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1 Preface

Cluster algebra is a commutative algebra generated by variables called cluster variables,
discovered by Fomin and Zelevinsky in the early 2000s. The original motivation for the
consideration of cluster algebra seems to be an understanding of total positivity and the
standard basis of quantum groups. Now, it is known that the structure of cluster vari-
ables and the transformations between them, the mutations, appear in various fields of
mathematics. Furthermore, the development of cluster algebra theory and its applications
is rapid and constant. For example, it is known to have applications in representation
theory of algebras [4,5], higher Teichmiiller theory [13-15], and number theory (Markov’s
Diophantine equation) [7,39].

Here, we introduce the special version of cluster algebras. Let () be a quiver with no
loops and no 2-cycles, and n the number of vertices of (). We take a set of n algebraically
independent elements x = (z1,...,x,) in the rational function field F of Q in n variables.
We call the pair (Q,x) a seed, and x a cluster, and each x; a cluster variable. For k €
{1,...,n}, we define the mutation (Q',x") = pr(Q,x) of a seed (Q,x) in direction k as
follows:

e ()’ is obtained from @ in the following three steps:
(1) for each subquiver i — k — j in @, we add a new arrow i — j to @,
(2) we reverse all arrows connected to k in the quiver obtained by (1),

(3) we remove all 2-cycles in the quiver obtained by (2).

o X' = (z,...,]) is obtained from (@, x) in the following way:

(2

n n

Oa s 07 L

H :'UleIaX( qzk) + H CL',IinaX( ka)

o = = =1 if j =k,
J T

xj otherwise.

where ¢;; is the number of arrows from 4 to k in Q.

For example, let Q = 1 <—2<—3 and x = (x1,x2,z3). Then

Q) = 12(Q. %) = (1@3 , <x1,“’1;“’“3,x3)> |

Let X (Q,x) be the set of all cluster variables obtained by mutating (@, x) in all directions
repeatedly. A cluster algebra A(Q,x) associated with a seed (Q,x) is the Z-subalgebra
of F generated by X(Q,x). In Chapter 2, we define them more generally by using a
skew-symmetrizable matrix B instead of Q.

A turning point in the study of cluster algebras was the advent in 2006 of the c-vectors
(C-matrices), the g-vectors (G-matrices), and the F-polynomials. The g-vectors contain
part of the information of the cluster variables, the c-vectors contain part of the information
of its coefficients, and the F-polynomials contain part of the information of both the
variables and coefficients, respectively. Fomin and Zelevinsky defined them in [20] from
a cluster variable and its coefficients, and showed that the original cluster variables and
coefficients can be reconstructed from these vectors (matrices) and polynomials. This led
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to the recognition of the importance of ¢-, g-vectors, C-, G-matrices, and F-polynomials,
and the study of these vectors, matrices and polynomials became very active. In particular,
there are many applications of g-vectors in the representation theory of algebras because
of the discovery of a correspondence between g-vectors with certain vectors determined by
the minimal projective presentations of modules over algebras. For example, Schroll and
Trefinger solved the first 7-Brauer-Thrall conjecture by using g-vectors and c-vectors in
[41]. The F-polynomials have also shown some development in recent years, for example,
methods for constructing the Alexander and Jones polynomials, which are polynomial
invariants of the knot, have been devised (see [32], for example).

In 2007, Fu and Keller defined the f-vectors® in [22] as the maximal exponent of each
indeterminate in F-polynomials. More precisely, these vectors were given by [20, Con-
jecture 7.17] implicitly, and they were given the name “f-vectors” in [22] to solve this
conjecture negatively. The study of f-vectors began to develop in 2018 when Fujiwara
and the author defined the F-matriz with the f-vectors aligned horizontally in [23].

This thesis summarizes the author’s contributions to these studies of f-vectors and F-
matrices, and it is based on the two published papers [23,27] and the three preprints
[21,25,26]. In this chapter, we describe the content and the organization of it.

In Chapter 2, we describe the basic properties of cluster algebras. It is based on [15,18,
20] mainly. In Section 2.1, we define the cluster algebra. We also introduce very important
elements and their transformations, the seeds and the mutations. In Sections 2.2 and 2.3,
we introduce important families of vectors and polynomials associated with cluster algebras
— d-vectors, c-vectors, g-vectors, and F-polynomials. Furthermore, we define D-matrices,
C-matrices, and G-matrices by using d-vectors, c-vectors and g-vectors, respectively. In
Section 2.4, we introduce the cluster complexes for preparation of Chapter 5. They are
simplicial complexes which represents the structure formed by seeds and their mutations.
In section 2.5, we define cluster algebras from marked surfaces. This is a class of cluster
algebras which have geometrical realizations.

In Chapter 3, we define another family of vectors, f-vectors. By using them, we also
define F-matrices. Furthermore, we introduce their important property, the self-duality.
This chapter is based on [23]. Originally, f-vectors and F-matrices were defined to rep-
resent F-polynomials, which tended to explode in number of terms due to mutations, in
the form of vectors and matrices. Furthermore, by providing F-polynomial alternatives
in the form of matrices and vectors, we can investigate F-polynomial’s properties using
transposition operations or matrix products. The self-duality is a property obtained by
this approach. This property is described by the following form:

Theorem 1.0.1 (Theorem 3.2.10). For any exchange matriz B and ty,t € T, we have

BT

B; it
(Ft ,tO)T = Ftot

This equation means the transposition of an F-matrix is another F-matrix in another
cluster algebra. This is an analogue of duality between C-matrices and G-matrices found
by Nakanishi and Zelevinsky [36]:

i T.
(GtB,to)T _ Cgt ,t.

The relation between the C'; G and F' matrices is shown in the figure below:

!They are different from the face vectors of simplicial complexes.
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Cluster \ Duality y
F-polynomials ——> F-matrices l.
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variables

where A — B implies that B is defined by using A, or B is restored from A.

In Chapter 4, we deal with the conjecture about the uniqueness of F-polynomials as-
sociated to f-vectors or F-matrices. It is based on [25,27]. We consider the following
question;

Question 1.0.2. Do the f-vectors or the F-matrices restore the F-polynomials? If it is
yes, then how to do it?

Since we define f-vectors or F-matrices with the intention of “vectorizing” or “matrix-
sizing” of F-polynomials, this question is natural. In particular, the following Question is
considered:

Question 1.0.3.
(1) Does a non-zero f-vector determine cluster variables?
(2) Does an F-matrices determine a cluster?

There is a counterexample to Question 1.0.3 (1), however, we have not found a coun-
terexample to Question 1.0.3 (2) yet. We call this conjecture the uniqueness conjecture for
F-matrices. In Chapter 4, we give some answers to Question 1.0.3 in the case of certain
classes of cluster algebras:

Theorem 1.0.4 (Corollary 4.1.6, Theorem 4.4.1).

(1) For a cluster algebra of finite type or rank 2, the answer to Question 1.0.3 (1) is
yes.

(2) For a cluster algebra from a marked surface, of finite type, or of rank 2, the answer
to Question 1.0.3 (2) is yes.

Furthermore, for Question 1.0.2, we obtain the restoration formula of cluster algebras
of rank 2. This is a formula giving an F-polynomial from an f-vector. It is introduced in
Section 4.8.

In Chapter 4, we give proofs of these theorems. In particular, in the case of cluster
algebras arising from marked surfaces, we solve the problem by using coincidence of f-
vectors with intersection vectors, whose entries are the intersection numbers of two arcs.
For cluster algebras of finite type or rank 2, we solve the problem by using coincidence of
f-vectors with d-vectors of cluster variables.

In Chapters 5 and 6, we focus on applications of f-vectors or F-matrices.

In Chapter 5, we generalize the compatibility degree of cluster complexes by using f-
vectors. It is based on [21]. The classical type of compatibility degree is introduced by
Fomin and Zelevinsky in [19]. Originally, this is a function (- || )¢ on pairs in the set
®>_1 of positive roots and negative simple roots in a finite root system ®:

DR O 1 X P>_1 = Z>o.
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The generalized associahedron A(®) of ® is given by using the compatibility degree in the
following way: the vertex set is ®>_1, and the simplex set is

{CCP>_1|(a||B)=0forall o,8 € C}

In [18], Fomin and Zelevinsky proved this simplicial complex corresponds to a cluster
complex. In particular, they give a bijection between ®>_; and the set of cluster variables.
By this identification, we regard the compatibility degree as a function on pairs of cluster
variables in a cluster algebra of finite type. Attempts to extend it to the general cluster
algebra have been made in the past, and it have been known a generalization by using
d-vectors [9,10]. In this paper, it is denoted by (- || -)4-

As mentioned above, in the case of finite type or rank 2, f-vectors coincide with d-
vectors. These two vectors are different in general cases, but the coincidence in rank
2 or finite type implies that f-vectors are similar to d-vectors. Due to this similarity,
we consider constructing the compatibility degree (- || -) by using f-vectors instead of
d-vectors. In Chapter 5, the first main result is the following:

Theorem 1.0.5 (Theorem 5.3.10). We fix any finite root system ® and its induced cluster
algebra A. For any cluster variable x,2’, we have

(@ || 2)a = (= || 7).
Moreover, we also consider the following question:
Question 1.0.6. Is (- || -) a “good” generalization of (- || -)a1?
For example, the classical one has the following properties:

(0) for any x,z’, there exists a cluster x containing x and 2’ if and only if (z || 2’)q =
(@’ || £)a = 0,

(1) for any x,a’, there exists a set X of cluster variables such that X Uz and X Uz’ are
both clusters, if and only if (z || 2)q = (2' || 2)a = 1,

(2) we have (z[a] || z[B]))a = ([8Y] || z[a¥])q for every a, 8 € P>_1.
In particular, if ® is simply-laced, then (z[a] || z[8])a = (z[5] || z[a])a,

(3) if (z[a] [| 2[B])a = 0, then (z[5] || z[a])a =0,

(4) if o and S belong to ®(.J)>_; for some proper subset J C I, then their compatibility
degree with respect to the root subsystem ®(J) is equal to (z[a] || [5])cl,

where aV is the coroot of «, and z[a] is a cluster variable corresponding to the root «
by the canonical bijection between ®>_; and cluster variables. It is desirable that these
properties be inherited to the generalized version. We have the following theorem:

Theorem 1.0.7 (Proposition 5.3.14, Theorems 5.3.17, 5.3.21). The compatibility degree
(x || ') satisfies analogies of (0), (2)-(4), and “only if” part of (1).

Theorem 1.0.8 (Theorems 5.3.23, 5.3.24, 5.3.25). The compatibility degree (z || =) sat-
isfies analogy of “if” part of (1) when the cluster algebra is one of the following:

e finite type,
e rank 2,

e acyclic type,



e from a marked surface,
e from a weighted projective line.

In Chapter 5, we also prove Theorem 1.0.7 and the case of finite type or rank 2 in
Theorem 1.0.8.

In Chapter 6, we introduce a new application of F-matrices to number theory. We
consider two well-known trees, the Calkin- Wilf tree and the Stern-Brocot tree. It is based
on [26]. These trees are both full binary trees, and both trees have a set consisting of all
positive irreducible fractions as the vertex set. The Calkin-Wilf tree is the following tree:

For the definition of these trees, see Chapter 6. These trees are very similar, and there
are some studies about relation of them. In this paper, we find a new relation of them
in context of cluster algebra theory. As for these two trees, there has been known the
relation between the Stern-Brocot tree and a certain cluster algebra. For example, [33]
gives an explicit description of c-vectors and g-vectors of a cluster algebra arising from an
one-punctured torus. On the other hand, it has not been pointed out that relation between
the Calkin-Wilf tree and cluster algebras. In Chapter 6, we give the Calkin-Wilf tree the
structure of initial seed mutation introduced in Chapter 3, and we reveal that relation
between the Calkin-Wilf tree and the Stern-Brocot tree is a specialization of F-matrices
duality in Chapter 3.
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2 Preliminaries

In this chapter, we will discuss the basics of cluster algebra for use in the following chapters.
In Section 2.1, we define cluster patterns and cluster algebras. We define the d-vectors
in Section 2.2 and the c-, g-vectors and the F-polynomials in Section 2.3. We define in
Section 2.4 the cluster complexes needed for the discussion in Chapter 5, and we define in
Section 2.5 the cluster structure arising from marked surfaces discussed in the first half of
Chapter 4 and in Chapter 6.

2.1 Cluster algebras

We start by recalling definitions of seed mutations and cluster patterns according to [20].
A semifield P is an abelian multiplicative group equipped with an addition @& which is
distributive over the multiplication. We particularly make use of the following two semi-
fields.

Let Qgf(uq, . ..,us) be the set of rational functions in w1, ..., uy which have subtraction-
free expressions. Then, Qg¢(u1,...,ur) is a semifield by the usual multiplication and
addition. We call it the universal semifield of uy,...,up ([20, Definition 2.1]).

Let Trop(u1, .. .,us) be the abelian multiplicative group freely generated by the elements
Ui, ...,ug. Then, Trop(uq,...,us) is a semifield by the following addition:

¢ )4 ¢
j b; in(a;,b;)
l_Iu;LJ @ Huj’ = u}nm w00 (2.1.1)
j=1 j=1 j=1
We call it the tropical semifield of uy, . .., us ([20, Definition 2.2]). For any semifield P and
P1,---,pe € P, there exists a unique semifield homomorphism 7 such that
7 Qu(yr, . ye) — P (2.1.2)
Yi — Di-

For F(y1,...,ye) € Qst(y1,--.,y¢), we denote

Flp(p1,.--,p0) = m(F(y1, -, y0))- (2.1.3)

and we call it the evaluation of F" at p1,...,ps. We fix a positive integer n and a semifield P.
Let ZP be the group ring of P as a multiplicative group. Since ZP is a domain ([17, Section
5]), its total quotient ring is a field Q(P). Let F be the field of the rational functions in n
indeterminates with coefficients in Q(P).

A labeled seed with coefficients in P is a triplet (x,y, B), where

e x = (x1,...,%,) is an n-tuple of elements of F forming a free generating set of F.
e y=(y1,-...,Yn) is an n-tuple of elements of P.

e B = (b;;) is an n x n integer matrix which is skew-symmetrizable, that is, there exists
a positive integer diagonal matrix S such that SB is skew-symmetric. Also, we call
S a skew-symmetrizer of B.

13



2 Preliminaries

We say that x is a cluster and refer to z;,y; and B as the cluster variables (or z-
variables), the coefficients (or y-variables) and the exzchange matriz, respectively.

Throughout the paper, for an integer b, we use the notation [b]; = max(b,0). We note
that

b= [bl — [b]. (2.1.4)

Let (x,y,B) be a labeled seed with coefficients in P, and let & € {1,...,n}. The seed
mutation uy in direction k transforms (x,y, B) into another labeled seed uy(x,y,B) =
(x',y’, B) defined as follows:

e The entries of B = (b];) are given by

(2.1.5)

;o —bij ifi=~Fkorj=k,
W bij + [bik]+ bkj + bz’k [_bkj]+ otherwise.

e The coefficients y' = (v}, ..., ) are given by

1 oo
/ Y if j =k,
j — ; 2.1.6
& {yji%r[ﬁbkj]+ (yr ®1)7%  otherwise. ( )

e The cluster variables x’ = (z],...,2],) are given by

noon, noo
e T1 $£ kl+ + 11 :EZ[ El+
=1

— f == k, 2.]..
g (Y @ L)ak B (21.7)

x; otherwise.

We note that (2.1.6) can be also expressed as follows:

-1 -
/ Yy, if j =k,
j = by 2.1.8
g {Z/J?J;[C sl (yu ' @ 1)_1”“1' otherwise. ( )
Let T,, be the n-reqular tree whose edges are labeled by the numbers 1,...,n such
k

that the n edges emanating from each vertex have different labels. We write ¢ t' to
indicate that vertices ¢, € T,, are joined by an edge labeled by k. We fix an arbitrary
vertex tg € T, which is called the rooted vertex.

A cluster pattern with coefficients in P is an assignment of a labeled seed ¥; = (x¢, y¢, By)

with coefficients in IP to every vertex t € T, such that the labeled seeds ¥y and >y assigned
k

to the endpoints of any edge ¢ t’ are obtained from each other by the seed mutation
in direction k. The elements of ¥; are denoted as follows:

Xt = (T1gts -, Tngt)s Yo = (Yt - Ynit)y Br = (bije)- (2.1.9)
In particular, at tg, we denote
X=Xy = (T1,--,%n); Y =Yto = Y1,---,Yn), B = By, = (bij). (2.1.10)

Definition 2.1.1. A cluster algebra A associated with a cluster pattern v — X, is the
ZP-subalgebra of F generated by X = {zi; hi<i<nteT,-

The degree n of the regular tree T), is called the rank of A, and F is the ambient field
of A. We also denote by A(B) a cluster algebra with the initial matrix B.

14



2.1 Cluster algebras

Example 2.1.2. We give an example for mutations in the case of Ay. Let n = 2, and we
consider a tree Ty whose edges are labeled as follows:

1 2 1, 2

A T N R (2.1.11)

0 1 e . .
We set B = { } as the initial exchange matrix at tg. Then, coefficients and cluster

-1 0
variables are given by Table 2.1 [20, Example 2.10].

3 yi Xt
0 1 Y2 r1 X2
1 r1y2 + 1
1 yi(y2 @1 — x1 —_—
( ) Yo (y2 @ 1)xo
9 1 Ny ®y1 ®1 | xT1y1y2 +y1 + 22 r1y2 + 1
yi1(y2 ®1) Y2 (Yy1y2 @ y1 @ 1)x122 (y2 ® 1)z
3 @1 Y2 T1Y1Y2 + Y1 + X2 Y1 + X2
Y12 Ny @y @1 | (Y12 ©y1 © D)a122 r1(y1 D 1)
4 Y1Y2 1 Y1+ 22
- -
y1d1 Y1 z1(y1 @ 1)
5 Y2 Y1 Z2 x1

Table 2.1: Coefficients and cluster variables in type Ag

Therefore, we have

Ty +1  myiye +y1+22 y1+ a2
(y2 @ D2’ (Y192 @ y1 @ Daaze’ z1(y1 © 1) ]
Next, to define the class of cluster algebras of finite type, we define the non-labeled seeds

according to [20]. For a cluster pattern v — 3, we introduce the following equivalence
relations of labeled seeds: We say that

A(B) = ZP T1,T2,

Y= X0,y Bt), = (T1, - Tnt)y Ye= Wiits- - Unit)s  Br = (bijye)
and
Ys = (X5,¥s, Bs), Xs = (@185 Tngs)s  ¥s = (Ylisy--+rUnis)y,  Bs = (bij;s)
are equivalent if there exists a permutation ¢ of indices 1,...,n such that
Tiss = To(i)try  Yiss = Yo(4)its bijis = bo(i)va(j);t

for all 4 and j. We denote by [X] the equivalent classes represented by a labeled seed
Y and call it the non-labeled seed. We define the non-labeled clusters (resp., non-labeled
coefficients) as clusters (resp., coefficients) of non-labeled seeds.

Definition 2.1.3. The exchange graph of a cluster algebra is the regular connected graph
whose vertices are the non-labeled seeds of the cluster pattern and whose edges connect
the non-labeled seeds related by a single mutation.

Using the exchange graph, we define cluster algebras of finite type.

Definition 2.1.4. A cluster algebra A is of finite type if the exchange graph of A is a
finite graph.

15
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2.2 Laurent phenomenon and d-vectors

Let A be a cluster algebra. By the Laurent phenomenon [20, Theorem 3.5], every cluster
variable x;.; € A can be uniquely written as

Nj;t(xl, .. ,:cn)
Tt = g a0 kit €L (2.2.1)
xl DRI J;‘/n/
where Nj.(x1,...,2y,) is a polynomial with coefficients in ZIP which is not divisible by any

initial cluster variable z; € x.

Definition 2.2.1. We define the d-vector d;,; as the degree vector of x;., that is,

dyjt
Ay =dje=| @ |, (2.2.2)
dnj;t
in (2.2.1). We define the D-matriz DF" as
DP" = (dyy,. .., dny). (2.2.3)

Remark 2.2.2. We remark that d;;; is independent of the choice of the coefficient system
(see [20, Section 7]). Thus, we can also regard d-vectors as vectors associated with vertices
of T,,. They are also given by the following recursion: For any j € {1,...,n},

dji, = —ej,
and for any ¢ b t,
dj it j # k;
e = —dy,; + max (il [Digst)+ i, + fl [—bik;t]+di;t> if j =k, (2:24)

where e; is the jth canonical basis.

2.3 c, g-vectors, F-polynomials and Separation formulas

First, we define the c-vectors, the g-vectors and the F-polynomials according to [20]. We
introduce the principal coefficients to define them.

Definition 2.3.1. We say that a cluster pattern v — X, or a cluster algebra A of rank
n has the principal coefficients at the rooted vertex ¢y if P = Trop(y1,...,yn) and y¢, =
(Y1, ---,Yn). In this case, we denote A = Aq(B).

First, we define the c-vectors. For b = (by,...,b,)", we use the notation [b], =
([b1]+, .-, [bu]4+) ", where T means transposition.

Definition 2.3.2. Let Al(B) be a cluster algebra with principal coefficients at t5. We

define the c-vector c;,; as the vector consisting of degree of y; in y;., that is, if y;,; =
Clj;t Cnjit

Yy 7" -yn", then

Cljst
ol =ci=| 1 |. (2.3.1)
Cnjst
We define the C-matriz CtB 10 as
CP = (cru, ..., Cout). (2.3.2)

16



2.3 ¢, g-vectors, F'-polynomials and Separation formulas

Furthermore, c-vectors are the same as those defined by the following recursion: For
any j € {1,...,n},
Cjt, =€; (canonical basis),

k

t,

—c.. if j =k;
Cju = { ot Y (2.3.3)
Cjit + [brjit+ Chit + brjie[—cryel+ T # K

and for any ¢

(see [20]). Since the recursion formula only depends on exchange matrices, we can regard
c-vectors as vectors associated with vertices of T,. In this way, we remark that c-vectors
are independent of the choice of the coefficient system.

Next, we define the g-vectors. We can regard cluster variables in cluster algebras with
principal coefficients as homogeneous Laurent polynomials:

Theorem 2.3.3 ([20, Proposition 6.1]). Let Ae(B) be a cluster algebra with principal
coefficients at to. FEach cluster variables x;; is a homogeneous Laurent polynomial in
Ty -y Ty YLy - - -5 Yn bY the following Z™-grading:

degz; = e;, degy; = —b;, (2.3.4)
where e; is the ith canonical basis of Z™ and b; is the ith column vector of B.

9ijit
We denote by : the Z"-grading of ;.
gnj;t
Definition 2.3.4. Let A.(B) be a cluster algebra with principal coefficients at tg. We

define the g-vector g;; as the degree of the homogeneous Laurent polynomial x;; by
Z"-grading (2.3.4), that is,

B; .
gj;tﬂfO =8jit= 1| : |- (2.3.5)

We define the G-matriz GZ as

B.
G = (gry - Gt)- (2.3.6)
Furthermore, g-vectors are the same as those defined by the following recursion: For
any j € {1,...,n},
8j:t, = €; (canonical basis),

k

and for any ¢ t,

gt if j # k;
& e 2.3.7
—8rit + D [bike)+8it — X [ciny]+b; i =k (23.7)

gt = n

i=1 =1
(see [20]). Since the recursion formula only depends on exchange matrices, we can regard
g-vectors as vectors associated with vertices of T,,. In this way, g-vectors are independent
of the choice of the coefficient system.

We extend the g-vectors from cluster variables to cluster monomials. Let x; be a cluster.
We consider xy = 27}a57% - - - 2,7, where v; € Z>o. We call it a cluster monomial. Then,
we define the g-vector g(x}) of a cluster monomial X} as vi1g1. + - - - + Vn8n.t-

Next, we define the F-polynomials and the f-vectors.
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2 Preliminaries

Definition 2.3.5. Let A4(B) be a cluster algebra with principal coefficients at t5. We
define the F'-polynomial Fi;t;to (y) as

B;t
Fi;t Oy) =xit(z1, - s Tn3 YL, - oy Yn) oy == =15 (2.3.8)
where x;.t(z1,...,Zn; Y1, ..., Yn) means the expression of z;¢ by x1,...,2n, y1,...,Yn. The

fact that seemingly rational functions Fﬁ;to (y) are polynomials follows from the strongly
Laurent phenomenon of cluster variables ([20, Proposition 3.6]).

Furthermore, F-polynomials are the same as those defined by the following recursion:
For any j € {1,...,n},

Bito _
J;too =1
k
and for any ¢ t,
Fii(y) if j # k;
Bit, 7 : n . [bir]+ LLEN S n . [—bik]+
Fj;t’o(y) — H yl[c kl+ H (Fﬁ’to(y)> + H yz[ cikl+ H (Fﬁ’to(y))
=1 =1 =1 =1 lfj — k
B; .
Fri*(y)

(2.3.9)

Exchange matrices, c-vectors, g-vectors and F-polynomials can restore the cluster vari-
ables and the coefficients:

Proposition 2.3.6 (|20, Proposition 3.13, Corollary 6.3]). Let {¥;}ieT, be a cluster
pattern with coefficients in P with the initial seed (2.1.10). Then, for any t € T, and
je{l,...,n}, we have

L A Il P (/T /Ay

9. it F\Y1, s Yn

Ty = (H gt ) F]B;to ’ (2.3.10)
k=1

j;t |P(y17 oo 7yn)

n Bitg n
Chj: B;t .
vie = [T w7 TTEG (s )50, (2.3.11)
k=1 k=1
where
- b
gi=vi [, (2.3.12)
j=1
and ggéfo and cf;;io are the (i,7) entry of GP™ and CP", respectively. Also, the ratio-
nal function Fﬁtob:(@l, ..y Un) is the element of F obtained by substituting §; for y; in

B.
Fj;t7t0(y17 e 7y7’b)
We call (2.3.10) and (2.3.11) the separation formulas.

Example 2.3.7. Let A(B) be the cluster algebra given in Example 2.1.2. In particular,
we take one with principal coefficients at ¢y, that is, we consider A4(B). Then, clusters
and coefficient tuples are given by Table 2.2 and F-polynomials and C, G-matrices are
given by Table 2.3.

Proposition 2.3.6 implies that if z;; = 2, in A4(B), then for any cluster algebra A(B)
having the same exchange matrix as A4(B) at to, the ith cluster variable associated with
t € T, is the same as the jth one associated with ¢’ € T,,. More generally, the following
fact is known:

18



2.4 Cluster complexes

t Yt Xy
0 Y1 Y2 1 T2
1 r1y2 + 1
1 Y1 — 1 —_—
Y2 X2
9 1 1 21y +y1 + 22 r1y2 +1
U1 Y2 T1X2 x2
3 1 " T1Y1ye + Y1 + x2 y1 + T2
Y1y2 T1T2 T
1 Y1 + T2
4 Y12 — x2
Y1 1
5 Y2 Y1 T2 1

Table 2.2: Coefficients and cluster variables in type As

Proposition 2.3.8 ([9, Prposition 6.1 (i)]). Let A;(B) and A2(B) be cluster algebras
having the same exchange matriz at to. Let Py and Py be coefficients of A1(B) and A2(B),
respectively. Denoted by (x¢(k),y(k), Bi(k)), the seed of Ap(B) att € Ty, k =1,2. Then,
2t (1) = x50 (1) if and only if £44(2) = xj,¢(2), where t,t' € T, and i,j € {1,2,--- ,n}.

Remark 2.3.9. By recursions (2.1.7), (2.3.7) ,(2.3.9) and Proposition 2.3.8, for any cluster

algebra A(B), if z;;y = xj.» then we have g;;; = gj.v/, Fﬁ;to (y) = Fﬁ;,to (y) (we remark that
these vectors and polynomials depend only on T,, and index i € {1,...,n}). Therefore,

we can say that g, Ff;;to (y) are a g-vector and an F-polynomial associated with x4,
respectively.

2.4 Cluster complexes

Let us introduce cluster complexes which were defined in [18].

Definition 2.4.1. Let A(B) be a cluster algebra. We define a cluster complex A(A(B))
as a simplicial complex whose simplexes are subsets of cluster variables which is contained
in a cluster.

Example 2.4.2. We consider the cluster algebra in Example 2.3.7. We give a cluster
complex corresponding to this cluster algebra in Figure 2.1.

By Proposition 2.3.8, a cluster complex depends only on B and does not depend on
coefficients P.

2.5 Cluster structures from marked surfaces

In this section, we introduce cluster structure from marked surfaces and their triangula-
tions along [15].
2.5.1 Tagged arcs and tagged triangulations

Let S be a connected compact oriented Riemann surface with (possibly empty) boundary
and M a non-empty finite set of marked points on .S with at least one marked point on
each boundary component. We call the pair (S, M) a marked surface. Any marked point
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¢ Fft;to (y) Fft;to (y) Cf;to Gf;to
1 0 1 0
of v Y
1 0 1 0
| ! g+ 1 [O _1] [O _1]

-1 0
2yt +1 oy +1 [ }

-1 0
3|y +y+1 oy +1 [ ]

1 -1 0 -1
Jo e [
01 01
sl e R

Table 2.3: F-polynomials, C, G-matrices in type As

in the interior of S is called a puncture. For technical reasons, throughout the paper we
assume (S, M) is not a monogon with at most one puncture, a digon without punctures,
a triangle without punctures, or a sphere with at most three punctures (cf. [15]).

Definition 2.5.1. A tagged arc is a curve in S, considered up to isotopy, whose endpoints
are in M and each end is tagged in one of two ways, plain or notched, such that the
following conditions are satisfied:

e it does not intersect itself except at its endpoints;
e it is disjoint from M and from the boundary of S except at its endpoints;

e it does not cut out a monogon with at most one puncture or a digon without punc-
tures;

e its endpoint lying on the boundary of S is tagged plain;
e both ends of a loop are tagged in the same way,
where a loop is a tagged arc with two identical endpoints.

In this paper, we represent tagged arcs as follows:
plain ——e notched —Xe
We call a tagged arc §
e a plain arc if its both ends are tagged plain;

e a l-notched arc if an end of ¢ is tagged plain and the other end is tagged notched;

e a 2-notched arc if its both ends are tagged notched.
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2.5 Cluster structures from marked surfaces

Figure 2.1: Cluster complex of Ay type

Y1 + T2
X1
T1Y1Y2 + Y1 + X2
Z2 12
T1y2 +1
T2
X1

Figure 2.2: Pairs (4, €) of conjugate arcs

We denote by § the plain arc corresponding to a tagged arc § of (S, M). For tagged arcs
§ and € such that § = €, if exactly one of them is a 1-notched arc, then the pair (6, ¢€) is
called a pair of conjugate arcs (see Figure 2.2).

For tagged arcs 0 and € of (S, M), the intersection number of § and € was defined in
[37, Definition 3.3] as follows: We assume that § and € intersect transversally in a minimum
number of points in S\ M. Then we define the intersection number Int(d,e) = A+ B+ C
I where

e A is the number of intersection points of § and € in S\ M;

e BB is the number of pairs of an end of § and an end of € that are incident to a common
puncture such that their tags are different;

e (' =0 unless § and € form a pair of conjugate arcs, in which case C = —1.

Tagged arcs 6 and e are called compatible if Int(d,e) = 0. A tagged triangulation is a
maximal set of pairwise compatible tagged arcs.

For a tagged arc § and a puncture p of (S, M), we define that 6 is the tagged arc
obtained from § by changing its tags at p. If § is not incident to p, then 5P = 4. By
definition, we have Int(é(p),e(p)) = Int(d,e) for any tagged arcs d,e¢ and puncture p of
(S, M). Therefore, to consider intersection vectors with respect to a tagged triangulation
T of (S, M), by changing tags, we can assume that 7" satisfies the following condition:

(0) The tagged triangulation 7" consists of plain arcs and 1-notched arcs, with at most
one 1-notched arc incident to each puncture.

'Note that this definition is slightly different from the “intersection number” (6 |¢) defined in [15, Defini-
tion 8.4]. The intersection numbers in this paper coincide with entries of f-vectors in cluster algebras,
and ones in [15, Definition 8.4] coincide with entries of d-vectors (see a paragraph right after Theorem
4.1.4 and [15]). They are the same if (S, M) has no puncture.
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2.5.2 Correspondence between tagged triangulations and clusters

For a tagged triangulation 7" satisfying ({), we construct an exchange matrix By whose
vertices are arcs of T.

Definition 2.5.2. Let T be a tagged triangulation. We obtain an ideal triangulation T°
associated with T from T in the following way:

(1) we replace all conjugate arcs with self-folded triangles (see Figure 2.3).

(2) we replace all notched tags with plain tags.
Figure 2.3: Self-folded triangle

Definition 2.5.3. We associate to each tagged triangulation 7" the (generalized) signed
adjacency matriz B = Brp in the following way: The rows and columns of By are labeled by
the arcs in 7°. For notational convenience, we arbitrarily label these arcs by the numbers
1,...,n, so that the rows and columns of B are numbered from 1 to n as customary,
with the understanding that this numbering of rows and columns is temporary rather than
intrinsic. For an arc (labeled) 4, let 7o (i) denote (the label of) the arc defined as follows:
if there is a self-folded ideal triangle in T folded along i (see Figure 2.3), then m7o(4) is
its remaining side (the enclosing loop); if there is no such triangle, set mpo (i) = .

For each ideal triangle A in T° which is not self-folded, define the n x n integer matrix
BA = (biAj) by setting

1 if A has sides labeled 77o (i) and e (j),
B with 7o (j) following 7o (¢) in the clockwise order; (25.1)
Y] =1 if the same holds, with the counter-clockwise order; o

0 otherwise.

The matrix B = By = (b;;) is then defined by
B=> B%,
A

the sum over all ideal triangles A in T° which are not self-folded. The n x n matrix B is
skew-symmetric, and all its entries b;; are equal to 0, 1, —1, 2, or —2.

Then we have a cluster algebra A(T") := A(Br) for any tagged triangulation T" of (S, M).
This cluster algebra has the following properties.

Theorem 2.5.4 ([15, Theorem 7.11], [16, Theorem 6.1]). Let T be a tagged triangulation
of (S, M).

(1) If (S, M) is not 1-punctured closed surface, the tagged arcs § of (S, M) correspond
bijectively with the cluster variables x5 in A(T). This induces that the tagged trian-
gulations T' of (S, M) correspond bijectively with the clusters xp+ in A(T).

(2) If (S, M) is 1-punctured closed surface, the plain arcs 6 of (S, M) correspond bi-
jectively with the cluster variables xs in A(T). This induces that the tagged trian-
gulations T" which consist of plain arcs § of (S, M) correspond bijectively with the
clusters xp in A(T).
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3 f-vectors, F-matrices and their dualities

This chapter is based on joint work with Shogo Fujiwara [23].
We describe the duality of F-matrices, which are degree matrices of F-polynomials.
Using F-polynomials, we define the f-vectors and the F-matrices.

Definition 3.0.1 (Definition 3.1.3). Let A4(B) be a cluster algebra with the principal
coeflicients at ¢9. We denote by f;;.; the maximal degree of y; in F' ﬁ;to (y). Then, we define
the f-vector fj; as

flj;t
£500 = £, = | (3.0.1)
fnj;t
We define the F-matriz FP™ as
FP = (£, ... a0). (3.0.2)

As above, f-vectors are defined as the maximal degree vector of F-polynomials. The
most noteworthy property of the F-matrix is the following one:

Theorem 3.0.2 (Theorem 3.2.10). For any exchange matriz B and ty,t € T, we have

B;t Bt
(Ft O)T = Ftot

(3.0.3)

A similar duality was found by Nakanishi and Zelevinsky [36] between the G- and C-
matrices (3.2.23), and its analogy with the F-matrix is this theorem. This duality is
an important property that will appear in all subsequent chapters. In the rest of the
chapter, we will prove this duality. In the process of deriving this theorem, we introduce
an initial-seed mutation, which is a dual transformation with the usual mutation.

3.1 Final-seed mutations and F-matrices

3.1.1 Final-seed mutations without sign-coherence of C-matrices

We use the following notations [36]. Let .J; denote the n x n diagonal matrix obtained
from the identity matrix I,, by replacing the (¢,¢) entry with —1. For a n x n matrix
B = (b;j), let [B]+ be the matrix obtained from B by replacing every entry b;; with [b;;]4.
Also, let B*® be the matrix obtained from B by replacing all entries outside of the kth
row with zeros. Similarly, let B** be the matrix replacing all entries outside of the kth
column. Note that the maps B + [B], and B + B*® commute with each other, and the
same is true for B ~— [B]y and B — B®F, so that the notations [B]%* and [B]$* make
sense. Also, we have AB** = (AB)** and A**B = (AB)**.

Let B be any initial exchange matrix at tyg. Then, the families of n x n integer matrices
{CFY e, and {GP'},cr, satisfies the following recursions by (2.3.3) and (2.3.7):
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3 f-vectors, F-matrices and their dualities

(i) We set the initial condition,

Cot =1, (3.1.1)

and for any edge ¢ ¢ ¢/ in T, and € € {£1}, we set the recurrence relation,
C" = CJ"(Jo + [eB)Y) + [-eC 1Y By (3.1.2)
n (3.1.2), it does not make any difference whichever we choose ¢ =1 or ¢ = —1.
(In (3.1.2), it d ke any diffi hich h 1 1

See Remark 3.1.1.)

(ii) We set the initial condition,
Gol =1, (3.1.3)

4

and for any edge ¢ t' in T, and € € {£1}, we set the recurrence relation,

Gt = GEO(Jy + [eBiY) - BleC/ ™YL (3.1.4)

Remark 3.1.1. Because of (2.1.4), the right hand side of (3.1.2) does not depend on
e. Meanwhile, the right hand side of (3.1.4) does not depend on € due to the following
equality ([20, (6.14)]):

GP B, = BCP". (3.1.5)

We have two different expressions for the recursion (3.1.2) and (3.1.4) because they will
be useful in different situations.

Recall the recursions of F-polynomials, explained in the previous chapter. We repeat this
recursion: We set the initial condition,

Fi(y)=1 (j=1,...,n), (3.1.6)

and for any edge ¢ £ t' in T,, we set the recurrence relation,

Bt (T € T B b
; — it ; ”
Fe;t O(y) H yz H Fzﬂf O(y)[ ZYt]+

1=1 i=1
F<B;/t0 == " 705;t0 " .
Jit (¥) + Hyl[ i 1+ HF%%tO (y)[—biz;tH) if j =14,
=1 =1
F3%(y) if j £,
(3.1.7)

In this paper, we refer to the recurrence relations (“mutations”) (3.1.2), (3.1.4) and
(3.1.7) as the final-seed mutations in contrast to the initial-seed mutations appearing later.
Abusing of notation, we denote Cf;to = pe(CPY, GBto = 1, (GP™), and Fﬁ,to(y) =

t/
ue(Fi " (y)).
The following fact is well-known:

Proposition 3.1.2 (]20, (5.5),(2.13)]).

(1) For any j € {1,...,n} and t € T,,, we have

B;
Fi5 eop(ytogn) W15 - - ) = 1. (3.1.8)
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3.1 Final-seed mutations and F-matrices

(2) Let {Xi}iet, be a cluster pattern which has principal coefficients at to. Then, for
any j €{1,...,n} and t € T,,, we have

Bitg

n
c, .
i = [ v - (3.1.9)
k=1

Proof. Because of (3.1.6) and (3.1.7), by using the tropicalization

7 Qse(y1, -y Yn) — Trop(y1,. .., yn)
Yi = Yi,

we have (3.1.8). Moreover, setting P = Trop(yi,...,¥y,) in (2.3.11), we obtain (3.1.9) by
(3.1.8). O

We introduce another family of matrices, which are the “degree matrices” of F-polynomials.

Definition 3.1.3. Let B be any initial exchange matrix at ¢y. For i € {1,...,n} and

t € Ty, let fﬁffo, e ﬁfio be the maximal degrees of y1,...,y, in the ith F-polynomial
B;t
1i;t0

Fig;to (y1,.-.,Yn), respectively. We call the non-negative integer vector fi;Bt;t0 = :
Bisto

fm';t

the f-vector at t. We also call the non-negative integer n x n matrix FtB”t0 with columns

fft;to, e ffffo the F-matriz at t.

Remark 3.1.4. By Remark 2.3.9 and definition of f-vectors, we can say that f;; is the
f-vector associated with ;..

To avoid confusion the notation of F-matrices and F-polynomials, when we write F-
polynomials, we always write it with arguments.
We have the following description of F-matrices: Consider a semifield homomorphism

7 Qut(Y1, - -+, yn) — Trop(yy Ly un )

Then, we have
n n Bt
B;t B;t o 'Bim fi ; 0
W(Fé;t O(y].? ceey yn)) = Ff;t 0|Tr0p(y1_1,“,7y51)(y17 L 7yn) = H(yz 1) le,t = Hyz o .
i=1 i=1
(3.1.10)

Moreover, F-matrices are uniquely determined by the following recurrence relations:

Proposition 3.1.5 ([23, Proposition 2.7]). Let B be any initial exchange matriz at to.
Then, F-matrices have the following recurrence: The initial condition is

EZ = 0, (3.1.11)

4

where Oy, is the zero matriz. For any edge t t' in Ty, we have the recurrence relation,

FP% = BP0 g, 4 max([CP0)% + FP B, [Pl + FP—-B)%).  (3.1.12)

Proof. Clearly, (3.1.11) is obtained by (3.1.6). Moreover, applying (3.1.10) to (3.1.7), we
have (3.1.12). O
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3 f-vectors, F-matrices and their dualities

We call the recurrence relation (3.1.12) the final-seed mutation for F-matrices. As with
C-, G-matrices and F-polynomials, we denote Ff;to = Ly (FB to)

Under the exchange of the initial exchange matrices B and —B at tg, we have the simple
relations between C-, G- and F-matrices.

Theorem 3.1.6 ([23, Theorem 2.8]). We have the following relations:

C;B;to — CtB;tO + FtB§t0Bt’ (3113)
Gt—B;to _ GtB;to + BFtB;tO’ (3.1.14)
Ft—B;to — FtB;tO- (3115)

Proof. Let {EF = (x4, y¢, Bi) }teT, be a cluster pattern with coefficients in any semifield
P with the initial seed (x,y,B). Also, let {2, = (x},y}, Bl)}iet, be a cluster pattern
with coefficients in P with the initial seed (x,y !, —B). Then, by the definition of the
mutation (2.1.5), (2.1.6) and (2.1.7), we have

X, =%, yi=y;', B, =-B (3.1.16)
(20, Proof of Proposition 5.3]). We also note that for the initial seed E;)B =,y ,B) =
(x,y~ !, —B), we have

n

: ” -
vi =y [« “:yle-’Ify it =gt (3.1.17)
7=1

Now we set P = Trop(yfl, ...,y- ) and apply the separation formulas (2.3.10) and (2.3.11)
0 (3.1.16). Then, we obtain

n_ By n_ Bt B;t0| (9 in)
Irj, B;t -1 el g + [FWYlye-yYn
< xkk]t )F O‘f(yl yer e Yn ):< kk]t> B;to ] )

k=1 k=1 ]t |T1"0p(y1 yeesYm )(yla v 7yn)
(3.1.18)
‘ —1\e; Bito k t . Bto brs
H(yk ) H ’ H ‘Tmp vy st )(yl""vyn)) K
k=1
(3.1.19)
by (3.1.8) and (3.1.9). Applying (3.1.10) to (3.1.19), we obtain
=+ wa g5 (3.1.20)

thus we have (3.1.13). To show (3.1.14) from (3.1.18), let us set the Z"-gradings in
ZxEt, ..z yr, ... ) as follows ([20, (6.1), (6.2)]):

deg(z;) = €;, deg(y;) = —b;, (3.1.21)

where e; is the ith column vector of I,, and b; is the ith column vector of B. Then, we
have

deg(;) = 0. (3.1.22)

Hence comparing the Z"-gradings of both sides of (3.1.18), we obtain

gl =gl 4 Z £, (3.1.23)
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3.1 Final-seed mutations and F-matrices

Therefore, we have (3.1.14). Let us prove (3.1.15). Substituting z; =1 (i =1,...,n) for
(3.1.18), we have

F (1, yn)
—B;t — ) s Yn
Frot oyt = P (3.1.24)

FE vt (0100

([20](5.6)). Under the exchange of B and —B in (3.1.24), we also have

Bto (311 Yo'
B U
O Yn) = — — (3.1.25)
Jit ’TTOP (y1,-- 7yn)(yl yoeyYn )
Hence combining (3.1.24) with (3.1.25), we obtain
—B;t — — Bt

Fi ™ Trop(ynrey) W1 s+ Yn 1 Mrop(yrt gy WL Y0) = 1. (3.1.26)

Comparing exponents of y; of both sides of (3.1.26), we have

—B;t Bito __

—£ P g5 =0, (3.1.27)
thus we obtain (3.1.15). O

Thanks to the relation (3.1.13), we have the following alternating expression of the
final-seed mutations of F-matrices:

Proposition 3.1.7 ([23, Proposition 2.9]). Let e € {£1}. For any edge t t' inT,,
the matrices F”" and F}J" are related by
FJ" = P, + [—eB)Y) + [-eCPPI + [y PRIt (3.1.28)

Proof. Firstly, we prove the case of ¢ = 1 in (3.1.28). By (2.1.4), (3.1.12) and (3.1.13), we
have

7 DT+ [=Bi)Y) + max([C)Y + BBy [-CP))
= FPO T+ [=Bi)Y) + max ([ + (CF B0yt — (CF0), [-CF*]Y)
= FPU0 (g + [=BY) + max([CP )Y + (O 710), [=67 1Y)
= FPO(Je+ (B3 + =GP + (o7 P!
as desired. Secondly, we prove the case of e = —1 in (3.1.28). In the same way as ¢ = 1,
we have
Ef = FP (T + [BJY) + max((C7 )Y, [-CF)Y - FPB})
= FP(Jo+ [BY) + max((CF)Y, 0771 — (67 7))
= B+ [BAY) + (G771 + [0 P
as desired. ]
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3 f-vectors, F-matrices and their dualities

3.1.2 Final-seed mutations with sign-coherence of C-matrices

In this subsection, we reduce the final-seed mutation formulas by applying the sign-
coherence of C-matrices.

Definition 3.1.8. Let A be an (not necessarily square) integer matrix. We say that A
is column sign-coherent (resp. row sign-coherent) if for any column (resp. row) of A, its
entries are either all non-negative, or all nonpositive, and not all zero.

When A is column sign-coherent (resp. row sign-coherent), we can define its ¢th column
sign cer(A) (resp. row sign €4e(A)) as the sign of nonzero entries of the ¢th column (resp.
row) of A. We have the following fundamental and nontrivial result:

Theorem 3.1.9. [24, Corollary 5.5] For any initial exchange matriz B, every C-matrix
Bsto . .
C,"0 (t € Ty) is column sign-coherent.

The column signs of a C-matrix C’tB "0 are called the tropical signs due to (3.1.9). Using
them, the following reduced expression of the final-seed mutations of C- and G-matrices
are obtained:

Proposition 3.1.10 ([36, Proposition 1.3]). For any edge t Ly T,., we have
O = CF (T + [ean(CP) B, (3.1.29)

GBto — gBho(g, + [—E.e(CtB;tO)Bt]f)- (3.1.30)

They are obtained from (3.1.2) and (3.1.4) by setting & = £40(C") and e = —e40(CP1),
respectively.
The following fact is shown by [20]:

Proposition 3.1.11 ([20, Proposition 5.6]). For any initial exchange matriz B, the fol-
lowing are equivalent:

(i) The sign-coherence of C-matrices holds.

(ii) Every polynomial Fﬁ;to (y) has constant term 1.

(iii) Every polynomial Fft;to (y) has a unique monomial of maximal degree. Furthermore,
this monomial has coefficient 1, and it is divisible by all the other occurring mono-
mials.

In proposition 3.1.11, the equivalence of (ii) and (iii) is proved by [20, Proposition 5.3]
(see [20, Conjectures 5.4 and 5.5]).

Remark 3.1.12. In the definition of the (column) sign-coherence in [20], the nonzero
vector property of column vectors are not assumed. However, this property can be easily
recovered, since det C% = £1 due to (3.1.29).

By Theorem 3.1.9 and Proposition 3.1.11, we have the following description of f-vectors:

Corollary 3.1.13 ([23, Corollary 2.15]). An f-vector fﬁ;to is the exponent vector of the

unique monomial with maximal degree of Fﬁ;to (y). In other words, the unique monomial

B;tg fB;tO
143t ni;t

with mazimal degree of Fﬁ;to (y) is given by vy, " ...yn

Now, let us give the reduced expression of the final-seed mutations of F-matrices by
using the tropical signs.
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3.2 Initial-seed mutations and F-matrices

Proposition 3.1.14 ([23, Proposition 2.16]). For any edge t L v in Tn, we have

FBlo — FP (1, 4 [e0n(C7P1) B + [eae(C; B0 O B0 (3.1.31)
= F(Jo 4 [—eat(CU)BY) + lear(CP10) O P

Proof. Substituting e = —e4¢(C; %) or & = £40(CP*) for (3.1.28), we obtain (3.1.31). [

3.2 Initial-seed mutations and F-matrices

3.2.1 Initial-seed mutations of functions )V and X

We introduce the concept of the initial-seed mutations which appears in [20,36,39] in the
following way. Let Qg¢(y) be the universal semifield with formal variables y = (y1,...,yn)
in Section 2.1. Let {X;}seT, be the cluster pattern with coefficients in Qg(y) where the
initial coefficients y;, are taken as the above formal variables y. Then, recursively applying
the mutations (2.1.6) from the initial coefficients, y;; are written as a rational function of

y:
vir = Vi (v) € Quily). (3.2.1)

Similarly, recursively applying the mutations (2.1.7), z;; € F are written as a rational
function of the initial cluster variables x;, = x with coefficients in Q(Qs¢(y)):

iy = X0 (%) € Q(Qu(y)) (%) (3.2.2)

Then, for any cluster pattern {¥;};cr, with coefficients in P, we recover x;; and y;;x by
the specialisation 7 : Qg (y) — P with y; setting to be the initial coefficients of ¥;,. Let

t1 € T,, be the vertex with tg itl and let By = pp(B). Then, the rational functions
y.ﬁﬁo (y) and yft““ (y) are related by

3

YR (y) = sV (), (3.2.3)

where py, is the semifield automorphism of Qg (y) defined by
Pk : st(y) — st(Y)

-1 e

fji==F,

v 4 Lo (3.2.4)
YilYy (yr ® 1)"%ki  otherwise.

Similarly, the rational functions X, Bt (x) and Xﬁl "1(x) are related by
XZ () = (X (x)), (3.2.5)
where py is the field automorphism of Q(Qs¢(y))(x) defined by
P QQst(y)) (%) = Q(Qst(y)) (%)

-1 P
b 0 o =k (3.2.6)
Yiv (yk @®1)7% otherwise.
s kl+ T bl
Yk H + I1 =;

=1 =1 oo
A fj=k
Tj T if j =k, (3.2.7)

x; otherwise.

We call them the initial-seed mutations of the functions )Y and X.
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3 f-vectors, F-matrices and their dualities

3.2.2 Initial-seed mutations without sign-coherence of C-matrices
We use the notations in Section 3.1 continuously. By Proposition 2.3.6, we have

noogBe\ ER (G g,

B; Ikj; t 1, > Yn

Xj;tto (x) = ( 7 ) 5 o ) (3.2.8)
k=1 F (y 1y 73/n)

n
iy H i H F 1, ym)) . (3.2.9)

As with the final-seed mutation, we will define the initial-seed mutations in direction k of

C'-matrices (resp. G-matrices, F-polynomials, F-matrices) as transformations from C’f ito
Biita Bito Bu;ta Bito B17t1 Bsto Bista

to C (resp. from G;7° to Gy, from F3™° to F ", from F,™° to 7). We

will deduce the initial-seed mutations of C-, G matrlces F polynomlals and F-matrices.

In order to describe these initial-seed mutations, we introduce the H-matrices according

o [20].

Definition 3.2.1. Let B be any initial exchange matrix at tg. Then, for any ¢, the (i, j)

entry of HB fo — (hﬁ io) is given by
B;t,
whid = FB to | Trop(u) (w wl=bnl+ oyt ulThiele) (w1l in the ith position).  (3.2.10)

The matrix H, Bito is called the H-matriz at t.
The following fact holds ([20, Proof of Proposition 6.8]).
Lemma 3.2.2 ([23, Lemma 3.2]). We have the following equality:

hod _ B
y;c it = tO‘Trop o Yh )(yla o 7yn)7 (3211)
where (y],...,y,,) are the coefficients at t1 connected with ty by an edge labeled k in T,

Proof. Consider the cluster pattern with coefficients in Trop(yj,...,v,). Lety = (y1,...,Yn)
be the coefficients at tg. Then, y and y’ have the following relation:

,—1 e
yi = {Z@y/[ bl ii ; Z (3.2.12)
Therefore, for any j € {1,...,n}, we have
EL tvopyt ety W1 Un) = Fl vop(yt ey Wi )
CLY pBito) o W W T g e
= yfﬂthj;tto,
O

The initial-seed mutations of C- and G-matrices are given as follows, where the latter
was given in [20, Proposition 6.8]:

Proposition 3.2.3 ([23, Proposition 3.3]). Let to——t1 in Ty, ur(B) = By and € €
{£1}. Then, for any t, we have

CtBl;tl = (Jp + [_EB]k")CB?tO + Ht(g)k.Bb (3.2.13)
GtBl§t1 = (Jp + [gB]'k)GB "0 _ BH, (), (3.2.14)

where Hy(+) = HP" H,(—=) = HP"".
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3.2 Initial-seed mutations and F-matrices

Proof. We denote CP'0 = (ijit), cpt = (Chit)s HP" = (hijst), and HPh = (Hije)-

The equation (3.2.14) is just [20, Proposition 6.8], rewritten in matrix form.
Let us show (3.2.13). Consider the same cluster pattern as in the proof of Lemma 3.2.2.
Then, applying (2.3.11) and (3.1.9) to any coefficient y;.;, we have

n n

' Bit
[Tvico =T wi HF I trop(yt) W15 - - Yn) P9 (3.2.15)
=1 =1 1=

Substituting (3.2.12) for (3.2.15) and using (3.2.11), we have

n

HyICUt . Hylcz]t 7 (=il +cijoe yll;ckj;t Hy’;hki%tbiﬁt, (3.2.16)

i#k i=1

Comparing exponents of y. of the both sides of (3.2.16), we obtain

n n
—erit+ S il + 3 hrgbei ifi =k,
P é;[ kel+Cejit 15:21 ke:tbejit (3:2.17)

175t
Cij;t if ¢ 75 k.

Also, by interchanging ¢y and t1, we get

n n
—ckjit + D kel rcojie + D0 hippibejn i =k,
o= J5t e;[ ]+ j5t z; ke;tUegst (3.2.18)

17;t
Cijst if ¢ 75 k.
Thus we have (3.2.13). O

The initial-seed mutations of F-polynomials were given in [20, Proof of Proposition 6.8]
as follows:

Proposition 3.2.4 ([20, (6.21)]). Let to2—t, in T, and ur(B) = By. Then, for any
j€e{l,...,n} and t € T, the polynomials Fﬁ;to (y) and Fﬁf;tl (y) are related by

Bitg

Bt
FBl’tl(yla ceyn) = (L)% g
X F‘]ﬁ;to (ylyk‘[_bkl]+(yk + ]-)bkla ceey yk_17 v 7ynyk[_bkn]+(yk’ + 1)bkn)>
(3.2.19)

1

where y~+ s in the kth position.

The initial-seed mutation of the F-matrices are deduced from Proposition 3.2.4 as fol-
lows:

Proposition 3.2.5 ([23, Proposition 3.5]). Let to2—t1 in T, pur(B) = By and ¢ €
{£1}. Then for any t, the matrices FP" and FPY" are related by

FPY0 = (Jy + B FP 4 (eGP0 — H P (o) — H (o) (3.2.20)
= (Jp + [—eBE)EP 1 (e Ployke — g B0 (e)ke — glilog)ke . (3.2.21)
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3 f-vectors, F-matrices and their dualities

Proof. Let us show (3.2.20) in case of ¢ = 1. Substituting (3.2.19) for y; = v, and

evaluating (3.2.19) at Trop(y'l_l7 .y h), we have
Bt
Fj;tl 1 |Tr0p(y/1—17m7y;1_1)(y'1, ... ,y;)
B;t, _ 1 Bitg
= (L@ yh)™

B;t —b b -1 -b n b n
X E L pop =gy @i @ @ DT g (g @ 1)),

2.1.8 Bitg | _pBito
Bito ror bl —1 b 1 —1 1ot [benle o —1 b
X Fj;t ’T‘rop(yiily,,“yéfl)(ylyk‘ (yk D 1) kl? ce 7yk‘ 9 7ynyk (yk‘ S 1) kn)
B;tg B;tg
B P ) Bito 11 (b1l r—1 1o brnl+
— yk kj yk kj Fj;t ‘Trop(yi_l ..... y%—l)(ylykj ""7yk: 7""ynyk‘ ),
—B;to =1 —[br1)+ / 1 =1 —[brn)+
(3.1.25) /gfjto / *thj;tO Fj%t |Trop(y1717--~,yé’1)(y1 Yk oYk e Yy )
IR ) ]
git Trop(y1,--yn)\ Y1 55 Yn yiylyy PRilt sy,
Bitg Bitg —Bstg
oG —h Y =k 1fij 0 i+ figy, 1 —Frj
=Yt Y Moy M H(@/z‘ Yk, Dy .
i#k
Comparing the exponent of both sides, we have
p g p >
n
Bsto Bsto —B:sto ) Bsto Bsto e
Bun _ ) kit~ Pagd P+ Dbkl figy” = Sy =
fij.t — N i=1 (3.2.22)
’ o i
fij;t ifi # k.

Hence we obtain the desired equality (3.2.20). Also replacing B with —B in (3.2.20) and
applying (3.1.15) to it, we get (3.2.21). O

3.2.3 Initial-seed mutations with sign-coherence of C'-matrices

In this subsection, we reduce the initial-seed mutation formulas by applying the sign-
coherence of the C-matrices. Let us introduce a duality between C-matrices and G-
matrices, which is a result in [36], and give the reduced form of the initial-seed mutations
of C- and G-matrices.

Under the sign-coherence of C-matrices (Theorem 3.1.9), we have the following result:

Proposition 3.2.6 (|23, Proposition 3.6]).
(1) For any exchange matriz B and to,t € T,,, we have

B/t

(Gl]?:to)T — Ctot ; (3.2.23)
(2) Let to £t inT,, ur(B) = By and € € {£1}. Then, we have
CoM = (Jy + [eBIY )OI — [—eG )i By, (3.2.24)
G = (i + EBITIGE™ + Bl-=GPM (3.2.29
(3) We have the reduced forms of the initial-seed mutations as follows:
CPYM = (Ji + [~ene(GE)BIE) CP, (3.2.26)
G = (T + [ewe (G BIT)GE™. (3:2.27)
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3.2 Initial-seed mutations and F-matrices

Proof. Equalities (3.2.23) and (3.2.25) are the results in [36, (1.13), (4.1)]. Also, (3.2.26) is
obtained by combining (3.2.23) with [36, (1.16), (2.7)]. Using (3.2.23), we have (3.2.24) by
(3.1.4). We note that G-matrices have the row sign-coherence by (3.2.23). By substituting
£ = era(GP0) for (3.2.25), we obtain (3.2.27). O

We have the following theorem by the above discussion:

Theorem 3.2.7 ([24, Corollary 5.11]). For any initial exchange matriz B, every G-matrix
B;to . .
G, (t € Ty,) is row sign-coherent.

Through the duality (3.2.23), we can find out the dual equalities between the unre-
duced form of the final-seed and initial-seed mutations, (3.1.4) and (3.2.24), (3.1.2) and
(3.2.25), respectively. Similarly, the reduced form of the final-seed and initial-seed muta-
tions (3.1.29) and (3.2.27), (3.1.30) and (3.2.26) are dual equalities, respectively.

Using Proposition 3.2.6, we prove the conjecture [20, Conjecture 6.10], which is the
relation between H-matrices and G-matrices as follows:

Theorem 3.2.8 ([23, Theorem 3.8]). For any t € T,,, we have the following relation:
HP = —[—GPh,. (3.2.28)

Proof. We assume the sign-coherence of C-matrices. Then, comparing (3.2.14) with
(3.2.25) and setting € = 1, we get

B[-GP'o1ke — —B(H[0 ke, (3.2.29)
Since k is arbitrary, we have
B[-GP"], = —BHP™. (3.2.30)

If B have no zero column vector, then choosing ¢ which satisfies b;;, # 0, we have [—gi;j.¢|+ =
—hi;j¢ and thus we have (3.2.28) as desired. We prove the case that B have m(# 0) zero
column vectors. Permuting labels of n-regular tree T, we can assume

B O
B—
o o
where B’ is (n—m) X (n —m) matrix without zero column vector. Under this assumption,
for tg——---—“—¢ in T,, we have
: o g (GB
ig -+« fhig iy (GtB;’to) nem = [MZ@ Mz2g’1( to ) , (3231)
: Lo A i/ HB,7t0
Wi« o fig Miq (Ht]i’to) nem = [MZZ 'ungzl( to ) , (3232)
where (#},...,4;) is a sequence which is obtained by removing n — m + 1,...,n from
(i1,...,1s), and |,—,m means taking the left n x (n —m) submatrix. Also about the other

diagonal entries of B, we have the similar equalities. Thus we have

GtB;tO — Gi?/;to ® Gg?);to LS G(0)§t0’

tm

HtB;tO _ Hf/#o D Ht(?)ﬁfo @D Ht(o);to,

m

where t' is a vertex of T,,—, which satisfies Xy = il - - i, (34,) and

{to if the number of n — m + j in (i1, ...,14s) is even,
j =

to  if the number of n —m + j in (i1,...,14s) is odd,
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3 f-vectors, F-matrices and their dualities

in Ty: tg —— ty, for any j € {1,...,m}. Explicitly, we have

r ~B';t
et 0
GPo = = :
L O (=1)Nm
Bt
H ™ Ni+1 ‘
o (-1 |
L O —[(=1)N ]
where Nj is the number of n —m+ j in (41,...,4s). Since B’ has no zero column vectors
and
B[-GF*), o] _[-BHa"™ o
(@] @) (@) (@)
holds by (3.2.30), we have [_Gfl;to]_l,_ = —H;,B/;to. By direct calculation, we also have
[—Gg_));to]+ = —Ht(;));to for all j. Therefore, we have (3.2.28) as desired. O

Using it, let us give a reduced expression of the initial-seed mutations of F-matrices.

Proposition 3.2.9 (23, Proposition 3.9]).
(1) Let to £t inT,, pir(B) = By and € € {£1}. Then, we have
FPU = (i + B 4 [=eGy P + eGP0 (3:2.33)

(2) We have a reduced form of the initial-seed mutations as follows:

FtBlitl _ (Jk + [gk(G;B;tO)B]io)FtB;to + [8k(G;B;t0)GtB;to]§_o (3'2‘34)
= (Ji + [-ex(GP) BIE) EPY 4 [e(GP) Gy Prrolks.

Proof. (1) Thanks to Proposition 3.2.8, we can substitute Hf;to (e)ke = —[—EGf;tO]’r and
H;B;to (e)F® = —[—SG;B;tO]]r for (3.2.20). Then, we have
EPE = (S + [BIS)E + (eGP0 4 [—eGr PN o[G0l
= (Ji+ [EBIS)E + [—G PN + 2GS

as desired.
(2) Substituting & = e,(G; %) or & = —ex(GP™) for (3.2.33), we obtain (3.2.34). O

Like the duality between the final-seed and initial-seed mutations of C- and G-matrices,
(3.1.28) and (3.2.33), (3.1.31) and (3.2.34) are dual equalities, respectively. We show
the self-duality of F-matrices, which is analogous to the duality (3.2.23) between C- and
G-matrices.

Theorem 3.2.10 ([23, Theorem 3.10]). For any exchange matriz B and tg,t € T, we
have

. T.
(FPi)T = o, (3.2.35)
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3.2 Initial-seed mutations and F-matrices

Proof. We prove (3.2.35) by the induction on the distance between ¢ and ¢y in T,,. When

. T.
t = to, we have (FtB’tO)—r =0 = tht " as desired. We show that if (3.2.35) holds for some

t € T,, then it also holds for ¢ € T, such that ¢—

(3.1.31), Proposition 3.2.9 and (3.2.23), we have

t’ . By the inductive assumption,

; -B/[; N ; —B/ ity ~B[ it1te
(EP)T = (Jp + (G B (EP)T 4 [eo(Gr 7t )Gt %

7BT;t ° BT;t fBT;t BT;t °
= (JZ + [5€(Gt0 ! )BtT]ﬂ-)Ftot + [5€(Gto ! )Gtot ]ﬁ—
B;',—;t’
= Ft()
as desired. O

3.2.4 Examples

We introduce an example for the final-seed and initial-seed mutations in the case of As.
Let n = 2, and consider a tree Ty whose edges are labeled as follows:

1 2 1 2

R Loy 2 1

by ——ty =ty — -

1 ol the initial exchange matrix at tg. Then, the coefficients, the

cluster variables, C-, G- and F-matrices are given by Table 1 and Table 2 [20, Example
2.10].

WesetB:[O L

t tB;to XtB;tO
0 Y1 Yo ) T
1 1y + 1
1 (2 @1 — x1 —
yi(y2 ® 1) ” (12 ® Dis
9 1 Ny By d 1 T1Y1Yy2 + Y1 + T2 T1yo + 1
y1(y2 © 1) Y2 (yiv2 ®y1 ® Darza (y2 ® 1)
3 y1 1 Y2 T1y1Y2 + y1 + w2 Y1 + T2
Y1Y2 Y12 Dy &1 (1y2 ® y1 & 1)x129 z1(y1 ® 1)
4 Y192 1 Y1 + T2
2 o
y1 @1 Y1 z1(y1 @ 1)
b Yo Y1 To x1

Table 3.1: Coeflicients and cluster variables in type Ag

We show the expressions of the coefficients and the cluster variables at tg in Type As
in Table 3, and its counterpart C-, G- and F-matrices in Table 4.

Comparing Table 2 with Table 4, we can see the duality of C-, G- and F-matrices in
(3.2.23) and (3.2.35).
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3 f-vectors, F-matrices and their dualities

Cf;to GtB;to FtB;to
10 10 [0 0]
0 1 0 1 0 0
1 0 1 0 [0 0]
0 —1 0 -1 0 1
-1 0 -1 0 1

0 -1 0 -1 111
-1 0 -1 -1 1 1]
-1 1 0 1 10
1 -1 0 —1 0 1
1 0 1 1 0

0 1 0 1 [0 0]
10 10 0 0

Table 3.2: C-, G- and F-matrices in type As

BT;t BT;t
t ytot Xtot
0 Y1 Y2 T T2
1 yoxr1 + 1
1 y1(y2 &1 — x1 _—
( ) Yo (y2 & 1)z2
9 Y1y2 Dy2 1 1 y1ze +1 Y1yoTo + Yo + X1
Y1 yo(y1 @ 1) (11 © 1)1 (Y192 © y2 © 1)x122
3 y1 1 Y2 Y1Y2x1 + Y1 + T2 Y1+ T2
Y12 Ny @y @1 | (11y2 ©y1 © 1)aae (11 ® 1)1y
4 1 Y12 Y2 + x1
S 2
Y2 y2 @1 (y2 © 1)x2
5 Y2 {1 T2 1
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3.2 Initial-seed mutations and F-matrices

b bt Bt | phit
0 1 0 10 (0 0
0 1 0 1 0 0
) 1 0 1 0 0 0
0 —1 0 —1 0 1
5 -1 0 -1 0 1 1
0 -1 0 —1]| |0 1
5 -1 0 -1 =111t 1
-1 1 0 1 1

Y

X

X

Table 3.4: C-, G-

and F-matrices in type A (moving the initial vertex)







4 Uniqueness conjecture for F'-matrices

In this chapter, Sections 4.1-4.3 is based on joint work with Toshiya yurikusa [27], and
Sections 4.4-4.8 is based on [25].

As mentioned in Chapter 3, the motivation for introducing the f-vector and the F-
matrix is the study of the properties of the F-polynomial. However, when the f-vector
and F-matrix are defined from the F-polynomial, information other than the main re-
quirements are removed. Therefore, we must consider whether this vector or matrix is
intrinsic to the F-polynomial. Here, the desired result is that in one cluster algebra, the
f-vector uniquely defines the F-polynomial. Consider the next problem, which is a bit
more demanding;:

Question 4.0.1. Which is a cluster algebra A(B) satisfying the following condition:
fﬁ;to = ffs;to # 0 implies that x;; and x;,; are the same cluster variable?

If A(B) satisfies the condition in Question 4.0.1, we say that initial seed (x,y, B) (or
initial triangulation (S, M)) detects cluster variables by f-vectors. There exist cluster
algebras not satisfying the condition (see Remark 4.2.3). Therefore, the goal is to give
a classification theorem. We obtain the answer to the question when a cluster algebra is
of marked surface type, finite type, or rank 2. When a cluster algebra is marked surface
type, we have the following:

Theorem 4.0.2 (Corollary 4.1.10). Let A(B) be a cluster algebra arising from (S, M).
We denote by g and p the genus of S and the cardinaly of M, respectively.

(1) If S is not closed, then there is at least one tagged triangulation of (S, M) detecting
cluster variables by f-vectors.

(2) If S is closed, then there is at least one tagged triangulation of (S, M) detecting
cluster variables by f-vectors if and only if (S, M) is a 1-punctured closed surface or
the following inequality holds:

10 if g =2,

p>
7+ I+ 48¢

> if g # 2,

(3) All tagged triangulation of (S, M) detect cluster variables by f-vectors if and only if
(S, M) is one of the followings:

e a l-punctured closed surface;

a marked surface with no punctures;

a marked surface of genus 0 with exactly 1 boundary component and at most 2
punctures;

a marked surface of genus 0 with exactly 2 boundary components and a 1 punc-
ture.

When a cluster algebra is of finite type or rank 2, we have the following;:
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4 Uniqueness conjecture for F-matrices

Theorem 4.0.3 (Propositions 4.6.6, 4.7.4). Let A(B) be a cluster algebra of finite type
or rank 2. Then, the initial seed detects cluster variables by f-vectors.

Let us consider another question. The f-vector does not uniquely determine the cluster
variables, but does the F-matrix uniquely determine the clusters? We have not find a
counterexample of this problem yet. That is, the following are conjectured:

Conjecture 4.0.4 ([27, Conjecture 4.4)). In a cluster algebra A(B), fort,s € Ty, FtB;tO =
FSB;tO implies that x; and x5 are the same non-labeled cluster.

Note that satisfying the conditions in the Question 4.0.1 does not necessarily implies
that the conditions of the Conjecture 4.0.4 are satisfied because Conjecture 4.0.4 is meant
to be uniquely determined even when the cluster contains initial cluster variables.

About this question, we solved positively when a cluster algebra is of marked surface
type, finite type, or rank 2:

Theorem 4.0.5 (Corollary 4.1.6). Let T be a tagged triangulation of (S, M). In a cluster
algebra. A(T), if tagged triangulations T' and T" of (S, M) satisfy Fx,, = Fx,,., then
X7 = X,

Theorem 4.0.6 (Theorem 4.4.1).

(1) In a cluster algebra of finite type, for any t,s € Ty, if (fi4,..., ) corresponds with
(fi.s, ..., fn.s) up to order, then x; and x5 are the same non-labeled cluster.

(2) In a cluster algebra of rank 2, for t,s € Ta, if (fi.4,fo) corresponds with (fi.s, fa.s)
up to order, then x; and x5 are the same non-labeled cluster.

Remark 4.0.7. Analogues of Conjecture 4.0.4 for d-vectors, g-vectors and c-vectors have
proved already in the case of general cluster algebras. About d-vectors, see [8, Theorem
4.22 (i)], and about c-vectors and g-vectors, see [34, Corollary 4.5, Theorem 4.8].

In this chapter, our goal is to give proofs of the above theorems. We consider the case
of marked surface type in Sections 4.1-4.3, and the case of finite type or rank 2 in Sections
4.4-4.7. Moreover, in Section 4.8, we give a way to recover F-polynomials from f-vectors
when A(B) is of rank 2.

4.1 Part 1: Case of Marked surface type

In Sections 4.1-4.3, we consider cluster algebras from marked surfaces. As for definition
of cluster algebras from marked surfaces, see Section 2.5. Forthcoming Theorems 4.1.1,
4.1.3, 4.1.4 are proved in Sections 4.2 and 4.3. The number of tagged arcs in a tagged
triangulation of (S, M) is constant [15, Theorem 7.9]. Fix a tagged triangulation T" of
(S, M) with n tagged arcs. For a tagged arc § of (S, M), we define

Int(T,6) := (Int(t,0))ter € Z5,

called an intersection vector of & with respect to T. For a tagged triangulation 7" =
{61,...,0n} of (S, M), we denote by Int(T,T") the non-negative integer matrix with
columns Int(7,01),...,Int(T, d,). We are ready to state the key result of this section.

Theorem 4.1.1 ([27, Theorem 1.1]). Let T' be a tagged triangulation of (S, M). If tagged
triangulations T and T" of (S, M) have Int(T,T") = Int(T,T") up to permutations of
columns, then T' = T".
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4.1 Part 1: Case of Marked surface type

We consider whether a tagged arc § ¢ T is determined by its intersection vector with 7.
Note that when § € T, then clearly we have Int(T,0) = 0, so that arcs in T are clearly not
determined by their intersection number with 7. Thus we study the following property.

Definition 4.1.2. For a tagged triangulation T' of (S, M), we say that T' detects tagged
arcs if it satisfies the following condition:

o If tagged arcs § and € of (S, M) have a common non-zero intersection vector Int(7,0) =
Int(T, €), then 6 = e.

We give a characterization of this property. In particular, a tagged triangulation does
not detect tagged arcs generally.

Theorem 4.1.3 ([27, Theorem 1.3]). Let T' be a tagged triangulation of (S,M). Then
T detects tagged arcs if and only if there are no tagged arcs & and € of T' connecting two
(possibly same) common punctures such that 6 # €.

Next, we give a complete list of marked surfaces which have tagged triangulations de-
tecting tagged arcs.

Theorem 4.1.4 ([27, Theorem 1.4]).

(1) If S is not closed, then there is at least one tagged triangulation of (S, M) detecting
tagged arcs.

(2) If S is closed, then there is at least one tagged triangulation of (S, M) detecting
tagged arcs if and only if the inequality

10 if g =2,

p> (4.1.1)
7+ IT48g
1)

holds where p is the number of punctures of (S, M) and g is the genus of S.%

(8) All tagged triangulation of (S, M) detect tagged arcs if and only if (S, M) is one of
the followings:

e a marked surface with no punctures;

e a marked surface of genus O with exactly 1 boundary component and at most 2
punctures;

o a marked surface of genus 0 with exactly 2 boundary components and a 1 punc-
ture.

We apply previous results in this section to a cluster algebra A(7") associated with a
tagged triangulation 7" by using Theorem 2.5.4. Then each tagged arc § of (S, M) gives
rise to the cluster variables x5 in A(T).

Theorem 4.1.5 ([44, Theorem 1.8]). Let T be a tagged triangulation of (S, M). If (S, M)
is a 1-punctured closed surface, for any plain arc § of (S, M), we have fy, = Int(T,9). If
not, for any tagged arc § of (S, M), we have fr5 = Int(T,9).

Thanks to Theorem 4.1.5, we can apply the results in the previous to the theory of
cluster algebras.

'The lower part of the right hand side of (4.1.1) is known as the Heawood number. This number appears
in the version of the four-color theorem for higher genus surface [40].
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4 Uniqueness conjecture for F-matrices

Corollary 4.1.6 ([27, Corollary 1.5]). Let T be a tagged triangulation of (S, M). If tagged
triangulations T and T" of (S, M) satisfy Fx,, = Fx,,, then xg = Xqu.

Proof. The assertion follows immediately from Theorems 4.1.1 and 4.1.5. O

Remark 4.1.7. In cluster algebras defined from marked surfaces, they are given by
Int(-,-), (:|-) and shear coordinates [12,16,38].

Cluster algebras || f-vectors | d-vectors | g-vectors, c-vectors

Marked surfaces || Int(-, ") ) shear coordinates

In particular, also according a footnote of the definition of intersection number in Chapter
2, when (S, M) has no punctures, f-vectors coincide with d-vectors, and thus Corollary
4.1.6 follows from [8, Theorem 4.22 (i)] in this case.

Definition 4.1.8. For a cluster algebra A, we say that A detects cluster variables by
f-vectors if it satisfies the following condition:
e For non-initial cluster variables z and 2’ of A, if f, = f,/, then x = a’.

Proposition 4.1.9 ([27, Proposition 4.10]). Let T be a tagged triangulation of (S, M).
Then T detects cluster variables by f-vectors if and only if either of the following conditions
holds:

e (S, M) is a 1-punctured closed surface;

e there are no tagged arcs 6 and € of T' connecting two (possibly same) common punc-
tures such that § # €.

Proof. 1f (S, M) is not a 1-punctured closed surface, the assertion follows from Theorems
4.1.3,2.5.4 (1) and 4.1.5. If (S, M) is a 1-punctured closed surface, there are no 2-notched
arcs corresponding to cluster variables by Theorem 2.5.4(2). Therefore, the assertion
follows from Corollary 4.2.5 and Theorem 4.1.5. O

Corollary 4.1.10 ([27, Corollary 4.11]). Let A(B) be a cluster algebra arising from
(S, M).

(1) If S is not closed, then there is at least one tagged triangulation of (S, M) detecting
cluster variables by f-vectors.

(2) If S is closed, then there is at least one tagged triangulation of (S, M) detecting
cluster variables by f-vectors if and only if (S, M) is a 1-punctured closed surface or
the inequality (4.1.1) holds.

(3) All tagged triangulation of (S, M) detect cluster variables by f-vectors if and only if
(S, M) is one of the followings:

e a l-punctured closed surface;

e a marked surface with no punctures;

o a marked surface of genus O with exactly 1 boundary component and at most 2
punctures;

e a marked surface of genus 0 with exactly 2 boundary components and a 1 punc-

ture.

Proof. The assertion follows immediately from Theorem 4.1.4 and Proposition 4.1.9. [
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4.2 Modifications of tagged arcs

4.2 Modifications of tagged arcs

4.2.1 Puzzle pieces

A key of many proofs in this section is a puzzle piece decomposition of tagged triangulations
studied in [15]. We denote by T3 a tagged triangulation satisfying (¢) of a 4-punctured
sphere consisting of three pairs of conjugate arcs (see the right diagram of Figure 4.1).
Any tagged triangulation satisfying (¢) which is not T3 is obtained by gluing together a
number of puzzle pieces in Figure 4.1 (see [15, Remark 4.2]). We say that a puzzle piece
in the first (resp., second, third) diagram from the left on Figure 4.1 is a triangle piece
(resp., a l-puncture piece, a 2-puncture piece).

Figure 4.1: The three puzzle pieces (triangle piece, 1-puncture piece, 2-puncture piece)
and the tagged triangulation T3

A & A

4.2.2 Modifications of tagged arcs

In this subsection, unless otherwise noted, let 7" be a tagged triangulation of (S, M)
satisfying (Q). To prove Theorems 4.1.1 and 4.1.3, we define modifications of tagged arcs
with respect to T'.

Let 6 ¢ T be a tagged arc of (S, M). First, we change tags of § at a puncture p if 6 and
a tagged arc of T are tagged notched at p, and denote it by ) (see Figure 4.2). Note that
a notched arc of T" is a 1-notched arc inside a pair of conjugate arcs of T' by (). Second,
we construct a deformed curve M’T(g) as follows: for 6 ¢ T,

if ¢ is a plain arc, M/ (8) = 4

e if § is a notched arc and is not a loop, Mif(g) is obtained from & by replacing its ends
tagged notched as in the left diagram of Figure 4.3;

e if § is a 2-notched loop and there are both sides of § in the same puzzle piece divided by
T, M/.(9) is obtained from 0 by replacing its ends as in the middle diagram of Figure
4.3;

e otherwise, I\/I’T(CAS) is obtained from & by replacing its ends as in the right diagram of
Figure 4.3;

for 6 € T, in particular, § is a notched arc since § ¢ T,
e if § is a 1-notched arc, I\/I’T((AS) is a 1-punctured loop corresponding to 3;

e if § is a 2-notched arc, Mif(g) is a pair of cycles which surround each endpoint of & and
do not include any punctures in their curves (we call this circle a 1-punctured cycle).

Finally, we change tags of le(g) at p again if § and a tagged arc of T" are tagged notched
at p. We say that the result is a modified tagged arc of § with respect to T, and denote it
by M7(§) (see Figure 4.2 and Example 4.2.1).
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4 Uniqueness conjecture for F-matrices

Figure 4.2: From d to § and Mp(6)
b Mr ()

)
inT -

Figure 4.3: Modifications M/.(9) )
Y N >%< }é{
- W —

Example 4.2.1. We consider the following tagged triangulation T" and tagged arcs d1, d2

and d3:

Then the corresponding modified tagged arcs M7 (9;) with respect to T" are given as follows:

MT (d3)

We can define the intersection number of a modified tagged arc m and a tagged arc §
in the same way as of tagged arcs, denote by Int(m,d). Although the map My may seem
strange, it is defined so as to satisfy the following properties.

A

Proposition 4.2.2 ([27, Proposition 2.3]).
(1) For a tagged arc § of (S, M), we have Int(T, ) = Int(T, My(4)).
(2) The map Mt restricting to the set
A = {tagged arcs § of (S, M) | § ¢ T and Mr(0) is not a pair of 1-punctured cycles}

is injective. Moreover, if Mp(0) = Mp(e) for 6 € A and any tagged arc e ¢ T, then
0 = € holds.

Proof. The assertions follow from the definition of intersection numbers and the map
M. O

Remark 4.2.3. For a tagged arc 6 ¢ T'U A of (S, M), M(J) does not always correspond
to d bijectively. Indeed, we consider the following tagged triangulation 7" and tagged arcs
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4.2 Modifications of tagged arcs

€

Then the corresponding modified tagged arcs Mp(d) and Mp(e) with respect to T are
given as follows:

The following theorem is a key of the proofs of Theorems 4.1.1 and 4.1.3.

Theorem 4.2.4 ([27, Theorem 2.5]). If modified tagged arcs m and m’ with respect to T
have Int(T,m) = Int(T, m’), then m = m’.

This proof is based on a detailed case-by-case analysis and will be omitted here due to
space limitations.See [27, Sections 5 and 6].

Corollary 4.2.5 (|27, Corollary 2.6]). If tagged arcs § and € in A have Int(T, ) = Int(T€),
then § = e.

Proof. Proposition 4.2.2(1) implies that Int(7, M7(d)) = Int(T, M7(¢)). By Theorem 4.2.4
and Proposition 4.2.2(2), we have § = e. O

These results provide the proofs of Theorems 4.1.1 and 4.1.3.

Proof of Theorem 4.1.1. By changing tags, we can assume that T satisfies (¢). Let T' =
{61,...,0n}and T" = {e1, ..., €, } be tagged triangulations of (S, M) such that Int(T,d;) =
Int(T,¢;) for any i. We set V = (vi---v,) = Int(T,T"), where v; = Int(T,0;) € Z%,.
Without loss of generality, we assume that §; € A for i € {1,...,k} and 6; ¢ A for
j€{k+1,...,n}, that is, either d;,¢; € T' or M7 (d;) = Mr(¢;) is a pair of 1-punctured
cycles by Theorem 4.2.4. Corollary 4.2.5 implies that 6, = ¢; for i € {1,...,k}.

If T" # T", then there exist f,g € {k+1,...,n} such that Int(df,€e;) # 0. Otherwise, it
conflicts with the maximality of 7”. Since d; and €, are contained in 7', §; and €, must
have different tags at the common endpoint. Without loss of generality, we assume that
ds is contained in T" and Mr(d4) = Mr(egy) is a pair of 1-punctured cycles. Since §; and
d4 have the common endpoint and Int(d¢,d4) = 0, d5 is a 1-notched arc of T by (). Then
6Ag is not a 2-notched arc, thus it is contradictory to the fact that Mp(e;) is a pair of
1-punctured cycles. This finishes the proof. O

Proof of Theorem 4.1.3. By changing tags, we can assume that T satisfies (¢). First, we
prove “if” part. Let § and € be tagged arcs with a common non-zero intersection vector
Int(T,0) = Int(T, €) with respect to T'. Then ¢ and e are not contained in 7" by definition
of intersection vectors. By Corollary 4.2.5, it suffice to show that if Mp(d) is a pair of 1-
punctured cycles, then § = e. In this case, § and € are 2-notched arcs such that § and € are
plain arcs of T' such that both endpoints of § correspond to ones of € since M7 (§) = Mz (e)
by Theorem 4.2.4. Therefore, we have § = € by the assumption.
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4 Uniqueness conjecture for F-matrices

Second, we prove “only if” part. Suppose that T has a pair of different plain arcs v and
~" such that both endpoints of v correspond to ones of 4/ which are punctures. Let § and €
be 2-notched arcs such that 6 = v and € = 4'. Then we have § # ¢ and Int(7,9) = Int(T,¢)
which is not zero, that is, 7" does not detect tagged arcs. O

4.3 Proof of Theorem 4.1.4

First of all, we prove Theorem 4.1.4(3).

Proof of Theorem 4.1.4(3). It is easy to show that for (S, M) as in Theorem 4.1.4(3), any
tagged triangulation of (S, M) detects tagged arcs by Theorem 4.1.3. Conversely, if (S, M)
is not one of the above cases, a part of (S, M) must have one of the pairs of plain arcs §
and € as in Table 4.1. Then a tagged triangulation 7" of (S, M) including ¢ and e does not
detect tagged arcs by Theorem 4.1.3. O

g 0 >1
b 1 2 3 any
>3 > 2 > 1 > 1

C2

€

()
O
8v

Table 4.1: Tagged arcs 0 and e connecting two (possibly same) common punctures such
that & # €, where g is the genus, b is the number of components of the boundary
and p is the number of punctures in (S5, M)

We consider the case that S is not closed. The following lemma is basic.

Lemma 4.3.1 ([27, Lemma 3.1]). If S is not closed, then there is a tagged triangulation of
(S, M) whose any tagged arc is a plain arc with at least one marked point on the boundary
of S as its endpoints.

Proof. For a puncture p of (S, M), we can construct triangles with p and two marked
points [ and r (possibly { = r) on the boundary of S as follows:

boundary

Then, for another puncture g of (S, M), it is easy to construct triangles with ¢, [ and
r in the same way. We have the set of triangles containing all punctures of (S, M) by
the inductive construction. There is a tagged triangulation of (S, M) containing these
triangles, thus it is what is desired. O

Proof of Theorem 4.1.4(1). The assertion follows from Theorem 4.1.3 and Lemma 4.3.1.
]

Next, we consider the case that S is closed. In the rest of this section, let g be the genus
of S and p be the number of punctures of (S, M). To prove Theorem 4.1.4(2), we need
some preparations.
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4.3 Proof of Theorem 4.1.4

Lemma 4.3.2 ([27, Lemma 3.2]). We assume that S is closed and g > 0. If a tagged
triangulation T of (S, M) has loops, then T does not detect tagged arcs.

Proof. A puzzle piece with loops is one of the followings:

IVIVIVLY;

In these puzzle pieces, only the 2-punctured piece does not have a pairs of different plain
arcs connecting two (possibly same) common punctures. Therefore, by Theorem 4.1.3, if
a tagged triangulation 7" with loops of (S, M) detects tagged arcs, then T is obtained by
gluing two 2-punctured pieces and by changing tags if necessary. This is in conflict with
g > 0. O

Lemma 4.3.3 ([27, Lemma 3.3]). We assume that S is closed and g > 0. If a tagged
triangulation T of (S, M) satisfies (O) and has I1-notched arcs, then T does not detect
tagged arcs.

Proof. A puzzle piece with 1-notched arcs is one of the followings:

0 @& &

In these puzzle pieces, only the 2-punctured piece does not have a pairs of different plain
arcs connecting two (possibly same) common punctures. Therefore, the assertion follows
in the same way as Lemma 4.3.2. O

Theorem 4.3.4. [28, Theorem 1.1] We assume that S is closed. If p is the minimal
integer to satisfy (4.1.1), then there is a tagged triangulation T of (S, M) satisfying the
following conditions:

(T1) any tagged arc of T is a plain arc;
(T2) any triangle of T has three distinct vertices;

(T3) the intersection of two distinct triangles of T is either empty, a single vertez, or a
single edge.

Conversely, if there is a tagged triangulation of (S, M) satisfying (T1)-(T83), then (4.1.1)
holds.

Proposition 4.3.5 ([27, Proposition 3.5]). We assume that S is closed and g > 0. Then
a tagged triangulation T of (S, M) satisfies (T1)-(T3) if and only if T' detects tagged arcs.

Proof. We assume that T satisfies (T1)-(T3) and does not detect tagged arcs. By Theorem
4.1.3, there are tagged arcs ¢ and e of T connecting two common punctures such that § # €.
Then they are not contained in a single triangle of 7' by (T2). The intersection of a triangle
with § and a triangle with € has two vertices and does not have an edge connecting them.
It conflicts with (T3).

Conversely, we assume that T" detects tagged arcs. By Lemma 4.3.3, we can also assume
that T satisfies (T1). By Lemma 4.3.2, T satisfies (T2). It is easy to show that if the
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4 Uniqueness conjecture for F-matrices

intersection of two distinct triangles of T is either two vertices, three vertices, or two edges,
then there are tagged arcs d and € of T' connecting two common punctures such that § # e.
Thus it is a contradiction by Theorem 4.1.3. If the intersection of two distinct triangles
of T is three edges, then (S, M) must be a sphere with exactly three punctures, thus it
conflicts with our assumption. Therefore, T" satisfies (T3). O

Proof of Theorem 4.1.4(2). When g = 0, we have p > 4 by our assumption, in which case
(4.1.1) holds. We consider the tagged triangulation

on the 2-dimensional sphere S. The tagged triangulation 7" does not have different plain
arcs connecting two common punctures. We add a puncture and arcs to a triangle of T’
as follows:

Then we have inductively a tagged triangulation without different plain arcs connecting
two common punctures for any p. By Theorem 4.1.3, it detects tagged arcs.

We assume that g > 0. By Theorem 4.3.4 and Proposition 4.3.5, if there is a tagged
triangulation of (S, M) detecting tagged arcs, then (4.1.1) holds. Conversely, if p is the
minimal integer to satisfy (4.1.1), then there is a tagged triangulation T" of (S, M) de-
tecting tagged arcs. In the same way as the case of g = 0, we have inductively a tagged
triangulation without different plain arcs connecting two common punctures for any p
satisfying (4.1.1). By Theorem 4.1.3, it detects tagged arcs. O

Example 4.3.6. When g = 1, (4.1.1) means that p > 7. We consider the tagged triangu-

lation
O—@—G0G—O

O—a—6B—~7D

on the torus S with 7 punctures, where we identify each of two vertical lines and two

horizontal lines?. Then T does not have different plain arcs connecting two common

punctures. Thus T detects tagged arcs by Theorem 4.1.3.

4.4 Part 2: Case of finite type or rank 2 type

In Sections 4.4-4.8, we consider cluster algebras of finite type or rank 2.
Our goal in these sections is to prove Conjecture 4.0.4 by showing the following state-
ment:

Theorem 4.4.1 (25, Theorem 1.11]).

2This example is also related to coloring problems of closed surfaces. It is the example that proves that
we need at least 7 colors to properly cover a graph on the torus.
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4.5 Proof of Theorem 4.4.3

(1) In a cluster algebra of finite type, for any t,s € Ty, if (fi4,...,fn.) corresponds with
(fi.s, ..., Ens) up to order, then x¢ and x5 are the same non-labeled cluster.

(2) In a cluster algebra of rank 2, fort,s € Ta, if (fi4,fo4) corresponds with (fi.s,f2.s)
up to order, then x; and x5 are the same non-labeled cluster.

the detectivity in Theorem 4.0.3 is shown in the process of proving the above theorem.

Remark 4.4.2. In the case of cluster algebras of A, or D, type, Theorem 4.4.1 has
already been proved by using marked surfaces (Section 4.1-4.3).

The key lemma in these sections is the following one:

Theorem 4.4.3 ([25, Theorem 1.8]). In a cluster algebra A(B) of finite type, for any
i€{l,...,n} and t € Ty, we have the following relation:

£ = [die]. (4.4.1)

It is known that Theorem 4.4.3 holds under the condition that the initial matrix B is
bipartite by combining Corollary 10.10 and Proposition 11.1 (1) in [20]. When B is a skew-
symmetric matrix, Theorem 4.4.3 has already proved by using 2-Carabi-Yau categories (see
[22, Proposition 6.6]). We remove these conditions.

By using Theorem 4.4.3, The consideration of f-vectos comes down to the consideration
of d-vectors.

Remark 4.4.4. In the case that A(B) is of rank 2, we have (4.4.1) by combining Corollary
10.10 and Proposition 11.1 (1) in [20]. If A is of neither finite type nor rank 2, Theorem
4.4.3 does not hold generally. A counterexample is given by [22, Section 6.4] .

4.5 Proof of Theorem 4.4.3

In this section, we will prove Theorem 4.4.3. We say that B is bipartite if there is a
function € : {1,...,n} — {1, —1} such that for all ¢ and j,

b > 0= {E(i) =L
1] (

() = 1. (4.5.1)

For an exchange matrix B, we define A(B) = (a;;) as

2 if i = j;
;5 =
S A T

If A(B) is a Cartan matrix, then we say that B is of finite Cartan type.

Remark 4.5.1. If A = A(x,y, B) is of finite type, then the initial matrix B is mutation
equivalent to a bipartite matrix B’. Furthermore, by permuting their indices appropriately,
we can choose B’ as one of finite Cartan type (see [18, Theorem 1.8, Theorem 7.1]). If the
initial matrix B of A is mutation equivalent to B’ which is finite Cartan X,, type, then
there exists a bijection between almost positive roots of X, type and cluster variables of
A (see [18, Theorem 1.9)).

We start with proving the special case. For any cluster pattern v — X, we fix a seed
>s such that By is bipartite. We define the source mutation py and the sink mutation p_
as

pr= J1 mo o= T me (4.5.2)
e(k)=1 e(k)=-1
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4 Uniqueness conjecture for F-matrices

where ¢ is the sign induced by the bipartite matrix Bs (see (4.5.1)). The bipartite belt in-
duced by X, consists of seeds ¥; satisfying the following condition: there exists a mutation
sequence p consisting of py and p— such that ¥; = p(Xy).

Remark 4.5.2. Definition of a bipartite belt in this paper is a generalised version of
[20, Definition 8.2]. We do not assume that the initial exchange matrix B is bipartite. A
bipartite belt in [20] corresponds with that induced by the initial bipartite seed ¥, in this

paper.

Lemma 4.5.3 ([20, Corollary 10.10]). In any cluster algebra, if the initial matriz B is
bipartite and Xy belongs to the bipartite belt induced by ¥y,, then we have (4.4.1).

By Remark 4.5.1, if A is of finite type, then A has a seed whose exchange matrix is
bipartite. We prove the case that the initial matrix B is bipartite.

Lemma 4.5.4 ([20, Proposition 11.1 (1)]). In a cluster algebra of finite type, for a bipartite
seed Xig, every cluster variable belongs to a seed lying on the bipartite belt induced by .

Proposition 4.5.5 ([25, Proposition 2.4]). We fiz a cluster algebra of finite type whose
initial matriz B is bipartite. For any i € {1,...,n} and t € T,,, we have (4.4.1).

Proof. 1t follows from Lemmas 4.5.3 and 4.5.4. O

Let us generalize Proposition 4.5.5 to the case that the initial matrix B is non-bipartite.
The next lemma is a generalization of Lemma 4.5.4.

Lemma 4.5.6 ([27, Lemma 2.5]). In a cluster algebra of finite type, for a seed X, every
cluster variable belongs to seeds lying on the bipartite belt induced by .

Proof. Let ¥F be a seed and ESB/ a bipartite seed. By regarding a change of the initial
seed from XF to ¥F' as a change from the expression of cluster variables and coefficients
by £F to that by ©5' the general cases follows from the bipartite cases. O

We introduce a key lemma.

Lemma 4.5.7 ([39, Theorem 2.2]). In a cluster algebra A(B) of finite type, for t € Ty,
we have

. T.
DPto — (D7 )T, (4.5.3)

Remark 4.5.8. In [39, Theorem 2.2|, the duality for D-matrices is given by

Bt —B/t
D" = (D7t T (4.5.4)
The equation (4.5.3) derives from (4.5.4). In fact, by symmetry of the recursion (2.2.4) of
_RBT. T.
d-vectors, we have DtOBt L. Dtlgt i

We are ready to prove Theorem 4.4.3.

Proof of Theorem 4.4.3. We fix a bipartite seed ¥ in A(B). Note that A(B) is of finite
type if and only if A(BT) is also. Moreover, B, is bipartite if and only if B; is bipartite.
Therefore, A(B") is of finite type, and for any ¢ in a bipartite belt induced by ¥, B, is
bipartite. Thus, we have

T. T.
Fott = [ ’tL, (4.5.5)
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4.6 Proof of Theorem 4.4.1 (1)

by Proposition 4.5.5 (the operation [ ]+ on matrices are performed component-wise).
Therefore, we have

FPto = {DtB%tO} . (4.5.6)

by Proposition 4.5.7 and Theorem 3.2.10. By Lemma 4.5.6, for a cluster variable x;.s,
there exist ¢ € {1,...,n} and a vertex t of the bipartite belt induced by a seed ¥ such
that x5 = x;4. Thus, fj.; = £y = d;;y = d;,s by (4.5.6), and we have (4.4.1) for any initial
vertex tp. L]

4.6 Proof of Theorem 4.4.1 (1)

In this section, we prove Theorem 4.4.1 (1). We fix any A(B) of finite type. Through
this section, unless otherwise noted, we assume that seeds, cluster variables, clusters, f-
vectors, d-vectors, F-matrices, and D-matrices are those of A(B). We start with proving
the special case. We say that a vector b is positive (resp. negative) if b # 0 and all entries
of b is non-negative (resp. non-positive). Due to Theorem 4.4.3, we can use the properties
of d-vectors to prove Theorem 4.4.1 (1).

Lemma 4.6.1 ([10, Corollary 3.5]). A cluster variable x;y is not in the initial cluster if
and only if d;; is positive.

By this lemma, we have the following corollary:

Corollary 4.6.2 (25, Corollary 3.2]). An f-vector f; is the zero-vector if and only if x4
1s in the initial cluster.

Proof. The “if” part is clear. We prove the “only if” part. By Theorem 4.4.3, f;;; = 0
implies that d;;; is negative or 0. By Lemma 4.6.1, x;;; is in the initial cluster. ]

The following propositions and corollary are essential for proving Theorem 4.4.1:

Proposition 4.6.3 ([20, Theorem 11.1 (2)]). We fiz a cluster algebra A(B) of finite type
such that B 1is bipartite and Cartan finite X,, type. Then d-vectors establish a bijection
between cluster variables and the set of all almost positive roots ®>_1 = &, U -A of X,
Dynkin type, where ®4 is the set of all positive roots and —A is the set of negative simple
T001S.

Let D(B) be the set of all d-vectors in A(B).

Proposition 4.6.4 ([35, Theorem 1.3.3]). We fiz a cluster algebra A(B) of finite type.
Then the cardinality |D(B)| depends only on the Dynkin type X, of A(B).

Corollary 4.6.5 ([25, Corollary 3.5]). If d;y = dj,s holds, then we have z;y = ;..

Proof. Let B’ be a bipartite matrix of finite Cartan X,, type which is mutation equivalent
to B. Then by Proposition 4.6.3 and Proposition 4.6.4, we have

[D(B)| = ID(B)| = |@>-1]. (4.6.1)

Let X (B) be the set of all cluster variables of A(B). By Remark 4.5.1 and Proposition
4.6.3, we have

|X(B)| = [X(B)] = |®>_1]. (4.6.2)
Therefore, we have
|D(B)| = |X(B)|. (4.6.3)

If there exist d-vectors d;;; and dj.s such that d;; = dj.s and z;;; # x5, then we have
|D(B)| < |X(B)|. This conflicts with (4.6.3). O
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4 Uniqueness conjecture for F-matrices

By Corollary 4.6.2 and Corollary 4.6.5, we have the following proposition:
Proposition 4.6.6 ([25, Proposition 3.6]). If fi.; = f;.s # 0, then we have x;yy = xj;s.

Proof. Let f be an f-vector which is not equal to 0. We assume that f = f;;; = f;.;. Since
all entries of f are non-negative, and the f-vector is not equal to 0, we have f = d;;; = d;.,
by Theorem 4.4.3 and Lemma 4.6.1. By Proposition 4.6.5, we have z;; = z;.. O

While d-vectors can distinguish the initial clusters, f-vectors cannot. Thus, we can-
not detect the initial cluster variables contained in a cluster by their f-vectors directly.
However, using the property of d-vectors, we can detect them.

Proposition 4.6.7 (25, Proposition 3.7]). For a D-matriz Df;to, negative column vectors
of DtB 1 gre uniquely determined by positive column vectors of Df ito

Proof. By (4.5.3), the transposition of a D-matrix in a cluster algebra of finite type is
another D-matrix in a cluster algebra of finite type because A(B) is of finite type if and
only if A(Bé—r) is of finite type. Since negative d-vectors have the form of —e;, if the (i, j)
entry of D, "0 js —1, then entries of the ith row and the jth column of Df 0 are all 0

except for the (i, j)-entry. Since DtB "0 4o not have the zero column vector by Lemma 4.6.1,

if a D-matrix has just m positive columns, then we have just n — m indices i1,...,%—m
such that the ix(k € {1,...,n — m})th entry of all positive d-vectors is 0, and DtB’;t0 has
column vectors —e;, (k € {1,...,n —m}). This finishes the proof. O

We are ready to prove Theorem 4.4.1 (1).

Proof of Theorem 4.4.1 (1). If f;,; = £, # 0, then we have z;; = x5 by Proposition
4.6.6. We assume that there are m zero-vectors in (fi.¢,...,f,¢) (or (fi6,...,f55)). By
regarding positive f-vectors as d-vectors by Theorem 4.4.3, we detect the rest of d-vectors
in x; and xs by Proposition 4.6.7. Since positive d-vectors in x; corresponds with that of
Xs, we have x; = x; by Corollary 4.6.5. ]

4.7 Proof of Theorem 4.4.1 (2)

We prove Theorem 4.4.1 (2). The strategy of this proof is almost the same as Theorem
4.4.1 (1), but we sometimes use the special properties of cluster algebras of rank 2.

For a cluster algebra of rank 2, we may assume that the initial matrix B has the following
form without loss of generality:

B = [_OC 8:| R b, (RS ZZ()? be > 4, (4.7.1)
because when bc < 3, this cluster algebra is of finite type. We name vertices of Ty by
the rule of (2.1.11) and consider a cluster pattern t,, — (x¢,,yt,, Bt,). We abbreviate x;,
(resp., yt,, Bt,,%t,) to X, (resp., yn, Bpn, X5). We also abbreviate d-vectors, D-matrices,
f-vectors, and F-matrices in the same way.

We consider a description of D-matrices in the case n > 0. First, we have

B; —1 0 B; —1 0
Dyt = [0 _1] , Dy = [ 0 1] (4.7.2)

by direct calculation. By [29, (1.13)], if n > 0 is even, then we can denote

2

Bito _
D" = ! CSnT—2 (U) Sn2 (u) + S (U) (473)

2 2

Sz (u) + Su_a (u) bS s (u) ]
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4.7 Proof of Theorem 4.4.1 (2)

and if n > 1 is odd, then we can denote

Suzs(u) + Suzs (u) bSns (u) ] (4.7.4)

DBito — 2
n cSans(u) Sanl(u)—i-Sang(u)

where u = be — 2 and Sy(u) is a (normalized) Chebyshev polynomial of the second kind,
that is,

S_1(u) =0, So(u)=1, Spu)=1uSp—1(t) — Sp—2(u) (p € N). (4.7.5)
When n < 0, DF is the following matrix:
sy doi ]

i e (4.7.6)
dwin dif

Dfﬁfo — [

where d;,B_; is the (i,7) entry of D:ET;tO.

We fix any A(B) of rank 2. Through the rest of this section, unless otherwise noted,
we assume that seeds, cluster variables, clusters, f-vectors, d-vectors, F-matrices, and
D-matrices are those of A(B). Using the above descriptions, we prove some properties for

d-vectors.

Lemma 4.7.1 ([25, Lemma 4.1)). The initial cluster variables belong to 3¢ or ¥41. Fur-
thermore, x4 is not in the initial cluster if and only if d;. is positive.

Proof. We prove it in the case n > 0. It suffices to show that for any u > 2 and p > —1,
Sp(u) > 0 holds and Sp(u) = 0 if and only if p = —1. The general term of Sp(u) is

p+1 if u=2;
p+1 p+1
Splu)=4{ 1 <u+\/u2—4> - (u—\/u2—4> tuzo (T
u? —4 2 2 '

By direct calculation, we have Sp(u) > 0. Also, Sp(u) = 0 holds if and only if p = —1
holds. In the case n < 0, we can use the result of the case n > 0 by (4.7.6). O

The following corollary is analogous to Corollary 4.6.2:

Corollary 4.7.2 ([25, Lemma 4.2]). An f-vector f;,; is the zero-vector if and only if x4
15 in the initial cluster.

Proof. We can prove it in the same way as Corollary 4.6.2: we use Lemma 4.7.1 instead
of Lemma 4.6.1. O

The following lemma is analogous to Corollary 4.6.5:
Lemma 4.7.3 (25, Lemma 4.3]). If d;;; = dj.s, then we have z;y = ;5.

Proof. Since d-vectors are independent of the choice of P, we can assume P = {1}. Then
using [29, (1.15)] (cf. Section 4.8), we have the expressions of cluster variables induced by
d-vectors. ]

The following proposition is analogous to Corollary 4.6.6:
Proposition 4.7.4 ([25, Proposition 4.4]). If fi,; = f;.s # 0, then we have x;yy = xj,s.

Proof. We can prove it in the same way as Corollary 4.6.6: we use Corollary 4.7.2 and
Lemma 4.7.3 instead of Corollary 4.6.2 and Corollary 4.6.5 respectively. O
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4 Uniqueness conjecture for F-matrices

The following proposition is analogous to Proposition 4.6.7. Unlike Proposition 4.6.7,
we do not need to use the duality for D-matrices.

Proposition 4.7.5 ([25, Proposition 4.5]). For a D-matriz DB negative column vectors
of DB gre uniquely determined by positive column vectors of DBt

Proof. When both d-vectors in DF" are negative vectors, it is clear. Therefore, we can
assume that only one d-vector is negative. By Lemma 4.7.1, the initial cluster variables
only appear in ¥y or ¥41. Therefore, if di,0 = di._1 = —e; is contained in two d-vectors
associated with a cluster, then the other is always do._;. Similarly, if do,g = da;1 = —e2 is
contained in two d-vectors, then the other is always di.;. By this observation, it suffices

to show dg._1 # di;1. We have do,_; = [(1)], and di;; = B] by direct calculation. This
finishes the proof. O

We are ready to prove Theorem 4.4.1 (2).

Proof of Theorem 4.4.1 (2). We can prove it in the same way as Theorem 4.4.1 (1): we
use Lemma 4.7.3, Proposition 4.7.4, and Proposition 4.7.5 instead of Corollary 4.6.5,
Proposition 4.6.6, and Proposition 4.6.7 respectively. ]

4.8 Restoration formula of cluster algebras of rank 2

We proved that cluster variables are uniquely determined by their f-vectors for cluster
algebras of rank 2 in the previous section. In this section, we describe these cluster
variables explicitly in the case that coefficients are the principal ones. By this descriptions,
we establish a way to restore F-polynomials from f-vectors. Throughout this section, we
assume that A(B) has the following initial matrix:

0 b
B = [—C 0:| , bce ZZO' (481)

We do not assume be > 4, thus cluster algebras of finite type and rank 2 (Ay, B2, G2 Dynkin
types) are contained. Unless otherwise noted, we assume that seeds, cluster variables,
clusters, f-vectors, d-vectors, F-matrices, and D-matrices are those of A(B).

A previous work [29] has given a cluster expansions formula in the case that P = {1}.
This formula restores the expressions of cluster variables by the initial ones from their
d-vectors. We start with an explanation of this formula.

We define Dyck Paths and some notations along [29, Section 1]. Let (ay, az) be a pair of
non-negative integers. A Dyck path of type a; X ag is a lattice path from (0,0) to (a1, as2)
and it does not go above the diagonal combining (0,0) with (a1, as). For the Dyck paths
of a; x ag type, there is the mazimal one D**?2, It is defined by the following property:
for any lattice point A on D, there is no lattice points between A and the crosspoint of a
vertical line including A and the diagonal combining (0,0) with (a1, ag).

For D = D" *% let Dy = {u1,...,uq, } be the set of horizontal edges of D indexed from
left to right, and Dy = {v1,...,v4,} be the set of vertical edges of D indexed from bottom
to top.

For any lattice points A and B on D, let AB be the subpath of D that starts at A and
goes along D in the upper right direction until it reaches B. If (a1, az) is reached before B
is reached, it starts over at (0,0). Now, (0,0) and (aj,a2) are considered to be the same
point, thus if A = (a1,a2), then AA corresponds to the maximal Dyck path. We will call
(AB); the set of horizontal edges of AB and (AB), the set of vertical edges of AB. Let
AB° be the set of lattice points on the subpath AB except for the endpoints A and B.

54



4.8 Restoration formula of cluster algebras of rank 2

Figure 4.4: A maxunal Dyck path ((a1,a2) = (5,3)).

Example 4.8.1. We fix (a1,a2) = (5,3), and let A= (2,1), B = (4,2). Then
(AB)1 = {us,us}, (AB)2 = {v2}, (BA)1 = {us,u1,uz}, (BA)2 = {vs,v1},
and the subpath AA has length 8 (see Figure 4.4).

Next, we define the compatibility in D:

Definition 4.8.2 ([29, Definition 1.10]). For S; C D;, S2 C D, we say that the pair
(S1,52) is compatible if for every u € S; and v € Sy, denoting by E the left endpoint of u
and F' the upper endpoint of v, there exists a lattice point A € EF° such that

((AF)1| = b|(AF)2 N Sa| or [(EA)s| = ¢|(BA), N Sy]. (4.8.2)

We are ready to describe a cluster expansion formula for cluster algebras of rank 2.

Theorem 4.8.3 (|29, Theorem 1.11]). For every d-vector d = [Zl], the cluster variable
2
xq corresponding to d is given by the following equation:

_ — b|S: S
rg =, My ® Z CL’II 2'33;‘ i, (4.8.3)
(S1,52)

where the sum is over all compatible pairs (S1,S2) in Dldaly-xlda]

Remark 4.8.4. In [29, Theorem 1.11], (4.8.3) is defined for any (a1, az) € Z? and is called
a greedy element.

We generalize this formula to the principal coefficients version in a way which is analo-

gous to [30]. When a cluster algebra is of rank 2, g-vectors are obtained from d-vectors:

Theorem 4.8.5 ([25, Theorem 5.5]). For a g-vector g = Bl} and a d-vector d = [31]
2 2

of a cluster variable, we have the following equation:

[gj B [cdl_ildQ] ' (4.8.4)

Proof. This is the spacial case of [20, Theorem 10.12]. O

Using g-vectors, we have the following generalization of Theorem 4.8.3:

d )

dl , the cluster variable xq
2

with the principal coefficients corresponding to d is given by the following equation:

g = Z y[dl —1S1] \52| b|52\ c|Sl|7 (4.8.5)
(S1,52)

Theorem 4.8.6 ([25, Theorem 5.6]). For a d-vector d =

where the sum is over all compatible pairs (S1,52) in Dldilyx[da]+
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4 Uniqueness conjecture for F-matrices

Proof. When a d-vector is the negative, we have (4.8.5) by direct calculation. We assume
that a d-vector is positive. For any compatible pair (S1,S2) € D1*9% let a;(S1,S2) and
az(S1, S2) be integers satisfying

—dy—d a1(51,52), a2(S1,52) b|Sa|, c[S1]
xq =x] tay Z Y Yy ] wy (4.8.6)

(S1752)

Since xq is homogeneous by the grading (2.3.4), and its degree is g = [g 1] = [ e ]
g2 cdy — dg

by Theorem 4.8.5, the following equation holds for any compatible pair (S7,.S2):

[CdlidJ _ [31} +a1(S1, S2) [0] + az (51, 52) [ ] + [g;gﬁ” (4.8.7)

By solving the equation, we have
a1(S1,52) =di — |S1]|, a2(S1,52) = |Sal. (4.8.8)
O

By Theorem 4.8.6, definition of F-polynomials, and Remark 4.4.4, we have the following
restoration formula of F-polynomials from f-vectors:

f1:|
fal’

whose maximal degree vector is f is given by the following formula:

yye) = >yl TR (4.8.9)
(51,52)

Corollary 4.8.7 ([25, Corollary 5.7]). For a f-vector f = the F-polynomial Fy(y)

where the sum is over all compatible pairs (Sy,Ss) in Df1*/2,

-1 0
then at least one of the sets S1 and Sy is empty, or (S, S2) is one of pairs in the following
list:

Example 4.8.8. Let B = [ 0 4} andd =f = B] If (S1,S2) € D3*? is compatible,

({ur}; {v2}), ({ua}, {v2}), ({us}, {v1})- (4.8.10)

Then we have an expression of the cluster variable x4 corresponding to d-vector d in
Al(B) as follows:

_ 25yys + 2a5yiys + 7 + 3aiwaytys + 3wayi + 323y + 25

3.2
LTy

(4.8.11)

Also we have the F-polynomial F¢(y) corresponding to the f-vector f as follows:

Fe(y) = v33 + yiye + 98 + viye +yd +yn + L. (4.8.12)
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5 Compatibility degree of cluster complexes

This chapter is based on joint work with Changjian Fu [21]. In this chapter, we consider a
generalization of the compatibility degree of cluster complexes. The compatibility degree
(- || ) is function on pairs of cluster variables, and originally introduced by Fomin and
Zelevinsky. In [18,19], the compatibility degree is defined in cluster algebra of finite type
by using finite root systems. Fomin and Zelevinsky classify cluster algebras of finite type
by using this degree. We call it the classical compatibility (See Section 5.3.1). The classical
compatibility degree has the following properties:

(1) There is a cluster x containing both z and 2’ if and only if (z || ') = (2’ || ) = 0.

(2) There is a mutation puj exchanging z for 2’ (or 2’ for z) if and only if (z || 2') =
@ ) =1

After Fomin and Zelevinsky’s work, Ceballos and Pilaud found that the classical compat-
ibility degree can be also defined by using d-vectors in [10], and Cao and Li generalized it
in [9] from cluster algebras of finite type to general cluster algebras.

On the other hand, as we see in Section 4.4, in cluster algebra of finite type, d-vectors
and f-vectors are coincide. Therefore, the classical compatibility degree can be also defined
by using f-vectors. In this chapter, we introduce a generalization of the classical one from
from cluster algebras of finite type to general cluster algebras by using f-vectors (Section
5.3.2).

We consider comparing compatibility degree derived from f-vectors with that from d-
vectors. For example, both compatibility degree derived from f-vectors and d-vectors
satisfy the condition (1) above (Theorems 5.3.17 and 5.3.18), however d-vector’s one does
not satisfy the condition (2) (See Examples 5.3.26, 5.3.27). On the other hand, we can find
that f-vector’s one satisfies the condition (2) in many cluster algebras and counterexamples
have not been obtained yet (See Theorems 5.3.23, 5.3.24, and 5.3.25).

Moreover, we will see in this chapter that the compatibility degree derived from the
f-vector inherit various properties of the classical one.

5.1 Scattering diagrams and enough ¢-pairs property

As preparation, we introduce Scattering diagrams and enough g-pairs property.

5.1.1 Scattering diagrams

The scattering diagrams were introduced in [24] to study the canonical basis of cluster
algebras. In this paper, we give only a few definitions and properties used in proofs along
[9,31].

Definition 5.1.1. We fix a skew-symmetrizable matrix B whose order is n, and let S be

a skew-symmetrizer of B. For the matrix B, We call the pair (v, W) a wall associated

with B, where v € Z%, is a non-zero vector, and W is a convex cone spanning v o=

{m € R" | v Sm = 0}. We say that a set D(B) of walls associated with B is a scattering
diagram of B, and each connected compartment of R” — ©(B) is a chamber of ®(B).
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5 Compatibility degree of cluster complexes

The open half space {m € R" | vISm > 0} is the green side of W, and {m € R" |
v'Sm < 0} is the red side of W.

Definition 5.1.2. Let ©(B) be a scattering diagram in R". We say that a continued
path p: [0,1] — R™ is finite transverse at ©(B) if p satisfies the following conditions:

e Neither p(0) or p(1) is in any wall W of ©(B).
e The image of p crosses each wall W of ©(B) transversely.

e The image of p crosses finitely many walls of ©(B) and it does not cross the bound-
aries of walls or intersection of walls spanning two distinct hyperplanes.

We fix a skew-symmetrizable matrix B of order n. We take a skew-symmetrizer S =

diag(s1,...,s,) of B so that si,...,s, are relatively prime. We consider

R = @[$1 ?“'7'%.7:‘;1][[3/1""73/71“’
that is, formal power series in the variables y1, ..., y, with coefficients in Q[xl U =2
For v = (vi,...,v,)! € 7%, we define the formal elementary transformation Ey €

Aut(R) as

v'Sm ’ ’

EV(XW) (1 + Xvav)ma Ev(yw ) = yw

with the inverse

vTSm ’ ’

B ) = (14 Py e, B ) =y
Let p be a finite transverse path of a scattering diagram ©(B), and we assume that p
crosses walls of ©(B) in the following order:

(Vl, Wl), ceey (Vn, Wn)
We define the path-ordered product of elementary transformations of p as
E,=Eg o---0 L € Aut(R),

where ¢; = 1 (resp., ¢; = —1) if p crosses W; from its green side to its red side (resp.,
from its red side to its green side). A scattering diagram ®(B) which has finitely many
walls is consistent if for any finite transverse path p whose starting point coincides with
terminal point, £, = 1 holds. Moreover, it is generalized to scattering diagrams which
have infinitely many walls. Let I be a monomial ideal of Q[[y1, ..., yn]]. For each v € Z,
Ey and E; ! induce automorphisms of R/I. A finite scattering diagram is consistent mod I
if the path-ordered product associated to every transverse loop is a trivial automorphism
of R/I. The reduction ®©/I of a scattering diagram ® is obtained by deleting any wall of
the form (v, W) with y"™ € I. A scattering diagram ©(B) which has infinitely many walls
is consistent if for any monomial ideal I of Q|[y1, ..., yn]]with finite dimensional quotient,
the reduction © /I is finite and consistent mod I.

Lemma 5.1.3 (|24, Theorem 1.12]). Let B be a skew-symmetrizable matriz of order n.
There exists a unique consistent diagram Do(B) satisfying the following conditions:

e Foranyic{l,...,n}, (e;e}) are walls of Do(B).

e For any else walls (v,W) of ©o(B), Bv ¢ W holds.
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We note that since v € Z>q, we have W N (Rso)" = WN(R<)™ = (). Therefore, (Rsg)™
and (Ro)™ are chambers of D¢ (B), and we call them all positive chamber and all negative
chamber respectively. If there exists a path which is finitely transverse from all positive
chamber to a chamber C, then we call C a reachable chamber.

Lemma 5.1.4 ([24, Lemma 2.10]). Let A(B) be a cluster algebra of rank n whose initial
matriz is B. FEach reachable chamber of ©o(B) is expressed by the following form:

Rsog1 + -+ Roogn, (5.1.1)

where G = (g1,...,8n) is one of G-matrices of A(B).

5.1.2 Enough g-pairs property

The definition of g-pairs was introduced in [9] for cluster algebras with principal coefficients
with the aim to study d-vectors. By our convention of g-vectors and Proposition 2.3.8, it
generalizes to cluster algebras with arbitrary coefficients directly.

Definition 5.1.5. Let A(B) be a cluster algebra of rank n with the rooted vertex to, and
I = {iy,--- ,ip} be a subset of {1,2,--- ,n}.

(1) We say that a seed ¥; = (x¢,yt, Bi) of A(B) is connected with (x,y,B) by an I-
sequence, if there exists a composition of mutations pu, - - - fg, fk, , Such that (x¢, y¢, Br) =
Wk, - ey Mk, (X, Y, B), where kq,... ks € I.

(2) We say that a cluster x; of A(B) is connected with x by an I-sequence, if there
exists a seed containing the cluster x; such that this seed is connected with a seed
containing the cluster x by an I-sequence.

Definition 5.1.6. Let A(B) be a cluster algebra of rank n with rooted vertex ¢y, and
I ={i1,...,im} be asubset of {1,...,n}. For any two cluster x; and x}, the pair (x¢, x})
is called a g-pair along I if it satisfies the following conditions:

e xy is connected with x;, by an I-sequence,

e for any cluster monomial x} in x, there exists a cluster monomial xz’,l with v} =0
for i & I such that

’

m1(9(x)) = mr(9(xy)) (5.1.2)

where g(x}) and g(xz’,/) are g-vectors of the cluster monomials x} and xzil and 7y is
a canonical projection from R™ to R/

Theorem 5.1.7 (|9, Theorems 4.8, 5.5]). Let A(B) be a cluster algebra of rank n with
arbitrary coefficients. For any subset I C {1,...,n} and any cluster x;, there exists a
cluster xy such that (X¢,Xy) is a g-pair along I. Furthermore, if (x¢,Xs) is also a g-pair
along I, then we have Xy = Xg.

We often refer to Theorem 5.1.7 the enough g-pairs property of A(B).

5.2 d-vectors versus f-vectors

Today, it is known that d-vectors and f-vectors are different vectors essentially, but it
was pointed out that these two classes of vectors have similarities. Fomin and Zelevinsky
expected that d-vectors of non-initial cluster variables coincide with f-vectors of them
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5 Compatibility degree of cluster complexes

in any cluster algebras [20, Conjecture 7.17]. A counterexample of it was given by [22,
Example 6.7], but it is known that this conjecture is true in cluster algebras of rank 2
and of finite type (Theorem 4.4.3 and Remark 4.4.4). In this section, we show a weaker
similarity of these two families of vectors than (4.4.1) in general cluster algebras.

Fomin and Zelevinsky conjectured the following properties about d-vectors in [20, Con-
jecture 7.4], which was proved in [9]:

Theorem 5.2.1 (]9, Theorem 6.3]). Let A(B) be any cluster algebra. The following
statements hold:

(1) A cluster variable x;y is not one of the initial cluster variables if and only if d;y is
a non-negative vector.

Byt

(2) The (i, j)th entry d; !,

and x4 = Ty

ofot';t equals the (k, £)th entry dkBIij ostB,s;S if iy = Tho

(3) There is a cluster containing x;1(# x1) and xy if and only if dy;y = 0.
We prove the similar theorem of it about f-vectors:

Theorem 5.2.2 ([21, Theorem 3.3]). Let A(B) be any cluster algebra. The following
statements hold:

(1) A cluster variable x;y is not one of the initial cluster variables if and only if fiy is a
non-zero vector.

(2) The (i,7)th entry fg;tt;/t of Ftl,at;t equals the (k,0)th entry f,ﬁfj of Fsl,gs;s if Tiyp = Ths
and T;p = Typ.g .
gt l:s

(3) There is a cluster containing xi; and xy if and only if frie = 0.

:to

(4) A cluster x; contains xy, if and only if entries of the kth row of FtB are all 0.

Remark 5.2.3. Because of Proposition 2.3.8, it suffices to show Theorem 5.2.2 in the
case of cluster algebras with principal coefficients. In fact, for example, we assume that
Theorem 5.2.2 (1) holds in principal coefficient cases and there is a cluster algebra A;(B)
with coefficients in P; which does not satisfy Theorem 5.2.2 (1). Then, there is a non
initial cluster variable x(1) whose f-vector is zero. Then, for any i, we have z(1) # z;(1)
in A;(B). Since f-vectors are independent of coefficients, we have a cluster variable
whose f-vector is zero in A4(B) such that for any i, we have x # x; by Proposition 2.3.8.
This is a contradiction. Therefore, we assume A(B) = A4(B) in the proof of Theorem
5.2.2.

The first statement implies there are no cluster variables whose expansions in the initial
cluster variables are Laurent monomials except for the initial cluster variables, and this
is a generalization of Corollaries 4.6.2 and 4.7.2. The second statement is important for
defining the compatibility degree in the next section. We prove Theorem 5.2.2 in the rest
of this section.

To prove Theorem 5.2.2 (1), we use the following two lemmas.

Lemma 5.2.4 ([9, Lemma 7.3]). Let A(B) be any cluster algebra, and we fix any cluster
variable x of A(B). If, for alli € {p+1,...,n}, there exists a cluster containing x and
x;, then there exists a cluster containing x and initial cluster variables xpi1,...,Tn.

Lemma 5.2.5 (|9, Lemma 6.2]). Let A(B) be any cluster algebra. We fix any subset X of
a cluster. Then, all seeds which have a cluster containing X form a connected component
of exchange graph of A(B).
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5.2 d-vectors versus f-vectors

Proof of Theorem 5.2.2 (1). “If” part is clear. We prove “Only if "part by proving the
contraposition of the statement. Since f;;; = 0 and by (3.1.8), we have Fj,+(y) = 1. Then
we have x;; = [[; mgﬁ by the separation formula (2.3.10). We note that d;; coincides
with —g;.;. According to Theorem 5.2.1 (1), we have g;;y € Z% or g;; = €;. We assume

it € ZZ,. Without loss of generality, we can assume that
T
it = (al,--- ,ag, 0, - ,0) S ZTSLO, at,...,ar < 0.

By Theorem 5.2.1 (3) and Lemma 5.2.4, there exists a cluster x such that x contains z;;
and initial cluster variables Tg41,...,zn. We set x = {@iy, 22, -+ , 2k, Tht1, - , Tn}. By
the sign-coherence of G-matrices (Theorem 3.2.7), the first & components of g-vectors of

X En g
where each column of G lies in Z’éo. We consider the cluster algebra A’ by freezing
the initial cluster variables 21, -- , %, of A(B). One can show that the G-matrix of
the cluster X = {4, 22, - ,2,} of A" is G. We note that columns of G are linearly
independent because of det G = +1. Then, according to Lemma 5.1.4, the chamber
induced by G coincides with the all negative chamber. Therefore, each column of G is a
scalar multiplication of a unit vector and we have £ = 1. Thus we have det G = —1, g;;s =
—ep and x;;y = 1/x1. We note that d;;; = e; and thus there exists a cluster x’ such that
x' = {1/z1,z2....,2,} by Theorem 5.2.1 (1) again. However, by Lemma 5.2.5, clusters
containing {xs,...,x,} are the initial cluster or a cluster which is obtained by mutating
the initial cluster in direction 1. Clearly, x’ is not the initial cluster. Since the numerator
of x’ does not have any initial cluster variables, the entries of first column and the first
row of B are all 0. In this case, p1(z1) = (y1 + 1)/z1. Thus x’ # p1(xy,). This is a
contradiction. Therefore, we have g;; = —d;+ = €;. Because of Theorem 5.2.1 (1), we
have x;;4 = ;. This finishes the proof. O

29, ..., 2 lie in Z<p. Then G-matrix associated with x is a partition matrix [ ] ,

Next, we prove Theorem 5.2.2 (2). This statement follows from the fact that the (i, j)
entry of a F-matrix is invariant by mutations in direction k such that k& # j and by
initial-seed mutations in direction ¢ such that ¢ # i. We prepare a lemma. This gives an
recursion of the F-matrices by an initial-seed mutation.

Proof of Theorem 5.2.2 (2). Since x;;y = xy, according to Lemma 5.2.5, there exists a
permutation o of indices such that o(k) =i and a vertex sop € T, such that the seed X,
is the permutation of 3; by the permutation o, that is

Luss = Lo (u);sor Yuss = Yo (u);soo buv;s = bcr(u),cr(v);so

for all u and v. Moreover, the seed X4, is connected with ¥; by a {1,...,n}\{i}-sequence.
By definition of f-vectors, for any cluster variable z, the f-vector of z with respect to
the seed X, is the permutation of the f-vector of z with respect to the seed X by . In

. . By . . .
particular, f,ﬁ?j = fipa . On the other hand, since Tjy = Typs, We have fl%j = fgft’,t.
By Theorem 3.2.9, the initial-seed mutation at m only change the mth row of F-matrices.
Bs; . . .
Therefore, we have f,,9 0= fgts’f . Putting all of these together, we obtain
Bt;t o BS;S
fij;t’ — Jkes'
O

Let us prove Theorem 5.2.2 (3). The following fact is known.

Lemma 5.2.6 ([9, Lemma 5.2]). Suppose that A(B) is an arbitrary cluster algebra of
rank n, and (X¢,Xy) is a g-pair along I = {1,--- ,n}\{k}. Let Gft';t = (gi;) and dfg“t =

(dy,---,d))T be the d-vector of x;y with respect to . We have that
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5 Compatibility degree of cluster complexes

(1) g; > 0 if and only if dj, = —1, and if only if iy € xp and T4y = Tiyp .
(2) g,; =0 if and only if dj, =0, and if only if iy € Xy and Ty # Ty .
(3) gr; <0 if and only if dj. > 0, and if only if xiy & xp.

We consider a similar lemma to Lemma 5.2.6 for the f-vectors:

Lemma 5.2.7 (|21, Lemma 3.9]). Suppose that A(B) is an arbitrary cluster algebra of
rank n, and (x, xy) is a g-pair along I = {1,--- ,n}\{k}. Let fﬁt”t = (f,--, f)7 be
the f-vector of x;,; with respect to x¢. We have that

(1) g,; > 0 if and only if f;, =0, and if only if xiy € Xp.
(2) g; <0 if and only if f;, >0, and if only if iy & xp.

Proof of Lemma 5.2.7. By Lemma 5.2.6, it suffices to show that g;, < 0 implies f; > 0.

By Lemma 3.2.8, g, < 0 implies thi/_;tt/ < 0. Then, we have f; > 0 by definition of the
H-matrix. 0

Proof of Theorem 5.2.2 (3). We set I = {1,...,n}\{k}. First, we prove “only if” part.
Let x4 be a cluster such that x; contains both x;; and zj. Then, according to Lemma

5.2.5, xy is connected with x;, by an I-sequence. We set xpy = pu(x¢,). If we regard
Xy as the initial cluster, then lﬁ?g;t = 0. We can change the initial cluster from x

to xy, by initial-seed mutation induced by p~!. Then, by Theorem 5.2.2 (2), we have
Jriz = f ,ﬁfé;t = 0. Second, we prove “if” part. Let x5 be a cluster containing the cluster
variable x;;. By Lemma 5.1.7, there is a cluster x4 such that (xs,xy) is a g-pair along I.

Then zj.,s = 4, holds because x is connected with x;, by an I-sequence. Since fg;; = 0

implies f,ifg;sl = 0 by Theorem 5.2.2 (2), we have x;; € xg¢ by Lemma 5.2.7. This finishes
the proof. O

Proof of Theorem 5.2.2 (4). “Only if” part follows from “Only if” part of Theorem 5.2.2
(3). We prove “if” part. By Theorem 3.2.10, the transposition of F-matrix FtB;t0 is

another F-matrix th: i By assumption, the kth column of thOBtT;t is the zero vector. By
Theorem 5.2.2 (1), a cluster variable of A(B,") associated with this column is an initial
cluster variable. Then, by Theorem 5.2.2 (3), there is a j € {1,...,n} such that all entries
of the jth row of th’j;t are 0. This implies the jth column of FtB;tO is the zero vector.
Therefore, all entries of jth column and kth row of FtB;tO are all 0. By Theorem 5.2.2
(1), x¢ has at least one initial cluster variable. We show that one of these initial cluster
variable is xp. We assume that z; ¢ x;. Then, x; has an initial cluster variable which
is not x. We assume that this cluster variable is xp. Then by Theorem 5.2.2 (3), the

T.
k'th column of thf * is the zero vector. In the same way as the previous argument, there

exists a j’ € {1,...,n} such that the 5/ column of F;”" is the zero vector. Since cluster
variables in a cluster are algebraically independent, we note that j # j'. Therefore, all
entries of the j, jth columns and the k, k'th rows of FtB;t0 are all 0. By Theorem 5.2.2 (1)
again, x; has at least two initial cluster variables. By assumption, x; has a cluster variable
which is neither xp nor xy. By repeating this argument, we have FtB;t0 = (0. Therefore
by Theorem 5.2.2 (1), x¢ = x¢,. This conflicts with the assumption. O

In particular, Theorem 5.2.2 (2) admits the compatibility degree between two cluster
variables, and Theorem 5.2.2 (3) implies that the compatibility property holds. See Section
5.3.2.

By these theorems, we have the following corollary:
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Corollary 5.2.8 ([21, Corollary 3.13]). For any cluster algebra A(B), fijx = 0 if and
only if d;j.y = 0 or —1.

Proof. 1t follows from Theorem 5.2.1 (1),(3) and Theorem 5.2.2 (3). O

The property of d-vectors corresponding to Theorem 5.2.2 (4) had not been known.
However, we obtain it by using Theorem 5.2.2 (4) and Corollary 5.2.8.

Corollary 5.2.9 ([21, Corollary 3.14]). For any cluster algebra A(B), all entries of the
B;to L. . ) .
kth row of D™ are all non-positive if and only if x; contains xj,.

Proof. “If” part follows from Theorem 5.2.1 (3). We show “only if” part. By Corollary
5.2.8, the kth row of FtB;t0 are all 0. By Theorem 5.2.2 (4), x; contains xj. This finishes
the proof. O

5.3 Compatibility degree and its properties

The classical compatibility degree was introduced to define the generalized associahedron.
This is a function on the set of pairs of roots, and the generalized associahedra are sim-
plicial complexes whose simplexes are sets consisting of roots such that each classical
compatibility degree of a pair of roots is 0. In this section, we generalize it to a function
on pairs of cluster variables in a different way from [9] by using f-vectors and give some
properties of the generalized one, the compatibility degree.

5.3.1 Classical compatibility degree and generalized associahedra

In this subsection, we explain the classical compatibility degree and the generalized asso-
ciahedra introduced by [19]. Let ® be a root system of finite type. We denote by ®>_;
the set of almost positive roots, that is, the union of all negative simple roots and all
positive roots. Let Cgy be a Cartan matrix corresponding to ® and I'g be a Dynkin graph
corresponding to ®. Denote by I the set of vertices of I'g. Let Iy be a maximal set of
vertices such that each two vertices in I are not neighbors on I'g, and we also define I_
as I_ =1—1I,;. We remark that I_ is also the maximal set of vertices such that each two
vertices in I_ are not neighbors on I'g because I'g is a bipartite graph. The sign function
e: I — {£1} is defined by

(1 ifier,
_ 5.3.1
(i) {—1 ificl (5:3.1)

Next, we define ¢4 which are compositions of simple reflections as follows:

te= [ s t-= [ s (5.3.2)

e(1)=1 e(i)=—1

We define transformations 74 : ®>_1 — ®>_; as follows:

if @« = —ay, £(j) =—1;
ri(a)=1{" ifa=—aj () ’ (5.3.3)
ty (a) otherwise,
if « = —ay, e(j) = 1;
r(a)=1{" fa=—aj (j) = L (5.3.4)
t_ (a) otherwise.
For k € Z and i € I, we abbreviate
ak;i) = (om0 *(— ). (5.3.5)
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5 Compatibility degree of cluster complexes

In particular, a(0;4) = —a«; for all ¢ and o(%1;4) = o for i € I+.
Let A be the Coxeter number of & and w, be the longest element of the Weyl group of
®. Let i — ¢* denote the involution on I defined by —a;+ := wo(e;). It is known that this

involution preserves each of the sets I, and I_ when h is even, and interchanges them
when h is odd.

Proposition 5.3.1 ([19, Proposition 2.5]).

(1) Suppose h = 2e is even. Then the map (k,i) — a(k;i) restricts to a bijection
[0,] x I — ®5_. (5.3.6)
Furthermore, a(e + 1;i) = —ay= for any i.
(2) Suppose h = 2e + 1 is odd. Then the map (k,i) — «a(k;i) restricts to a bijection
([0,e+1] x I_)U ([0,¢e] x I+) = ®>_;. (5.3.7)
Furthermore, a(e + 2;i) = —ay= fori € I_, and a(e + 1;i) = —ay= fori € I .

By this proposition, we can express any root f € ®>_; with 8 = 7(—a;), where 7 is
a composition of 7 and 7_, and —q; is a negative simple root. We consider a function
(- || Jer: P>—1 X ®>_1 — Z>¢ characterized by the following property: For any negative
simple root —«; and any root 5, we have

(—ai || B)a = [(B : i)+, (5.3.8)

and for any roots «, 5, we have

(@I B)a = (re(a) || 7=(B))a, (5.3.9)

where(8 : «;) is the coefficient integer of «; in the expansion of § in simple roots, and
e € {£1}. This function is well-defined by Proposition 5.3.1. We call it the classical
compatibility degree. In [19], the classical compatibility degree is called simply the com-
patibility degree, but we adopt this name in imitation of [10] to distinguish between it
and forthcoming other degrees. For a, 8 € ®>_1, we say that o and 8 are compatible if
(@] B)a= (B a)a=0.

By using the classical compatibility degree, we define the generalized associahedra.

Definition 5.3.2. For a root system ®, we define the generalized associahedron A(®) as
a simplicial complex whose simplexes are subsets of almost positive roots such that their
elements are pairwise compatible.

Example 5.3.3. We consider the root system of Ay type. We give a generalized asso-
ciahedron of As type in Figure 5.1. We remark that this complex are the same as the
cluster complex given in Example 2.4.2. We introduce the correspondence between cluster
complexes and generalized associahedra in Theorems 5.3.4 and 5.3.5.

The function (- || -)e can be regarded as a function on cluster variables of a cluster
algebra in the following way: We fix a root system & and the sign of vertices [ = I, U I_
of I's. We denote by B(Cs) = (b;j) a skew-symmetrizable matrix obtained from the
Cartan matrix Cp = (Cj;) by the following equation:

, _Jo if i = j,
Yo —€Cij ifi#jandie€ I..

We call A(B(Cg)) a cluster algebra induced by ®.
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Figure 5.1: Generalized associahedron of As type

aq

—ay a1 + ao

a2

-1

Theorem 5.3.4 ([18, Theorem 1.9]). For a root system ®, there is a unique bijection
a— zla] from ®>_1 to the set X of all cluster variables in A(B(Cg)), such that, for any
a =) .a;0; € P>_1, the cluster variable x[a] is expressed in terms of the initial cluster
Tl,...,Tp aS

P(z1,...,2n)
rla) = —f—a, 5.3.10
R (5.3.10)
where P(x1,...,xy)is a polynomial over ZP with nonzero constant term. Under this bi-

jection, xr|—a;] = x;.
The bijection in Theorem 5.3.4 is natural in the sense of the following.

Theorem 5.3.5 ([18, Theorem 1.12]). Under the bijection of Theorem 5.3.4, the cluster
complex A(A(B(Cq))) is identified with the simplicial complex A(P).

By Theorems 5.3.4 and 5.3.5, we can identify almost positive roots in ®>_; with the
d-vectors of cluster variables of A(B(Cs)). By abusing notation, we use (- || -)a as
a function on X x X. We denote by ®" a dual root system of ®, and for any o €
®, we denote by a¥ € ®V the coroot of a. By definition, it is clear that A(B(Cgv))
is A(B(Cp)") or A(—B(C3)") (depending on the choice of I;). We remark that the
classical compatibility on X x X depends only on root systems, therefore we can assume
A(B(Cpv)) = A(—B(Cs) ") without loss of generality.

The classical compatibility degree satisfies the following property:

Proposition 5.3.6 ([19, Proposition 3.3]). We fiz ® and an induced cluster algebra
A(B(Cs)).

(1) We have (z[a] || z[8])a = (2[BY] || z[a¥])a for every a, B € ®>_1.
In particular, if ® is simply-laced, then (z]a] || z[B])a = (z[B] || z[a])a-

(2) If (z[a] | z[B])a = 0, then (z[5] || x[a])a = 0.

(3) If o and (8 belong to ®(J)>_1 for some proper subset J C I then their compatibility
degree with respect to the root subsystem ®(J) is equal to (z[a] || z[5])q-

We call (1) the duality property, (2) the symmetry property, and (3) the embedding
property respectively. Moreover, the classical compatibility degree satisfies the following
two property, the compatibility property and the exchangeability property:
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5 Compatibility degree of cluster complexes

Proposition 5.3.7 ([21, Proposition 4.7]). Let ® be a root system and A(B(Cg)) be an
induced cluster algebra by ®©. For any set of cluster variables X, there exists a cluster x
such that x contains X if and only if the classical compatibility degrees of any pairs of
cluster variables in X are 0.

Proof. 1t follows from Theorem 5.3.5 immediately. O

Proposition 5.3.8 (|21, Proposition 4.8]). Let ® be a root system and A(B(Cg)) be the
induced cluster algebra by ®. For any x[a], z[B], there exists a set X of cluster variables
such that X Ux[a] and X U x[B] are both clusters, if and only if (z[a] || z[8])a = (z[F] ||
x[a})cl =L

Proof. The exchangeability of almost positive roots is proved by [11, Lemma 2.2] and
[18, Corollary 4.4]. The proposition is shown by combining it with Theorem 5.3.5. O

We consider a natural generalization of the classical compatibility degree keeping these
properties in the next subsection.

5.3.2 Compatibility degree

We introduce the compatibility degree. This is defined by using components of f-vectors.
In this subsection, we prove that compatibility degree keeps Proposition 5.3.6 and Propo-
sition 5.3.7.

Definition 5.3.9. Let A(B) be a cluster algebra. We define the compatibility degree
(-] ): X x X — Zxp of A(B) as follows: For any two cluster variables = and 2/, if
r = xjy, 2’ = xj,p, then

(|| a') = fi5 (5.3.11)

When we want to emphasize that this function is defined by f-vector, we use (z || ) s as
the notation.

We remark that the choice of i,7,¢, ¢ satisfying « = x;; and 2’ = x4 is not unique,
but the compatibility degree is well-defined by Theorem 5.2.2 (2). This function is a
generalization of the classical compatibility degree.

Theorem 5.3.10 ([21, Theorem 4.10]). We fix any root system ® and its induced cluster
algebra A(B(Cg)). For any cluster variable z,z’, we have

(x| &) = (x| 2"). (5.3.12)
To prove the theorem, we introduce d-compatibility degree defined by [9].

Definition 5.3.11. Let A(B) be a cluster algebra. We define the d-compatibility degree
(|l )a: X x X — Z>p of A(B) as follows: For any two cluster variables x and 2/, if
T = iy, ¥ = xjp, then

Bt;t
(|| #')q = [dij;t,L. (5.3.13)

In [9], the compatibility degree is not defined by [dgttf]+ but dgttf We adopt this
definition for simplicity of the notation. The following theorem is essential for Theorem
5.3.10:
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Theorem 5.3.12 ([10, Corollary 3.2]). We fix any root system ® and its induced cluster
algebra A(B(Cg)). For any cluster variable x,x" we have

(@ | 2)a = (z || 2")a- (5.3.14)

Proof of Theorem 5.3.10. Since A(B(Cg)) is of finite type, it follows from Theorem 4.4.3
and Theorem 5.3.12. O

Remark 5.3.13. Theorem 5.3.10 can be generalized from the classical compatibility de-
gree to c-compatiblity degree, which is a function of the set of pairs of cluster variables of
any cluster algebras of finite type, defined by [10, Definition 2.8]. This fact follows from
[10, Corollary 3.3] and Theorem 4.4.3.

We will show that the compatibility degree satisfies properties which are analogous
to Proposition 5.3.6 and Proposition 5.3.7. First, we consider the following proposition,
which is a generalization of Proposition 5.3.6.

Proposition 5.3.14 (|21, Proposition 4.14]). We fix any cluster algebra A(B). For any
T = x4, we denote by xV the ith cluster variable in the cluster at t of A(—~BT).

(1) For any two cluster variables x, ', we have (z || 2') = ((2")V || V). In particular, if
B is skew-symmetric, then (z || 2') = (2 || x).

(2) If v = w4, 2" = x4, we have (x || 2') = s; 's;(2' || ), where s; is the (i,i)th entry of

skew-symmetrizer S of B. In particular, if (z || ') =0, then we have (2’ || z) = 0.

(3) For skew-symmetrizable matriz B and the index set I, let J = {k1,...km} C I and
By be submatriz of B such that By = (bkikj)- For any pair of cluster variables
x, 2’ of A(By), which we regard as a pair of cluster variables of A(B) by embedding,
(z || ") on A(By) equals to (x || ) on A(B).

To prove Proposition 5.3.14, we prepare a lemma:

Lemma 5.3.15 (|21, Lemma 4.16]). For any exchange matriz B and ty,t € T,,, we have
FPto = g-1p B litg, (5.3.15)

Proof. By (3.1.7), [36, (2.7)] and definition of S, for any ¢, we have
Pt = g-1¢-Blitog, (5.3.16)
B;=S'(-B/)S. (5.3.17)

We prove (5.3.15) by induction on distances of ¢ from ¢y. If ¢ = tp, then (5.3.15) holds
clearly because th;to is the zero matrix. When we assume (5.3.15) holds at ¢, we have
(5.3.15) holds at ¢’ by substituting (3.1.12) with (5.3.16) and (5.3.17). O

Proof of Proposition 5.3.1/. First, we prove (1). By Theorem 3.2.10 and (3.1.15), for any
t and t’, we have

tl

T . T
FBit _ (Ft Bt”t> . (5.3.18)

Thus, we have

—B;;t’

By;
fij;tt’t = fii (5.3.19)
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This implies the first statement of (1). Furthermore, if B is skew-symmetric, then we have
By = —B,,. This implies the second statement of (1). Second, we prove (2). By (1) and
Lemma 5.3.15, for any ¢ and t/, we have

, T\ T » T AT
Bt = (Ft B; ¢> _ (SFtBt"t 5—1) — 51 <FtBt”t> S, (5.3.20)

Thus, we have

Byt —1. Byt
fijft, =5, 8 jift ) (5.3.21)
This implies (2). Finally, we prove (3). Without loss of generality, we can assume J =
{1,...,m}. It suffice to show that FtBJ 0 equals the m x m principal submatrix of FtB;t0 for
any tg € T,, and t € T,,, where T,, is m-regular graph whose labels of edges are 1,...,m
and which is a connected component of T,, containing to. We prove (3) by induction on

distances of ¢ from tg. The base case t = to is immediate as F}_ Bito — 0, and th‘] 0 —0,,.

Let Cf}J’tO = (Cijt) and we abbreviate Fi;t °(y) = Fiy and FBJ’tO( ) = Fit. We have the
following fact by directly calculation: Bj; equals the m x m pr1nc1pal matrix By, Fjy =1
CBisto

foralli € {m+1,...,n}, and the left side m x n submatrix of CB 0 ig [ tO ] . By these

facts and inductive assumption, for !, we have

Fipy =Fiy=Fiy=Fyy ifi#U,

ﬁ yj[?ﬂ;th ﬁ??;‘é;t]—‘- H —Ciotl+ HF[ bigst]+

— i—1 i=1 i=1
F t;t
T lejedds T lbies] ] [—bic.d]
Ciost|+ 05t ]+ Cieit|+ it +
ng HFi;t +Hng HFH
=1 i=1 i=1
Ff;t
= F&t’ .
Therefore, F{27*'0 equals the m x m principal submatrix of F>%0. O

Remark 5.3.16. We can prove the second statement of (1) by using the first statement
of (2) because when B is skew-symmetric, s; 's; is always 1.

Next, we consider the compatibility property, which is a generalization of Proposition
5.3.7.

Theorem 5.3.17 ([21, Theorem 4.18]). For any cluster algebra A(B) and any set X
of cluster variables, there exists a cluster x such that x contains X if and only if the
compatibility degrees of any pairs of cluster variables in X are 0.

Proof. 1t follows from Theorem 5.2.2 (3) and Lemma 5.2.4 immediately. O

Let us compare the compatibility degree with the d-compatibility degree. It is proved
by [9] that d-compatibility degree also has the similar property of Theorem 5.3.17.

Theorem 5.3.18 ([9, Theorem 7.4]). For any cluster algebra A(B) and any set X of
cluster variables, there exists a cluster x such that x contains X if and only if the d-
compatibility degrees of any pairs of cluster variables in X are either 0 or —1.
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However, the d-compatibility degree does not satisfy the similar property of the duality
and symmetry properties (Proposition 5.3.14 (1),(2)). Actually, if these properties hold for
d-vectors, the D-matrices must satisfy the following equation when B is skew-symmetric:

) _pT. .
(nyto)—r _ DtoBt it — Dit»t. (5322)

However, this equation does not hold generally unlike the F-matrices. For the class of
cluster algebras arising from the marked surface, [39] gave the complete classification of
marked surfaces whose corresponding cluster algebras satisfy (5.3.22).

Theorem 5.3.19 ([39, Theorem 2.4]). The equation (5.3.22) hold for a cluster algebra
arising from a marked surface if and only if the marked surface is one of the following.

(1) A disk with at most one puncture (finite types A and D).

(2) An annulus with no punctures and one or two marked points on each boundary
component (affine types Ay, Az, and Az ).

(8) A disk with two punctures and one or two marked points on the boundary component
(affine types D3 and Dy).

(4) A sphere with four punctures and no boundary components.

(5) A torus with exactly one marked point (either one puncture or one boundary com-
ponent containing one marked point).

According to Theorem 5.3.19, for example, cluster algebras arising from a disk with three
punctures and one marked point on the boundary component do not satisfy (5.3.22). Let
us see a concrete example.

Example 5.3.20. We set P = {1} the trivial semifield and consider a seed (x, B), where

[0 0 -1 0 1 0 0

0 0 -1 0 1 0 0

1 1 o -1 -1 1 0

x = (z1, %9, %3, 24,25, 26,27), B=|10 0 1 0 0 -1 1
1

-1 -1 1 0 0 -1
0 0 -1 1 1 0 -1
o 0 o0 -1 -1 1 O

Then A(B) is a cluster algebra arising from the marked surface in Figure 5.2. Moreover,
we set

/ ! / / / /
X' = (w1, 2y, T3, Ty, Ty, Te, T7) = frfispapzpiz(X).

Then, we have (zo || 24)a = 2, (z7’ || #¥)q = (2% || 22)q = 1. We consider flipping the

Figure 5.2: Marked surface corresponding to B
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5 Compatibility degree of cluster complexes

Figure 5.3: Relative position of arc corresponding to x2 and 2

/
L7

marked surface in Figure 5.2 at 2,3,4,5,7. The relative position of arc corresponding to xo
and z% is as in Figure 5.3.

As mentioned in [15, Example 8.5], considering the intersection number([15, Definition
8.4]), we have (x2 || 2%)a = 2, (2% || 2)q = 1. This example implies (- || -)4 does not satisfy
the similar property of Proposition 5.3.14 (1),(2).

Next, we consider a generalization of Proposition 5.3.8. The following statement is clear:

Theorem 5.3.21 ([21, Theorem 4.22]). For any cluster algebra A(B) and any pair of its
cluster variables x,a’, if there exists a set X of cluster variables such that X Uz and X Ux’
are both clusters, then (x || 2') = (2’ || ) = 1.

Proof. We take a seed whose cluster is X Uz as the initial seed and consider a mutation
such that it changes cluster from X Uz to X U2a’. By Lemma 5.2.5, there is a mutation
satisfying this condition. The statement is followed by definition of the cluster mutation
(2.1.7) and of the f-vectors (Definition 3.1.3). O

The converse of Theorem 5.3.21 is still open:

Conjecture 5.3.22. For any cluster algebra A(B) and any pair of its cluster variables
z, @, if (x| 2') = (2 || x) = 1, then there exists a set X of cluster variables such that
X Uz and X Ux' are both clusters.

We call Theorem 5.3.21 and Conjecture 5.3.22 the exchangeability property. In the case
of finite type, Conjecture 5.3.22 is correct:

Theorem 5.3.23 ([21, Theorem 4.24]). For any cluster algebra A(B) of finite type and
any pair of its cluster variables z,2', if (x || 2’) = (2' || ®) = 1, then there exists a set X
of cluster variables such that X Uz and X Ux' are both clusters.

Proof. 1t follows from Proposition 5.3.8 and Theorem 5.3.10. O

Also in the case of rank 2, we can prove Conjecture 5.3.22 by using descriptions of the
F-matrices.

Theorem 5.3.24 (|21, Theorem 4.25]). For any cluster algebra A of rank 2 and any pair
of its cluster variables x,2', if (x || ') = (2’ || ) = 1, then there exists a set X of cluster
variables such that X Uz and X Ux’ are both clusters.

Proof. If A is of finite type, the result follows from Theorem 5.3.23. We assume that
A is not of finite type. Let ¥ = (x,y,B) be a labeled seed of A which contains the
0

: . . b
cluster variable x. Without loss of generality, we may assume that B = [ 0} for some

b, ¢ € Z>q such that bc > 4.
We name vertices of Tg by the rule of (2.1.11) and fix a cluster pattern t,, — (Xy,,, ¥, Bt,)
by assigning the seed ¥ to the vertex to. We abbreviate x;, (resp., y+,, Bt,,%t,) to X,
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5.3 Compatibility degree and its properties

(resp., Yn, Bn, 2,). We also abbreviate cluster variables, f-vectors and F-matrices in
the same way.

Let us consider the case x = x1,9, the case * = x2,0 can be proved similarly. In this
case, it suffices to prove that z’ € {.7}1;2,.%'1;_1}.

A direct computation show that

FBto = [8 8] . FBlo_ [8 (1)] . (5.3.23)

By descriptions of D-matrices of rank 2, that is (4.7.3) and (4.7.4), and Remark 4.4.4, if
n > 0 is even, then we have

FT?;tO _ SnT—Q (u) + SnT—él (u) bSnT—Al (u) 7 (5.3.24)
cSnT_z(u) SnT—z(u)—}—SnT—z;(u)
and if n > 1 is odd, then we have
FnB;tO _ SnT—S (u) + SnT—s (u) bSnT—s (u) ’ (5.3.25)
CSnT—B(U) SnT—l(U)+SnT—C’)(U)

where u = bc — 2 and S,(u) is a (normalized) Chebyshev polynomial of the second kind
(See (4.7.5)). When n < 0, FP" is the following matrix:

_BT _BT

FB;to _ 22;—n 21;—n 5.3.26

n BT _BT |>» (‘ . )
f12;fn fll;fn

., is the (i, 7) entry of F_*nBT;tO. For any p > 0, we have S,(u) — Sp—1(u) > 0.
Indeed, we have Sp(u) — S—1(u) = 1 > 0. Assume that Sy(u) — Sg—1(u) > 0, then
Sg+1(u) — Sy(u) = (u —1)Sy(u) — Sg—1(u) > 0. In particular, for any p € Z>_1, we have

_nRT
where f; y B

coe > Sppa(u) > Sp(u) > - > Sp(u) =1>S5_4(u) =0. (5.3.27)

We claim that (z1.0 || Zin)(Zin || 1.0) > 1 for @ € {1,2} whenever n > 4 or n < —3.

As a consequence, ' # ., for any n >4 and n < =3 and 2’ € |J x,. Recall that
—2<n<3
according to Proposition 5.3.14 (2), (1,0 || zi:n) = 0 if and only if (24, || 1,0) = 0. For

t=1and n > 4,

(210 | 1:0) (@10 | 710) = Fiime (@1m || T1:0)
> (S1(w) + So(w) (@i | 710) by (5.3.24)(5.3.25)
> 1. by (5.3.27)

For i =2 and n > 4,

(@10 | 2:0) (@210 || T10) = fipad (T2n || 21:0)

Z b({rg;n H $1;0) by (5.3.24)(5.3.25)
= b(xyy || 3., by Propostion 5.3.14(1)
= bfl_zfj;to

> be > 4. by (5.3.24)(5.3.25)

This completes the proof of the claim for n > 4. For n < —3, one can prove the statement
by using (4.7.6) similarly and we omit the proof.
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5 Compatibility degree of cluster complexes

According to the cluster pattern, we have
T2;—2 = T2;-3,T1;—2 = T1;—1,L2;—1 = T2;0,L1;,0 = T1;1,L2;1 = T2;2,T1;2 = T1;3,T2;3 = T2:4-

By the above claim, we conclude that =’ # xg,_5 and 2’ # z2,3. By Theorem 5.3.17, we
have

(10 [| 21:0) = (@130 || 20) = (w130 || w21) = O
since there is a cluster contains x1,0 and z;,, for (i,n) € {(1,0),(2,0),(2,1)}. It follows
that 2’ € {x1,_1,21,2}. This finishes the proof. O

It is known that Conjecture 5.3.22 holds in some classes of cluster algebras:
Theorem 5.3.25 ([21, Theorems 6.3, 6.6, 6.11]). Conjecture 5.3.22 holds if A(B) is

e an acyclic cluster algebra of skew-symmetric type,
e a cluster algebra arising from weighted projective lines, or

e a cluster algebra arising from marked surfaces.

Since we need to use 2-Carabi-Yau categorification, we omit the proof of this statement.
See [21, Sections 5 and 6].

In the case of finite type or rank 2, the d-compatibility degree also has the exchange-
ability property. However, it is not correct in general. Let us see some examples.

Example 5.3.26. We set P = {1} the trivial semifield and consider a seed (x, B), where
0 1 0 -1 0

X:($1,$2,$3,l‘4,$5), B =

This is of Dy type. Moreover, we set

x = (xllv ‘T/27 x{}? $£1, T5) = papizp2pn (X).

Then, we have (z1 || 2))q = (2} || z1)q = 1 and (21 || 2}y) = (2} || #1) = 2. Let us see
this fact by using marked surface and their flips. A(B) is a cluster algebra arising from
the marked surface in Figure 5.4. We consider flipping the marked surface in figure 5.4 at

Figure 5.4: Marked surface corresponding to B

1,2,3,4. The relative position of arc corresponding to x; and 2, is as in Figure 5.5.
Considering the intersection number induced by the d-vector ([15, Definition 8.4]), we
have (z1 || #))a = (2} || z1)a = 1. On the other hand, considering the intersection number
induced by the f-vector ([44, Section 1]), we have (x1 || 2}) = (2} || #1) = 2. Therefore,
by Corollary 5.3.25, x; and 2/, are not exchangeable. This example implies (- || -)4 does
not satisfy the similar property of Conjecture 5.3.22. We remark that A(B) satisfies the
similar property to Proposition 5.3.14 for the d-vectors because of Theorem 5.3.19 (3).
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5.3 Compatibility degree and its properties

Figure 5.5: Relative position of arc corresponding to x; and

Example 5.3.27. We set P = {1} and consider a seed (x, B), where

x = (z1.29.23), B=|-2 0 1
1 -1 0

We fix a cluster pattern by assigningAEtO = (x, B) to the rooted vertex ty of Ts. The
cluster algebra A(B) is acyclic (type Asz). Let

t03t12t21t3

be a subgraph of T3. According to [22, Example 6.7], we have

1 1
f = [1]» g = |1
2 1

Therefore (3 || Z145) = (2145 || 3) = 2 by Proposition 5.3.14 (2). Hence z3 and 1.,
are not exchangeable by Theorem 5.3.25. On the other hand, a direct computation shows
that

5 1

t3it3

3,to = |1
1

Hence (23 || z1:45)da = (15 || 3)a = 1. In particular, (- || -)¢ does not satisfy the similar
property of Conjecture 5.3.22.
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6 Cluster duality between Calkin-Wilf tree
and Stern-Brocot tree

In this chapter, we give an application of f-vectors and F-matrices to number theory. We
introduce two cluster structures, which are dual to each other, into the Calkin- Wilf tree
and the Stern-Brocot tree. This chapter is based on [26].

The Calkin-Wilf tree, whose vertex set has a bijection with the set of positive rational
numbers Q, is introduced by Neil Calkin and Herbert S. Wilf [6] to count all positive
rational numbers efficiently. This is a full binary tree whose vertices are positive fractions

1 T
given by the following way: the root is T and the generation rule is that a parent — has
Yy

the following two children:

x

/y\\
T Tty
r+y Y

The first few terms are as follows:

We can easily verify that all fractions appearing in the Calkin-Wilf tree is irreducible.
On the other hand, the Stern-Brocot tree! is named after Moritz Stern, Achille Brocot,

and their researches in 1800’s [3,43]. The vertex set of the Stern-Brocot tree also has

a bijection with Q4. This tree is given as follows: first, we consider the Farey triple

11
tree. This is a full binary tree given in the following way: the root is <1, 0’ 1), and the
generation rule is that a parent <Z, 2, ;) has the following two children: if the second

11t is also called the Farey tree.
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6 Cluster duality between Calkin-Wilf tree and Stern-Brocot tree

d
largest fraction is (i) g, (ii) E, (iii)—, then
b d e
(i) (ii) (iii)
e @ cc @ace
) f b? d? f b’ ) f
/N /N VAN
aate el facatc) (ctece)facate) fctece)faatee
b'o+ff b'd b+d d+ f'd’ f b'd b+d d+fd f)\b’ b+ ff
The Stern-Brocot tree is a full binary tree obtained from the Farey triple tree by replacing
each vertex with the second largest fraction of it. The first few terms are as follows:

)

S
ISH e
ISH e

Like the Calkin-Wilf tree, all fractions appearing this tree is irreducible.

So far, it is pointed out that there are some relations of these two trees. For example,
Backhouse and Ferreira found relation of these two and the matriz tree [1,2,42]. In this
chapter, we introduce a new relation between these trees derived from cluster algebra
theory.

Now, we consider a one-punctured torus and their triangulations (See Figure 6.1).

Figure 6.1: Triangulation of one-punctured torus

We fix a triangulation L = (¢1, {2, ¢3). For another triangulation M and an arc ¢ included

bil

in M, we define the intersection vector Int(L,{) = | fa|, where f; is the intersection
f3
number of ¢ and 4;.
Next, we consider the operation called flip, defined in Chapter 2. We can apply flip to
a triangulation M and obtain a new triangulation M’, and also, we can apply flip to an
arc [ and obtain a new arc I’. See an example in Figure 6.2.
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Figure 6.2: Flip of triangulation

= e <=

R v N o

There are 3 ways to flip per triangulation. By applying flips to triangulations again and
again, we can obtain a full binary tree called the intersection vector tree:

ol
9| T~
0/

0

BN

WND =N~ WON =N

N = O

/
\

The first main theorem presents a relation between the intersection vector tree and the
Stern-Brocot tree:

Theorem 6.0.1 (Theorem 6.2.1). We consider a map

1
fi+1
73 .
g 20_>Q7 f2 ’_>f2+1

J3

The Stern-Brocot tree is obtained by replacing each vertex v of the intersection vector tree
with g(v).

Next, we introduce a counterpart of the Calkin-Wilf tree. In contrast to the previous,
we fix an arc £ and consider changing triangulations from L to L’ by a flip. In parallel
with change of triangulations, we obtain another intersection vector Int(L’,¢). By doing
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6 Cluster duality between Calkin-Wilf tree and Stern-Brocot tree

it repeatedly, we define another tree, the initial intersection vector tree:

X

o
r

(6.0.1)

wwo:ww»p WO N o N

0
2
1

-
T~

where numbers on edges are the positions of a exchanged arc in the triangulation. The
second main theorem presents a relation between the initial intersection vector tree and

the Calkin-WIilf tree:

Theorem 6.0.2 (Theorem 6.3.3). We define a map h from vertices of the initial inter-

fi 0
section vector tree to Q inductively as follows: we assign the leftmost vertex | fa| = |0
f3 1
Al 1 Pl gt
to = —. Let {a,b,c} = {1,2,3}. When Int(Ls,l) = |for| — = , and
fa+1 1 Fau Joe +1

Int(Ly, €) —— Int(Ly, £) as in (6.0.1),

. . fc-t+1

e if k = a, then we assign Int(Ly,l) — == ,
f g (L, €) For 1

. 1

e if k =0, then we assign Int(Ly, ) — Jaz + .
fc;t+1

The Calkin- Wilf tree is obtained by replacing each vertex v of the initial intersection vector
tree with h(v).

In the context of cluster algebra theory, we can regard the relation between Theorem
6.0.1 and Theorem 6.0.2 as a specialization of the F-matrix duality (Theorem 3.2.10).

6.1 Cluster pattern from one-punctured torus

In this section, we introduce the cluster pattern from a one-punctured torus. This is the
special case of the cluster structure from marked surfaces introduced by [15]. Let S be a
one-punctured torus. We denote by p the puncture of S. We consider a triangulation of S
by (homotopy equivalence classes of) arcs whose both endpoints are p. On the universal
covering of S, a triangulation of S is given as in Figure 6.3. Clearly, a triangulation of
S consists of 3 arcs. Hereinafter, arcs constructing a triangulation is referred to as a
triangulation simply. In this chapter, we define a triangulation as an ordered set. Let L =
(01,02, 03) be a triangulation. Due to symmetry, we can assume /1 is the horizontal line, ¢5
is the vertical line, and /3 is the diagonal line in Figure 6.3 without loss of generality. For
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6.1 Cluster pattern from one-punctured torus

Figure 6.3: Triangulation of one-punctured torus (universal covering)

k € {1,2,3}, we define a flip ¢ (L) of L in direction k as the operation that obtains another
triangulation from L by exchanging ¢ for another arc. Figure 6.4 shows triangulations
of S flipped from L in directions 1,2,3, respectively. Let Tg be the 3-regular tree whose

Figure 6.4: flipped Triangulation of one-punctured torus

We

edges are labeled by the numbers 1,2,3 such that the 3 edges emanating from each vertex
k

have different labels. We use the notation ¢ ¢/ to indicate that vertices t,t’ € T3 are
joined by an edge labeled by k. We fix an arbitrary vertex ty € Tg, which is called the
rooted vertex, and a triangulation L. A cluster pattern with the initial triangulation L
is an assignment of a triangulation L; = ({1, l2., {3,t) to every vertex t € T,, such that
L are assigned ty and triangulations L; and Ly assigned to the endpoints of any edge

= t’ are obtained from each other by a flip in direction k. We denote by Pr: t — Ly
this assigment. For a cluster pattern Py, when ¢;; intersects with ¢1,¢> and /3 at least
fi1, fiz and fj3 times on S\ {p} respectively, we define the intersection vector Int(L, ()
associate with £;; as

fi1
Int(L, liy) = | fi2
fi3

We regard the intersection number of the same arc as 0. Furthermore, we define the
intersection matriz Int(L, L;) associate with L; as

fir fi2 fi3
Int(L,L¢) = | fo1 fo2 fo3
f31 fa2 fa3

They are specialization of intersection vectors and intersection matrices in Section 4.1.
Therefore, they correspond with f-vectors and F-polynomials by Theorem 4.1.5.
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6 Cluster duality between Calkin-Wilf tree and Stern-Brocot tree

6.2 Intersection vector tree and Stern-Brocot tree

Let t1 be a vertex of T3 connected with ¢y by an edge labeled 3, and T% a full subtree
whose vertex set is the union of ¢y and all vertices which are reachable to t; without going
through #:

to—2—— 1y . (6.2.1)

1 t14
8T~ /\/
2 t15 NN

Let T4 be a full subtree of T4 whose vertex set consists of all vertices of T4 except for t.
We correspond the intersection vectors to vertices of T as

1 Int(L, fyyg) -
9 |nt(L,€2;t4) -
— 3 |nt(L,€3;t9) s
Int(L,El;tQ)
. 3~ 1 Int(L, fagpyg)
/ Int(L, 53;1&5) - | (L , )
2 nt , Q;t e
Int(L, (37, ) ! (6.2.2)
2 Int(L, yyy,) - -
9 L Int(L,El%) -
— 3 Int(L, 63;t13) v
Int(L, €2, )
3\| 10 _/l-lnt(ngl;tM)"'
nt( ) 3;757) ——
2 Int(L, loy,,) - - -

That is, if an edge labeled k emanates from the left side of ¢; in (6.2.1), we assign Int(L, £x.,)
to t;. The first seven vertices of it is as follows:

1/
T

2
1
12/4
0 - -
ol T |2

1 3
0
0/ 5
0 - -
) 1
XO :
0
9
3
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6.2 Intersection vector tree and Stern-Brocot tree

We denote by Tree(F') this tree, and we call Tree(F) the intersection vector tree. In this
section, we prove the following theorem:

Theorem 6.2.1 (|26, Theorem 3.1]). We consider a map

bl
.73 fit+1l

The Stern-Brocot tree is obtained by replacing each vertex v of Tree(F) with g(v).
For k € {1,2,3}, we define the intersection matriz flip @y, of Int(L, L;) in direction k as
O (Int(L, Ly)) = Int(L, pr(Lt)). (6.2.3)

By regarding punctures on the universal cover of S as lattice points on R? with the
coordinate axis ¢1 = {14, and {3 = l2,, we consider the gradient of arcs of L;. We denote
by grady (¢) the gradient of £. We assume grady,(¢1) = 0, grady,(¢2) = oo, grad (f3) = —1.

Example 6.2.2. We consider an arc ¢ in Figure 6.5. Then we have

grad; (¢) = g, and Int(L,¢) =

P

Figure 6.5: Arc /¢

Definition 6.2.3. For ¢ € QU {o0}, if n(q),d(q) € Z satisfy the following conditions, we
n(q)

d(q)
n(q)

e = ——

(q)’

say that

is the reduced expression of g:

a a
Moreover, for a fraction 7 if there exists ¢ € QU{oo} such that 3 is the reduced expression

a
of g, then we say that — is irreducible.

b
This expression is determined uniquely. In particular, —, 0 are reduced expressions of

== o

0, co respectively.
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6 Cluster duality between Calkin-Wilf tree and Stern-Brocot tree

Lemma 6.2.4 (|26, Lemma 3.4]). Let M = (mi,ma, m3) a triangulation and {i,j,k} =
{1,2,3}. The following two conditions are equivalent:

(1) FEither of the following two inequalities holds:

grady (m;) < grady(m;) < grady(mg) or grady(my) < grady(m;) < grady(m;).
(6.2.4)

(2) We assume that% andé are irreducible fractions. If grad; (m;) = % and grad; (my) =

c a+c
7 then grady(m;) = b d

a
In particular, for any triangulation M, there exists a,c € Z and b,d € Z>y such that —

and g are irreducible and {grad; (m1),grad; (ms),grad;(ms)} = {Z, 2, Zi_;}
Proof. We prove that (1) implies (2). We note that b,d > 0 and therefore (b,a) and (d, c)
are in the first or the forth quadrant. Since M is a triangulation, m;, m;, my, is as in Figure
6.6 on the universal covering of S. When the coordinate of a point shared by 3 arcs is

(0,0), then the coordinate of the other endpoint of m; is (b,a), and that of my is (d,c).

Therefore, that of m; is (b+ d,a + ¢) and grady (m;) = ZT—i—cCl' It is clear that (2) implies
(1). O

Figure 6.6: Triangulation under the assumption (6.2.4)

m; or My

Remark 6.2.5. We note that if (2) in Lamma 6.2.4 holds, then grad;(m;) = ZT—I_; is irre-

@ +; is not irreducible.

ducible. Indeed, it is shown in the following way: we assume that

Then m; passes through a lattice point in the section between (0,0) and (a + ¢, b+ d).
Since all lattice points are a point on .S, m; intersects with m; at non-lattice points. This
conflicts that M is a triangulation. Moreover, if {grad;(m1),grad;(ms),grad;(ms)} =

a ¢ c—a a c ) . ) c—a ., c—a
{b’ 7 d—b} and 77 are irreducible, then the reduced expression of 71 is 11
a—-c

Pt This fact is proved in the same way as the above.

or

By using the above lemma, we obtain a property for magnitude relation of the gradients
of triangulation.
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6.2 Intersection vector tree and Stern-Brocot tree

Lemma 6.2.6 ([26, Lemma 3.6]). Let t € T3, Ly = ({14,024, 3,) a triangulation and
{i,j,k} ={1,2,3}. We assume that

grady (4;) < gradp (¢;4) < gradp (Lg:e). (6.2.5)

(1) Let Ly = {li;¢, ., L } be a triangulation of S obtained from Ly by a flip in direction
7. Then we have

grady (€j.) < gradp (¢;) < gradp (l;e) or gradp(fi) < grady (lre) < gradp (j.¢),

(2) Let Ly = {l;pn, L., Uit } e a triangulation of S obtained from Ly by a flip in direc-
tion i. Then we have

grady (£;.+) < gradp ({;) < grady ()

(3) Let Lyn = {li, Ly, L} be a triangulation of S obtained from Ly by a flip in
direction k. Then we have

gradp (€iz) < gradp (en) < gradp (£j;).

Proof. We prove (1). By flipping the triangulation in Figure 6.6 in direction j, we have

2 and grady (Cr) = E, then grady ({;;/) =

a triangulation in Figure 6.7. If grad; (i) = 2 ¥

Figure 6.7: Flipped triangulation

Z:Z If the reduced expression of grady (¢;) is %, then by Lemma 6.2.4 and (6.2.5),
we have grady (f;;;) < grady(fg:) < grad;(fj»). On the other hand, if the reduced

expression is %, then we have grady (¢;.+) < grady (¢;;;) < grady (¢:). The case (2),(3)

is also proved in the same way. O

We note that if ¢t € T4, then the gradient of arcs of L; are 0 or more by Lemma 6.2.6.
Let us consider relation between the gradient and the intersection vector of an arc ¢ of L.
The following fact is useful:

Lemma 6.2.7 ([26, Lemma 3.7]). Let £ € L; be an edge satisfying t € T4 and Int(L, £) # 0.

a—1
Then, grad; (¢) = % holds and % is irreducible if and only if Int(L,¢) = | b—1 holds.
a+b—1
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6 Cluster duality between Calkin-Wilf tree and Stern-Brocot tree

a
Remark 6.2.8. By Lemma 6.2.7, for ¢ € L; satisfying ¢t € T4 and Int(L,¢;) = |b| # 0,

1 b+1
@+ and + are irreducible.
b+1 a+1

We define the non-middle gradient flip as a flip that removes an arc whose gradient is
the smallest or the largest in the three arcs and adds another arc. We are ready to prove
the first main theorem.

Proof of Theorem 6.2.1. Let t € Ts. For Ly = (1., {24, {3,+), we consider the triple

grady (L) = (grady (€14), grady (f2.), grady (€3.4)),

where all entries are irreducible. According to Lemma 6.2.7, a restriction of g to {Int(L, ei;t)}te’ﬂ‘g7ie{1,273}\
{0} is given by Int(L,¢) — (the reduced expression of) grad; (¢). Therefore, it suffices to
show that a tree

1 grady (f1;e) - -
, radp (o) T
e 3 grady (£3.4,) - - -
gradL (£1§t2)
1 3\ /1 gradL (fl,tlo)
/ grady (0a;) —
2 gradp (82 ti1 )
grady (¢3.4,) (6.2.6)
/2 gradL (€2¢12 )
x L grady (brge)
=g 3 grady (€3.4,5)
grady (€2.,)
3\ /1 gradL(fl t14>
grady (fa,)
2 gradp (62 tls)

is the Stern-Brocot tree. Flips in direction 1 and 2 at ¢; are non-middle gradient flips, and
we find that flips from left to right in (6.2.1) are all non-middle gradient flips inductively
by Lemma 6.2.6. Furthermore, grady (¢, ) lying in (6.2.6) is the second largest number in
grady (L:). Therefore, it suffice to show that a tree

1 grady (L) -
gradL(Lt4)/
2 —_—
— 3 grady (L)
gradL(Ltz)
. 5~ 1 grady(Le,,)
gradL(LtE))\
2 gradL(Ltn)
grady (Ly,) 4 (L) (6.2.7)
2 gra L t1o
X . grady (L)
— 3 grady (L)
grady (Le,)
5 1 gradp,(Ly,,)
gradL(Lt7)\
2 gradL(Ltls)

101

<Z, 2, ;) Because of Lemma 6.2.6 and Lemma 6.2.4, if % is the smallest or largest in

is the Farey triple tree. We have grad; (L) = < > We assume grad; (L;) =
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6.2 Intersection vector tree and Stern-Brocot tree

those three, then there exists an edge labeled by 1 on the right of grad; (L;) in (6.2.7),

and we have (Z, 5, ;) — grad; (Ly) = (ccl::—_;’ %, ;) by a flip in direction 1 (we note
that all of 51;, g, ; are irreducible again by Remark 6.2.5). Similarly, if g or & is the
smallest or largest in those three, we have the desired triple. Therefore, (6.2.7) corresponds
with the Farey triple tree, and this finishes the proof. O

For the sake of discussion in Section 6.3, we give the explicit description of intersection
matrices. First, we consider intersection matrices not containing zero vectors.

Corollary 6.2.9 ([26, Corollary 3.9]). Lett € T4 and Ly = ({14,024, 3:) a triangulation.
For all i € {1,2,3}, if Int(L,4;1) # 0, then Int(L,L;) = (fi;) satisfies just one of the
followings:

fi1 fi2 fir+ fiz+1

(i) fo1 J22 Jo1r + fa2 +1
L fii+ for+1 fio+ foo+ 1 fir + fiz + for + fa2 + 3]
[ fi2+ fiz+1 fi2 f13 1

(i) foo + faz +1 fo2 fo3

| fi2 + fiz3+ foo + fo3 +3  fio+ foo+ 1 fiz+ fag + 1]

fi1 fi1+ fiz+1 f13
(iii) fo1 fo1r + foz +1 fo3
Lfir+ for+1 fir+ for + fis+ fas+3 fiz + fos + 1]
Proof. 1t follows from Lemmas 6.2.7 and 6.2.4. O

The following is the key lemma in Section 6.3.

Lemma 6.2.10 ([26, Lemma 3.10]). We fiz t € T4. The intersection matriz Int(L, L;) =
(fij) satisfies just one of the followings:

0 0 0
(i) 1o 0 0
0 0 1

0
(it) {0 fa2  foot+1
0 foo+1 foo+2]

(1i) {0 fas+1  fo3
10 foz+2 foz+1]

fir 0 fu+1]
) | 0 0 0
fiu+1 0 fi+2)

[fis+1 0 fis
w ! o o o
| fis+2 0 fig+1)
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6 Cluster duality between Calkin-Wilf tree and Stern-Brocot tree

fi1 fi2 Ji1+ fi2 +1

(vi) fa1 f22 fo1 + fa2 +1
Lfii+ for+1 fio+ foo+ 1 fi1+ fio + far + foo + 3]
fi2 + fiz+1 fi2 f13 1

(vii) Joo + faz +1 fo2 fo3

| fi2 + fiz3 + foo + fo3 +3  fio+ foo+ 1 fiz + fag + 1]
[ fi fir+ fis+1 fi3 1
(viti) fo1 for + foz +1 f3

L fiu+ faa+1 fu+fa+ fizs+ fes+3 fiz+ faz +1)

Moreover, we have the following diagram:

(v) <:>j (iv)
1 ) (
3
= =

(i) (viid) ; (vii) (vi)

1
1
\ .
3

(iil) ———= (i)

2

where (n) s (m) implies that Int(L;, L) satisfying (m) is obtained from (n) by ®y.

Proof. When t = t;, Int(L, L;) satisfies (i). Since each intersection matrix flip is an
involution, it suffices to consider flips from left to right on (6.2.2), that is, the diagram in
the lemma. First, we prove a part of the diagram between (vi)—(viii). We note that an
arc of S which is flipped by a flip in the above diagram between (vi)—(viii) has the second
largest gradient in the flipped triangulation because of Lemmas 6.2.7, 6.2.6. Therefore,
it follows from Corollary 6.2.9. Next, we prove a part of the diagram between (ii) and
(iii). We will show the following statement inductively: when Int(L, L;) satisfies (ii) or

(iii), grady (¢1,;) = 0 and (iii) (ii) holds. If Int(L, L;) = ®o(Int(L, Lt,)), Int(L, L;)

satisfies (iii) and grad (¢1,;) = 0. Under the assumption, when Int(L, L;) satisfies (ii), we
have grady (¢1,) < gradp (¢s.;) < grady (f2.;) by Lemma 6.2.7. Therefore, by Lemmas 6.2.6,

6.2.4 and 6.2.7, we have (ii) (iii) . We denote by Int(L, Ly) = ®o(Int(L, L;)). Since
U1,y = l1,p, we have grad (¢14) = 0. When Int(L, Ly) satisfies (iii), it follows from the same

argument as the above. Moreover, (iii) 1. (iv) and (ii) 1. (iv) follows from
the fact that grad;(¢1;) = 0 and Lemmas 6.2.6, 6.2.4, and 6.2.7. The diagram between

(iv),(v),(viii) is proved in the same way as the above. Finally, we have (i) —— (iii) and

(i) S (v) because Int(L, L;) satisfies (i) if and only if Int(L, L;) = Int(L, Ly,). O
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6.3 Initial intersection vector tree and Calkin- Wilf tree

6.3 Initial intersection vector tree and Calkin-Wilf tree

In contrast to the previous section, We correspond the intersection vectors to vertices of
a subtree T% of (6.2.1) as

1 Int(Lyg, l3) -

Int(Lt 753)
ot )2/ T T Int( Ly ) - -
nt toy X3
R 1 Int(Lt ,Kg)"'
/ Int(Legs )
Int(Ly, , £3) ? Fluyt) (6.3.1)
n t17 %3 .O.
_/2/_ Int(Lt127£3) T
9 1 |nt(Lt6,€3) -
— 3 Int(Lt13,€3)-~-
Int(Lt3,€3)
— It )
Int(Lt7,€3) -
2 |nt(Lt15,€3) cee

That is, we assign Int(Ly,, ¢3) to t;. The first seven vertices of it is as follows:

2/
1 13\
.

0

1
N o
2

/Y

LM O R WO N = N

We denote by Tree(FT) and we call it the initial intersection vector tree. We make a
preparation for describing the main theorem of this section. In this section, we regard L,
as the initial triangulation. We define the initial intersection matriz flip Uy of Int(Ly, L)
in direction k as

Ui (Int(Ly, L)) = Int(er(Le), L). (6.3.2)
The following proposition is clear:
Proposition 6.3.1 ([26, Proposition 4.1]). We have
Int(Ls, L) = (Int(L, Ly)) 7,
Proof. 1t follows from Theorem 4.1.5 and Theorem 3.2.35. O

By using this duality, we have the following property:

Proposition 6.3.2 ([26, Proposition 4.2]). For t by e T%, let
h f
|nt(Lt,£3) = |fo|l #0 and Int(Lt/,€3) = fé £ 0.
f3 f3
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6 Cluster duality between Calkin-Wilf tree and Stern-Brocot tree

(1) If i # k, then we have f; = f!.

(2) The integer fi, is not maximal in { f1, fa, f3} if and only if f;, is mazimal in { f1, f3, f3}.

134

Proof. The statement (1) follows from Proposition 6.3.1. We prove “if” part of (2). Since
if f{ =0, then this is not the maximal in {f], f3, f3} clearly, we assume that f; # 0. If f
is the maximal in {f], f5, f4}, the gradient of an arc corresponding to kth row of Int(L, L)
is the second largest in three arcs because of Proposition 6.3.1 and Lemmas 6.2.7, 6.2.4.
By Lemma 6.2.6, the gradient of an arc corresponding to kth row of Int(L, L;) is not the
second largest in three arcs. By Lemma Proposition 6.3.1 and Lemmas 6.2.7, 6.2.4 again,
fr is not maximal in {f1, fo, f3}. We prove “only if” part of (2). We assume that f = 0.
Then by Proposition 6.3.1 and Lemma 6.2.6, Int(L,L;) = 0 and the gradient of an arc
corresponding to kth row of Int(L,L;) is 0 or co. Thus by Lemma 6.2.6, the gradient
of an arc corresponding to kth row of Int(L, Ly) is the second largest in three arcs. By
Proposition 6.3.1 and Lemmas 6.2.7, 6.2.4, f; is the maximal in {f], f3, f3}. In the case
of fi # 0, it is proved by considering the inverse of “if” part with f; # 0. O

By Proposition 6.3.2, if Int(Ly, £3) lies on the right endpoint of an edge labeled by k in
the tree of (6.3.1), then the kth element of Int(L;, ¢3) is the maximal in those three. In
the rest of this section, we prove the following theorem:

Theorem 6.3.3 ([26, Theorem 4.3]). We define a map

h: {|nt(Lt,£3>}t€Té/ — Q
inductively as follows: we assign

. 1 1
Int(Ly,, 03) Jisg 11
f23;t1 + 1 1
faS;t +1

ot 1’ and Int(Lt,Eg)ilnt(Lt/,Eg) as in
it

Let {a,b,c} = {1,2,3}. When Int(Ly,{3) —
(6.3.1),

fCB;t +1

e if k = a, then we assign Int(Ly,l3) — ,
f gn Int(Ly, C3) [

fa3;t + 1
fc3;t +1 ‘

The Calkin- Wilf tree is obtained by replacing each vertex v of Tree(F') with h(v).

e if k=0, then we assign Int(Ly,¥l3) —

In the rest of this chapter, we prove Theorem 6.3.3. The following lemma is duality of
Lemma 6.2.10:

Lemma 6.3.4 ([26, Lemma 4.4]). We fiz t € T5. The intersection matriz Int(Ly, L) =
(fij) satisfies just one of the following:

00
(i) 10 0 0

00 1
0 0

0
(i) |0 foo  fao+1
0 foo+1 foo+2
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6.3 Initial intersection vector tree and Calkin- Wilf tree

[0 0 0
(iii) |0 fza+1 fz2+2
0 fz2 fa2+1)

fir 0 fu+1]
w) | 0 0 0
L fi1+1 0 fi1+ 2]
(fa1+1 0 fa1 +2]
(v) 0 0 0
| far 0 fa1i+1)
[ fu J12 Ju+ fiz+1
(vi) fa1 f22 for+ fo2 +1

L fiu+ far+ 1 fio+ foo+ 1 fir+ fiz + for + fo2 + 3]

[for + fa1+1 foo+ fao+1 for + fa1 + foo + fa2 + 3]

(vii) J21 J22 far+ faa+1
L fa [f32 far+ fs2+1
[ fn J12 Jii+ fiz +1

(viti) |fii+ far+1 fio+ fao+1 fui+ fio+ far + fa2 +3].
fa1 [f32 far+ f2+1

Moreover, we have the following diagram:

(v) ? (iv)
1 ) g
3
[ 1
(i) (viii (vii) (vi),

1

2
1
2
3
2

)
(ill) ———= (ii)

where (n) L (m) dmplies that Int(Ls, L) satisfying (m) is obtained from (n) by Vy.

Proof. 1t follows from Lemma 6.2.10 and Proposition 6.3.1. O

Let us prove the main theorem in this section. For a fraction ¢, we denote by ¢, gq the
numerator and denominator of ¢, respectively.
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6 Cluster duality between Calkin-Wilf tree and Stern-Brocot tree

Proof of Theorem 6.3.3. 1t suffice to show the following: for any (n) in (i)—(viii) in the
diagram of Lemma 6.3.4 and Int(Ls, (3) satisfying (n), if

h(Int(L¢, 03))n = h(Int(L¢, 43))g = v,
then we have

h(Wa(Int(Le), €3))n =2 +y,  h(Ya(Int(Le), €3))a =y,
h(Uy(Int(Ly), €3))n =z,  h(Up(Int(Ly),l3))a = = + .

In the case that Int(Ly, ¢3) satisfies (i), we can check them by direct calculation. We prove
the case that Int(Ls, ¢3) satisfies (iii). Then we have

Sz 1 1

h(Int(L¢, £3)) = fazse+1  fage+1

3
t,

by inductive argument. By Lemma 6.3.4 and definition of h, for ¢

. 1 1 1
h(Int(Ly, £5)) = 213 L _ ,
fazg +1  faze+1  fao+2
1 1 1

h(Int(Ly, £3))

B f23;t+1 B f32;t+3 B (f32;t+2)+1.

On the other hand, for t— t" , we have

~ faza+ 1 fzée+3 (fsex +2)+1

h(lnt( L. ¢ = - -
(Int(Ler, £3)) fage + 1 fag +2 Joait 2

Therefore, in (iii), Int(L;, ¢3) satisfies the desired condition. Next, we prove the case that
Int(Ly, £3) satisfies (ii). We have

_ f13;t1 + 1 _ 1
fos +1  fogy +1

h(Int(L¢, £3))

2

by inductive argument. By Lemma 6.3.4 and definition of h, for ¢ t' and t = t",

we have

1 1
h(Int(Ly, £3)) = fogq + 1 - fozit +2
1 1 !

h(Int(Ly, €3)) = = - ’
(n( t 3)) f33;t+1 f22;t+3 (fgg;t+2)+1

C fase 1l foo +3 0 (foar+2)+1

h(Int(Lyn, ¢ = = —
(Int(Ler, £3)) foze +1  foou +2 fo2.4 +2

Therefore, in (ii), Int(L¢, ¢3) satisfies the desired condition. By symmetry, we can also
prove the case that Int(Ly, ¢3) satisfies (iv) or (v). Next, we prove the case that Int(Ly, ¢3)
satisfies (vi). First, we assume that

_ f13;t+1

h(Int(Ly, £3)) = et 1

90



6.3 Initial intersection vector tree and Calkin- Wilf tree

1

By Lemma 6.3.4 and definition of h, for ¢ t' and 2 ¢, we have

Szt 1 fiie + fiop +2
C fase 1l fora+ foou + 2
~ fazpet 1 fiue + fiop + fore + foon +4
" faze+1 fort + foo,e +2
(fire + fr2e + 2) + (fore + foou +2)
fore + foou +2
_ fizg 1 fi1:e + fi2;e + 2
 faset 1 fiie + fion + fore + foor + 4
fie + fioe +2
(fi1: + fi2: +2) + (fore + fa2r +2)

h(Int(Ly, £3))

h(Int(Ly, l3))

I

B(Int(Lys, £5))

Second, in the case that

_ f23;t +1

h(lnt(Lta&i)) - f13't+ 1’

we can prove in the same way as the first case. Therefore, in (vi), Int(Ly, ¢3) satisfies the
desired condition. By symmetry, we can also prove the case that Int(Ly, ¢3) satisfies (vii)
or (viii). O
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