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Quantum Teichmiiller space and Kashaev algebra

REN GuO
XIAOBO L1U

Kashaev algebra associated to a surface is a noncommutative deformation of the
algebra of rational functions of Kashaev coordinates. For two arbitrary complex
numbers, there is a generalized Kashaev algebra. The relationship between the shear
coordinates and Kashaev coordinates induces a natural relationship between the
quantum Teichmiiller space and the generalized Kashaev algebra.

57R56; 57TM50, 20G42

1 Introduction

A quantization of the Teichmiiller space 7 (.S) of a punctured surface S was developed
by Chekhov and Fock [6; 7; 8] and, independently, by Kashaev [9; 10; 11; 12]. This
is a deformation of the C*—algebra of functions on Teichmiiller space 7 (S). The
quantization was expressed in terms of self-adjoint operators on Hilbert spaces and the
quantum dilogarithm function. Although these two approaches of quantization use the
same ingredients, the relationship between them is still mysterious. Chekhov and Fock
worked with shear coordinates of Teichmiiller space while Kashaev worked with a new
coordinate.

The pure algebraic foundation of Chekhov—Fock’s quantization was established by
the second author [14] (see also work with Bonahon and Bai [5; 2]). In this paper
we investigate the algebraic aspect of Kashaev’s quantization and establish a natural
relationship between these two algebraic theories. This algebraic relationship should
shed light on the two approach of operator-theoritical quantization of Teichmiiller
space.

1.1 Quantum Teichmiiller space

Let’s review the finite dimensional Chekhov—Fock’s quantization following [14]. Let
S be an oreinted surface of finite topological type, with genus g and with p > 1
punctures, obtained by removing p points {vy,...,v,} from a closed oriented surface
S of genus g. If the Euler characteristic of S is negative, that is, m :=2g —2+ p > 0,

Published: 27 September 2009 DOI: 10.2140/agt.2009.9.1791


http://www.ams.org/mathscinet/search/mscdoc.html?code=57R56,(57M50, 20G42)
http://dx.doi.org/10.2140/agt.2009.9.1791

1792 Ren Guo and Xiaobo Liu

S admits complete hyperbolic metrics. The Teichmiiller space T (S) of S consists of
all isotopy classes of complete hyperbolic metrics on S.

An ideal triangulation of S is a triangulation of the closed surface S whose vertex set
is exactly {vy,...,vp}. Under a complete hyperbolic metric, an ideal triangulation of
S is realized as a proper 1-dimensional submanifold whose complementary regions are
hyperbolic ideal triangles. William Thurston [17] associated to each ideal triangulation
a global coordinate system which is called shear coordinate (see also Bonahon [3]
and Fock [7]). Given two ideal triangulations A and A’, the corresponding coordinate
changes are rational, so that there is a well-defined notion of rational functions on
T(S).

For an ideal triangulation A and a number g = ™" € C, the Chekhov—Fock algebra
Tq is the algebra over C defined by generators X +1 , X5 +1 s X +1 associated to
the components of A and by relations X; X; = q o X i Xi, where the numbers 0)} are
integers determined by the combinatorics of the ideal triangulation A. This algebra has

a well-defined fraction division algebra ’]A:\q.

As one moves from one ideal triangulation A to another A’, Chekhov and Fock [7; 8;

6] (see also [14]) introduce coordinate change isomorphisms <I>“, T 7 Tq which
satisfy the natural property that CDM 3O CDX, , = CDMA for any ideal trrangulatrons AL,
A”. In a triangulation independent way, this associates to the surface S the algebra 7. g
defined as the quotient of the family of all 79, with A ranging over ideal triangulations
of the surface S, by the equivalence relation that identifies ﬁq and ’Zi? by the coordinate
change isomorphism @K 5, The algebra 7. g is called the quantum Teichmiiller space of
the surface S'. It turns out that ® i 5 18 just the corresponding shear coordinate changes.
Therefore, the quantum Teichmiiller space 7. g is a noncommutative deformation of
the algebra of rational functions on the Teichmiiller space 7 (.S).

1.2 Generalized Kashaev algebra

A decorated ideal triangulation of a punctured surface S is an ideal triangulation such
that the ideal triangles are numerated and there is a mark at a corner of each triangle.
Kashaev [9] introduced a new coordinate associated to a decorated ideal triangulation
of S. A Kashaev coordinate associated to a decorated ideal triangulation is a vector in
R4™ which assigns two numbers to a decorated ideal triangle. For two decorated ideal
triangulation T and 7’ the corresponding coordinate changes are rational.

For a decorated ideal triangulation 7 and a number ¢ = e ih ¢ C, Kashaev introduced
an algebra IC‘,I which is the algebra over C defined by generators Ylil, Z llLl, e
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Yzjf"l . Z5 il associated to ideal triangles of t and by relations

YiY; =YY, Zilj=72;jZi,

(1) .
YiZj=2;Yi it i #j, ZiYi=q*YiZ;.

Let I%? be the fraction division algebra of KCZ.

As one moves from one decorated ideal triangulation 7 to another t’, Kashaev [9] in-
troduced coordinate change isomorphisms from 163/ to I/C\g Analog to the construction
of quantum Teichmiiller space, there is an algebra I’C\é associated to a surface which is
independent of decorated ideal triangulations.

In this paper, we will show Kashaev’s construction of coordinate change isomorphisms
are not unique. In fact, for two arbitrary complex numbers a, b, there are coordinate
change isomorphisms from ICq, to /Cq And Kashaev’s construction is the special case
of a = ¢q~!,b = q. For this generalized coordinate change isomorphisms, we also
obtain a well-defined noncommutative algebra /€§ (a, b) associated to the surface S
which is called the generalized Kashaev algebra. This is stated in Theorem 8.

1.3 The relationship between quantum Teichmiiller space and Kashaev
algebra

To understand the relationship between the quantum Teichmiiller space and Kashaev
algebra, we need to first understand the relationship between shear coordinates and
Kashaev coordinates. Fix a decorated ideal triangulation, the space of Kashaev coordi-
nates is a fiber bundle on a subset in the enhanced Teichmiiller space whose fiber is an
affine space modeled on the homology group H;(S,R). This is proved in Theorem 9.

The relationship between the shear coordinates and Kashaev coordinates induces a
natural relationship between the quantum Teichmiiller space ’f’ I and the generalized
Kashaev algebra K4 s(a,b). We show that there is a homomorphism from the quotient
algebra ’Tq/(q 2= Xi<) o X1X5 ... X3m) to K2 %(a.b) if and only if a = ¢ and
b = ¢*. This is proved in Corollary 19 and Theorem 20. The result explains why
we need to look for new construction of coordinate change isomorphisms other than
Kashaev’s construction.

1.4 Open questions

Hua Bai [1] proved that the construction of quantum Teichmiiller space T I is essentially
unique. The uniqueness of the algebra qu (a, b) should be an 1nterest1ng problem.
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In work by Bonahon and the second author [5; 13; 4], it is shown that quantum
Teichmiiller space Tq has a rich representation theory which also produces an invariant
of hyperbolic 3—man1folds The representation theory of the algebra K4 s(a,b) should
be investigated.

One of the motivation of this paper is to understand the relationship between Chekhov—
Fock and Kashaev’s operator-theoretical quantization. It is important to find a relation-
ship between the two operator algebras involving the quantum dilogarithm function.

2 Decorated ideal triangulations

Let S be an oriented surface of genus g with p > 1 punctures and negative Euler
characteristic, that is, m = 2g —2 + p > 0. Any ideal triangulation has 2m ideal
triangles and 3m edges.

A decorated ideal triangulation T of S was introduced by Kashaev [9] as an ideal
triangulation such that the ideal triangles are numerated as {7y, 72, ..., T2, } and there
is a mark (a star symbol) at a corner of each ideal triangle. Denote by A(S) the set of
isotopy classes of decorated ideal triangulations of the surface S'.

The set A(S) admits a natural action of the group &,,, of permutations of 2m elements,
acting by permuting the indexes of the ideal triangles of t. Namely v/ = «a(t) for
o € Gy if its i—th ideal triangle 7/ is equal to 7o ().

Another important transformation of A(S) is provided by the diagonal exchange
@ij: A(S) — A(S) defined as follows. Suppose that two ideal triangles t;, 7; share
an edge e such that the marked corners are opposite to the edge e. Then ¢;; (1) is
obtained by rotating the interior of the union 7; U z; 90° in the clockwise order, as
illustrated in Figure 1(2).

The last one of transformations of A(S) is the mark rotation p;: A(S) — A(S).
pi () is obtained by relocating the mark of the ideal triangle 7; from one corner to the
next corner in the counterclockwise order, as illustrated in Figure 1(1).

Lemma 1 The reindexings, diagonal exchanges and mark rotations satisfy the follow-
ing relations:

(1) (@B)(x) = a(B(v)) forevery a, f € Gam:
(2) ¢ijoij = aj<sj, Where a;j« j denotes the transposition exchanging i and j ;
(3) ao@ij = @u(i)a(j) e forevery a € Gy ;

) @ijopri(t) = gk 0 ¢ij(t), for {i, j} # {k,1};
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(5) If three triangles t;, Tj, Tj of an ideal triangulation T € A(S) form a pentagon
and their marked corners are located as in Figure 2, then the Pentagon Relation

Wjk © Wik © W;j(T) = wij o Wik (T)
holds, where wyy = pu © Quv © Py ;
(6) piopiopi =1d;

(1) piopj=pjopi;
(8) aop; =pjoua forforevery a € Gyyy,.

Figure 2
The lemma can be proved by drawing graphs.

Remark Lemma 1 is essentially contained in Kashaev [10] where w;; is used as the
diagonal exchange.

The following two results about decorated ideal triangulations can be easily proved
using Penner’s result about ideal triangulations [15].
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Theorem 2 Given two decorated ideal triangulations T, T’ € A(S), there exists a finite
sequence of decorated ideal triangulations T = t(g), T(1), ..., T(n) = T such that each
T(k+1) Is obtained from 7)) by a diagonal exchange or by a mark rotation or by a
reindexing of its ideal triangles.

Theorem 3 Given two decorated ideal triangulations t,t" € A(S) and given two
sequences T = T(p), T(1),---» T(m) = T and T =7T(g), T(1), ..., L) = T of diagonal
exchanges, mark rotations and reindexings connecting them as in Theorem 2, these
two sequences can be related to each other by successive applications of the following
moves and of their inverses. These moves correspond to the relations in Lemma 1.

(1) Replace..., Ty, B(tk)), 2o B(tw)), - .-
by.... Ty, (@B)(tk)), ... where o, B € Gy.
(2) Replace..., Ty, ¢ij (‘L’(k)), @ij © Pij (‘L’(k))
by ..., Tk, iej(tk)), ----
(3) Replace ..., k), ¢ij (Tk)), %0 @ij (Tk)), - -
by .... Ty, 2(Tk)): Pa@)a() © % (Tk)), ... Wwhere a € &,.
(4) Replace ..., Ty, ¢k1(Tk)) > ij © 01 (Tk)) - -
by ... Ty, %ij (Tk)) s Pr1 © @ij (Tk)), - .- where {i, j} # {k, 1}
(5) Replace vy T(k), a),-j (T(k)), Wil oa)ij (‘L’(k)), wjk O Wjj © a),-j (T(k)), ey
by ..., Ty, @jk(tk))» wij o Wji(T(k)), ... where wyy = Py © Puy © Py .
(6) Replace..., Ty, pi(r(k)), Di opi(r(k)), Tk) ---
by..., ‘L’(k),
@) Rep]ace <o Tk) s ,Oi(‘t(k)), pPj ©° pi(f(k))’ ce
by .... Ty, Pi (Tk))s pi©Pj(T(k)) - --
(8) Replace ..., Ty, pi(t®k)), o pi(Tk)), .-
by .... Ty, 2(Tk)), pi o (t)), - ...

3 Generalized Kashaev algebra

For a decorated ideal triangulation t of a punctured surface .S, Kashaev [9] associated
each ideal triangle t; two numbers In y;,Inz;. A Kashaev coordinate is a vector
(Inyi,Inzy,....In yap,, Inza,,) € R,

Denote by (11,21, ---, Y2m» Zam) the exponential Kashaev coordinate for the decorated
ideal triangulation 7. Denote by (y].z].....»},,.Z5,,) the exponential Kashaev
coordinate for the decorated ideal triangulation 7’.
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Definition 4 (Kashaev [9]) Suppose that a decorated ideal triangulation 7’ is obtained
from another one 7 by reindexing the ideal triangles, that is, " = «(t) for some
o € Gy, then we define (1], 2}) = (Vo (i)» Zaq)) forany i =1,...,2m.

Suppose that a decorated ideal triangulation 7’ is obtained from another one t by a
mark rotation, that is, T/ = p;(t) for some i, then we define (yj’.,zj/.) = (yj, zj) for

any j # i while
;. zi 1
(yi?Zi)z -
Vi Vi

Suppose a decorated ideal triangulation 7’ is obtained from another one 7 by a diagonal
exchange, that is, 7/ = ¢;;(t) for some i, j, then we define (y;,z;) = (yk,zx) for
any k & {i, j} while

ol Iy Zj i Zi Yj
iz 5. 25) = ) ) , .
Yiyvitzizj yiyj+tzizj yiyj +zizj yiyj +zizj

Remark Kashaev [9] considered w;; instead of ¢;; .

There is a natural relationship between Kashaev coordinates and Penner coordinates
which is established in [9]. For an exposition, see also Teschner [16]. In the Appendix of
this paper, we include the main feature of this topic. Especially, the changes of Kashaev
coordinate in Definition 4 are compatible with the changes of Penner coordinates.

For a decorated ideal triangulation 7 of a punctured surface .S, Kashaev [9] introduced
an algebra KZ on C generated by Yi,Zli, Yzi, Z;t, e, Yzﬂfn,Zitm, with Yl.i,Zl.i
associated to an ideal triangle 7;, and by the relations (1):

YiY; =YY, ZiZj=72jZi,

Y,Zj=2Z;Y; if i #j, Z;Yi=q*YiZ

Remark Kashaev’s original definition is Y; Z; = qZZ iY;. We adopt our convention
to make it compatible with the quantum Teichmiiller space [14]. Kashaev’s parameter

g corresponds to our g~ !,

The algebra l@‘{ is the fraction division algebra of KZ which consists of all the factors
FG~! with F,G € KZ and Q # 0, and two such fractions FlGl_1 and Fsz_l are
identified if there exists S, S, € K2 —{0} such that P;S; = P»,S, and Q1S; = 0,5,.

In particular, when ¢ = 1, K and I%? respectively coincide with the Laurent poly-

nomial algebra C [Yli, Z li e, Yzj;n, Z;Em] and with the rational fraction algebra
C(Y1,Z1.....Yam. Zam). The general K2 and /6;1 can be considered as deformations

of K! and I’C\%
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The algebra I%‘,I depends on the decorated ideal triangulation . We introduce algebra
isomorphisms in the following.

Definition 5 For any numbers a,b € C.

Suppose that a decorated ideal triangulation 7’ is obtained from another one 7 by
reindexing the ideal triangles, that is, T’ = a(t) for some «a € &,,,, then we define a
map &: 163, — 16‘5 by indicating the image of generators and extend it to the whole
algebra:

a(Y)) =Yy, forany i =1,...,2m,
a(Zj) = Zy(), forany i=1,...,2m.

Suppose that a decorated ideal triangulation 7’ is obtained from another one 7 by a
mark rotation, that is, T/ = p;(t) for some 7, then we define a map p;: IC;I, — K by
indicating the image of generators and extend it to the whole algebra:

pi(Y]) =aY'Z;, pi(Z)) =Y.
Suppose a decorated ideal triangulation 7’ is obtained from another one 7 by a diagonal

exchange, that is, " = ¢;;j(t) for some i, j, then we define a map ¢;;: I/C\z, — lﬁ? by
indicating the image of generators and extend it to the whole algebra:

¢ii(Y) = (bY:Y; + Z:Z;) ' Z;, $ij(Z)) =b(bY;Y; + Zi Z;)~'Y3,
0ii(Y))= bYiY;+ Z: Zj)' Z, 0ij(Z)) =b(bY;Y; + Z: Z;)7Y;.

Remark From the definition, when a = b = 1, we get the coordinate change formula
in Definition 4.

Remark Kashaev [9] considered a special case of these maps when a = ¢~ !, b =g¢.

Proposition 6 The maps &, p; and ¢;; satisfy the following relations which corre-
spond to the relations in Lemma 1:

(D &B:&oﬁforeverya,ﬂerm;
(2) QijoQij =0Qiesj:
(3) Ao Qij = Pu(iya(j) 0l forevery a € Gy ;

(4) @ijo @k = Pr1 0 @ij for {i, j} #{k,1};
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(5) If three triangles t;, Tj, Tj of an ideal triangulation T € A(S) form a pentagon
and their marked corners are located as in Figure 3, then the Pentagon Relation
holds:

Wjk © Wik © Bjj = Wjj © Djk,
where @y = Py © Puv © Pv;
(6) piopiop; =1Id;
(7) piopj=pjopi;
(8) @op; =pjod forevery a € Gyyy.

Figure 3: (Same as Figure 2)

Proof (1), (3), (4), (7), (8) are obvious.

(6) can be proved by using definition of p; easily. In fact, we assume that

pi P, pi
1t —1 1

Then we have

Ra 2 ga, P e P ja
To show (6) is true, we need to show that p; o p; o p; sends each generator of /62 to
itself. This is true for Y;, Z;, j # i. We only need to take care of Y;, Z;. For example,
we check that p; o p; o p;(Y;) = Y;. In fact,

~

Pi —
Y, — aYi// IZZ{/

i A 1~ _ o— _
R apl_(yvi// l)pl(le/) :a(a)/i/ IZI/) lyvil 1 — Zl/ 1
bi _
— pi(Z)7' =

To prove (2), we assume that

Ciesj o, Pij , $ij
T<—T <—T <—T.
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Then we have
ai ~j

~ ~ (’ﬁij ~ (/ﬁij ~
K1 —K?, — Ki, — K14.

To show that @;; 0@;; oQj«j = Id, we need to show that it sends every generator of K4
to itself. This is true for Yy, Zy, k €{i, j}. We only need to take care of Y;, Z;.Y;, Z;.
For example, we check it for Y;. In fact,

&i<—>j
I]i H}/j//

ﬂ(bn’lrj’+zgz;)—lzg,
A Y Y+ Z: )" Z; (bY: Y+ Z: Z;) " Zi+
b*(OYiY+Zi Zj) " Yi(bYi Y+ Zi Z) 7 Y 91 (Z))
=[bbYiY;+Z:Z) N bq* Vi Y+ Zi Z)) T Z; Zi+
b*(OYiYj+Zi Zj) (bq*YiYi+ Zi Z) P Yi Y5 6ii (Z))
= [bOYiY+Z,Z) " (bq*YiYi+Zi Zj) N(Z; Zi+bg* YY) 01 (Z))
=b ' bYiY;+ZiZj)§ij(Z))
= b OYY+Zi Z))b(bY, Y+ Zi Z)) 7Y,
=Y.

To prove (4) the Pentagon Relation, we need more work. As stated in Lemma 1, the
Pentagon Relation for the decorated ideal triangulation is

a)jk O Wik oa),-j =a),-j oa)jk
< PjOPjk © Pk © Pi © Pik © Pk © Pi © Pij O Pj = Pi ©Yij ©Pj O PjOPjk O Pk
2
= PjOQPjkOPkOPiOPikOPkOPIOPijOPjOPLOWNjk OPjk

O/O] oQ’l‘<—>j O(pl'j O,Ol2 :Id’

since ,ol._1 =p?

=1 _ .. = i o
i and ¢;;° = Qi< j 0 Qij = @ij 0 Qj<sj. Assume that

pj Pk Pk pi Pik
L ZLan Bk e Pe(s) P4y Lik(13)

Lean fiooan FUoqo) Z) Lho@®) Lk

Qj < Dik Pj Qj < j Dij Pi Pi
Gk (6) PR ) P@ Jio ) @ ) fi
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Then we have

A /\ /\

~q bk ~q g Dik

q ca
’C Z, K1 4D T K? £(16) 5 K £(15) = ke L9 T ’Cr(ls)

P >q >q (pl] >q o, >q =q Pk >q
— K £(12) _)IC Lan T K4 £(10) _>K £ 5K £(® ICr(7)

Ujok A Dik =~ 0j ~q ¥ @ij i ~ i~
q q cd cd q q
K@ K — K1 o ——Kg) — K o) — K o) — K.

To verify the Pentagon Relation, we need to show that the composition of maps sends
every generator of I%Z to itself. This is true for Y7, Z;,1 &€ {i, j,k}. We only need
to take care of Y;, Z;,Y;, Zj, Yy, Zy. For example, we verify it holds for Y;. For
simplicity the notation, in the following calculation, we do not indicate the upper index
of generators. For example, the second Y; in the following should be Y(”)

pj bik Pic pi _
Y,-—)Y,—>Y,~—>Y,-—l>aYiIZ,-

al(bYiYi+Zi Zi)  Zi ) b (Y Y+ Zi Zy) Y = ab Z; 'Y

— abYpY; i) aZbYkYi_IZi
> @DYBYY;+2i2)7 2 bOYY+ 2, Z)) T Y = bV 27,

Zodrvyy B SAryizeyy B a2z,

a*b*Z; 'Y Y;

B PObOY; Y+ Z, Z) T YT B Yk Z, Z1) T 2, = a?0Y; 7 2,

Pj Qj <> j

— abZj'Y;, — abZ;'Y;

A abbbYiYi+Z: Z) YT Y Y+ Zi Z;) 7 Zi = aY{ Z

Bi B
- zi' 5 1.

This completes the proof. |
Proposition 7 If a decorated ideal triangulation t’ is obtained from another one T by
an operation , where m = « for some a € &, or m = p; for some i, or m = @;;
for some i, j, then 7: ICZ/ — K as in Definition 5 is an isomorphism between the two

algebras.

Proof If w =« for some a € Sy, it is obvious that 7 is an isomorphism.
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If 7 = p; for some i, we need to check that 77 is a homomorphism, that is, it preserve
the algebraic relations (1). The first three are obvious. It is enough to check the last
one. Since Z]Y/ = ¢*Y/Z!, we need to show that 7 (Z!Y/) = ¢*7 (Y] Z!). We verify
this by showing

R(ZY) = * 7 (Y[ Z))

= 7(ZDaY)) =*7(Y)R(Z))
— Y 'aY7 ' Z; = ¢*aY;7 ' Z;Y7! by Definition 5
= Y 'Zi=q¢*Z;Y!
= ZiYi =q*YiZ.
This is true.

To show that p; is an isomorphism, it is enough to find its inverse. In fact, by Proposition
6(6), we see p; ! = p; o .

If m = ¢;j for some i, j, we need to check that 7 is a homomorphism, that is, it
preserve the algebraic relations (1).

Case1 For {k,l} #{i, j},since 7(Y,, Z; .Y/, Z)) = (Yi, Zk, Y1, Z)), therefore 7
preserves the relation of Y, , Z ;{, Yl’ Z ;

Case2 For k ¢ {i, j}, we consider Y}, Z; and Y/, Z;. Now

Gij (V) =Yy, $ij(Zy) = Zy,

Gij(Y))= OYYj+ZiZ))7' Zj, @i (Z]) =bbYiY; + ZiZ)) Vi
Since Y, Y/ = Y/Y;, we need to check that 7 (Y, Y/) = 7 (Y;Y}). This is true.
Since Z; Z; = Z;Z, , we need to check that 7(Z; Z;) = 7(Z;Z} ). This is true.
Since Z; Y, = ¢*Y] Z, . we need to check that 7(Z} Y}) = ¢*7 (Y] Z},). This is true.
Since Z!Y! = ¢*Y/Z!, we need to check that 7(Z}Y/) = ¢*7(Y/Z}) which is
equivalent to

b(bY;Y; + ZiZj) ' Y, (bY:Y; + Zi Z)) 7' Z;
=g (bYiYj + Zi )" Z;p(bYiY; + Zi Z)) 'Y,
=  YibYiY;+Z:Zj) ' Z; =q*Z;bYiY; + Z; Z)"'Ys
=  ZiYT'\OYYi 4+ ZiZ) = ¢*(bYiY; + Z: Z;) Y Z;

Algebraic & Geometric Topology, Volume 9 (2009)
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This is true since
the left hand side = Z; (bY;Y; +¢*Z; Z;)Y; !
= (bg*YiY; + 4> Z:Z)) Z; ;!
=q*(bYiY; +Zi Zj)Z; Y_
= the right hand side.
Case3 We consider Y/, Z; and Y/, Z;..

Since Y/ Y/ Y Y/, we need to check that 77 (Y Y ) = n(Y Y/) which is equivalent
to

(bY:Y)+Z:Z) ' Z;(bY:Y; + Zi Zj) 7 Z;
= (OY:Y; + Z; Z)) " Z;(bY;Y; + Z: Zj) 7Y,
— Z;bYY;+72:Z) " Zi = Z;(bYiY; + Z: Z;) ' Z;
= ZiZj'bYiYj+ ZiZ) = (bYiY; + Zi Z) Z; ' Z,;.
This is true since
the left hand side = Z;(bqg ™ 2Y:Yj + Z; Z;) Z;"
= (b *¢*YiY} + Zi Z)) Z: Z
= the right hand side.
The similar calculation is used to check that 7(Z;Z j/) =r(Z;Z .

Since Y/ 4 =Z J’ Y/, we need to check that 77 (Y Z ]’) =n(Z J’ Y/) which is equivalent

to
BY:Yj + Zi Zj) ' Zib(bY;Y; + Z: Zj)7Y;
=b(bYiY; + Z:Z))" 'Y (bYiY; + Z: Z)) 7 Z;
= Z;OVY+ZiZ)T'Y; =Y, 0Y;Y; + Z: Zj) "' Z;
= Y Z7'\bYYj+ ZiZj) = YY) + Zi Z)Z;'Y;.
This is true since
the left hand side = Yj(bq™*Y;Y; + Z; Z;) Z;!
= (bq YiY; +q 2 Zi Z))Y; Z; !
=(bq*YiY;+q > ZiZ))q* Z;'Y;
= the right hand side.
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The similar calculation is used to check that J?(Yj’ Z) =n(Z] Yj’ )
For ZY] = q*Y/Z] and Z}Y] = ¢*Y]Z}, we have done in Case 2.
To show that ¢;; is an isomorphism, it is enough to find its inverse. In fact, by

Proposition 6(2), we see (p\l;l = Ui jo Oi 7, where o« ; denotes the transposition
exchanging i and j. O

Theorem 8 For two arbitrary complex numbers a, b, there is a family of algebra
isomorphisms
q . 4 K
ve (a.b): K, — K1
defined as 7, v’ € A(S) ranges over all pairs of decorated ideal triangulations, such

that:
() W ,(a.b) =97 (a,b)o V] ,(a,b) forevery T, v/, t" € A(S);

2) lIJZT,(a, b) is the isomorphism of Definition 5 when t’ is obtained from t by a
reindexing or a mark rotation or a diagonal exchange.

.C//

q
(3) W7 (a.b) depends only on t and t’.

Proof For a pair 7,7’ € A(S), by Theorem 2, there is a sequence T = T0)s T(1)s -+ +»
T(n) = T’ where each 74 1) is obtained from 7() by a reindexing or a mark rotation
or a diagonal exchange. Foreach k =0,...,n—1, \Pz(k)r(Hn (a,b) is defined as in
Definition 5. Then \Ilft, (a, b) can be defined as the composition of the isomorphisms
v (a,b).

(ko) Tk +1)

If  and 7’ are connected by another sequence © = T(q), T(1), ..., T(m) = T . By

Theorem 3, the two sequences are related by some canonical moves. Proposition 6 shows
. . . . q

that each move does not change the composition of the isomorphisms Wz, ¢ ., (@, b).

Therefore \IJ;II, (a, b) is independent of the choice of the sequence connecting t and

v/, that is, WZ_,(a, b) depends only on 7 and 7’. O

Tt/

The generalized Kashaev algebra /€§ (a, b) associated to a surface S is defined as the

algebra
lﬁg(a,b)z( | | iﬁg(a,b))/N

TeA(S)

where the relation ~ is defined by the property that, for X € l%g(a, b) and X' €
ICz/ (a,b),
X~X & X=v! (ab)(X).
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4 Kashaev coordinates and shear coordinates

To understand the quantization using shear coordinates and the quantization using
Kashaev coordinates, we first need to understand the relationship between these two
coordinates.

4.1 Decorated ideal triangulations

Given a decorated ideal triangulation 7, by forgetting the mark at each corner, we
obtain an ideal triangulation A. We call A the underlying ideal triangulation of 7. let
Al,A2, ..., A3, be the components of ideal triangulation A. Denote by ty,..., Tom
the ideal triangles.

For the ideal triangulation A, we may consider its dual graph. Each ideal triangle 7,
corresponds to a vertex 7, of the dual graph. Denote by AT, A7, ..., A3, the dual
edges. If an edge A; bounds one side of the ideal triangles 7, and one side of ,, then

the dual edge A} connects the vertexes 7,; and 7.

In a decorated ideal triangulation 7, each ideal triangle 7, (embedded or not) has three
sides which correspond to the three half-edges incident to the vertex ‘Cz of the dual
graph. The three sides are numerated by 0, 1, 2 in the counterclockwise order such that
the O0—side is opposite to the marked corner.

4.2 Space of Kashaev coordinates

Let’s recall that a Kashaev coordinate associated to a decorated ideal triangulation t is
avector (In y1,Inzy,....1n Yo, Inzp,,) € R4 where In yu and In z, are associated
to the ideal triangle 7,,. Denote by KC; the space of Kahsaev coordinates associated to
7. We see that K, = R*™,

Given a vector (In yy,Inzq,...,In yap,,Inzy,,) € K;, we associate a number to each
side of each ideal triangle as follows. For the ideal triangle 7, , we associate

o InhY :=1Iny, —Inzy to the O-side;
e |n hllL :=1Inz, to the 1-side;
e Ink} :=—1Iny, to the 2-side.
Therefore In thL +1In hllL +In hIZL = 0. We can identify the space ; = R*" with a

subspace of R®” ={(...,In hg, In h}u In hfL, ...)} satisfying In hg +In h}t +In hi =0
for each ideal triangle 7, .
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4.3 Exact sequence

The enhanced Teichmiiller space parametrized by shear coordinates is ’7} =R3¥" =

{(Inxy,Inx,,...,Inx3,)}, where Inx; is the shear coordinate at edge A;. We de-
fine a map fi: 75, — R by sending (Inx1,Inx,,...,Inx3,) to the sum of entries
213':”1 In x;.

Suppose A is the underlying ideal triangulation of the decorated ideal triangulation t.
We define a map f5: Ky — 7, as a linear function by setting

Inx; =Inhj, +1Inki,

whenever A; bounds the s—side of 7, and the 7—side of 7, (1 may equal v), where
s,t€{0,1,2}.

Another map f3: H{(S,R)— K is defined as follows. A homology classin H; (S, R)
is represented by a linear combination of oriented dual edges: 213;"1 cidi. If the
orientation of k;" is from the s—side of 7, to the 7—side of T, , by setting In hfL = —¢;
and In h{, = ¢;, we obtain a vector (...,In hg, In h}u In hi, ...) €RO™ The boundary
map of chain complexes sends Zf’fl ciA} to a linear combination of vertexes. In
this combination, the term involving the vertex t; is (ci€; + ¢j€;j + cxex) Ty, Where
Ai,Aj, A (two of them may coincide) bound three sides of 7, and €, = —1 if A} starts
at the side of 7, bounded by A, while €; = 1 if A} ends at the side of 7, bounded by
M. Therefore

(ci€i +cjej +cxer)ty, = (In hﬁ +1In h}L +1In hi)r;:.
Since the chain Zf’fl ciA} is a cycle, we must have In hg + In h}L + In hfL = 0.
Therefore this vector (...,In hg, In h}u In hfL, ...) is in the subspace K.

Combining the three maps, we obtain

Theorem 9 The following sequence is exact:

0> H(S.R) Box, 27 Lr o

Proof The map f3 is injective. In fact, if the homology class represented by
SZI ciA} is mapped to the zero vector in K, then, for each i = 1,...,3m, we
have |c;| = |Inhj| = 0, where A; bounds the s—side of 7. Therefore it is a zero

homology class. Thus the sequence is exact at H; (S, R).
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Suppose (... ,lnhg,lnh}ulnhi, ...) € Im( f3), that is,

3m
(...lnhd.Inhj.nhy. .. )= 3O ahd).

i=1
For any edge A; bounds the s—side of 7, and the r—side of 1,, we have
Inx; =Inhj +1Inhl, = £¢; F¢; =0.
Thus (....InAL. Inhf,. In/k. . ..) € Ker(f3). Therefore Im(f3) C Ker( /2).

On the other hand, we claim Im( f3) 2 Ker(f;). In fact, given a vector (...,In hg,
In hllL, In hi, ...) € Ker(f2), we can reverse the process of the definition of f3 to
obtain a homology class in H; (S, R). To be precise, since the vector is in the kernel
of f2, we have InA3j, +1n/j, = 0 for each edge A; bounds the s—side of 7;, and the
t—side of 7,. An orientation of A} can be given as follows.

e When In/j, > 0, the dual edge A runs from the s—side of 7, to the 7—side of
7.

e When In/j, <0, the dual edge A} runs from the 7—side of 7, to the s—side of
Ty

e When Inhj, =0, A} is oriented in either way.

Consider the one dimensional chain Zf’fl |In hfﬂ)\}k, where A; bounds the s—side of
7. This chain turns out to be a cycle. In fact, the boundary map sends this chain to a

zero dimensional chain in which the term involving the vertex rlj is

(IInhjleo + [Inhy e + |Inh? |ex) s
where €; = =1 and €; = sign(Inhy) -1 if In/y # 0 for s € {0, 1,2}. Thus
(| lnh2|eo + | lnhb|61 + |lnhi|ez)r; = (lnthL + lnh}L +1Hhi)‘6: =0.
This cycle defines a homology class.
The argument above shows Im( f3) = Ker( f3), that is, the sequence is exact at ;.

Now dimKer( f5) = dimIm(f3) = dim H;(S,R) = 2g 4+ p—1 = m + 1. Thus
dimIm( f3) = dim K; —dimKer( f;) =4m — (m + 1) = 3m — 1. Since

3m
Ker(f1) = {(x1, X2, ..., X3)] in =0}

i=1
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is a subspace of dimension 3m — 1, then Im( f,) = Ker( f1), that is, the sequence is
exact at 7 .

It is easy to see that f7 is onto. Therefore the sequence is exact at R. a

Remark From the theorem above, we see that /C; is a fiber bundle over the space
Ker( f1) whose fiber is an affine space modeled on H; (S, R). To be precise, given a
vector s € Ker( f1), let v € fz_l(s). Then fz_l(s) =v+ H{(S,R).

Remark There is an exact sequence relating space of Kashaev coordinates and deco-
rated Teichmiiller space. See Proposition 21 in the Appendix of this paper.

4.4 Relation of bivecotrs

Consider the linear isomorphism
2 M: K, — K,

(Inyy,Inzy, ... In pom, Inzay) — (.. .,lnhg,lnhb,lnhi, ).

Proposition 10 If

(Inxq,Inxy,...,Inx3,,) = froM(ny;,Inzy,...,Inyyy, Inzy,,),
then
3m 2m
d 0 0 0
A
e A——— = M. A ,
Z Olfalnxi d1nx; (/) *(Z dlny, 81nzu)
i,j=1 u=1
where Jl-)‘j = a?} — a}i and a?‘j is the number of corners of the ideal triangulation A\

which is delimited in the left by A; and on the right by A; .

Proof By definition (2), we have

M8A8_8/\8+8/\3+8/\3

“\olny, dlnz, )  9InAY " dlnhl " dnhl " dlnhZ '~ dInh2 " dlnhl’
Assume that the edges A;, Aj, Ax (two of them may coincide) bound the 0—side, 1-side
and 2-side of the ideal triangle t,, respectively.

By definition of map f>, we have
d 0 0 0 0 d
(fZ)*(alnhg Mot T amal " omnz T omnz " alnhg)
_ d o 0 N d A 0 n d N 0 '
dlnx; dIlnx; dlnx; dlnxg Jdlnxg Olnx;
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Therefore

2m 9 9
(fz)*OM*( A )
,; dlny, 0dlnz,

_ZZ’":(aAaJraAaJraAa
_M=1 dlnx; dInx; dlnx; dlnxg dlnxg Odlnx;

where A;, Aj, A; bound the 0—side, 1-side and 2—side of 7,

3m
A .
£ Y9lnx; dlnx;’
i,j=1
This completes the proof. a

Remark There is a relationship between a differential 2—form in Kashaev coordinates
and the Weil-Petersson 2—form in Penner coordinates. See Proposition 22 in the
Appendix of this paper.

4.5 Compatibility of coordinate changes

A N

T i % Tn i %
T )qu
)\m )\i )‘k M )‘;n )\;c
Ty Ty
* *
Al A
Figure 4

The coordinate change of shear coordinates are given as

Proposition 11 (Liu [14, Proposition 3]) Suppose that the ideal triangulations A,
A’ are obtained from each other by a diagonal exchange, namely that ' = A;(A).
Label the edges of A involved in this diagonal exchange as A;, Aj, Ak, Aj, Ay as in
Figure 4. If (x1, X2, ..., Xy) and (X}, X}, ..., X,) are the exponential shear coordinates
associated ) and A" of the same enhanced hyperbolic metric, then x;l = xy, for every
hli,j.k.l.m}, x}=x;" and:

(1) iftheedges Aj, Ay, Aj, Am are distinct, then

Xp=+x)x; xp=0+x")""x xp=04+x)x xp,=0+x7") xm:
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(2) if A; is identified with Ay, and A; is distinct from A, then

xp=xixj xp=04+x)x1 xp=0+x7 ) X

(3) (the inverse of (2)) if A; is identified with A, , and Ay is distinct from Aj, then

—1\—1 .
X =xiy = () o 3= (1

(4) if Aj is identified with A;, and Ay is distinct from Ay, , then
xi=( +x)%x; xp=0+x7H7 e x,=0+x7H
(5) (the inverse of (4)) if Ay is identified with A,,, and A; is distinct from Aj, then
xi=0+x)x x=( +x;7 )72 x) =1+ xi)xp;
(6) if Aj is identified with Ay, and A; is identified with A, (in which case S is a
3—times punctured sphere), then

xj/- = XijXj x; = XiX],

(7) (the inverse of (6)) if A; is identified with A, , and Ay is identified with A; (in
which case S is a 3—times punctured sphere), then

/ / .
X; = XiXj  Xp = XjXp!

(8) if A; is identified with A;, and Ay is identified with A,, (in which case S is a
once punctured torus), then

xi=(1 +xi)%x; xp = (1+x7 ) 2.

Proposition 12 Suppose that the decorated ideal triangulations t and t’ have the
underlying ideal triangulations A and A" respectively. The following diagram is com-

mutative:

ﬁ<f—zlct

L

f2

ﬁ/ «— Ky
where the two vertical maps are corresponding coordinate changes. The coordinate
changes of Kashaev coordinates are given in Definition 4. The coordinate changes of
shear coordinates are given in Proposition 11.

Proof For a reindexing, the conclusion is obvious. For a mark rotation, the conclusion
is easily proved by definition. For diagonal exchange, we need to check the eight cases
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in Proposition 11. For instance, we verify Case 4. As in Figure 4, through maps f,
and M, we may identify

/ /
_ Yuv r_ Yuv _ , 1
= Xi =T Xj = Zuzv Xj= o
ZuZv v Yulv
hi ht
¢ ’ /s n ’ /1t
X = — Xp =zl Xm=— X = 2yl
Wy Yu

for some s,¢ € {0, 1, 2}.

Then we have

r
Yul Zuz _
quv(xl{):(Puv(ZtLZ,v) = =L

w4y B Yuv B
And
1 +2,2,)? 2
(P,u,v(x]/') = (P/Lv( / /) = (yMJ’v il = (1 + y,uyu) ZpzZy = (1 +Xi)2xj.
YuXv Zuzv ZuZv
And
Yulv Lo —1y—1
() =G = ——————h = (1 +x; )7 x4
Puv Xy vz ) Vadv + 207y T ¢ i
It is same for x, due to the symmetry of u, v. O

Remark The compatibility of coordinate changes of Kashaev coordinates and Penner
coordinates is given in Proposition 23 in Appendix A.

5 The relationship between quantum Teichmiiller space and
Kashaev algebra

In this section, we establish a natural relationship between the quantum Teichmiiller
space 7 g and the generalized Kashaev algebra ICg (a,b).

5.1 Homomorphism

For a decorated ideal triangulation 7 of a punctured surface S, Kashaev [9] introduced
an algebra K2 on C generated by Y, Zli, YZi, Z;‘:, R Yzﬂfn, Zzim, with Yl.i, Zl.jE
associated to an ideal triangle 7;, subject to the relations (1).

For a ideal triangle 7,,, we associate three elements in K? to the three sides of Ty as

follows:
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e HY):=Y,Z," tothe O-side;
. Hli := Z, to the 1-side;
e HZ:=Y," tothe 2-side.
Lemma 13 Forany s,t €{0,1,2} and u € 1,2,...,3m,
t _ 205 pyt
H,H, =q°"H,H,,
where o5; + 045 =0 and 019 = 0¢g2 = 0,1 = 1.
Proof When (s,7) = (1,0), we have H,, = Z, and H[L = YMZJI. Thus
-1 2 -1 2
H H, =Z, Y, Z,' =q¢*YuZ,'Z)y = " H, H},.
When (s,7) = (0,2), we have H; = Y,LZ;1 and Hﬁ = YM_I. Thus
s gt _ —1y—1 _ 2y—1 —1 _ 25t g
HSH! =Y, 2, Y =¢*Y,[ 'Y, 2 = > H. HS.
When (s.1) = (2,1), we have H} =Y, ! and H, = Z,,. Thus
t _y=lo, _ 2 -1 _ 2qqt
HH, =Y, Z,=q"Z,Y, =q H,H,.
This completes the proof. O

Suppose A is the underlying ideal triangulation of 7, the Chekhov—Fock algebra 7;:1
is the algebra over C defined by generators X lil , X zil R, ¢ nil associated to the

A
components of A and by relations X; X; = qz"if X Xi.
We define a map F7: ’Ziq — K? by indicating the image of the generators and extend

it to the whole algebra. Suppose that the edge A; bounds the s—side of 7, and the
t—side of 7,. We define

3) Fo(Xi) = ¢ HS HY € K4,

where oy, is defined in Lemma 13 and §,,, is the Kronecker delta, that is, §,, =1
and 8y, =0 if u #v. When u = v, X; is well-defined, since

qu H;iH;i — qasz HliHli
due to Lemma 13.
This definition is natural since when ¢ = 1 we get the relationship between Kashaev
coordinates and shear coordinates which is given by the map M and f;. In fact

when ¢ =1 then generators Y,,, Z,, are commutative. They reduce to the geometric

quantities y,, z,, associate to Ty. H; and X; are reduced to hfL and Xx;.
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Lemma 14 The map F;: T, — K? is a homomorphism.

Proof It is enough to check F(X;)F:(X;) = qzai)\i F:(Xj)F:(X;) for any elements
X; and X;. Assume the edge A; bounds the s—side of 7, and the r—side of 7, while
the edge A; bounds the k—side of 7 and the /—side of ;.

If {u,v}N{{n} = <, then F¢(X;) commutes with F7(X;). On the other hand,
Ul.)‘j = 0. The statement holds.

If (v, 8, n) = (u, i, b, ), then X; = X;. The statement holds.

If (s, v, §om) = (1, js o 1), 7 1, then Fo(Xy) = g% HS HY, and Fo(X;) = HK HL.
Thus by Lemma 13, we have

Fo (X)) Fo(Xj) = ¢* @05 B (X;) Fo (X7)
A
= Fo (X)) Fo(X;) = ¢*%0 Fo (X)) Fo(X;),
due to crl.)‘j =0.

If (lu’ v, é" 77) = (luv v, v, n),u;é V,M?EU’ v 7&77’ then F‘L’(Xl) =H;H\€ and F‘L’(Xj) =
Hlf‘H,l’ Thus by Lemma 13, we have

A
Fr(X;) Fo (X)) = q*°t% Fo (X)) Fo(X;) = %% Fo (X;) Fo (X5).

If (v, 6m) = (v, 1, v). i # v, then Fo(X;) = HyHY and Fo(X;) = HE H].
Thus by Lemma 13, we have

A
Fo(Xi) Fr(Xj) = 2Ok o) LX) Fo(Xp) = ¢%0 Fo (X)) Fo (X5). O

5.2 Compatibility

Chekhov-Fock algebra T)bq has a well-defined fraction division algebra ﬁq. As one
moves from one ideal triangulation A to another A’, Chekhov and Fock [7; 8; 6] (see
also [14]) introduce coordinate change isomorphisms CD% e 7;:1, — ’Zf.

Proposition 15 (Liu [14, Proposition 5]) Suppose that the ideal triangulations A, A’
are obtained from each other by a diagonal exchange, namely that A’ = A;(A). Label
the edges of A involved in this diagonal exchange as A;, Aj, Ak, A, A as in Figure 4.
Then there is a unique algebra isomorphism

A,’Z '];f], —)'Z}fl

such that X] > X, forevery h ¢ {i, j.k.l,m}, X/ — X; ! and:
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(2)

3)

“4)
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(6)

(7
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Ren Guo and Xiaobo Liu

if the edges Aj, Ak, A;, A are distinct, then
X (1+qX)X; X (L+qX7H7 Xy
X > 0+qX)X;  Xp > +gX7 )7 X
if Aj is identified with Ay, and A; is distinct from A, , then
X > XiX; X/~ 14+9X)X; Xp—>(1+qX7 )7 Xy
(the inverse of (2)) if A; is identified with A, , and Ay is distinct from A;, then
Xi>XiX; X (4qX7)7' X X/ (14+49X)X
if Aj is identified with A;, and Aj is distinct from A, , then
X (1+qX)(1+4°X)X;
X > 0+gX7 Y X X U 4+gX7 )™ X
(the inverse of (4)) if Ay is identified with A, , and A; is distinct from A, then
X (4+gX)X; X{ (1 +gX)X,
X Q+gX7H7' 0+ X7 Xy

if A; is identified with Ay, and A; is identified with Ap, (in which case S is a
3—times punctured sphere), then

X;I—)XZX} X;I—)XiX[;

(the inverse of (6)) if A; is identified with Ay, , and Ay is identified with A; (in
which case S is a 3—times punctured sphere), then

XJ{I—>XZ'XJ' XIL I—)X}Xk;

if Aj is identified with A;, and Ay is identified with A, (in which case S is a
once punctured torus), then

X/ (1+¢X)(1+ > X)) X;
X, > (4+gXH7 0+ X7 Xy,

Recall that I%‘rl is the fraction division algebra of KZ. The algebraic isomorphism
between KZ and /C‘tl, is defined in Definition 5.

Lemma 16 Suppose that a decorated ideal triangulation t’ is obtained from t by
a mark rotation p, for some € {1,2,...,2m}. Let A be the common underlying
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ideal triangulation of T and t’. The following diagram is commutative if and only if
-2
a=q “.

>

F; ~
q IC;I

Tfm

F, -
LN lCi/

—
[N
— >

>

q

>

Proof It is enough to check F;(X;) = py o Fr/(X;) holds for any generator X;.

If A; does not bound a side of the ideal triangle 7, then F;(X;) = py o F/(X;) holds
automatically.

Suppose A; bounds the s—side of 7, and the r—side of 7,,. If u # v, then A; bounds
the (s + 2)(modulo 3)-side of tl; and the r—side of 7). Then F(X;) = H&Hg
and Fy(X;) = HI/LS"'ZHIf. To show Fr(X;) = py o Fr/(X;) is enough to show that
HY = pu(HT2).
If o = v, then then A; bounds the (s +2)(modulo 3)-side of 7,, and the (¢ +2)(modulo
3)-side of 7. Then F¢(X;) = ¢ Hj H}, and Fy/(X;) = q° HS*? H]!** . To show
Fo(X;) = py o Fr/(X;) is enough to show that Hj, = ﬁM(HI/LH‘Z) for s € {0, 1,2},
since t € {0, 1,2}.
When s = 0, we have H;SL = YMZ;1 and H;j"‘z = YIQ_I. Now

Hyy = pu(H ™)
YuZ, ' =puv;h

-1 —15—1

a =q_2.

1111

When s =1, we have H}, = Z,, and Hl’f"'z = YIQZ;L_l. Now

H[i = ﬁu(Hlliv+2)

— Zu=pu(Y, Z;7h)
= Zy=aY¥;'Z,Y,
<~ Zy =aquM
<— a= q_z.
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When s = 2, we have Hj, = Yu_l and Hl’f+2 = Z,,. Now

H = pu(H]})

— Y, =pu(Z))
= v,'=v"
This holds automatically. |

Lemma 17 Suppose that a decorated ideal triangulation t’ is obtained from t by a
diagonal exchange ¢y,. Let A and 1" be the underlying ideal triangulation of t and t’
respectively. Then A’ is obtained A by a diagonal exchange with respect to the edge A;
which is the common edge of t,, and t,. The following diagram is commutative if and
only if b = q>.

7o, Re
s e
Fe LR,
Ty Ty
M
Figure 5

Proof First we show that b = ¢> is necessary. As in Figure 5, 1, v, i) are different.
We have Fr(X;)=Y,Z, 'Y, Z;" and F(X;) = HZ,. for some s € {0, 1,2}. And
Fu(Xj) = H,{ Yli_l. That the diagram is commutative implies
Puv 0 Fo(Xj) = Fr o Ai(X))
JEEN Puv(HJ Y71 = Fo((1+ ¢ X)) X))
— HI((bY Yy + ZuZy) ' Z) =0+ gV Z, ' M Z, WH Zy,
— bY Yy + ZuZy = Zo(L+qYu Z; '\ Zy ) Z,,
=ZuZy+ ¢’ VY
= b=q>.
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In the following we show b = ¢ is also sufficient. There are eight cases in Proposition
15 to check. For instance, we verify Case 4. By definition, We have

Fo(X) =Y, Z,'v, Z)! Fo(X) =Y, Z,7'Y,Z!
Fo(Xj)=Z,Z, Fo(X)) =Y, 'y,
Fe(Xp) =Y, ' Hy Fo(Xp) = Z, Hy

Fe(Xm) =Y, 'H} Fo(Xm) = Z, HY,

for some s, ¢ € {0, 1,2}.
Then we have
Puv 0 For(Xi) = Qo (Y, Z,7 VI Z17T)
=YYy +ZuZ)7 ' Zy bTY Y + 2, Zy)
bY Yo+ ZuZy) ' 2y bTY N BYLY + 2, 2))
=b2bYW Yy + ZuZ)) 2 Y Zu YT Y Y + ZuZ)
=b2(bY Yy + ZuZ)  bq* Y Y + 44 2, 2,) 2, Y, Z, Y
=b"%¢*Z,Y, ' Z,Y, !
=b"%¢°2, Y, Z,Y, !
=b72¢° Fe(X)
=b"2q°Fr 0 Ai(X)
= FroAi(Xy)
due to the assumption that b = ¢3.
And
Puv o Fo (X)) = @uu (¥, Y7
=Z,'\OYuYy + ZuZ) Z, (bY Yy + Zu Zy)
=0bZ, 'V Z ! + DYy + ZuZy)
=g Y NZ Z + )Y Y, 2 2 + 1) 2,2,
= @Y NWZ,' Z] + VP Y2 2 + 1) 2,2,
= (1 +qF: (X)) (1 +¢° Fo (X)) Fr(X;)
= F((1+qX)(1 +¢° Xp) X))
= FroAi(X)).
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And
Puv o Fo (Xi) = ouu(Z)) H®

=b(bYuYy + ZuZ,)" Yy HY
= bl Yo (b+ Y, 'Y, 2, Z )] Y, H
=bb+Y, 'Y, 2, 2)7 Y HY
=bb+q¢*Z, Y, Y)Y H
=(+¢Z, 2y, 'Y, )Y H
= (1+qFe (X))~ ") Fe(Xg)
= Fe((1+¢X;7 ) Xp)
= F; 0 Aj(Xp).

It is same for X, due to the symmetry of 1, v. O

Theorem 18 Suppose the decorated ideal triangulations t and t’ have the underlying
ideal triangulations A and )" respectively. The following diagram is commutative if
andonly ifa=q 2,b=q>.

F
)Lq ICq
P} A/T T\I’Z CH)
A}Lq/ /Cq

Proof By Theorem 2, t and 7’ are connected by a sequence t = T0)» T(1)> - >
T(n) = T’ where each 7(x 1) is obtained from 7(x) by a reindexing or a mark rotation
or a diagonal exchange. For a reindexing, the diagram is always commutative. By
Lemmas 16 and 17, the the diagram is always commutative if and only if @ = ¢~2 and
b=q3. ad

Recall that the quantum Teichmiiller space of S is defined as the algebra
79 _ 7q
Iy = ( |_| 7 ) / ~
ALEA(S)
where the relation ~ is defined by the property that, for X € ’Z}q and X’ € ’]}Lq,
X~ X' = X =], (X).
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And the generalized Kashaev algebra Iag (a, b) associated to a surface S is defined as

the algebra
ﬁg(a,b)=( | | lﬁ‘{(a,b))/w

TeA(S)

where the relation ~ is defined by the property that, for X € I%? (a,b) and X' €
IC?, (a,b),
X~X & X =V (ab)(X).

Corollary 19 The homomorphism F; induces a homomorphism 7. g — I/Cg (a,b) if
andonlyifa=q~2,b=q>.

5.3 Quotient algebra

Furthermore, consider the element
H=q Zi<i% X, X, ... Xsp € TH.
It is proved in [14, Proposition 4] that H is independent of the ideal triangulation A.
Therefore H is a well-defined element of the quantum Teichmiiller space 7 g .
Theorem 20 The homomorphism F; induces a homomorphism
I /(a7 H) — K52 ¢%)
where (¢—2™ H) is the ideal generated by ¢~ >"™ H .
Proof We only need to show that F;(¢~2™ H) = 1 for any arbitrary decorated ideal
triangulation t. In fact
Fe(XiXa .. Xam) = g0V Hy Hy o qomsm i Hi
where the edge A; bounds the s;—side of 7, and the t;—side of 7,, fori =1,...,3m.

Since H [1 and H) are commutative when p # v, we may collect the terms indexed by
the same ideal triangle by commutating the terms indexed by different ideal triangles.
The right hand side of the above identity is equal to

2m
[T Pu.
u=1
where P, is the product of terms involving the ideal triangle 7.

Case 1 If 7, is embedded, then Py, = HIZHISLHIZ, where {r,s,t} =1{0,1,2}.

Algebraic & Geometric Topology, Volume 9 (2009)



1820 Ren Guo and Xiaobo Liu

When (r, s, t) is an even permutation of 0, 1,2, we have P, = 1.

Suppose the r—side, the s—side and the 7—side of 7, are bounded by edges A;, A;
and Ay respectively. Then i < j <k since this order is preserved when we commutate
the terms indexed by different ideal triangles. Denote by 0 the number of corners of
7y delimited by A; from the left and delimited by A; from the right minus the number
of corners of 7, delimited by A; from the left and delimited by A; from the right.
Then
ofj+of o =-1-1+1=~1L
Therefore
P//« = 1= q1+0 +aj/€+al/(

When (r, s, t) is an odd permutation of 0, 1,2, we have P, = qz. And

oi‘;—l—o]k—{—ok—l—{—l—l_l

Therefore
PIL — q2 — ql—i-cr i+o; k—i—alk
Case 2 If 7, is not embedded, then Py = ¢ H} H, H,, or P, =q°* H} H, H) .

When (7, s, ) is an even permutation of 0, 1,2, we have P, =¢-1=¢. When (r,s,1)

is an odd permutation of 0, 1,2, we have P, = ¢! -q* = q. And we always have
O';; —|—0]{Lk —I—ovl.lf€ =0.

Therefore

o 1+0“+a +ot
Pu—(]—f] jk ik

Combining the two cases, we obtain
2 2m N
Fi(X1Xs... Xam) = l_[ Py = l—[ g oot — gt i o

Thus F. (g >™H) = 1. i

Appendix A Kashaev coordinates and Penner coordinates

We review the relationship of Kasheev coordinate and Penner coordinates following
Kashaev [9] and Teschner [16].

A decorated hyperbolic metric (d,r) on S, introduced by Penner [15], is a complete
hyperbolic metric ¢ so that each end is cusp type and each cusp c¢; is assigned a
positive number r;. The decorated Teichmiiller space is the space of isotopy class of
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decorated hyperbolic metrics. For each decorated hyperbolic metric (d, r), at each
cusp ¢;, there is a horocycle with boundary length r;. Under a decorated hyperbolic
metric, each edge of an ideal triangulation of a punctured surface S is realized as a
geodesic running from one puncture to another. Penner coordinate §(e) at an edge e is
the signed distance between two horocycles bounding cusps ¢; and ¢; if the edge e
runs from ¢; to ¢j. Denote by T, the decorated Teichmiiller space parameterized by
Penner coordinates associated to the ideal triangulation A.

Let t be a decorated ideal triangulation with the underlying ideal triangulation A. Let
K:=R*" ={(ny.Inzq,....In y2n,In23,,,)} be the space of Kashaev coordinates.
There is a map f: Tj — K. defined as follows.

For an ideal triangle 7; (embedded or not) with a marked corner, there are three sides
which correspond to the three half-edges incident to the vertex ‘E; of the dual graph.
The three sides are numerated by 0, 1, 2 in the counterclockwise order such that the

0-side is opposite to the marked corner. Denote by A?, A} , Al.z the edges (two of them

may coincide) bounding the three sides of 7;. We define

i = e%(ts(k’i)—ﬁ(kf)))’ Z = 03 (605)=8(p)
Proposition 21 (Kashaev [9]) The following sequence is exact:
Ry — Ty L Ky — H'Y(S.R) —> 0.
Proposition 22 (Kashaev [9]) If
(Inyy,Inzq,....,Inyo, Inza,,) = f(B(A1),...,8(A3m)),

then the two 2—forms are equal:

2m 2m
Y diny,ndinz,=[* (Z dS(L)AdE(Aj)+d8() J-)Ada(xk)+d5(xk)Ad5(x,~))
<31 n=1

where A, Aj, Ay are edges bounding the three sides of T, in the counterclockwise

order.

Proposition 23 (Kashaev [9]) Suppose that the decorated ideal triangulations t©
and t’ have the underlying ideal triangulations X and A’ respectively. The following
diagram is commutative:

?A—I—%Kr

L

7)»’ L} ]C‘L'/
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where the two vertical maps are corresponding coordinate changes. The coordinate
changes of Kashaev coordinates are given in Definition 4.

a d a N
/ . T/
¥ T Tj ok ﬂ m_
7!
b ¢ b / c
*
Figure 6

Proof For a reindexing, the conclusion is obvious. For a mark rotation, the conclusion
is easily proved by applying the definition of (y;, z;). For a diagonal exchange, we
need to use the famous Ptolemy relation for Penner coordinates.

In Figure 6, denote by a, b, ¢, d, [ and m the Penner coordinates of the corresponding
edges. If the ideal triangles are not embedded, some of the numbers «, b, ¢, d may
equal. The Ptolemy relation is

e%(l+m) _ e%(a-i—c) _}_e%(b+d)

which holds in spite of whether the ideal triangles 7;, 7; are embedded or not.

We show the relation between (y;, z;, yj, zj) and ()}, zj, yj’., z]’.) in Definition 4 holds.
In fact,
Zj e 2(d=D

= — - - - (by definition)
Yiyj +zizj ej(a—l)ej(C—l)_|_e§(b—l)e§(d—l)

e3@+D)

ezlate) 4 o3 (b+d)

e3d+D) .
= % (by Ptolemy relation)
= e%(d_m)
=y

The same calculation can be used to verify the formula of z;, yj/. , zj/.. ]
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