg[ %] by deg (%) =a + b.

DEFINITION 3.9. We define the total order < on NV as follows:
(a,b) < (¢, d) = {(a,b), (¢, d)} <0,
or there exists k € Q1 such that (c,d) = k(a,b).

(65)
Moreover, we also write it as [$] < [§].
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Note that, if (¢, d) = k(a,b), then {(a,b), (¢,d)} = 0. Thus, if (a,b) < (¢,d), then
{(a,b), (c,d)} <0 holds.
Let J be an ordered countable set, and let
D={[}/]" | j€J(ajb;) € N",u; € Q}

be a set. Suppose that for any [ € Zs1, the set JS! = {j € J | deg(a;,b;) < I} is
finite, and we write JS! = {5} < jl < - < jl}. Then, we define

Uj ) Ul u.
a; / . a;t 70 L 71 . ajt Is
(66) II {bj] = o ([bjf] [bjf } il )

JjeJ 0 1 s

DEFINITION 3.10. Let J be an ordered countable set. Then, a product

a; 1"
(67) 11 [b]} ((aj,b;) € N*,u; € Q)
jeg b
is said to be ordered (resp. anti-ordered) if [3] < [Zj] (resp. [4] > [Z;]) for any
i<jinlJ.
In particular, if (a;,b;) < (aj,b;) for any i < j € J, we say that the product

HjeJ[Z; % is strongly ordered, and we write it by

=L

J

(68) H L’J '

JjeJ
Every ordered product becomes the strongly ordered product by gathering same dilog-

arithm elements.

3.2. CLUSTER SCATTERING DIAGRAMS. We introduce the notation
(69) o(m) =Rsom (m € Mg\{0}).

DEFINITION 3.11 (Wall). A wall w = (0, g), for a seed s consists of the following:
e n € NI (The normal vector of w).
e 0 =0(m) ord=oc(m)Uoc(—m), where m € Mp\{0} satisfies (m,n)=0 (The
support of w).
e g € G is expressed as the following form (The wall element of w).

oo

(70) g=exp (> ¢ X; (c; €Q).

j=1
It is known that the product of dilogarithm elements [, ¥[kn]* (a; € Q) can
be expressed as the form of (70) [5, Prop. 1.13].

DEFINITION 3.12. The group homomorphism p* : N — M° is defined by

(71) p*(n) = {-n}.

Then, a wall w = (9, g)y s incoming (resp. outgoing) if p*(n) € 0 (resp. p*(n) ¢ 0).
DEFINITION 3.13 (Scattering diagram). A scattering diagram © = {w}xea 5 a col-
lection of walls such that the following conditions hold.

o The index set A is countable.
e For each integer | € Z~g, there are only finitely many walls wy such that

m(gx) # id.
We define the support of ® by

(72) Supp(D) = /\LEJAD)\.
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DEFINITION 3.14 (Admissible curve). Let ® = {wx = (0x,9x)n, trea be a scattering
diagram. We say that a smooth curve 7y : [0,1] — Mg is admissible for © if it satisfies
the following conditions:

* 7(0),7(1) & Supp(D), and ¥(t) # 0 for any t.
o [f~v and 0y intersect, then v intersects 0y transversally.

Let v be an admissible curve for ®. For each positive integer [, there exist only
finitely many walls w; = (9;,9i)n, (¢ = 1,2,...,s) such that ~ intersects d; and
m1(g;) # id. Let ¢; be a real number such that v(¢;) be the intersection of v and 9;,
and assume

(73) 0<t; <ty <<t < 1.
We define the intersection sign €; by

‘= {1 (ns, 7' (t:)) <0,

(") =1 (ng,9/(t:)) > 0.

DEFINITION 3.15 (Path ordered product). As the above notations, we define the path
ordered product p, o as

(75) pyo = lim (g¢*---g1') € G.
l—o0

DEFINITION 3.16 (Equivalence). Let © and ®©’ be scattering diagrams. We say that ©
and ®' are equivalent if py o = py o/ for any admissible curve v for both ® and D'.

DEFINITION 3.17 (Consistency). Let © be a scattering diagram. We say that © is
consistent if py o = py.o for any admissible curve v and v with the same endpoints.

THEOREM 3.18 ([2, Thm. 1.21]). For any fized data T' and seed s, there exists a con-
sistent scattering diagram Or s satisfying the following properties:

e Both (ef,¥]e1]®)., and (ey, V[ea]%?), are incoming walls of Dr .

o Bvery wall except for (ei-, ¥le1]%)e, and (e, ¥[ea]®?)., is outgoing.
Moreover, a scattering diagram satisfying the above properties is unique up to the
equivalence.

The above scattering diagram Dr , is called a cluster scattering diagram (CSD
for short) for T' and s. Recall the transformation (56) of I". Under our assumption
{e2,e1} =1, a CSD Dr 4 essentially depends on only positive integers d; and ds2. So,
we write Dr s by Ds, 5,

Let (f1, f2) be the dual basis of (d1e1,02,e2), and let o = {afi + bfs € Mg | a >
0,b < 0}. Then, the second condition in Theorem 3.18 implies that there are no
outgoing walls in the region Mg\o. Thus, we may consider the admissible curves
Pys0s, 5, a0d Py_ @, 5 as Figure 1. Moreover, py, o, ;. = [9]°?[§]° holds. Thus,
the consistency condition of a CSD is equivalent to [9]°2[1] = p,_ o, ;.-

For any 01,62 € Zso, all wall elements in Ds, 5, can be expressed as the form
Un]**() | where n € N and s € Zwg. The resulting CSD is called the positive
realization [5]. The following theorem is a key for a positive realization.

THEOREM 3.19 ([5, Prop. II1.5.4]). Let
(76) O = W) W) () € N € Z)

be any finite anti-ordered product. Then, there exists an unique strongly ordered prod-
uct

_>
(77) Ccot =T @ ]*°")  (n; € NT,s; € Zso)
J
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T+ /
[0](52

— g1

g2
g3

F1GURE 1. Cluster scattering diagram
P = [91%2[61% pyo o = (6171 939201 ( 9]
Moreover, g; can be expressed as [[r-, U[kn;]|“*, where n; € NT is
the normal vector and u, € Q.

which is equal to C'™™ as the element of G. Moreover, n; satisfies ny < n; < n,.

In the above notations, we call C°" the strongly ordered product expression of C'™.

In particular, for any 61, ds € Z2%, an anti-ordered product [9]%2[ ]9 is expressed as

the (possibly infinite) strongly ordered product

5o 51 — S(a;,b:)0(aj,bs)
0 1 _ a; R
) I |

jed
Then, the CSD Dy, 5, is described as
D516, = {Weys We, U {W(a,b)}(a,b)eN;\{(l,o),(o,n}v

where we, = (e, [§]%)er, We, = (€3,[9]%)e,, and for each pair (a,b) €
NG\M(1,0), (0, 1)}, Wap) = (0(d2b, —61@), 9(a b)) (a,p) With

0o ka S(ka,kb)d(ka,kb)
(79) g(aﬁb) = H |:kb:| .

k=1
In this CSD, (78) coincides with the consistency condition. The main purpose of this
paper is to describe these exponents sz xp)0(ka, kb) explicitly.
The following property is known.

LeMMA 3.20 ([5, Prop. II1.1.24. (b)]). Let 61 and 2 be positive integers. Then, the
ordered product of [9]°2[}]° is expressed as

01 5 52“. 1 01
1 02

4. SIMILARITY TRANSFORMATIONS IN THE STRUCTURE GROUP

1 0

0

0

(50) !

One of the most important properties in CSDs is the consistency condition (78),
which is the relation in the structure group G. By Theorem 3.19, we may describe it
by dilogarithm elements. In this section, we introduce an action on G, and we apply
it for the consistency conditions.

We fix a seed (eq,eq) satisfying {es,e1} = 1, and we view N = Z? and Nt =
72,\{(0,0)} as (57). For any (§) € N and matrix F € Maty(Z), F(§) € N is
defined by the usual matrix multiplication.

Algebraic Combinatorics, Vol. 8 #4 (2025) 1036



Explicit forms in lower degrees

This definition and Proposition 4.2 are due to Peigen Cao.
DEFINITION 4.1 (Similarity transformations). Let F' € Maty(Zxo) with |F| # 0. Then,
we define the linear action of F on g by

(81) FX = - Y o enXpn (X= Y Xn€g cn€Q).

‘F‘ neN+ neN+t
Moreover, we define the action of F' on G by
(82) Fg=exp(FX) (9g=exp(X)eG, X eg).
We call it the similarity transformation on G by F'.

PROPOSITION 4.2. Let F' € Mato(Zx¢) with |F| # 0. Then, the following statements
hold.
(a) For any n,n’ € N, it holds that

(s3) {Fn, Pn'} = |F|{n,n'}.
(b) For any X,Y € g, it holds that

(84) FIX,Y] = [FX, FY).
(¢) For any g,9' € G, it holds that

(85) F(gq') = (Fg)(Fg').

Namely, the similarity transformation by F is a group homomorphism on G.

Proof. (a) Let n = (a,b) and n/ = (c,d). We have
{r()r (6 =l (6) ()] = 1o
{90}

(b) By the linearity of this action, it suffices to show that F[X,,, X,/] = [F X, F X /]
for any n,n’ € N*. We have

81 1 1
[FX,, FX,] & [Xpn, i

ac
bd
(86)

XFn/:| XFnaXFn/]

PP
(49) 1 (a) 1
(87) = W{Fn7Fn/}XF(n+n’) = m{n,n/}Xp(n+n,)

D X, X

S F ({0} X )

(¢) By (b), the action on g preserves the Lie bracket. It implies that the action on G
also preserves the product defined by the Backer-Campbell-Hausdorff formula. 0

We apply this transformation for dilogarithm elements. For any (a,b) € N, we
have

a) (60) © (—1)7+1 B 1 & (—1)7+1
F |:b] = Fexp - j2 X](%) = exp m . j2 X]F(%)
J=1 J=1
(%) I 1/|F)
_ o~ (=17 _ a
= exp Zl j2 XjF((g) = |F b .
j=

Next, we try to apply this transformation for ordered products.
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LEMMA 4.3. Let (a,b),(¢,d) € NT, and let F € Mato(Z>o) with |F| > 0. Then, the
following relations hold.

(a).

(89) deg F (g) > deg (‘g) .

Moreover, if F # (§9) and a,b > 0, then

(90) deg F (Z) > deg (Z) .

(b). If (¢,d) > (a,b), then

c a
o P(5)-r (%)
In the above lemma, the order in (b) is defined in Definition 3.9.

Proof. (a) Let F = (g }) with «, 8,7,d = 0. Then, since |F'| # 0, we have a+ 3, +
6 > 1. Thus, we have

degF(g) (ggm) afar+ B) + by +9)

a—i—b—deg(b)

Hence, the first statement holds. If |F| # (9), either a« + 8 > 2 or v+ § > 2 holds.
Thus, by a similar argument to (92), we have deg F' () > deg (§).

(b) The inequality (¢, d) > (a,b) implies either {(g), (%)} > 0 or (¢,d) = k(a,b) with
E>LIE{(5), (8)} >0, then {F (5), F (4)} = [FI{(5), ()} > 0. T (¢,d) = k(a,b),
then F () = k(F(})). Thus, F(5) > F(}) holds. O

(92)

Let m,n € Zx;. Consider the equality
Onlm_lm _>(ljUj On
o9 Rt RGN
jeJ

By Theorem 3.19, the above equality exists. Let F' € Maty(Z>o) with |F| > 0, and
we apply F to the above equality. Then, by Proposition 4.2 (c), we have

01\" m" N ) 1 a;1\" o]\"
oo (#[]) (B]) = () I ) (Bl
jed
Moreover, by Lemma 4.3 (b), the RHS is strongly ordered. More strongly, we have

the following statement.

PROPOSITION 4.4. Let F' = (§ §) be a matriz with (a,b),(c,d) € Nt and |F| > 0.
Assume F # (V). Let m,n € Zsq, and let C = [}]™{ jEJ[Zj]“J'}[?}" be the
strongly ordered product expression of [9]™[§]™. Then, for any | € Z~y, it holds that

(95) H :: [Z] - u n/|F|
0o R e

deg(a;,b;) <l

el
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Proposition 4.4 says that, if we find the strongly ordered expression of [{]"[{]™ in
G<S!) that is,

oo TR =R BTHEL e

then, for any anti-ordered product of the form [§]"'/&ed(a:b)[@]m’/ ged(ab) (1) !
Zo) except [9]"[§]™, we can find the strongly ordered product expression (95) in
GS'*L The difference between GS! and GS/! is essential in this paper.

Proof. By (94), we have

I am/\Fl_ ™V (= oo U [
(97) d o] T b 17| d

j€J J

By Lemma 3.20, both a; and b; are positive integers for any j € J. Moreover, by the
assumptions, F # ({9),({}) holds. Because of Lemma 4.3 (b), if deg(a;,b;) > 1+1,
then deg F' (/) > I+ 2, namely, m41(F[},)]) = id holds. Thus, in GS'*!, we may
eliminate all factors F[ZJ7 % satisfying deg(aj,b;) > 1 + 1. Then, we have
(98) 11 (F [ZJDW = ] (F [ZJDW mod G~

jes J jed, J

deg(a;,b;)<l

Putting the above expression to the (97), we have

VL VE
(99) M m/|F| M s n/|F|
7T R e

JEJ,
deg(a;,b;)<l
5. CALCULATION METHOD AND ADMISSIBLE FORMS OF EXPONENTS

Let (a,b) € N* and let m,n € Zx¢. Then, we define the rational number u, y)(m, n)
as the exponent of [] in the strongly ordered product expression of [9]™[§]™. Also,
we define 1, ) (m,n) = d(a, b)_lu(a,b) (m,n). Namely, @) (m,n) is defined by

0 n 1 m — o d(a,b)i(q,p)(m,n)
e N |

(a,b)eN+

In this section, we introduce a method to calculate u(qp)(m,n) as a function of m
and n, and we show the following property based on this method.

THEOREM 5.1. For any (a,b) € N7, t(q)(m,n) is expressed as a nonnegative PBC
inm and n.

5.1. CALCULATION METHOD. By Theorem 3.19 for §; = §, = 1, for any m,n € Z~q,
U(a,p)(m,n) € d(a,b)Zx¢ holds, and it implies that @) (m,n) € Zxo. Recall that
d(a,b) = 1/ ged(a, b) is the normalization factor of (a,b) with respect to (1,1).

EXAMPLE 5.2. Since the ordered product of [§]™ is itself, we have

m  (a,b) = (1,0),
0 otherwise.

(101) U(a,b) (m,O) = {
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By Lemma 3.20, we have

m a=1 n b=1

102 ooy (mym) = ) ) = :
(102) U(q,0) (M, ) {0 0 t1, uo,p) (M, n) {0 b 40,

Next, we find w1 1)(m,n). By (63), the term [{] is commutative for every factor in

e R =0 B
DR

(103) 62) { ]n

I
BB TEI B e

)_\

By repeating this rearrangement until we obtain the strongly ordered product expres-
sion, the equality [9][¢] = [§][1][9] is used mn times, and it implies that the factor

[1] is produced mn times. Thus, we obtain

) R
We have
(105) u(1,1y(m,n) = mn.

Note that Theorem 5.1 holds for any (a,b) with a +b=1,2.

DEFINITION 5.3. Let C' = ngl[ "% be a finite product. Then, we define the stable
part C%2b gnd the unstable part C' of C' as follows:
o Let jo be the largest element in J such that there ewists k < jo with [;F] >

o0 ]

bjo -

o Define C*%P = 1‘[].0<j[‘;;]“a‘, and C = HJ<]O[GJ [
If there are no such jo, or equivalently, if C' is strongly ordered, we define CS**P = C
and C = id.
By definition, the following statements hold for any finite product C.
e (O = écstab_
e The stable part C5**P is either a strongly ordered product or id.

e Let [#] and [Z] be dilogarithm elements appearing in C5%" and C, respec-
tively. Then, [ 7] < [y] holds.
Let C' be the strongly ordered product expression of C. Then, by Theorem 3.19,
every dilogarithm element [ ] appearing in ¢’ is smaller than all dilogarithm elements
appearing in C5%2P. Thus, ¢’C5%P is the strongly ordered product expression of C.
In order to obtain the explicit forms of u(, ;) (m,n) as the function of m and n, we
often consider the product

(106) c=1][

[ ] d(aj,b;) fi(m,n)
jeJ

)

where

e the index set j is finite.
e for eachj e J, fj : Z>0 X Z>0 — Z;O is a function.
e m and n are integer variables.
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In this case, we view [Zj] (a3:65)fi(m.n) ag a factor of C' for each j € J.

LEMMA 54.Let | € Zxy. Let C be a product with the above form, and let

C= H [Zj] A b5y ihe unstable part of C. Let [y] be the greatest diloga-
jeJ

rithm element appearing in C. Namely, [y] = [Zj] holds for any j € J. Now, we

assume the following conditions:

a. deg[(;j] <Ul+1 foranyjedJ.
b. If deg[gj] < I, then fj(m,n) can be expressed as a nonnegative PBC in m
and n.

c. t#0 orbj#Oforany[Zj];é[g].

Let J = J\{j € J | [Zj] = [y]}. Then, by applying Algorithm 5.5 below, we obtain
the products

d(al b)) £ (m,n) d(@,y)g(m,n)
~ a’ €T
(107) ¢ = H [b,;] M

jeJ’ J

and C" = C'C*> which satisfy the following conditions.

A. ¢ =C" mod G>FL. It implies that C = C' mod G>*1.
B. deg[Z{] <Il+1 and [Zi] < [y]- In particular, the stable part of C' includes
[z]d(;,y)g(m,n)Cstab' ’

C. The index set J can be embedded in J' as an ordered set, and it satisfies the
following properties:

— Forany j € J C J', it holds that [ ]d(awb/)f (m.n) — [ZJ Jd(a;.b;) fi(m.n)

7
— Forany j € J'\J, fi(m,n) is expressed as a nonnegative PBC in m and
n.

D. Ewery dilogarithm element [Z,j] and the index set J' are independent of m and
j

E. g(m,n) = Z fi(m,n).
Jjed,
[5; =[]

ALGORITHM 5.5.

Step 0. Let D = C[%]4=»)90m:m) with g(m,n) = 0.

Step 1. Let [] d(z ’y)f(Ly) be the second factor of D from the right hand side such
that its dilogarithm element is [%]. Namely, every factor [ Z]%=@)I (mn) op
the right side of this [§ ]9 @WI @) satisfies 5] # [§] ewcept for the factor
[2]4@)9(mn) o, the right end. Let [¢]%@)F () be the right adjacent factor
of [3]¢ (z,y) f(z,y)

Step 1.1. If [¢]4(@Wf (mn) oL [#1d(zy)g(mn) et F = (§%). By the assumptions,
(a,b) < (z,y), that is, |F| = ay— bx > 0 holds. Moreover, we have F # 1
since T # 0 or b # 0. Proceed to (i) or (ii).
G). If |F| = 0, applying (61), replace [§]@v)[¢]F (mm) it
[¢]4(@0)f (mn) [ T1d(z.9)f(mn) - Back to Step 1.
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ii). If |F| > 0, replace [2]4@)f(mm)[a1d(@b)f'(m.n) yip,
y b

d(a,b) ' (m,n) — V() (1) d(y) f (m.n)
R VS G ) B 1
(108) & Y

P,q€L>1,
deg(p,q)<!,
deg F(g)gl-&-l

where

(109) U(p,q) (m,n) = U(p,q) (d(a7 b)‘F‘f/(Tnﬁ n), d(z,y)|F'|f(m, TL)) :

Back to Step 1.

Step 1.2. If [g]d(a,b)f’(m,n) — [g]d(x’y)g(m,n)’ replace [g]d(w’y)f(m,n)[g]d(m’y)g(m,n)
with [ | 4@ g(mn)+fmn) and we set g(m,n) as f(m,n)+g(m,n). If
there exists a factor [ 2]*=M=w) sych that [ 2] = [3] and it is not at
the right end, back to Step 1. Otherwise, proceed to Step 2.

Step 2. If every dilogarithm element appearing in D is not [ | except for the one at
the right end, let C'=D, and finish this algorithm.

The replacement in Step 1.1 (ii) follows from the following relation and Proposi-
tion 4.4.

[O} d(z,y)|F'|f (m,n) F} d(a,b)|F|f' (m,n)

1 0
L AeDIFIS ) e (ma)y g1 eI FIfGnn)
(110) = |, |

P,q€L>1,
deg(p,q)<li

mod G~

Roughly speaking, we change an anti-ordered pair [ ]4(#:¥)/(m.n)[ @d(a.)f"(mn) ¢ the
strongly ordered product expression step by step, and we push [i]d(‘”’y)f (m:n) out to
the right end. By Proposition 4.4, this operation uses the information of the strongly
ordered product expression of [{]*[}]™ in GS!. In particular, we do not use the data
U(p,q)(m,n) for p+q=1+1.

PROPOSITION 5.6. Under the assumptions of Lemma 5.4, Algorithm 5.5 never fails,
and finishes finitely many times.

The number of (z,y) € N7 satisfying deg(x,y) <[+ 1 is finite. Thus, by applying
Algorithm 5.5 repeatedly, we obtain the strongly ordered product expression of C' in
GS!H*! finitely many times. Moreover, by Lemma 5.4 C and D, the exponent of [{] in
the strongly ordered product expression of C' is

(111) > d(a,b) fj(m,n) + d(a,b) f(m,n)
iy 1=1§1in ©

for some nonnegative PBC f(m,n).
Based on this algorithm, we give a method to calculate w, ) (m,n). We can see
the example of this method in Section 6.

METHOD 5.7. Let | € Zx2, and suppose that @iy, (m,n) is a nonnegative PBC for any
(z,y) € NT with deg(z,y) < I. By applying Algorithm 5.5 to the following products
Cim,1) and Cm ny, we may calculate u(q py(m,n) with deg(a,b) =14 1.
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G
T ey
h ELRECI LT

(z,y)ENT,
z+y<i+1,
z,y=1,

mod G>!H1,
Let

R 1 - !

(z,y)eENT,
z+y<i+1,
z,y>1

Next, C(y.n) is defined as follows:
01" 111™ o] /[o]™ 1™
o =B )
(120) 0 1 m — - d(,y)U(z,y) (m,n) 0 n
= (WE) (I L ) [

(z,y)ENT,
z+y<i+1,
z,y>1
(114) ooy 1] ﬁ 2] Dy g
B 0 w 1
(z,w)€N+, -
z4+w<l+1
zyaw>1
— 7 d(2,9) U (e, y) (m,n) n
z 0 >I4+1
X H Y ) L} mod G .
(zy)eENT, =°°
rz+y<I+1
z,y>1

Then, C () is defined by

(115) ( ﬁ |:Z:|d(z,w)’a(z,w)(m71)> m( ﬁ |:;:|d(x,y)ﬁ(myy)(m’n)) mn

(zw)eN', (zy)ENT,
z4+w<i+1 z+y<l+1
zaw>1 z,y>1

By Theorem 3.19 and Theorem 5.1, Cy 1) and Cipy, ) satisfy the assumptions of
Lemma 5.4. Let (a,b) € NT with 3 < a+b=1+1. Then, the factor [{]* in the initial
Cim,1) s only [§]Hab)ian (m1) = [¢]t@n(mn) - gnd the ones in the initial Cimn)
are only [g’]d(a7b)ﬁ’(a,b)(m71) — [g]um,b)(m,l) and [Z]d(aab)ﬁ(a,b)(mvn) — [‘é‘]u(a,b)(mfn). The
method to calculate w(qp)(m,n) is as follows:

1. Apply Algorithm 5.5 to C(y, 1) repeatedly until C(,, 1) becomes the strongly
ordered product.
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2. After the operation 1, the exponent of [§] is u(ap)(m,1) + d(a,b)f(m) for
some nonnegative PBC f(m). Thus, we obtain the relation

U(a,b) (m + 1; ]-) = U(q,b) (mv 1) + d(a> b)f(m)

(116) & Uy (m+1,1) —ugp(m, 1) = d(a,b) f(m),
and it implies that
m—1
Ua,p) (M5 1) = uap)(0,1) + > {ugap (G +1,1) = ugap (i, 1)}
j=0
(117) (116) m—1 - (101) m—1 .
2 sy (0.1 + da,b) 3 £G) L d(a,b) 3 £0)
j=0 7=0

Note that this f(m) is determined by the data of u(y ) (m,n) for x+y < 1.
Thus, we may find the explicit form of w ) (m,1).

3. Apply Algorithm 5.5 to C(y, ny repeatedly until C,, ny becomes the strongly
ordered product.

4. After the operation 3, the exponent of [4] is up)(m,n) + U (m,1) +
d(a,b)f'(m,n) for some nonnegative PBC d(a,b)f'(m,n). By a similar ar-
gument, we obtain the explicit form

n—1 n—1
o) (1) = ey (m, 1) +d(a,0) S f'(m, j)
o =

(118) .

= U(a,b) (m, 1)TL + d(aa b) f (m,j)
j=0
To summarize, the following proposition holds.
PROPOSITION 5.8. Let | € Z1, and let (a,b) € Nt with deg(a,b) =1+ 1. Let C(y, 1y
and Cm ny be the products which is defined by (113) and (115), respectively. The
following two statements hold.
(a) By applying Algorithm 5.5 to C(y, 1) repeatedly, we obtain the recurrence relation:
(119) U(a,b) (m + 17 1) = U(a,b) (m7 1) + d(a7 b)f(m)7
where f(m) is some nonnegative PBC in m.
(b) By applying Algorithm 5.5 to Cy, ) repeatedly, we obtain the recurrence relation:
(120) U(a,p) (M, 1+ 1) = U(qp) (M, 1) + U (m, 1) + d(a,b) f'(m, n),

where f'(m,n) is some nonnegative PBC in m and n.
Moreover, f(m) and f'(m,n) are determined by the data of wu(y,)(m,n) with
deg(z,y) <1 as functions of m and n.

5.2. PROOF OF THEOREM b5.1. Here, we prove Theorem 5.1, Lemma 5.4, and Propo-
sition 5.6. We show these claims by the induction on the degree I. For any [ € Z>,
we define the statements (5.1);, (5.4);, and (5.6); as follows:

(5.1); Theorem 5.1 holds for deg(a,b) < 1.
(5.4); Lemma 5.4 holds for this I.
(5.6); Proposition 5.6 holds for this /.

The statement (5.1); holds by (102). Thus, it suffices to show the following three
statements:

(5.1)1 = (5.6)1, (5.1)1, (5.6)1 = (5.4)1,
(5.1)1, (5.4)[, (56)1 = (5-1)l+1-
Let us start the proof of (5.1); = (5.6);.
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Proof of (5.1); = (5.6);. We prove that Algorithm 5.5 never fails. There are two
claims in Step 1.1 (ii).

Since the replacement in Step 1.1 (ii) is derived from the equality (110), we should
show that this equality holds for any m,n € Zy. It suffices to show the following
claim.

Claim 1. Both d(a,b)|F|f'(m,n) and d(z,y)|F|f(m,n) are nonnegative inte-
gers for any m,n € Zxo.

Second, we should show that the assumptions of this algorithm hold after
any replacement. The assumption a and c¢ are obvious. Thus, we should show
the assumption b. If deg[§] = [ + 1 or deg[y] = [ + 1, the product (108) is
[¢ @y (mon) [ 21d(z.y)f(mn) - Thus, the assumption b holds. Hence, it suffices to
show the following claim.

Claim 2. Assume deg(a,b), deg(z,y) < I. Consider the factor

V(p,q) (M) V(p,q) (M,m) /| F|
a2 (el 0] |

where deg(p,q) <1, F = (%) and

(122) Y(p,q) (m’ n) = U(p,q) (d(a7 b)‘F‘f/(mv n)’ d(.l?, y)|F|f(m7 ’I’L)) .

V(p,q) (M,n)

Then, this exponent 1

negative PBC h(m,n).

can be expressed as d(F (§))h(m,n) for some non-

Proof of Claim 1. We show d(a,b)|F|f'(m,n) € Zso. By the assumptions, we have
f/(m,n) € Z for any m,n € Z>o. Now, we have the equality

a

(123) d(a, b)|F| = ged(a b)y - ng(ba b)

S Z)O.

Since d(a,b)|F|, f'(m,n) € Zxo, we have d(a,b)|F|f (m,n) € Zxo for any m,n €
Zxo. O

Proof of Claim 2. We show that

1 V(p,q) (M, M)
IEG) IR
U ) @ b)IFLF ). de )|l . m)
1 (3) 7

is a nonnegative PBC. First, we show that (124) is expressed as > o<, i () (7)
with 4, € Q0. By the assumption b and Claim 1, both d(a,b)|F|f'(m,n) and
d(x,y)|F|f(m,n) are nonnegative PBCs. By the assumption (5.1);, U, q)(m,n) is
expressed as a nonnegative PBC. Thus, by Proposition 2.7, we may express

U(p,q) (d(a, D) F|f'(m,n), d(z,y)|F| f(m,n))

=)

0<k,l
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for some nonnegative integers ay,; € Z>o. We have

1 U(p,q) (M, 1)
d(F(q)  |F]
dp,q) . ’
12 = T o Y(p, da/vb Ff(m,n ad(xay)Ffman)
(126) Fd(E (777 -0 (4@ DIFLY (m, ). )| fm, )
d(p, q) <m> <n>
= T o Q1 .
[Fld(F (7)) E};l AN
d(p, V(p,qa (m7n) m\ (n
Let It = frglp{yons € Qoo Then gy S = T () ().
Thus, it suffices to show that d(Fzg)) U(’J"“);TL’”) is a PBC. Recall that W

is the exponent of [F(Z)] in the strongly ordered product expression of (108).

Consider Theorem 3.19 for §; = d, = 1. By the assumptions b and ¢, C" =
[#)d@w)(mn)[@)d(@b)f (mn) satisfies the assumption of Theorem 3.19. By (108) and
Theorem 3.19,

€L

V(p,q) (M, 1) p 1 V(p,q) (M, 1)
— = q

(127) F S tEGE S Gy T A

holds for any m,n € Zxo. So, by Lemma 2.2, d(Fzg)) v(p’ql)gn’n) is a PBC. This

completes the proof. O

Next, we show that Algorithm 5.5 finishes in a finite number of steps. By applying
Step 1.1 (i) and (ii), the number of factors on the right side of [ ]*(®¥)/ (™) decreases
by 1. Moreover, the product is always finite for each operation. Thus, this algorithm
finishes finitely many times. O

Next, we show (5.1);, (5.6); = (5.4);.

Proof of (5.1);,(5.6); = (5.4);. The statements A, B, and D are shown by considering
each step in Algorithm 5.5. Thus, we need to prove C and E.

C: In Step 1.1 (i) and Step 1.1 (ii), the anti-ordered pair [ ]4(#:¥)/(mn)[¢]d(a,b)f"(m.n)
is replaced with the strongly ordered product not changing [‘g]d(a=b>f "(mn) Thus,
every factor [Z; J9@3 i) fi(man) (a5, b;) # (2,y)) in C exists in D. Moreover, for any
factors [ |d(@ibofimmn) anqd [Zj]dmﬁbi)ff(mm) such that (a;,b;), (a;,b;) # (x,y), if
[Z: ]d(aiybi)fi(mvn) appears before [Zj ]d(aj7bj)fj (m:n) in C" then [Z: }d(ai»bi)fi(mvn) appears
before [Zj |4(@3:05)f5(m:n) in D, Furthermore, this algorithm does not finish until all
[ ]* disappear in D except for the right end. Thus, the index set J can be embedded

o
J

in J' preserving its order, and for any j € J, [, e 05) f5mn) — [Z;’]d(awby)fj(mm)
J

holds. Let j € J’\J. Then, by the proof of Claim 2, fi(m,n) is expressed as a
nonnegative PBC.
E: In Step 1.1 (i) and (ii), every factor [§]4®¥)/(m:m) in D moves to the last

[7]4@¥)9(mn) without changing its exponent, and new factors [ ]* are not produced.

Thus, E holds. O
Last, we prove (5.1), (5.4)1, (5.6); = (5.1)i41-

Proof of (5.1);,(5.4);,(5.6); = (5.1);41. This is immediately shown by (117) and

(118). Note that, for any PBC f(m,n) =3 <., ak, (") (7) inm and n, Z;L;OI f(m,4)
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is also expressed as a PBC as follows:

(128) :i:f(mvj) = Z gl (TZ) "il (?) () Z Qg (TZ) <l Z 1>.

0<k,l j=0

6. EXAMPLES IN LOWER DEGREES

In Section 5, we introduced a method to calculate wu(, ) (m,n) (Method 5.7). In this
section, we see some examples.

EXAMPLE 6.1. By (105), we obtain

029 B B =) [ [ e

For later, we write underlines on anti-ordered pairs where we apply the relation. First,
consider a + b = 3. Let um,n = u(2,1)(m,n) and vy, n = w1 2)(m,n), namely,

o [T e

Then, for any m € Zx(, we obtain

I 11 e 1 A o B

Now, we apply Step 1.1 (i) to [1][§]™. Namely, let F' = (} 1), and we view

e = ()

Then, by using Proposition 4.4 and the result of (129), it holds that

6=~ (i 1)
L] e

Putting this relation to the last line of (131), we have

St I 1 B R A

Next, we apply Step 1.1 (ii) to [}][2]*m1. Since deg((1,1) 4+ (2,1)) = deg(3,2) > 3,

we have
U, 1
E] [ﬂ mod G>3.

1] [2]%™
(3 il
Thus, we have
m+1 m+1 m4um 1 m+1 Um,1

0] (1 |1 2 1 1 10 >3
I 11 ] R R | R R T
The RHS is strongly ordered. So, we have upmy11 = M + Up,1 and Vpg1,1 = U1
Moreover, we obtain

m—1 m—1 k (15) /m
137 ma = - - 2 ,
(137) Um,1 = Up,1 + Z(Uk+1,1 Uk,1) Z (1) <2>

k=0 k=0
(138) Um,1 = Um—-1,1 =+ = V0,1 = 0.

)

(133)

Algebraic Combinatorics, Vol. 8 #4 (2025) 1047



RyoTa AKAGI

Next, by (114), we have

AP e e 1 A

mod G>3.

By applying Step 1.1 (ii) to [?][2]“m", we have
N e 1 e
(140) |1 0 ol |1 RE 1 1 1] |2 1
mod G~3.
Next, apply Step 1.1 (ii) to [{][1]™". Let F = (}9), and we view

1oy IRl
Thus, it holds that
DR [
T e
Putting the last line to (140), we have
R
Bt U A A B A I E

mod G>3.

Then, by a similar discussion of (135), we make this product strongly ordered by only
exchange relations. Thus, we have

0 n+1 1 m 1 m 9 U, 1+ Um,n 1 m(n+1) 1 mn+vm. n 0 n+1
Ee I e T R 1

mod G~3.

It implies that

(145) U = T;L)n
(146) Vmm = m(g) ,
and

N I B I R

For any a,b € Zsq, we can obtain u, ) (m,n) by the above method in principle.
However, it becomes harder to complete this calculation when its degree a + b is
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larger. The following relation is the result of GS7.

o™ [1]™
it
11 161 GO0 11 G g O 17 (D)
1™ e 5 4 3
ol I F I F
R (AP ()78 () +0(2) ()
X
2
WO E]s(@)(?;)ww)(?ww(zﬂ)(s) Bf(zlﬁggnggg§l>
() (5) (3 ) () +0( 5 )(5)+2(B)(3)
AT HmE SR
(148) 1P 11208)(8) 17603 (B)+6(3)(3)+18(5) (3)
<[ R
(PYCD+2(5)(3)+30(5)(3)+45(5)(1)
R )
(DB [ (1) ™ DN
Hi-
AT () ()48 ) (54205 ) () +a0(3) ()
X
5
I I 7 () 17 () g7
1 1 1 1 0 .
<l CURTTE T T e

REMARK 6.2. In [7, Theorem 5.2], when §; = d; = 4, it was shown that there exists
the wall (o(1, —1), f)(1,1) in a CSD D55, where

é
A S B (CES VA W
(149) / (/;) (5225)k+1< k ) >

1
= (1420 4 (5 — 1)22%(99) 4 50— 1)2(36% — 66 + 2)a309) 4 ... )’

This function f € Q((x1,z2)) corresponds to the element g € G by the group homo-
morphism induced by the following map [2, Lemma 1.3].

G — Q((z1,22)),

150 .
(150) Un] — (14 2P ()30

where d(n) is the normalization factor with respect to (4,d), that is, d(a,b) =
0/ gcd(a,b). Then, in (148), the wall element

(151) ) m 5 Br(g)z E] 12(8)(§)+18(3)°
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corresponds to

(14 289)3(1 4 22080y 3x2(0)" (1 4 g3-00)y3x (12(3)(3)+18(3)") ..
(152) 1
= (1+ 2% 4 (6 — 1)%22(75%) 4 50— 1)%(36% — 66 + 2)a39) 4 ...)°,
So, this result agrees with the result of (149) in the lower degrees.

7. BOUNDED PROPERTY OF PBCS FOR ORDERED PRODUCTS

In Section 5, we showed that every exponent uq ) (m,n) is essentially expressed as a
nonnegative PBC in m and n. In this section, we give a property about its degree.
Recall that, by Theorem 5.1, we can express

L. m n
(153) U(a,b) (ma n) = d(a7 b) Z X(a,b) (Zv.]) < i > ( >
0<i<A, J
0<j<B

for some 4 (4,7), A, B € Z3(. More strongly, we have the following statement.

THEOREM 7.1 (Bounded property). Let a and b be positive integers. Then, we can
express

N n
(154) wonmn) = dia,t) Y awn(id) (") (7).
1<iLa,
1<y<h

where a(q ) (4,7) are nonnegative integers independent of m and n.

Namely, (7, ) can be restricted as 1 <7 < a and 1 < j < b in the sum of (153).
We show the following two claims.
Claim 1. For any ¢ = 0,1,...,A and j = 0,1,...,B, it holds that a(,)(i,0) =
O‘(a,b)(ovj) =0.
Claim 2. For any (k,[) € Z2>o with & > a or [ > b, it holds that o, 3 (k,1) = 0.

Proof of Claim 1. By (101), we have

(155) U(a,b) (A,O) =0.
By (153), we have
(A
(156) Ua,p) (A, 0) = d(a,b) > a(ayb)(z,0)< ) = 0.
0<i<A ¢

Since a4 (7,0) > 0 and (’?) > 0, we obtain a(q)(4,0) = 0 for any 7 = 0,1,..., A.
Similarly, we have a(q)(0,j) = 0 for any j =0, 1,..., B. Thus, we have

R m n
(157) U(a,b) (m,n) = d(a'a b) Z Q(a,b) (Zvj) < i ) < ) : U
1<i<A, J
1<j<B

Before proving Claim 2, we show the following lemma.

LEMMA 7.2. Let | € Zx1, and let C(y, ny be the product which is defined by (115) in
GS'L. Let [5] be a dilogarithm element with x+y < 1+ 1, and let [ 7] be the greatest
dilogarithm element such that [ 5] < [y] and z+w < 1+1. Let D be the product which
is obtained by applying Algorithm 5.5 to C(y, ) repeatedly until [y ]* is in the stable
part. Then, the form of D is as follows:

U(z,w) (M,m)
(158) D=-... L’i] pstab.
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In the above expression, Db = [7]*...[9]"*1 is the stable part of D, which is
defined in Definition 5.3.
Proof. Since [ ] is the greatest element such that [7] < [y] and z + w < [+ 1, the
form of initial C',, ) is

U(z,w) (Mm,n) U(z,y) (M,N)
o[

w

[p} U(p,q) (M)
) q

(z.y)<(p.q

In particular, every dilogarithm element on the right side of [ 2 ]“.») (™) is greater
than [7]. When we apply Algorithm 5.5 repeatedly, every factor [4]* appearing
in the right side of [Z]“=» (™™ gatisfies [Z] < [%“]. Thus, if the form of D is
c [ ) L fulE L pstab g holds that [5] < [Y] < [§]. (Note that DstaP
has the factor [ ]*.) It contradicts the assumptions of [ ]. O

Let us prove Claim 2. Let f(m,n) be a polynomial or a PBC. We write the degree
of f(m,n) as a polynomial in n by deg,, (f(m,n)).

Proof of Claim 2. Suppose that the claim does not hold; in other words, there exists
@(q,p)(k,1) > 0 such that & > a or I > b. Suppose a + b is smallest among such (a, b),
and there exists | > b such that a(q ) (, 1) > 0. (If there exists such k > a, we can do
a similar argument.) Then, since

u(a,b) (m7 n—+ 1) - u(a,b) (m7 TL)

= d(a, b) K%Aa(a,b) (i, 4) <Zn> {(nj 1> - (?)}

1<G<B

2 J(a,b) > a(a,b)(i»j)<?> (jﬁ1>

(160) Li<A,
1<j<B

= d(a,b)a(qp (k,1) (7:) <z il 1)

vaen Y awn@i(7)(,")

1<i<A, 1SJSB,
(4,5)7# (k1)

Uqp) (M, + 1) = ugqp)(m,n) has a factor ('7)(,",) with a positive coefficient. In
particular, it holds that

(161) g (1(ap) (M1 + 1) = gy (mym)) > 1= 13 b.

Now, we apply Algorithm 5.5 to C(,, ,,) repeatedly. Then, by Proposition 5.8, we have
a following relation:

U(a,b) (m7 n+ 1) = U(a,b) (m7 n) + U(a,b) (ma 1)

162
(162) + (factors produced in Algorithm 5.5).

Because deg,, (u(q,p)(m,n + 1) — ugpy(m,n)) > b, there exists an anti-ordered pair
[£]9]%]) which produces [§]" with deg,(h) > b. Ifz+y=a+bor z+w=a+b,
then this anti-ordered pair does not produce new factors. Assume x+y, z+w < a+b.
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Let F' = (3 «). Then, Step 1.1 (ii) in Algorithm 5.5 becomes

(163) _ [;ﬂf{ ﬁ <F {ﬂ)u(p,q)(ll’ﬁlFlg)} {Z]g od G,

(p7Q)EZ2; 1
deg(p,q)<a+bd—1,
deg F(§)<a+b

Since the above product on the RHS has a factor [§]", there exists (p,q) € Z;l
satisfying

pz+qz = a,

(164) F(P)=(%) =
q b Py +quw = b.
By using the above (p,q), the exponent of [§] is h = w, o (|F|f, |F|g)/|F|. More-
over, since deg,(h) > b, we have deg, (u(,q (|F|f,|Flg)) = b. Since deg(p,q) <
deg(a,b) and the smallest assumption of (a,b), we have deg,,(uep. q)(m,n)) < p

and deg, (u(p,q)(m,n)) < ¢. Now, let deg,(f) = t and deg,(g9) = t'. Then,
deg,, (up,q) (|F|f,|F|g)) < tp +t'q. Hence, we have

(165) tp+t'qg>b.

On the other hand, since deg,, (u(z,,)(m,n)) < y, we have deg,,(g) = t' < y. Similarly,
deg,,(f) =t < w holds. Moreover, since p,q > 1, we have

(166) tp+t'q < yp+wg = b,

Combining the above two inequalities, we have tp + t'q = b, and it implies t = y and
t' = w. In particular, deg,,(g) = w holds. To summarize, [¢]" is produced when [ Z ]9
moves to the right hand side, and deg,(g) > w. We apply Algorithm 5.5 to C, »)
until the greatest dilogarithm element appearing in its unstable part is [ 7 ]. Then, by

Lemma 7.2, C(,, ) becomes

g U(z,w) (MyN) — U, ) (M,yn+1)
4 z u
S 5 i SN |

w,v)>(z,w)
It implies that
(168) Uz (M + 1) = Uy (m,n) + g+ - .

Thus, deg,, (u(zw)(m,n)) > deg,(g9) > w, contradicting deg(z,w) < deg(a,b). O

In Section 8.3, we can see some properties for these coefficients v, p) (i, j).

8. FURTHER RESULTS AND EXAMPLES

8.1. INVERSE FORMULA. Thanks to Theorem 7.1, u (4 ) (1, n) may be recovered from
the special values u, (i, 7) for 1 <i<aand 1< j<b.
Let I = {(4,j) € Z | 1 < i < a,1 < j < b}, and let ugpy(m,n) =

Si<k<a, aka () (7). Namely, by using the notation of Theorem 7.1, we write
1<b

It

Qg | = d(a’a b)a(a7b)(k7 l)
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First, we define the following three matrices:

(169) a = (aij)aer € Matrx(Q),
i\ (J
) = () () ,
((4,9),(8" ")) €I X T
(171) u = (Uga,p) (4, 7)) i, j)er € Matrx1(Q).

These three matrices have the relation

i\ (J .
172)  Aa=| > oy (Z,> (j,) = (Wa) (1 9)) i gyer = u.
(.47l (i,5)el

This implies
(173) a=A"tu.

Next, we obtain the inverse matrix A~!. We define P, € Mat,(Z) as follows:

(),

Similarly, we define P, € Maty(Z). Then, A = P, ® P, holds, where P, ® P, =

((Z’) (j}))((‘ ) € Mat;(Z) is the tensor product. The inverse matrix of P, is
1,7),(%,7’

known as follows.

LEMMA 8.1 (e.g. [9, Thm. 37]). For any a € Z~q, we have

(175) Pl = ((—1)”]’ (;)) )

Thus, we obtain the inverse matrix A~! as follows.

LEMMA 8.2. Let A be the matriz defined in (170). Then, it holds that

1 il it [ j
N L [
((3,5),(4".3"))

Proof. It is immediately shown by

(177) At =(P,oP) ' =P to P O
By the above arguments, we may write the coefficients ay; = d(a, b)a(qp) (k,1) by

using special values u(, p) (i, 7).

PROPOSITION 8.3 (inverse formula). Let a and b be positive integers. Then, for any
1<k<aand 1<l <D, it holds that

(178) da, B (kD) = 3 (~1)HHkH (’“) (j_)u(a,b)(z‘,j).

)
1<i<k,
1<5<!

Proof. Tt is immediately shown by (173) and Lemma 8.2. O

ExAMPLE 8.4. In [5, Algorithm 5.7], the method to find the exponent of [§] in the
ordered product of [9]"[§]™ is known for certain m and n. For example, consider the
exponent of [3]. Then, we can find the special values of 3 9)(m,n) as follows:

u(3,2)(1,1) = 0,ue3,2)(1,2) = 0,u(3,2)(2,1) =0,
U(372) (2, 2) = 2, U(372) (3, 1) = 1,U(372) (3, 2) = 14.

By Proposition 8.3, we have u(s2)(m,n) =2(3) (5) + (5) (7) +6(%) (5)-

(179)
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8.2. RECIPROCITY.

PROPOSITION 8.5 (reciprocity). Let (a,b) € NT. Then, for any m,n € Zx,
(180) U(a,p) (M, 1) = U(p,q) (N, M)

holds.

Proof. By definition of u(, ) (m,n), we have

(181) m"[(l)]m: ﬁ {Zr(w(mm)-

(a,b)eNT+

Let F = (9}). Then, by acting F', we have

(182) H‘" m"": 0 m—uw(m,n).

(a,b)eNT

Considering the inverse of the above relation, we have

0 m 1 n b U(a,pb) (M,n)
sy DI VO
(a,b) )op

e(N+

The index set (NT)°P is the opposite ordered set of NT. The RHS is not the strongly
ordered product because of the parallel dilogarithm elements. However, by using the
relation (61), we may rearrange it to the strongly ordered product without changing
these exponents. Thus, we have

0 m 1 n — b U(a,p) (M,N)
T S
(b,a)eNT

3

It implies that

(184) U(b,a) (TL, m) = U(a,b) (ma n) O
8.3. PROPERTIES OF COEFFICIENTS. By Theorem 7.1, we write
. (m)(n
(185) U(a,b) (m7n) = d(av b) Z X(a,b) (Za])< . ) ( -)7
, v/ \J
1<i<a,
1<y<b

where v, 3)(i,j) € Zxo. In the above expression, the upper bound is essential.
PROPOSITION 8.6. Let a and b be positive integers. Then, it holds that
(186) Q(ap)(a,b) > 0.

Proof. We show the claim by the induction on ! = a+b. If a4+b = 2, namely, ifa = b =
1, then, by (148), we have u(q 1)(m,n) = mn. It indicates that a(;,1)(1,1) = 1, and the
claim holds. For some [ > 2, suppose that the claim holds for any (a,b) € Zél with
a+b = 1. Let a and b be positive integers satisfying a+b = [+ 1. By Proposition 8.5, it
suffices to show the claim when a < b. Then, since a+b = [+1 > 3, it holds that b > 2.
Consider the product C(,, ) which is defined in (115). By applying Algorithm 5.5 to
Clm,n), there exists the following operation:

0 a U(a,b—1)(M,N) B a U(a,b—1)(M,N) a au(q,p—1)(m,n) 0
(187) 1 |b—1 -1 b 1

mod G~t?,
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The above relation follows from applying Proposition 4.4 to the following relation
by F = (,%9). Note that the factors [y] satisfying deg F[y] < a + b are [y] =

[5]a HL [(1)]’ and u(l,l)(au(a,b—l)(mv n)a a) = a2u(a,b—1)(m7 77’)

0 a 1 au(a,b—l)(mfn) _ 1 Gu(a,b—m(m’”).“ 1 agu(a,b—l)(m’n).-. 0 a
(188) 1| |0 — |0 1 1

mod G>a+b71'
Hence, by Lemma 5.4 E, we have
(189) U(a,p) (M, 0+ 1) = g p) (M, 1) + atiqp—1)(m,n) + - - - .
It holds that
n—1
(118)
Uapy (M, n) = Z(au(ayb_l)(m, E)y+--+)
k=0
m\ 2k
:ad(aab_l) Aa,b—1 (ayb—l)(> <>+
(190) 1§<:a ( ) 1 kZ:o j
1<j<b-1
(15) m n
2 1 1 o
ad(a,b—1) Z Aa,p—1)(a, b )(z> (j n 1) +
1<i<a,
1<<b-1

By focusing on the coefficient of (ZL) (2‘), we have d(a,b)o,p)(a,b) > ad(a,b —
agp—1y(a,b—1) > 0. O

On the other hand, the lower bound is not known yet. However, a partial result
can be derived.

PROPOSITION 8.7. Let (a,b) € NT with a > b > 1. Then, for any positive integers
1< % and j < b, it holds that

(191) a(a,b)(iaj) =0.

Proof. Let s be the largest integer such that 1 < s < . By Lemma 3.20, the strongly
ordered product expression of [9]°[4]% i

B

Since [§] < [1] and [§] # [{], we have u(qp)(s,b) = 0. By Theorem 7.1, it implies
that
AL
(199) won () = dlat) 3 a3 (1) <o
1<i<s,
1<5<b

Since (‘;) (;’) > 0 and (i, 5) = 0, we have (i, ) = 0 for any i < s and j < b.
This completes the proof. O

8.4. SPECIAL CASES.

PROPOSITION 8.8. Let a,b € Zxo. Then, for any m,n € Zx, we have

0 =)0, = (3)()
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Proof. By Theorem 7.1 and Proposition 8.7, u(,,1)(m,n) is expressed as

(195) Ua1)(m,n) = d(a, 1)aa1)(a, 1) (7;) (’f) = aa)(a,1) (Z“) (?)

By Lemma 3.20, we have
(196) u(a’l)(a, 1) =1.

Thus, we obtain

(197) a,1)(a, 1) (Z) <1> =a(n(a,1) =1,

and it implies that w(, 1y(m,n) = (’:) (’f) O
We may also find the exponent of [5] explicitly. However, the proof is excessively

long.

THEOREM 8.9. Let a € Zxq. Then, for any m,n € Zxo, we have

U(a,2) (m7 Tl)

(198) ) g;kga Pk?_ﬂ (F%—‘%) <2kk— a> (7:) (Z)
= 2 ) 6l ) () 6)

In the above relation, [z] is the least integer more than or equal to € Q. In (148),
we can see the examples. Also, we can simplify the above formula as follows:

(m)“wwwﬂ%bﬁﬁtmcwﬁ@gx@@@)
-2 Q0 )0)0)

5<k<a

The proof of equivalence in these two expressions is given in Appendix B.
We can check that every coefficient in the relation (198) is nonzero. The proof of
Theorem 8.9 is in Section 9.

9. PROOF OF THEOREM 8.9

In this section, we express the exponent of [$] explicitly. For the sake of simplicity, the
proof of some equalities are given in Appendix A. For any « € Q, |z] is the greatest
integer less than or equal to z, and [z] is the least integer more than or equal to z.
First, we derive the recurrence relations enough to determine all u(, )(m,n) based
on Method 5.7.

PROPOSITION 9.1. (a). Let a € Z>1. Then, for any m,n € Zxo, the following relation
holds.
Ua,2)(m,n + 1)

= U(q,2) (ma n) + U(a,2) (m7 1)
(200) o 13

F 2 e LE)E6)
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(b). Let a € Zzs3. Then, for any m € Zxq, the following relation holds.
U(a,2) (m +1, 1)
= U(q,2) (m7 1) + U(a—2,2) (ma 1)

(201) Y o . i
+k—z[:g1{m_za:k(a2x)(k_w+1> (a_ﬂﬁ)}(k‘)'

Proof. (a). Let Cy, ) be the product which is defined in (115). Apply Algorithm 5.5
t0 C(m,n) repeatedly until it becomes strongly ordered. Suppose that an anti-ordered
pair [5]9] 5]/ produces a factor [§]* in Step 1.1 (ii). Since every dilogarithm element
[ ] appearing in the initial product C(,, ) satisfies ¢ > 1, we have y,w > 1. By (108),
there exists (p,q) € Z2>1 satisfying

(209 (i) = (5):

Since pw+qy = 2 and p,q,y,w > 1, we have p = ¢ = y = w = 1. Since pz+qx = a, we
have z = a—x. By [y] > [Z ], we have zw — yz < 0, and these imply that 2z —a < 0.
Thus, every anti-ordered pair [ ]9] ]/ which produces the factor []* has a following
form:

g f
z|” [a—=x a
(203) H [ ) } <x < 5).
Moreover, factors [{]* (z = 0,1,2,...) are not produced when we apply Algorithm 5.5

t0 Cm,n)- Thus, both [{]9 and [*7”]/ should be in the initial C,, ). So, the anti-
ordered pairs that produce [§]* are only the following ones:

- U(z,1)(m,1) a@— U(a—z,1)(M,N) a
(204) M [ . } (m< 5).

For any x, let F' = (“ * ”5) Then, the following relations hold by Proposition 4.4.

- U(z,1)(m,1) g U(q—z,1)(M,N)
1
(a— QL)u(I 1y(m,1) (a—22)u(g—z,1)(m,n)
- (=) (o]
1 0

(a—22)u(a—z,1) (M)
1
(<) ).

1 v (2200 1) (mom).(a=22)ua 1) (m.1)
<(# 1))

(a—2w)u(z,1)(m,1)
< (= [1)

Ja-z Ua—z,1) (M)
= 1 -

] == (- 20)u s 2 (mn) (a=22)u(; 1) (m.1)
<[5

- Uz, 1) (Mm,1)
>< e 1 .
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In the above relations, the third and the fourth products are strongly ordered. More-
over, because of u(y,1)(m,n) = mn, we have

1
(206) a—2zx
= (CL - 2‘P‘C)u(afw,l) (m7 n)u(w,l)(mv 1)

u(1,1) ((a —22)U(g—g,1) (M, ), (@ — 22)u(y1) (M, 1))

By Proposition 8.8, it is

2,2 )G ) e ) () ()

(207) o

= (a-20) Py (Z _ m) ( : x) (73) @

Thus, we have

U(a,2)(Mm,n + 1)

= U(q,2) (M, M) + U(q,2) (M, 1)

f e Y (20050

0<z< % k=a—z

U(a,2)(m,m) + u(am) (m, 1)
2,2 o)) (6

Since
(209)

the equality (208) can be expressed as follows:

Ua,2)(Mm,n 4 1)

= U(qa,2) (ma n) + U(a,2) (m7 1)

a 5] - N
+k;;1{w;k(am<k—w) <aﬁx>}(k> <1>

(b). Let C(;,,1) be the product which is defined in (113). Namely, consider

1 1 1 m — - U(z,y)(m,1)
ew o= BB (ETT)
== ==  “zrty<at2

z,y>1

(210)
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Let F' = (}1). Then, by Proposition 4.4, we have

DI LD R
(I [
(

— U(z—w,w (m>1)
H {Z] | ) ) [1] mod G~¢t2
w 1 ’

Putting the last expression to the RHS of (211), we have

m+1l ,— u(sz,w)(mvl)
_ : !
o=l (T[] )]

(213) X( ﬁ [x:|U(z‘y)(m’1)>
y .

z+y<a+2
z,y>1
Let
— Uz —w,w) (M,1) —> U(z,y) (M,1)
;. z 1 T
e o= (I[3) e L)
rzt+y<La+2
z,y>1

Then, C’ satisfies the following conditions:

appearing in C” satisfies y > 1.

e Every dilogarithm element [
[5]" are u(q,2)(m, 1) and u(,_22)(m, 1).

]
e The exponents of the factor [§

Thus, by a similar argument of (a), anti-ordered pairs producing [$]* are

U(z—1,1)(m,1) U(a—z,1)(M,1)
T a—x a
< - .
(215) M [ : } (1 <z< 2)
Moreover, for each = 1,2,---, it produces [$]* whose exponent is

(@ = 22)uge 11 (my Dtga_p1y(m, 1) = (a — 22) (xm 1) (amg:)
(216) ) (4~ 20) fz (ki;il) (afx> (Z:)

k=a—

Algebraic Combinatorics, Vol. 8 #4 (2025) 1059



RyoTa AKAGI

Thus, we have
U(q,2) (m + 1, 1)
= U(q,2) (m7 1) + Ua—2,2) (m, 1)

- c 2 S e ) () )

= U(q,2)(M, 1) + U(q—2,2)(m, 1)

a—1 L5) —x m
+k [ 1{ 2 (a_2x)(kx+1>(akx)}<k)'

This completes the proof. O

Next, we try to solve this recurrence relations. By Proposition 9.1 (a), we have

n—1
i 1,1) =y (1.0) 4 3 {0 .3+ 1)~ (. )}
§j=0
(101) n—1 . .
= Z {“(a,2) (m,j+1)— U(a,2)(m7])}
§=0
n—1
= ZU(a’Q)(m,l)
(218) =0
. 2 a—x k m\ = [
s {2 e () ) 2 0)
ore] o tatk k—z/)\a—=x k = 1
(15)

Similarly, by Proposition 9.1 (b), we have
U(a72) (m, 1)
m—1
= U(a—2,2)(J, 1)
3=0
a—1 \_%J

(219) LYY (a—2x)(k:i1>(a:> (le)

k=[4¢] \z=a—k

m—1 a L%J a—x ]ﬂ 1 m
=Y Gt > S @) (R0 ()
j=0 k=[21+1 | z=a—k+1
These coefficients can be expressed concisely.
LEMMA 9.2. (a). For any k = (%] , .-, a, the following equality holds.
(220) %(a—%c) a—x k _|2k—a]| (2k—a k
= E—xz)\a—2) 2 [2k-al J\2k —a)
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(b). For any k = (%] +1,...,a, the following equality holds.

> w32 0)(2))

(221) rz=a—k+1
_ f2k—a(2k—-a-1 _ g2k—a-2 k-1
B 2\ [l 2k—a—1)

The proof is given in Appendix. By using these equalities, (218) and (219) become
as follows:

U(q,2) (M, m)

(222) = t(a,2)(m, al) (’11)
(P00
U(a,2) (M, 1)
(223) 7:2_;%—2,2)(3‘,1)

o e S LA ()

k=g1+1

By using the above equalities, we show Theorem 8.9.

Proof of Theorem 8.9. By (222), it suffices to show that

(224)  wu(a2)(m,1) = Z {%Q_G (2(1621:23_1}1) - 22k_a_2} <2kk— a> <TIZ)

%+1<k<a

We prove it by the induction on a. If a = 1,2, then w2 (m,1) = 0. Thus, the
statement holds. Let a > 3, and suppose that

U(a—2,2)(m, 1)
= 2 U)o G ) ()

$<k<a—2
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Then, by (223), we have

U(a,2) (ma 1)

_’"Z* 3 {2k—a+2(2kz—a+1>_2%_a}< )(;)
g v 2 [2k=atl] 2k —a+2)\k
- 2k —a (2k—a—1 m
_22k7a72
*k;ﬂ{ ((1> Fosa ) (7)
(13) {2k—a+2(2k;—a+l>_22k_a}< )( m )
(226) v 2 [t 2k —a+2)\k+1

© 2 U () 5 (0)

a

B 2k—a 2k —a—1 _ g2k—a—2 k—1 m
N 2 [2h—a-1] 2k —a) \ k
+l<k<a—1 2

a
5 a

2k—a 2k —a—-1 a2 k-1 m
2 0 () 2 L) ()
+1<k<a

2

NS

Consider the first term. We can add the factor of k = a since (Qkk_fa) = (“;1) =0.
Thus, we have

U(a,2) (m7 1)

S {5 (i) -2
- Al ) ()
® 2 ) 26l G)

This completes the proof. O

APPENDIX A. PROOF OF LEMMA 9.2

In this appendix, we prove Lemma 9.2.

LEMMA A.1. For any u € Zxq, the following relation holds.

(228) iw %) @ =[5l (( uw)'
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Proof. We have

Il
<)
TN
<
| =
8 |
| =
—_
N———
|

(229) w=

I
<
e
N
<
8 |
)
N———
|

-, —ul_—1LSJ> :“(éw——ll) ol (ﬁ) :

LEMMA A.2. For any u € Zxo, the following relation holds.
1/u
gu—l 4 = u : even,
(230) <u> = 2 (E‘)
gu—l w : odd.
%]

%] u
u u u
Proof. Si E = = h
roof. Since <x> <u B x) J (x)’ we have

=0

(231) 3

So, Lemma A.2 holds. O

Proof of Lemma 9.2. (a). We can easily check (Z:i) (afw) = (Qkk—a) (Qkk:;). Hence, we
have

ST (0 () 2 e ()
L3]—(a=k)
(232) :<2’“k—a> Z (a_z(““_k>)<k—<2:+;—k>>

|
N
]
e
|?T‘
IS
~__
(]
=
[
x5
|
&
|
[N
8
S—
7N\
%)
™
B
IS
~__

PN ) s
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(b). We can easily check (7~%) (k_l) = ( ol )( Zh—a—l ). Thus, we have

a—x 2k—a—1) \k—a+z—1

5]
— -1
=203 2) ()
B k—x/)\a—x

W) X e
(233) = <2kk_a_ 1) L;} (2% —a—2)— 22) <2k ~a- 1)
(%k_ " 1) LgJ((% —a—1)—22) <2k e 1)

2k—a—2
L 22: : 2k —a—1
i

=0

(i) If @ is odd, then | 2k=0=2| = 2k=a=3 | 2kza=l| _ 2k=a=l Thys, we have

L2k72a—2j

> (@k-a-) _Qx)<2k - 1)

2k—a—3
2

- ;} (2k—a—1) —2z) <2k_“_1)
I

2k—a—1
2k—a—1)
B 2ka1<2ka1

S (2k—a-1)-2a
ka1 ) (Lemma A.1).
2 Zha-1

Since 2k — a — 1 is even, we have

L2k—a,—2J
22: <2k—a—1> 22: (2k—a—1>
=0 x=0

2k—a—1

2 Qkal) (2ka1>
(235) 2 < x =
2k —a — 2k —a—1
= 2%em2 4 ( 2k— Z 1 ) ( 2k—a—1 aa 1 ) (Lemma A.2)

2 2

o 2k—a—-1
= 2% 2 - ( 2k—a—1 a 1 >
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Hence, we have

I_Zk_za_QJ

S «%—a—n—a@(%_;_1>—§f<%_;_l)

=0 E
(236) _2k—a—1<2kk—a—1>_(22ka2_1<2kk—a—1
- 2 2k—a—1 2 2k—a—1
2
2k—a (2k—a—-1 a2
-~ T ok-a-1 | 2 :
2

Putting the last expression to (233), we have

5] . B
(237) x:az—;c+1(a - (k - x) Cj - ;>

_ 2k —a 2k —a—1 _ g2k—a—2 E—-1
2 [2h=a=1] 2k—a—1)"
ii) If a is even, then |2£=0=2| = | 2k=a=l| — 2k=a=2 Thyg we have
2 2 2

2k—a—2
==

Z (2k—a—1) - 2x)(2k _;_ 1>

=0

| 2=

Z (2k —a—1) — 2x)(2k _za_ 1)

=0

B 2ka(2ka1>
= —5 k—a .
2 2kca

Since 2k — a — 1 is odd, we have

(238)

L21625%4)](2/4:—(1—1) L%i”(zk—a—1>
(239) = z 220 r
— 22k—a—2.

Putting these expressions to (233), we obtain
a—z\ (k-1
-2
Z (a x)<k—x><a—x>
k+1
(240) {2k—a<2k—a—1) 2k_a_2}< k—1 ) 0
=Y 95 2k—a -2
_ [2k—-a(2k—-a—-1 92h—a—2 k—1
- 2 [2k=a=1] 2k—a—1)"

APPENDIX B. THE EQUIVALENCE BETWEEN (198) AND (199)
First, we show the following lemma.

LEMMA B.1. Let o, € Z>o with o > B. Then, we have
a+p+1
m—1\/m-—1 Q@ k-1 k m
241 = .
(241) m( o )( 8 ) k_za:H(k—ﬁ—l)( o )(k—l)(k)
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Proof. By Lemma 2.3, we have

e (")

By definition, we can check that m( A )

+

()
(k+1)(,,)- Thus, we have
(")) () G ()
21 3 ()

+1

S

This completes the proof. O

M

By using this formula, we show the following two equalities.

PROPOSITION B.2. Let a € Zxq. Then, for any m € Zxo, we have

e 2 B (kaﬂ(%k) () =m( L_Jl>([_11W)
(245) ;K %T_a (2[%11) <2kk— a) (7:> =3 (L . j ) (? 1%)

Proof. First, we show (244). By definition, we can check

() ) = G 5y - 0) ()65
p ST LU Rl VO ) AN TV
k!
S (a=RME-1= )k -1 [5 - 1D
In the above equalities, k! = k(k — 1)---2 -1 is the factorial of ¥ € Z>¢. Thus, by
setting a = [ §] and 8 = [§ — 1] in (241), the equality (244) holds.
Next, we show (245). We have

(2k — a) (2;1:—;—_111> (Qkk a) - (k E : L] ) (Ff“;) (k ﬁ 1)

K

(246)

(247)

C(a=RNk =1 TR -1 [5F])
Thus, by setting o = [%51] and 8 = [ 25%

Jin
(248) ;g sz—a (Q[kak_ . _111> (Qk - a> ( ) <L“ 1]) (?;D -

Last, we show (199).

, we have

Proof of (199). By (244), the first term in the RHS of (198) is m(L iy )((m_l]) (5)-
Consider the second term of (198), that is,

o & (R0 H)E)C):
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Explicit forms in lower degrees

If k= | § + 1], or equivalently, if 2k — a = 1 or 2, we can easily check that

W —a (2% —a—1
(250) a( e ) _92-a=2 _
2 [ =]

X () - ) (0 6)
> o (ainy) 1 () (D) G)
o )0

-z )00
() - TG )

$<k<a

Thus, we have

Thus, (199) holds. O
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