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COLLIDING HOLES IN RIEMANN SURFACES AND QUANTUM CLUSTER
ALGEBRAS

LEONID CHEKHOV* AND MARTA MAZZOCCO'

ABSTRACT. In this paper, we describe a new type of surgery for non-compact Riemann surfaces that
naturally appears when colliding two holes or two sides of the same hole in an orientable Riemann
surface with boundary (and possibly orbifold points). As a result of this surgery, bordered cusps appear
on the boundary components of the Riemann surface. In Poincaré uniformization, these bordered cusps
correspond to ideal triangles in the fundamental domain. We introduce the notion of bordered cusped
Teichmiiller space and endow it with a Poisson structure, quantization of which is achieved with a
canonical quantum ordering. We give a complete combinatorial description of the bordered cusped
Teichmiiller space by introducing the notion of mazimal cusped lamination, a lamination consisting of
geodesics arcs between bordered cusps and closed geodesics homotopic to the boundaries such that it
triangulates the Riemann surface. We show that each bordered cusp carries a natural decoration, i.e.
a choice of a horocycle, so that the lengths of the arcs in the maximal cusped lamination are defined
as A-lengths in Thurston—Penner terminology. We compute the Goldman bracket explicitly in terms
of these A-lengths and show that the groupoid of flip morphisms acts as a generalized cluster algebra
mutation. From the physical point of view, our construction provides an explicit coordinatization of
moduli spaces of open/closed string worldsheets and their quantization.

1. INTRODUCTION

In this paper, we describe a new type of surgery for non-compact Riemann surfaces that naturally
appear when colliding two holes or two sides of the same hole in an orientable Riemann surface with
boundary (and possibly orbifold points). We define this process in such a way that only the portion
of the Riemann surface between the two holes, or between the two sides of the same hole, is affected.
We call this portion of surface chewing-gum. We regularise the chewing-gum by introducing two lines,
called collars, which separate the chewing-gum from the rest of the Riemann surface. As the collision
process starts, we impose that the chewing-gum hyperbolic area is preserved so that the chewing-gum
becomes longer and thinner (in hyperbolic metric sense). We prove that upon taking the limit of the
chewing-gum length to infinity, the chewing gum breaks into two bordered cusps whereas the collars
become horocycles decorating these cusps on the newly obtained Riemann surface (or surfaces if the
result is disconnected). In Poincaré uniformisation, these bordered cusps correspond to ideal triangles
in the fundamental domain. We call bordered cusped Riemann surface a Riemann surface ¥, of
genus g, at least one hole and a total of s > 1 holes and orbifold points, and with additional n > 1
bordered cusps situated on holes to which these cusps are assigned. Due to the fact that bordered
cusps have hyperbolic area 7, a bordered cusped Riemann surface, this is metrically different from a
Riemann surface with marked points on the boundary.

In the limit of the chewing-gum length to infinity, closed geodesics that were passing along the
chewing gum become geodesic arcs — infinitely long geodesics that start and terminate at the bordered
cusps. The main objects describing Riemann surfaces in an invariant way under the groupoid of flip
morphisms are geodesic functions, i.e. 2cosh%7 where [, is the length of a closed geodesic 7. In the
limiting process, the geodesic functions of closed geodesics passing through the chewing-gum become
exponentiated signed half-lengths of the parts of arcs confined between the horocycles associated to
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2 LEONID CHEKHOV* AND MARTA MAZZOCCOf

the cusps, or in other words, genuine A lengths in the Penner—Thurston description. In other words,
exponentiated shear coordinates become A-lengths in the limiting process.

We introduce the notion of bordered cusped Teichmdiller space ig,sm and give a complete combi-
natorial description of it by introducing the notion of extended shear coordinates. We compute the
Goldman bracket on the extended shear coordinates and construct a set of functionally independent
A-lengths that completely coordinatize the bordered cusped Teichmiiller space in such a way that
the Goldman bracket is closed and combinatorially explicit (see Theorem 4.6 and Corollary 4.7) and
the action of the groupoid of flip morphisms corresponds to the generalized cluster algebra structure
introduced in [15]. Since the groupoid of flip morphisms contains the mapping class group of the
Riemann surface ¥ ,, as its greatest subgroup [21], the generalized cluster algebra structure gives an
explict description of the mapping class group as the set of elements obtained by compositions of flip
morphisms that do not change the cell complex of the Riemann surface.

We show that the bordered cusped Teichmiiller space has real dimension 6g — 6 + 3s + 2n - it is
therefore larger than the enhanced Teichmiiller space introduced by Fock and Goncharov [22] as the
space of complex structures on Riemann surfaces with marked points on the boundary, decorated
by the marked points and a choice of orientation of the boundaries without marked points. In our
case, thanks to the fact that each bordered cusp corresponds to an ideal triangle with a horocycle
attached to it, we have two coordinates for each bordered cusp - its position on the absolute and the
Euclidean diameter of the horocycle attached to it. This fact enables us to give a completely explicit
description that allows us to successfully attack the problem of quantum ordering of the product of
non-commuting operators obtained by quantising this picture - this is perhaps the most relevant new
contribution of our paper.

The problem of producing a closed Poisson algebra of geodesic functions on a Riemann surface ¥ g
for any genus g and any number s > 1 of holes and any number s, of orbifold points remained open
(here s = s, + sp). In this paper we fully characterise the Poisson algebra of geodesic functions on
¥4,s as a specific Poisson sub-algebra of the set of A-lengths on the bordered cusped Teichmiiller space

~

% g,5,1 of Riemann surfaces of genus g with the same number of holes s;, and of orbifold points s, and
one bordered cusp on the boundary (see Subsection 4.10).

By complexification, we find Darboux coordinates (quantum tori) for the moduli spaces of non-
compact Riemann surfaces, so that our results will find applications in the theory of open intersection
numbers (see [46, 4, 5]).

The case of g = 0 is treated in great detail in [13] due to its links with the theory of the Painlevé
differential equations. It is interesting to observe that in these cases the chewing gum moves produce
the confluence scheme of the Painlevé differential equations, and at quantum level it produces the
confluence of the spherical sub-algebras of the confluent Cherednik algebras defined in [37]. The
role of cluster algebras in the Cherednik algebra setting will be investigated further in subsequent
publications.

In physical terms, we provide an explicit coordinatization of open/closed string world-sheets de-
scribed as windowed surfaces by R. Kaufmann and Penner in [35] where they considered laminations of
Riemann surfaces %7 ,, of genus g with s > 0 holes (boundary components) and with n > 0 windows
— i.e. domains stretched between marked points located on the boundaries of the holes. These lami-
nations comprised both closed curves and curves starting and terminating at windows thus describing
foliations of 3¢ ). In our construction, we decorate X s ,, by horocycles based at the endpoints of the
bordered cusps; laminations on the windowed surfaces 3¢, |, then correspond to sets of arcs stretched
between bordered cusps, so, literally, the windows of Kaufmann and Penner are segments of horocycles
confined between two bordering geodesic curves that do not intersect at the horocycle. In the present
paper, we describe the Teichmiiller spaces T 5, of X ,; the Kaufmann-Penner coordinates on the
space of laminations are then the projective (tropical) limit of the extended shear coordinates on ig, sn
introduced in this paper. We thus provide a convenient parameterization of the open/closed string
world-sheets and their quantization (see subsection 4.6).
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As mentioned above, we also attack the problem of quantum ordering of the product of non-—
commuting operators obtained by quantising this picture.

To solve the problem of quantum ordering we introduce the notion of cusped geodesic lamination
(CGL) comprising both closed geodesics and geodesic arcs such that they have no intersections nor
self-intersections in the interior of a Riemann surface, but can be incident to the same bordered cusp
(note that this condition establishes a linear ordering on the set of ends of arcs belonging to the same
CGL and incident to the same bordered cusp). We prove the following theorem:

Theorem. For any Riemann surface ¥, s, of genus g with s, > 1 holes, s, orbifold points, s = s,+sp,
and with n > 1 bordered cusps, there always exists a maximal CGL denoted by CGL}'** that comprises
exactly 6g — 6 + 3s + 2n elements that are arcs and w-cycles (closed loops around orbifold points or
holes not containing bordered cusps) with the following properties:

(1) Arcs from CGLY*** are edges of an ideal triangle partition of ¥, in which every hole that
does not contain bordered cusps and every orbifold point is enclosed in a monogon.

(2) The A-lengths of the arcs in CGL*™* satisfy homogeneous Poisson brackets or homogeneous
commutation relations (see formula (4.21)).

(3) The w coefficients corresponding to w-cycles are 2 cosh(P/2) for holes with the perimeter P
and 2 cos(m/r) for Z,-orbifold points; these coefficients are Casimirs and are invariant under
the action of the groupoid of flip morphisms.

(4) Given any closed geodesic v (geodesic arc a) in the Riemann surface ¥ ,,, its geodesic length
function (A-length) is a Laurent polynomial with positive coefficients of the w-cycles and of
the A-lengths of the arcs in CGLY*.

For any given CGLY'™, the fat graph G dual to the triangle partition defined by it is a spine of 3, s »,
(n > 1) in which all holes without bordered cusps and all orbifold points are contained in loops, at
every bordered cusp we have exactly one one-valent vertex, and all other vertices are three-valent. On
this fat-graph, we introduce the extended shear coordinates {Z,,m;}, where Z, denote the standard
shear coordinates of the inner edges of the fat-graph and 7; are new shear coordinates of the open
edges. We describe explicitly the 1 : 1 correspondence between these extended shear coordirAlates and
A-lengths of arcs in the CGL®* corresponding to the ideal triangle partition dual to this G. In this
correspondence, every loop in C7 corresponds to an w-cycle in CGLJ™* containing an un-cusped hole
or an orbifold point. The edgAe of G incident to a loop corresponds to the arc bordering a monogon
from CGLJ®, every edge of G joining two different three-valent vertices intersects with exactly one
arc of CGL;'™, and every edge of G terminating at a bordered cusp corresponds to the bordering arc
immediately to the left of this cusp. We show (see Theorem 4.4) that A-lengths of arcs from CGLJ***

Ze )2 Zo )2 +1/2
) ) *

are monomials in e e™i/2 and, vice versa, all e ¢™i/2 are monomials in A,

This monomiality property is crucial for quantisation and dictates the quantum ordering, allowing
us to prove that the quantized A-lengths of the arcs in CGLJ®* satisfy homogeneous commutation
relations (see formula (5.26)).

The Poisson and quantum algebras of {Z,,n;} and of arc functions in CGLJ** therefore imply
one another and we prove that quantum algebras of arc functions from the same CGLT*** satisfy the
same quantum commutation relations as in the quantum cluster algebras by Berenstein—Zelevinsky
[2]. We can therefore identify a CGLY™ with a seed of a quantum cluster algebra in such a way
that the quantum cluster algebras we obtain—Ilet us call them gquantum cluster algebras of geomet-
ric type—satisfy the main axioms of the Berenstein—Zelevinsky construction. However, the mutation
transformations in our quantum cluster algebras of geometric type include also generalized cluster
transformations from [15] besides the standard Ptolemy-type mutations. Moreover, the Laurent and
positivity properties for geodesic functions expressed in the extended shear coordinates directly imply
the Laurent and positivity properties for our quantum cluster algebras of geometric type. It is inter-
esting to mention that in the case of the bordered cusped Teichmiiller spaces 7y, with n > 1 both
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the extended shear coordinates and A-lengths of arcs from a CGLJ*™ of X, s, satisfy homogeneous
g-commutation relations being therefore quantum tori. We can obtain Poisson and quantum algebras
of A-lengths only for arcs starting and terminating at bordered cusps; presumably no such algebras
can be defined for arcs starting and/or terminating at punctures (holes) so we eliminate such arcs from
CGLs by imposing the monogon condition. This allows us simultaneously avoid the issue of tagging
the ends of arcs terminating at punctures [27], [26].

Before explaining the structure of the paper, let us recall some important results on which this
paper is based.

Darboux coordinates for moduli spaces of Riemann surfaces with holes (and no bordered cusps)
were identified in [8] with the shear coordinates for an ideal triangle decomposition obtained in [20]
by generalising the results for punctured Riemann surfaces proved in [47].

An explicit combinatorial construction of the corresponding classical geodesic functions in terms of
shear coordinates of decorated Teichmiiller spaces for Riemann surfaces with holes (and no bordered
cusps) was proposed in [9]: it was shown there that all geodesic functions are Laurent polynomials of
exponentiated coordinates with positive integer coefficients; this remains true for Riemann surfaces
with Zg and Zs orbifold points [6], [7]; the integrality condition breaks in general in the case of
orbifold points of arbitrary order [15] but positivity remains in this case as well. In [15], a general
combinatorial construction of geodesic functions in terms of shear coordinates for orbifold Riemann
surfaces was constructed; as a byproduct of this constructions, new generalised cluster transformations
(cluster algebras with coefficients) were introduced.

Upon quantisation, the observables of a quantum Riemann surface are given by an algebra of
quantum geodesic functions. The shear coordinates were quantized in [8] and in the Liouville-type
parameterisation in [33] and the quantum flip morphisms that satisfy the quantum pentagon identity
were based on the quantum dilogarithm function [19]. Shear coordinates can be identified with the
Y-type cluster variables [28], [29].

As regarding quantum geodesic functions, the problem of quantum ordering was first mentioned in
[9] where the determining conditions of invariance under the action of the groupoid of flip morphisms
and satisfaction of the quantum skein relations were formulated. The compatibility of these two
conditions was implicitly proved by Kashaev [34] who constructed unitary operators of quantum Dehn
twists whose action on operators of quantum geodesic functions obviously preserves their quantum
algebra. It remained however the problem of formulating a recipe for obtaining a quantum operator
in an explicit form, likewise the Kulish, Sklyanin, and Nazarov recipe (see [36], [44]) for constructing
Yangian central elements extended to the case of twisted Yangians by Molev, Ragoucy, and Sorba
(the quantum ordering for twisted Yangians was constructed in [38] for the O(n) case and in [39] for
the Sp(2n) case).

We remark that a quantitative description of surfaces with marked points on the boundary could
be deduced from works by Fock and Goncharov 23], Musiker, Schiffler and Williams [41], [43], and S.
Fomin, M. Shapiro, and D. Thurston [27], [26]. In particular the authors of [27] considered systems of
(tagged) arcs starting and terminating either at bordered cusps or at punctures (holes) of ¥, 5 ,. Due
to the satisfaction of the Ptolemy relations for A-lengths of arcs [47], the correspondence to cluster
algebras was immediate; in [41] the positivity property for A-lengths of arcs connecting marked points
(bordered cusps in our terminology) was proved in a technically rather elaborated way with the use of
Ptolemy relations only. Then, in [43], a nice quantitative description of simple arcs was attained: their
A-lengths were identified with upper-right elements (denoted K-traces in the present text) of products
of 2 x 2-matrices from PSL(2,R) and a part of skein relations between these elements were constructed
(Lemma 6.11 of [43]).* Our approach differs from these papers in the fact that by considering bordered

8Curiously, the missing flip morphism relation in [43] was just the Ptolemy relation: following the authors of [43], let
ur(M) denote the upper-right element of the matrix M, then, for any four (2 x 2)-matrices M; with unit determinants,
wr (M1 Ma)ur(Ms M) = wr(My Ma)ur(MsMs) 4 ur(My M3 ur (Mgt My).
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cusps rather than marked points on the boundary, we have extra structure that allows a completely
combinatorial approach without the need of elaborate machinery.

This paper is organised as follows. In Sec. 2, we present some known facts about quantum geodesics,
quantum flip morphisms, and quantum ordering for shear coordinates and A-lengths or Riemann
surfaces with holes, orbifold points and no cusps.

The new material starts in Sec. 3 with the geometrical picture in Poincaré geometry in which we
define the new surgery derived from colliding holes, the “chewing gum” construction. We prove that
in the limit of broken chewing gum we obtain the Ptolemy relations for arc functions of the newly
obtained arcs out of skein relations satisfied by the geodesic functions before taking the limit.

In Sec. 4 we define the bordered cusped Teichmiiller space of bordered cusped Riemann surfaces and
provide the explicit fat-graph (combinatorial) description of arcs (and, therefore, for A-lengths and for
the corresponding X-cluster variables) in terms of the extended set of shear coordinates of the new
Riemann surface with decorated bordered cusps. We consider cusped geodesic laminations CGL that
are collections of closed geodesics vy and geodesic arcs a such that they have no (self)intersections inside
the Riemann surface, but different arcs can be incident to the same bordered cusp, and introduce the
corresponding algebraic objects. We introduce the concept of CGL;'** and we explicitly write the 1-1
correspondence between arc functions of arcs from a CGLY'** and extended shear coordinates of the fat
graph dual to this lamination. We also describe how the Kaufmann—Penner coordinatized lamination
space of windowed Riemann surfaces appears as a projective limit of our A-length description and
compare our approach with that of Fomin, M. Shapiro, and D. Thurston (see [27, 26]). We conclude
this section with the description of Poisson algebras of arc functions proving that arc functions from
the same CGL have homogeneous Poisson brackets.

In Sec. 5, we formulate the quantum flip morphisms for shear coordinates and the quantum mu-
tations for arcs for Riemann surfaces with bordered cusps and find quantum commutation relations
between the new shear coordinates that are invariant w.r.t. these flip morphisms. For arcs, we explic-
itly construct the quantum ordering that is invariant under the action of the quantum groupoid of flip
morphisms and show that this quantum ordering coincides with the natural ordering. The quantum
commutation relations between arc functions from the same CGL become homogeneous thus defining
a quantum torus. We then write quantum mutation relations induced by quantum flip morphisms ex-
clusively in terms of quantum A-lengths of arcs from the same CGLY***. We can therefore identify any
CGL® with a seed of a Berenstein—Zelevinsky quantum cluster algebra [2]; these seeds are related
by quantum mutations, which include besides the standard binomial terms also terms corresponding
to generalized cluster transformations. We thus provide a geometric setting for the quantum cluster
algebras.

2. IMPORTANT FACTS ON QUANTUM GEODESICS, QUANTUM TEICHMULLER SPACES, AND RELATED
A-LENGTHS (CLUSTER VARIABLES)

Following [47, 20, 33, 8, 9, 15, 11], in this section we recall the combinatorial description of the
Teichmiiller space T, ; of Riemann surfaces of genus g with sp, holes and s, orbifold points (s = s5+5,),
the coordinate description of the Poisson structure on ¥, ,, the action of the groupoid of flip morphisms
and the quantisation procedure. We adapt the standard notation and theory to treat holes and orbifold
points on the same footing and to prepare the ground for our generalisation to the case of bordered
cusps.

2.1. Combinatorial description of T, ;. We first describe the relation between fat graphs endowed
with elements of PSL(2,R) and Fuchsian groups.

2.1.1. Fat graph description for Riemann surfaces with holes and Z, orbifold points.
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Definition 2.1. We call a fat graph (a labelled graph with the prescribed cyclic ordering of edges
entering each vertex) Gy s, +s, @ spine of the Riemann surface ¥4, +s, with g handles, s, > 0 holes,
and s, orbifold points of the corresponding orders p;, i = 1,...,,, if

(a) this graph can be embedded without self-intersections in ¥, +s,;

(b) all vertices of Gy s, +s, are three-valent;

(c) upon cutting along all edges of Gy s, +s, the Riemann surface X5, 15, splits into s = sp, + s,
polygons each containing exactly one hole or an orbifold point and being simply connected
upon contracting this hole or erasing the orbifold point. All polygons containing orbifold points
(and some, but not all polygons containing holes) are monogons, that is, every such monogon
is bounded by an edge that starts and terminates at the same three-valent vertex of the spine;

(d) The edges in the above graph are labeled by distinct integers o = 1,2,...,69 — 6 + 3s, and
we set a real number Z, into correspondence to the ath edge if it is not a loop. To each edge
that is a loop we set into correspondence the number w; such that

2.1) ~J 2cosh(F;/2) if the monogon contains a hole with the perimeter P; > 0,
' ‘ 2cos(m/p;)  if the monogon contains an orbifold point of order p; € Z, p; > 2.

Remark 2.2. In our previous papers [10, 11], we associated “pending” edges to orbifold points. In
this paper instead, we attach additional loops to ends of these edges. This enables us treating holes and
orbifold points on equal footing, so we often write G, s and X, s with s = s;,+ s, without distinguishing
between holes and orbifold points.

The first homotopy groups m1(Xg s, +s,) and m1(Ggs,+s,) coincide because each closed path in
Yg.5,+s, can be homotopically transformed to a closed path in Gy, +s, (taking into account paths
that go around orbifold points) in a unique way. The standard statement in hyperbolic geometry is
that conjugacy classes of hyperbolic elements of a Fuchsian group Ay s, +s, C PSL(2,R) are in the 1-1
correspondence with homotopy classes of closed paths in the Riemann surface X, +s, = H/Ag 5, +s,
so that we can refer to the “length ¢, of a hyperbolic element v € Ay, +5,” to mean the minimum
length of curves from the corresponding homotopy class; it is then the length of a unique closed
geodesic line belonging to this class.

The real numbers Z,, in Definition 2.1 are the h-lengths (logarithms of cross-ratios) in [47]: they
are called the (Thurston) shear coordinates [49],[3] in the case of punctured Riemann surface (when
all P; = 0). We identify these shear coordinates with coordinates of the decorated Teichmiiller space
Tg.sn+s.- 1t was proved in [15] that any metrizable Riemann surface of genus g with exactly s, orbifold
points of the prescribed orders p; and s;, holes with the prescribed perimeters P; corresponds, up to
the action of a discretely acting groupoid of flip morphisms, to a fat graph G, s, +s, Whose edges are
endowed with the real numbers Z,, and w; and, vice versa, for any choice of the above real numbers we
have a metrizable Riemann surface corresponding to such fat graph. The correspondence is understood
as the coincidence of spectra of the above objects: the sets of lengths of closed geodesics (geodesic
functions) on the Riemann surface and on the graph.

In the case of surfaces with punctures, the dual to the above fat graph description is an ideal triangle
decomposition constructed in [47]. This description was generalised to surfaces with holes in [20] and
to surfaces with holes and orbifold points in [6, 7, 15]. Each edge of a dual graph (a side of an ideal
triangle decorated by horocycles based at its vertices) carries a A-length, which is by definition

(2.2) Ao = elo/?

where [, is the signed length of the part of the ideal triangle edge confined between two horocycles
based at the ends of this edge (the sign is negative if these horocycles intersect). The groupoid of flip
morphisms acts on the set of lambda lengths, that are dual to the h-lengths, by mutations of cluster

bWe remind the reader that in this approach the choice of a horocycle at each vertex of the ideal triangulation is fixed
once for ever and that the Euclidean diameters of such horocycles constitute the “decoration” in [47].
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variables, thus implying a natural identification of lambda lengths with a subclass of cluster varieties
of a geometrical origin in [29].

The h-lengths are related to the A-lengths through the cross-ratio relation (see the left-hand side of
Fig. 3)
oZe _ oA
Aade
The geometrical meaning of Z. is the signed geodesic distance between perpendiculars to the common
side e of two adjacent ideal triangles through the vertices of these triangles (see examples in Fig. 3).

(2.3)

2.1.2. The Fuchsian group Ay s, +s, and geodesic functions. The combinatorial description of conju-
gacy classes of the Fuchsian group Ay, 1, is attained in terms of (closed) paths on G, s, +s, to which
we set into correspondence products of matrices from PSL(2,R). Every time the path homeomorphic
to a (closed) geodesic v passes along the edge with the label o we insert [20] the so-called edge matriz:

0 —eZa/?
(2.4) Xza = < o —Za/2 0 >

into the corresponding string of matrices. We also have the “right” and “left” turn matrices to be
set in proper places when a path makes corresponding turns at three-valent vertices (except those
incident to loops),

(2.5) R:(l 1), L:R2:<0 1).
-1 0 -1 -1

When orbifold points are present, the Fuchsian group contains besides hyperbolic elements also
elliptic elements corresponding to rotations about these orbifold points. The corresponding generators

F;,i=1,...,s,, of the rotations through 27/p; are conjugates of the matrices F,,,
-~ 1 0 1
(2.6) F, =U;F,, U ", F,, = ) , wi = 2cos(m/p;).

Following [15], we introduce special matrices corresponding to going along a loop labeled by w; (2.1)
(without differing between orbifold points and holes contained inside the loop): every time a path goes
clockwise around the loop (see Fig. 1(a)), we insert the matrix (2.6) in the corresponding string of
matrices (without adding the matrices of left /right turns, i.e., the corresponding string has the form
Xz Fu,, Xz, -, where a is the label of the unique edge attached to the loop). When going along
a loop k times clockwise we insert the matrix (—1)**'E* into the product of 2 x 2-matrices. For
example, parts of geodesic functions in the three cases in Fig. 1 where we denote the shear coordinates
by A, B, Z, read:

(a) ...XALXzF,X7LXp...,
(2.7) (b) ... XALXz(—-F?>)XzRX4...,
(C) e XBRXz(Fg)XzLXB e
Note that F, = (—1)P"'E when wj,, = 2cos 7/p, so going around the Z, orbifold point p times merely

corresponds to avoiding this loop. (For the Zs orbifold points this pattern was first proposed by Fock
and Goncharov [24]; the graph morphisms were described in [7].)

If a loop circumnavigates a hole, not an orbifold point, then, when going around it counterclockwise,

w 1
we must insert the matrix —F ;! = ( L0 >, etc.

As explained in Remark 2.2, this convention saves us from distinguishing between holes and orbifold
points in all our computations. To revert to the usual setting in which the portion of the geodesic
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FIGURE 1. Part of a graph with a loop. The variable Z corresponds to a unique edge incident
to the loop. We present three typical examples of geodesics undergoing single (a), double (b),
and triple (c) clockwise rotations.

going clockwise around the loop like Fig. 1(a) is described by Xz LXpL Xy rather than by Xz F, X,
we just need to shift the shear coordinate Z by P/2. In other words,

XzLXpLXz = XzyppluXzip.

Resuming, an element P, in the Fuchsian group has then the typical structure:

(2.8) Py=LXz,RXz, - RXz LX7 (-1)""'FE X, R..Xy.
In the corresponding geodesic function
(2.9) Gy = tr P, = 2cosh({,/2),

£, is the actual length of the closed geodesic on the Riemann surface.

Remark 2.3. Note that the combinations
e—Z/2  _oZ/2 e—2/2 0
RXz = ( 0 oZ2 ) LXz = 22 JZ2 |

-z _Z -z 0
RXzF,X7 = ( e ) LX7F,X; = ( 5 ]

—Ww (& —w €

eZ —eZ —w -z

-1 _ 1 . (& —Ww
RX,(—F )XZ_< . P ) LX7(~F )X, = < S eZ+w>’

as well as products of any number of these matrices have the sign structure < B ), so the trace
+

of any element P, with first powers of F,, and/or —F 1'is a sum of exponentials with positive integer
coefficients. This observation will be important when proving positivity of cluster transformations in
Sec. 4.

The group generated by the elliptic elements (2.6) together with the hyperbolic elements correspond-
ing to translations along A- and B-cycles of the Riemann surface and around holes is not necessarily
Fuchsian because its action may not be discrete. The necessary and sufficient conditions under which
we obtain a regular (that is, locally smooth everywhere expect exactly s, orbifold points) Riemann
surface were formulated in terms of graphs in [15] where it was proven that we obtain a regular Rie-
mann surface for any set of real numbers Z,, from Definition 2.1 and vice versa. For a given Riemann
surface, this set is not unique and equivalent sets are related by discrete modular group action, so we
identify the (6g — 6 4 3sp, + 25s,)-tuple of real coordinates {Z,} with the coordinates of the decorated
Teichmiiller space T s, +s, (the decoration assigns positive or negative signs to every hole with nonzero
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perimeter). The lengths of geodesics on ¥, ,, 15, are given by traces of products (2.8) corresponding
to paths in the corresponding spine.

Transitions between different parameterizations are formulated in terms of mapping class group
transformations obtained by composing flip morphisms (mutations) of edges: any two spines from the
given topological class are related by a finite sequence of flips. We therefore identify flips on edges
with the action of the groupoid of flip morphisms.

2.2. Poisson structure. One of the most attractive properties of the graph description is a very
simple Poisson algebra on the set of coordinates Z,, « = 1,...,69 — 6 4+ 3sp, + 25, due to V. Fock [21]:

49+2s+n—4

dg 0
(2.10) {£(2),9(2)} = > Z(azalaza 821825 >

3-valent 1=1 i+l i+l
vertices a = 1

where the sum is over all three-valent vertices of a graph and «; are the labels of the cyclically
(clockwise) ordered (ay = o) edges incident to the vertex with the label a.

Theorem 2.1. [9] The bracket (2.10) gives rise to the Goldman bracket [32] on the space of geodesic
length functions.

It would be interesting to compare the Poisson bi-vector field from (2.10) with the one obtained
by Mondello [40] from the Fenhel-Nielsen bi-vector field and to establish a link to the symplectic
structure on the space of lambda-lengths introduced by Penner in [48]. We are going to address these
problems in a future publication.

Note that formula (2.10) is insensitive to whether we include or remove vertices incident to loops
into this sum because the term in brackets is identically zero for such a vertex. The quantities w; are
therefore central and we interpret them as parameters.

The center of the Poisson algebra (2.10) is generated by elements of the form ) Z,, where the sum
is over all edges of G, s, +s, (taken with multiplicities) belonging to the same boundary component
(which can also be a monogon containing a hole). The dimension of this center is obviously sp,.

2.3. Flip morphisms of fat graphs. There are two sorts of flip morphisms (see Theorem 2.4):
morphisms induced by flips of inner edges (see Fig. 2) and morphisms induced by flips of edges that
are adjacent to a loop (see Fig. 4); we describe these two cases in the following two sub-sections.
For convenience here below we drop the indices g, s,, s, as these numbers are preserved by the flip
morphisms.

2.3.1. Flipping inner edges. Given a spine G of X, if an internal edge « is neither a loop nor is adjacent
to a loop, we may produce another spine G, of ¥ by contracting and expanding edge « of G, the edge
labeled Z in Figure 2. We say that G, arises from G by a Whitehead move (or flip) along the edge .
A labeling of edges of the spine G implies a natural labeling of edges of the spine G,; we then obtain
a morphism between the spines G and G,,.

The following lemma establishes the properties of invariance of geodesic functions w.r.t. the flip
morphisms.

Lemma 2.2. [8, 9] Adopting the notation of Fig. 2, the transformation
WZ : (A,B,C,D,Z) — (A+¢(Z),B—@(—Z),C—I—QS(Z),D—@(—Z),—Z)
(2.11) = (4,B,0,D,2).

where ¢(Z) = log(1 + €%), preserves the traces of products over paths (2.9) (the geodesic functions)
simultaneously preserves Poisson structure (2.10) on the shear coordinates.
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@A\/B ©) @54+¢<Z> B—¢(—Zé>
Ej{ _ >/J\_/

FIGURE 2. Flip on the shear coordinate Z. The edge undergoing the flip is assumed to be an
internal edge that is neither a loop nor adjacent to a loop. We indicate the correspondences
between geodesic paths undergoing the flip.

FIGURE 3. The transformation dual to the flip in Fig. 2: the flip, or mutation transformation,
for the A-lengths subject to the Ptolemy relation Ae Ay = AgAc+ApAg. Here the shear coordinates
Z and —Z of Fig. 2 (indicated by bold lines) are logarithms of the corresponding cross-ratios
of A-lengths (indicated by dashed lines) and we use the Poincaré disc model to represent the
hyperbolic plane.

Proof. The proof of this lemma is an elementary consequence of the following matrix equalities that
can be established by simple calculations:

(2.12) XpRXzRXa = X;RXp,

(2.13) XpRXzLXp = XpLX;RXg,

(2.14) XcLXp = XaLX;LXp.

Note that each of the above equalities corresponds to three geodesic cases in Fig. 2). ([l

The same flip morphism for the dual A-lengths is depicted in Fig. 3. The corresponding mutation
is originated from the Ptolemy relation Ay = AAc + A\pAg [47] valid for every decorated ideal
quadrangle.

2.3.2. Flipping the edge incident to a loop.
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w = 2cos(m/p) A+¢) (Z +im/p) + ¢(Z —im/p)
{w = 2cosh(P/2) A, @ A+ #(Z + P/2) + Z P/2)

- )

FIGURE 4. The transformation of shear coordinates when flipping an edge incident to a loop;
either w = 2 cos(w/p) or w = 2 cosh(P/2). We indicate how geodesic lines change upon flipping
the edge.

Z—i—m/p Z —iz/p)
(—Z + P/2) — §(—Z — P/2)

=

FIGURE 5. The transformation dual to the flip in Fig. 4: the flip, or mutation transformation,
for the A-lengths in this case is described by the generalised cluster relation A\.Ag = A2 + )\g +
wAqAp. Here the shear coordinates Z and —Z of Fig. 4 (indicated by bold lines) are logarithms
of the corresponding cross-ratios of A-lengths (indicated by dashed lines).

Lemma 2.3. ([15],[11]) The transformation in Fig. 4

{A.B,Z} = {A+¢(Z +in/p) + §(Z — in/p), B — (= Z +in/p) — ¢(~Z — in/p),~Z},
(2.15) w= 2 cos(m/p);

{A,B,Z} = {A+¢(Z + P/2) + $(Z — P[2),B — 6(~Z + P/2) — ¢(~Z — P[2),~Z},
(2.16) w = 2cosh(P/2);

where ¢(x) = log(1 + €%), is a morphism of the space TH

g.snt+s, that preserves both Poisson structures
(2.10) and the geodesic functions.

Proof. Verifying the preservation of Poisson relations (2.10) is simple, while to show that traces over
paths are preserved we need to consider three different geodesic types like in Fig. 4, and in each of
these cases we obtain the following 2 x 2-matriz equalities that can be verified directly:

(2.17) XALX7(F,0)XzLXp = X;RX;(—Q)X;RXj,
(2.18) XALXzQX;RXs = X RX,(-0)X,;LX;,
(2.19) XpRXzQXzLXp = XpLX;(—Q)X;RX,
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c

where () is any matrix commuting with F,; explicitly 2 = < ), a,c € C; in particular,

—c a—wc
we can take F¥ k € Z. O

The transformation (mutation) of dual A-lengths is depicted in Fig. 5. It is described by the general
cluster transformations of [15]: A\ .Ag = )\?L—i-)\g 4+wAgAp. The shear coordinate Z of the edge incident to
a loop is the signed geodesic distance between perpendiculars to the third edge ¢ of the ideal triangle
abe through the vertex of this ideal triangle and between the hole (orbifold point) inside the monogon
and the edge ¢ (see Fig. 5). This signed distance is related to the cluster variables A\, and A\ by a
simple formula (its proof is a nice exercise in hyperbolic geometry),

z_ M
(2.20) e? = N

If, after a series of morphisms, we come to a graph of the same combinatorial type as the initial one
(disregarding labeling of edges but distinguishing between different types of orbifold points and holes
with different perimeters), we associate a mapping class group operation to this morphism therefore
passing from the groupoid of morphisms to the group of modular transformations.

Remark 2.4. In the notation adopted in this paper, the only effect of changing the decoration
(spiraling direction) of a hole inside a monogon corresponds to changing P, — —P; thus leaving

invariant w; = 2 cosh(P;/2), so this transformation acts like the identity on the coordinates of Tg{ T

We can summarize as follows.

Theorem 2.4. The whole mapping class group of Xy, +s, s generated by compositions of flip mor-
phisms described by Lemmas 2.2 and 2.8 that preserve the topological type of the fat-graph.

2.4. Quantum flip morphisms. We now quantize a Teichmiiller space T, s, 5, equivariantly w.r.t.
the action of the groupoid of flip morphisms.

Let Th(gg7sh+so) be a x-algebra generated by the generator Z" (one generator per one unoriented
edge «) and relations

(2.21) [Z), Z}) = 2mih{ Za, Zs}
with the *-structure
(2.22) (zMhy =z,

Here Z, and {-,-} stand for the respective coordinate functions on the classical Teichmiiller space and
the Weil-Petersson Poisson bracket on it. Note that according to formula (2.10), the right-hand side
of (2.21) is merely a constant which may take only five values: 0, £2mih, £4mih.

In the following two subsection we quantize the flip morphims viewed in subsections 2.3.1 and 2.3.2.
We demonstrate that in each case the preservation of the commutation relations under quantum flip
morphisms is straightforward, while verifying the preservation of geodesic function operators requires
some care.

Here and hereafter, for the rest of the paper, we assume that the ordering of quantum operators in
a product is natural, i.e., it is determined by the order of matrix multiplication itself.

For the notation simplicity in what follows we omit the superscript A for the quantum operators;
the classical or quantum nature of the object will be always clear from the context.

2.4.1. Quantum flip morphisms for inner edges. It was proved in [8] that the quantum flip morphisms
{A,B.C,D,Z} — {A+¢"(2),B-¢"(-2),C+¢"(2),D~¢"(~2),-2}
(2:23) = {4,B,C,D, 7},
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where A, B, C, D, and Z are as in Fig. 2 and ¢"(x) is the real function of one real variable,

X B _7T_FL e—ipz
(2.24) $'(2) = — /Qsinh(ﬂp) sinh(mhp) .

(the contour 2 goes along the real axis bypassing the singularity at the origin from above) satisfy the
standard two-, four-, and five-term relations. The quantum dilogarithm function ¢"(z) was introduced
in this context by Faddeev in [19] and used in [18] for constructing quantum flip morphisms for the
Liouville model, see, e.g., [8] for the properties of this function.

Remark 2.5. Note that exponentiated algebraic elements U; = e%, which obey homogeneous com-
mutation relations ¢"U;U; = U;U;q~"™ with [X;, X;] = 2ninh and ¢ := e transform as rational
functions: for example, eA+d"(2) = (1+ qu)eA.

The quantum analogues of matriz relations (2.12)—(2.14) were found in [14]. Then, remarkably, all
four entries of the corresponding 2 x 2-matrices transform uniformly.

Lemma 2.5. [14] Applying the quantum flip morphism (2.23) to the curves 1,2, and 3 in Fig. 2, we
obtain the respective quantum matriz relations:

(2.25) XpRXzRXs = ¢"*X;RX;,
(2.26) XpRXzLXp = XpRX;LXj,
(2.27) XpLXce = ¢""XpLX;LXz.

2.4.2. Quantum flip morphisms for loops.

Lemma 2.6. [11] The transformation in Fig. 4

(2.28) {A,B,Z} = {A+¢"(Z+ir/p) + ¢"(Z —in/p),B — ¢"(—Z + in/p) — ¢" (- Z — in/p), - Z},
with ¢"(x) from (2.24) and w = 2cos(w/p) or the transformations

(2.29) {A,B,Z}:={A+¢"(Z+P/2)+¢"(Z—-P/2),B—¢"(—Z+P[2) - ¢"(—Z — P/2),-Z},
for w = 2cosh(P/2) are morphisms of the quantum x-algebra ‘ZZ’Sthso.

The quantum versions of flip morphisms (2.17)-(2.19) are as follows:

Lemma 2.7. [11] We have the following quantum matriz relations:

(2.30) XaLXz(F,Q0)XzLXp = ¢ 'X;RX;(—Q)X;RX,
(2.31) XALX7QX;RXs = X RX,(-Q)X,;LX;,
(2.32) XpRX,QX,LXp = XaLX;(-Q)X;RXj.

Remark 2.6. Transformation laws (2.25)—(2.27) and (2.30)—(2.32) become identities without g-factors
if we scale the matrices of right and left turns:

(2.33) L—q¢/*L, R—q¢ 'R

Unfortunately, this property does not allow formulating a “working” ordering prescription for a general
geodesic function. Indeed, we can use these transformations for bringing any simple closed loop
geodesic function G, not homeomorphic to a hole to a form G, = tr RX;LXy in some transformed

shear coordinates Z and Y with the natural ordering assumed. But Gy becomes a Hermitian operator
in the Weyl ordered form, not in the naturally ordered one, so when passing to a naturally ordered
expressions we must introduce different g-factors for different Laurent monomials in the expansion of
G, and these g-factors become uncontrollably spread over terms of the expansion of G in the original
shear coordinates.

Fortunately, for arcs, or A-lengths in Sec. 5, powers of g factors coincide for all terms under the
trace sign, which allows us to solve the problem of quantum ordering completely.
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FIGURE 6. The process of colliding two holes on the Riemann surface ¥, 5 0: as a result we
obtain a Riemann surface ¥, ;1 2 of the same genus with one less hole and with two new cusps
on the boundary. Closed geodesics passing through the chewing-gum become geodesic arcs
after the collision.

3. COLLIDING HOLES: NEW GEODESIC LAMINATIONS AND THE CORRESPONDING GEODESIC
ALGEBRAS

In this section, we consider degenerations of stable Riemann surfaces that correspond to colliding
two holes or two sides of the same hole. Below we show that this results in the appearance of bordered
Riemann surfaces with holes and with marked points on the boundaries of these holes represented by
bordered cusps.

A Riemann surface ¥ , of genus g with s > 0 holes/orbifold points and with n > 0 bordered cusps
assigned to holes (no bordered cusps can be assigned to orbifold points) is called stable if its hyperbolic
area (with tubular domains of holes removed) is positive. Since every ideal triangle has area 7, for
a stable Riemann surface X, s, of genus g with s;, > 0 holes, s, orbifiold points of respective orders
2<k;<oo,i=1,...,8, ($:= 8+ So), and n bordered cusps, the hyperbolic area is given by:

S S
E 2 1
Area of ¥y s = [49—4+2sh+;<2 — k_) +n}7r = [49—4+2s+n— 2; k—Z]F
So, all surfaces with g > 0 are stable (recall that we require s, > 0 for any Riemann surface under
consideration) and we have only a handful of non-stable cases at ¢ = 0: (s = 1;n € {0,1,2}),
(s=2n=0), (sh=1,80=1(k1 =2);n=1), (sh =1,8,=2(k1 = k2 =2);n=0).
In our procedure of degenerations of stable Riemann surfaces, the total hyperbolic area will be
preserved.

3.1. Qualitative description of the collision process. We are interested in the process of colliding
two holes with geodesic boundaries on a Riemann surface. This means that we consider a limit in
which the geodesic distance between these two holes tends to zero. In hyperbolic geometry, this means
that we obtain a “thin” domain between these two holes, but the geodesic length of this domain, on
the contrary, becomes infinite in this limit, see Fig. 6.

Instead of colliding two different holes, we can as well consider colliding two sides of the same hole.
In this case, the two parts of the same boundary approach each other through the surface like in Fig 7
and 8 and not through the hole.

We therefore have the following three types of processes:

1. The result of colliding two holes of a Riemann surface ¥/, of genus g with s holes/orbifold
points, and n bordered cusps is a Riemann surface of the same genus g, s — 1 holes/orbifold points,

“Intuitively, it can be thought of as pulling a “chewing gum”: the hyperbolic area of the Riemann surface (with
tubular domains of holes removed) is constant proportional to the Euler characteristics, so pulling a chewing gum we
make it thinner in the middle.
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FIGURE 7. The process of colliding two sides of the same hole on the Riemann surface ¥, ;o
(g > 0): as aresult we obtain a Riemann surface 3,1 s;1,2 of genus lesser by one with one more
hole and two new cusps on the boundaries of holes. A closed geodesic through the chewing-gum
becomes a geodesic arc.

FIGURE 8. The process of colliding two sides of the same hole on the Riemann surface ¥, ;o
(g > 0) when it results in a two-component Riemann surfaces X4, ¢, 1 and X, 5, 1 with g1+¢2 =
g and s1+s2 = s+ 1: the hole splits into two holes on two different components, and each of the
newly generated holes contains one new bordered cusp. A closed geodesic that passed through
the corresponding “chewing gum” before breaking it (in this case, it must pass through it at
least twice) splits into two geodesics starting and terminating at the newly created bordered
cusps on two disjoint components.

and n + 2 bordered cusps, and the hole obtained by colliding two original holes now contains two new
bordered cusps (see Fig. 6).

2. The result of colliding sides of the same hole varies depending on whether breaking the chewing
gum will result in one or two disjoint components (the latter happens unavoidably for example when
the original surface has genus zero).

2a If contracting and breaking the strip of Riemann surface bordered by the sides of the same
hole in ¥,  , results in a one-component surface, the new surface ¥,_1 511,42 has genus lesser
by one (so, originally, g > 0); the original hole then splits into two holes each containing one
new bordered cusp (Fig. 7).

2b If breaking the chewing gum constituted by sides of the same hole in ¥, ,, results in a two-
component surface, these new connected components, g, 5, », and g, s, n,, must be stable
and such that g1 + go = g, s1+s3 =s+ 1, and nqy + no = n+ 2 with n; > 0 and ny > 0
(Fig. 8).

3.2. Limiting geodesic arcs and extended shear coordinates. We now give a quantitative
hyperbolic description of the asymptotic process resulting from colliding two sides of the same hole
in a Riemann surface in such a way that the result is disconnected. To this aim, we present this
process in the hyperbolic upper half-plane: in Fig. 9, the two grey areas represent two sides of the



16 LEONID CHEKHOV* AND MARTA MAZZOCCOf

1+¢
s -~
s ~-
s PN
L4 ]_ XN
/:' S
A
4y A
;) ‘W
'
= /A0 O
-L-. - - -
€f17 S m . .- &652

FIGURE 9. The fundamental domain of the original Riemann surface is contained in the white
strip, while the grey areas represent colliding holes (or the same hole if colliding two sides of
it). The collars that become boundaries of horocycles in the limit as ¢ — 0 are slanted dashed
straight lines.

hole and the white strip contains the fundamental domain of the Riemann surface. We introduce two
“collar lines” (dashed slanted straight lines in the figure): they are parallel to the shortest geodesic
joining the two boundaries of the hole (the vertical interval between 1 and 1+ ¢ on the y-axis). The
part of the Riemann surface which is not affected by the collision process corresponds to the part
of the fundamental domain which is contained between each collar line and the absolute. We call
“chewing-gum” the part of Riemann surface corresponding to the portion of the white strip above the
collars - this is the part that is affected by the collision process.

We consider parts of geodesics “inside” the chewing gum, (Fig. 9). From the qualitative description
discussed in sub-section 3.1, we expect that the (total) hyperbolic length D, of the part(s) of the
geodesic function passing through the chewing gum will blow up. Here we are going to prove this
rigorously, as well as calculating the leading term in € of D,. We will then use this information to
multiplicatively renormalise the geodesic functions such a way that their limit as ¢ — 0 is finite. If a
geodesic does not pass through the chewing gum, it remains non-renormalized; if it passes more than
once, then we take D, to be the total summed up lengths of all such parts.

Let us estimate D, in terms of €. For simplicity consider the case where a geodesic passes once
through the chewing gum. A remarkable fact is that although D, tends to infinity as ¢ — 0, for
any two geodesics 7. and vy, the difference D, — D, tends to zero. To prove this, observe that for
any such v this distance satisfies the inequality D12 < D, < D13 where D2 and D13 are hyperbolic
distances between the corresponding points in Fig. 9. By using the formula relating hyperbolic distance
dm(z1, 22) between two points 21, zo to the Euclidean one |21 — 29/

2 2
<inh dm (21, 22) _ |21 — 20 ’
2 4ImzImze

we estimate )

_ 2
¢ 626162 461@2 + 0(6 )’
and ,
1 4— (b1 + 49)
Dis
¢ 625152 46162 + 0(6)7
so that

ePs—Di2 — 1 4 0(62)
and the difference Djs — Dy3 is of order £2.

We introduce the new variables m;,

(3.1) el =1,
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FIGURE 10. On the left picture we draw the Riemann surface ¥ 21 scematically: P is the
perimeter of the inner hole, h is the shortest geodesic between the inner hole and the outer arc
a; h is related to P via the formula sinh?(h/2) = (e —1)~! and tends to zero as P — oo.
In the middle picture we depict the fundamental domain (the hatched area) obtained from the
left picture by cutting along h. Rotations of the inner hole in the Riemann surface, correspond
to dilations in the upper half plane, or in other words to z — e” 2. We represent the collars by
dashed lines. On the right picture we present the resulting fundamental domain of ¢ ; 3 after
we have taken the limit as P — oco: in this limit, we obtain two new bordered cusps located at
zero and infinity whereas collars transform into horocycles based at these bordered cusps.

so that
(3.2) eP12/2 = (g)lem/2Tm/2 1 O(1).

We rescale all geodesics functions by the same factor (¢) and then take the limit as & — 0. In this limit
the chewing-gum breaks along the vertical interval between 1 and 1 + ¢ on the y-axis thus splitting
the fundamental domain in two parts, or in other words, two Riemann surfaces. The vertical interval
itself becomes a point (in fact two, one for each fundamenal domain) infinitely distant from the rest
of the Riemann surface, thus creating two cusps and a disconnected Riemann surface.

In the case where the result of breaking the chewing gum is a connected Riemann surface, as in
Figs. 6 and 7, we can always choose a connected fundamental domain in H whose boundary contains
two copies of the interval joining the boundaries of holes. In other words, in Fig. 9, we need to map
the part of the white strip in the right quadrant to the left hand portion of white strip between the
absolute and the collar of angle €/; by a hyperbolic transformation in order to obtain the fundamental
domain. In particular this means that the vertical segment between 1 and 1 + € splits into two, one is
mapped into itself and its copy is mapped inside the left part of the strip.

A simpler example of this procedure for ¥ 2 1 is depicted in Fig. 10.

We call the new coordinates m; such that e™ := {;, extended shear coordinates for the decorated
bordered cusps. To show that the exponentiated extended shear coordinates truly behave like A-
lengths, let us consider a useful example of a Riemann surface with at least two holes and two geodesics,
7e and 7y, passing between these two holes and having a single crossing in the rest of the Riemann
surface (see Fig. 11). The corresponding skein relation reads

(3.3) Gy Gy = Gy, Gy, + Gy, + the rest,
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FIGURE 11. The skein relation applied to the geodesic functions of two geodesics (7. and
~v¢) having a single intersection outside the “chewing gum” domain. As the result, we obtain
the first term, which is a product of geodesic functions corresponding to geodesics v, and .
and the geodesic function that correspond to the geodesic that splits into two geodesics, 7,
and 74, when breaking the chewing gum. “The rest”” is a combination of geodesic functions
corresponding to geodesics not passing through the chewing gum domain.

where we let the rest denote combinations of geodesic functions for geodesics not passing through the
chewing gum.

We now consider the limit as e — 0 of the skein relations (3.3) for two geodesics, 7. and v
in Fig. 11. For this, we multiply this relation by &2 (because we have two geodesic lines passing
through the chewing gum) and take the limit as ¢ — 0. All terms corresponding to geodesics not
passing through the chewing gum vanish and only the three terms in the figure contribute to the
limiting relation. The chewing gum breaks into two bordered cusps whereas collar lines transform
into horocycles decorating the corresponding cusps (see Fig. 12). Then, for the renormalised geodesic
functions,

(3.4) G5 = gl_% eG.,

we obtain just the Ptolemy relation:

(3.5) G5, G‘/f = G5,G5. + G5,G5,,

in which the geodesic in the third term in (3.3) now splits into two new geodesics. Note that the thus

obtained geodesic functions G5 are exponentials of halves of lengths of geodesics 4 confined between
two horocycles (which can be the same horocycle):

(3.6) 5 = ePi/2,

That we have obtained the Ptolemy relation should not be surprising: indeed, since collars transform
into horocycles in the above limit, the closed geodesics transform into A-paths bounded by horocycles.
What is more surprising is that we have an explicit way of doing this transition on the level of original
shear coordinates.

3.3. Limiting matrix decomposition. Let us consider the shear coordinates P, of the original fat
graph G, s corresponding to an edge whose sides are incident to the two holes or the two sides of the
same hole that we are going to merge in the collision. As discussed in sub-section 3.2, in the limit
e — 0, efa/2 = gem/2+m2/2 1 O(2). As a result, the edge matrix associated to that edge is affected
by the collision process in the following way:

3.7
G0 0 _ePa/2 0 _em/2Hma/2 0 _em/2+m2/2
— ~ € —
EXP“ =€ e~ Pa/2 0 :| |: Ee—ﬁ1/2—7r2/2 0 :|€ = |: 0 0 XMKXWQ’
where

0 0
(3.8) K:(_l o)
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FIGURE 12. In the limit as ¢ — 0 we obtain the Ptolemy relation for the new geodesic
functions (corresponding to arcs).

is the new matrix appearing because of the collision. So, we must merely replace Xp, by X, KX,.

Note that, for arbitrary 2 x 2-matrices F, ..., F},
(3.9) tr (AKRK - FK) = [[tr (BK),
j=1

so if an original geodesic was passing n times through the chewing gum, in the limit as ¢ — 0 it will
be partitioned into n disjoint geodesics each endowed with its own limiting geodesic function tr (F; K).

4. BORDERED CUSPED TEICHMULLER SPACE AND ITS COMBINATORIAL DESCRIPTION

In this section we introduce the notion of bordered cusped Teichmiiller space for Riemann surfaces
with at least one decorated bordered cusp. We first provide a fat graph description of such Riemann
surfaces. For this purpose, we need to distinguish between the holes that have a cusp on them, we
denote their number by s., and the holes without cusps on them. We treat the latter on the same
footing as orbifold points.

4.1. Fat graph description for Riemann surfaces with holes, orbifold points, and decorated
bordered cusps. In this subsection, we are going to use the insights from subsection 3.3 to introduce
the correct notion of fat graph for a Riemann surface with decorated bordered cusps.

Definition 4.1. We call cusped fat graph G, s, a special type of spine of the Riemann surface ¥4,
with genus g, s of holes or orbifold points (at least one hole), and n > 1 decorated bordered cusps,
such that it is a graph with a prescribed cyclic ordering of edges entering each vertex and the following
properties are satisfied:

(a) this graph can be embedded without self-intersections in ¥, p;

(b) all vertices of G, s, are three-valent except exactly n one-valent vertices (endpoints of the open
edges), which are placed at the corresponding bordered cusps;

(c) upon cutting along all nonopen edges of G s », the Riemann surface ¥  ,, splits into s polygons
each containing exactly one hole or orbifold point and being simply connected upon contracting
this hole or erasing the orbifold point.

We denote by I'y , , the set of all such cusped fat graphs associated to ¥ .

We call good cusped fat graph fg,sm a cusped fat-graph such that the polygons described in prop-
erty (c) are actually monogons for all orbifold points and all holes to which no bordered cusps are
associated. We denote by I'y , ,, the set of all such good cusped fat graphs associated to Xy s .
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According to this definition, for every good cusped fat graph ég, sn € fg, s,n, every orbifold point and
every hole with no associated bordered cusps is contained inside a closed loop, which is an edge starting
and terminating at the same three-valent vertex. Vice versa, every such closed loop corresponds either
to an orbifold point or to a hole with no associated bordered cusps. We shall see that the good cusped
fat graphs present good properties under the action of the groupoid of flip morphisms defined by the
transformations in Lemmata 2.2 and 2.3, therefore we shall mainly stick to these, distinguishing them
by the “hat” symbol.

Because every open edge corresponding to a bordered cusp “protrudes” towards the interior of some
face of the graph, and we have exactly one hole contained inside this face, every fat graph G, s, € g 50
determines a natural partition of the set of bordered cusps into nonintersecting (maybe empty) subsets
0g, k =1,..., . of cusps incident to the corresponding holes, and in every such set we have the natural
cyclic ordering coming from the orientation of the Riemann surface. We therefore have a marking on
the space of bordered cusps.

Using the above marking, we prescribe the following labelling for the edges of a good cusped fat
graph G, s ,: to every edge that is neither open, nor a loop we set into the correspondence a real
number Z,; to every open edge we set into correspondence a real number 7;, to every loop we set into
the correspondence the number w; equal to 2cosh(P;/2) for a hole with the perimeter P; > 0 (the
vanishing perimeter corresponds to a puncture) or equal to 2cos(w/r;) for a Z, -orbifold point.

We call the set of variables {Z,,, m;} extended shear coordinates. In subsection 4.3 we show that they
coordinatise metrics on bordered cusped Riemann surfaces and in subsection 4.8 we give the Goldman
bracket for them.

4.2. Cusped laminations. In this section we introduce the concept of cusped laminations, loosely
speaking collections of closed geodesics and geodesic arcs that do not intersect in the interior of the
Riemann surface. We show that when we have at least one bordered cusp, there always exist a
complete cusped geodesic lamination, namely a lamination such that any geodesic function associated
to a closed geodesic or any A-length of a geodesic arc in the Riemann surface is obtained as a Laurent
polynomial in terms of the geodesic functions associated to closed geodesics and A—lengths of geodesic
arcs belonging to the complete cusped geodesic lamination.

Definition 4.2. We call geometric cusped geodesic lamination (CGL) on a bordered cusped Riemann
surface a set of non-directed curves up to a homotopy equivalence such that

(a) these curves are either closed curves () or arcs (a) that start and terminate at bordered cusps
(which can be the same cusp);

(b) these curves have no (self )intersections inside the Riemann surface (but can be incident to the
same bordered cusp);

(c) these curves are contractible neither to a point in the interior of the Riemann surfaces nor to
a cusp.

Note that in each thus defined CGL sets of ends of arcs entering the same bordered cusp are linearly
ordered w.r.t. the orientation of the Riemann surface.

We now set an algebraic cusped geodesic lamination into correspondence to its geometric counter-
part.

Definition 4.3. The algebraic CGL corresponding to a geometric CGL is
(4.1) IT @coshiy/2) [ €= [] & ] G
veCGL acCGL yeCGL acCGL

where [, are the geodesic lengths of the corresponding closed curves and [, are the signed geodesic
lengths of the parts of arcs a contained between two horocycles decorating the corresponding bordered
cusps (or between the same horocycle if the arc starts and ends in the same cusp); the sign is negative
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FI1GURE 13. Four types of tiles used for tessellating a Riemann surface ¥, ; ,,. Every vertex is
situated at a bordered cusp (these cusps may coincide for a single ideal triangle); for simplicity
we do not draw the horocycles decorating the bordered cusps. Every inner side is glued to
an inner side of another ideal triangle. We then glue the half-edges of a fat graph incident to
these two inner sides into a single edge. An ideal triangle may have zero (case (a)), one (case
(b)), or two (case (c)) outer sides marked gray in the picture. Outer ends of the corresponding
edges of the fat graph slip to the nearest-to-the-right bordered cusp (cases (b) and (c)). Case
(d) represents a monogon containing a hole/orbifold point without bordered cusps. The edge
bordering a monogon is always inner. In such a tesselation, any arc (with or without self-
intersections) is homotopic to a unique path in the thus constructed fat graph.

when these horocycles intersect. The geodesic functions G, = 2 cosh(l,/2) for closed curves, as before,
and Gy = el*/2 for arcs.

Remark 4.4. We stress that the functions e*/2, associated to the arcs a in the CGL are nothing but
A-lengths on the corresponding bordered cusped Riemann surfaces (see [27, 26]).

Definition 4.5. We call a mazimum arc CGL, denoted by CGL7®*, of a bordered cusped Riemann
surface X s, with s > 0 and n > 0 the collection of all edges of the following ideal-triangle decomposi-
tion of 3, s »: (a) all edges of ideal triangles terminate at bordered cusps; (b) all holes/orbifold points
that do not contain bordered cusps are contained in monogons; (c) the rest of the surface obtained by
eliminating all monogons containing holes/orbifold points without bordered cusps is partitioned into
ideal triangles (all three sides of every such triangle are necessarily distinct).

Proposition 4.1. Given a fat graph -C?gvs,n € fg,sm with n > 0 we have a unique CGLF* dual to
Q\g,s,n-

Before proving this proposition, we give a brief combinatorial description of how we pass from ideal
triangle decomposition to fat graphs and vice-versa. We exclude the exceptional cases of non stable
hyperbolic Riemann surfaces ¥ 21 (single monogon) and ¥ ;3 (single ideal triangle). We tessellate a
Riemann surface 3, s , with n > 1 by tiles of four sorts depicted in Fig. 13: ideal triangles with distinct
sides among which zero, one, or two sides may be outer sides bordering cusped holes (Cases (a), (b),
and (c)) and monogons (Case (d)) each containing exactly one hole/orbifold point without bordered
cusps on it. Outer ends of edges of the fat graph incident to outer sides slip to the nearest-to-the-right
bordered cusp (Cases (b) and (c)). Then, for any arc with ends at bordered cusps we have a unique
path in the fat graph that is homotopic to this arc.

Proof. Given a good cusped fat-graph ég,sm, we embed it into a Riemann surface ¥,,,. We then
partition ¥, ,, into ideal triangles and monogons (containing holes/orbifold points without bordered
cusps) in such a way that every internal edge of QAM,” that is not a loop intersects with exactly one
(internal) arc from the triangulation, every outer edge of §g7s,n terminates at its own bordered cusp
(and we set the bordered arc to the left of this cusp in correspondence to this edge), and every loop
is homeomorphic to its w-cycle from this triangulation. The elements of this triangulation constitute
the CGLY*™ that is dual to Gy s, . Vice versa, we obtain the fat graph Gy s, € I'g s n (with s > 0 and
n > 0) dual to a maximum arc CGLY™ as follows: we set three-valent vertices into correspondence
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FIGURE 14. The shear coordinate of a open edge corresponding to the ith decorated bordered
cusp. On the left-hand side we present a part of a fat graph with the open edge endowed with
the variable 7;; on the right-hand side we present the corresponding ideal triangle whose side
corresponding to m; borders a hole (other sides can also border holes or can be adjacent to
loops), the shear coordinate of this edge is e™ = (A:\y/Aq) and it is sensitive only to the
decoration at the ith bordered cusp.

to every monogon with a hole/orbifold point and to every ideal triangle placing these vertices inside
the corresponding monogons (but outside holes contained inside monogons) and triangles. We then
draw loops (edges starting and terminating at the same vertex) around holes/orbifold points inside
monogons; all other internal edges of ég,sm join pairwise distinct neighboring three-valent vertices;
each edge crosses exactly one arc from CGL7®* and we have exactly n “outer” edges starting at three-
valent vertices of §g7s,n and terminating at the bordered cusps; these edges correspond to n bordering
arcs (framing holes with bordered cusps), and for each such arc the corresponding edge terminates at
the “right” bordered cusp incident to this arc (when looking from inside the Riemann surface). All
edges of this fat graph are endowed with real numbers (shear coordinates): edges that are neither
loops nor “outer” edges (terminating at bordered cusps) are endowed with Z, € R, “outer” edges
are endowed with 7; € R, and loops are endowed with w; = 2cosh(P;/2), P; € R, for holes and
w; = 2¢os(m/p;), pi € Z>2, for orbifold points. O

We now describe the geometric meaning of the new shear coordinates 7; associated with decorated
bordered cusps. In the ideal triangle decomposition dual to a fat graph G, , € I'y s n, we establish a
1-1 correspondence between arcs and all edges of the graph that are not loops. For inner edges and
edges adjacent to loops, the correspondence is as in Sec. 2 while we set into correspondence to an
open edge terminating at a decorated bordered cusp the edge of the ideal triangle that borders the
surface to the left (if looking from inside the surface) from this bordered cusp. We therefore allow
arcs between neighbouring cusps to be included into laminations; these arcs actually play important
role in our construction.

Explicitly, 7; is the geodesic distance between the perpendicular to the “outer” side of the triangle
through the vertex opposite to this side and horocycle decorating the ith cusp (see Fig. 14). The
relation to A-lengths of edges of this triangle is

(4.2) e =

where the edges a, b, and ¢ are as in the figure. The new shear coordinates are therefore hybrids of
genuine shear coordinates and A-lengths being distances between perpendiculars and horocycles.

4.3. Bordered cusped Teichmiiller space and Mapping Class Group. We are now ready to
define the bordered cusped Teichmiiller space:
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Definition 4.6. The bordered cusped Teichmiiller space §g,s,n of Riemann surfaces of genus g, s of
holes or orbifold points (at least one hole), and n > 1 decorated bordered cusps is defined by

o~

Sg,s,n = Rﬁg—6+2s+sc+2n % Qs—sc’

where s. is the number of holes with cusps on them.

The following result links points in the bordered cusped Teichmiiller space to conformal classes of
metrics on a Riemann surface with bordered cusps:

Proposition 4.2. For any point in {m;, Zn,w;} € §g7s,n there exists a Riemann surface Xy s, that is
smooth everywhere except a finite set of orbifold points, is endowed with a metric of constant curvature
—1, and such that the distribution of decorated bordered cusps into boundary components is fixed, and,
vice versa, for any Riemann surface X4, having the constant-curvature metric everywhere except

a finite set of orbifold points we have a (nonunique) point in gg,s,n such that all the lengths of all
geodesics and (decorated) arcs are given in terms of extended shear coordinates {m;, Zo,w;} € Ty sn.

Proof. The proof is constructive and its idea is the same as in the one for Riemann surfaces without
bordered cusps in [15]. We begin with an obvious observation that every surface 3, ,,, (still without
decorations at the bordered cusps) can be glued out of ideal triangles and monogons containing holes
without boundary cusps and orbifold points based at the bordered cusps (the boundaries of these
triangles and monogons are elements of a CGL}'™* from Definition 4.5); exactly n sides of triangles
remain unpaired; all gluings along internal edges are completely fixed by the choice of standard
shear coordinates Z, (which can be arbitrary real numbers), and, vice versa, for any set of shear
coordinates we have exactly one (up to overall automorphisms by Dehn twists) way to glue the
surface. All ideal triangles and monogons are endowed with the hyperbolic metric, and all gluings
along sides of triangles/monogons are smooth w.r.t. this metric. Introducing decorations we introduce
simultaneously n extended shear coordinates m; and, vice versa, for any set of the extended shear
coordinates we have exactly one decoration by horocycles. ([l

The Mapping Class Group acts on the fat-graphs by a composition of flip morphisms on I'y , ,, that
are dual to generalized cluster, or Ptolemy, transformations on the set of CGL;'**. The elementary
move, or flip, corresponds either to flipping the fat-graph inner edge that is not a loop (see Fig. 2) or
to a special flip of an edge that is a loop (see Fig. 4). We never flip an open edge - this means that we
do not flip bordered cusps. If after a series of such flips we obtain a graph of the same combinatorial
type as the starting one and with the same labelling of bordered cusps, we can always associate this
series of flip morphisms with the Dehn twist transformation along some closed geodesic curve.

Remark 4.7. We can relax the condition that the polygons containing holes must be monogons,
enlarging therefore the set of flip morphisms. This would be in line with [27, 26] where tagged cluster
varieties were introduced. The aim to impose this restriction in this paper is twofold: first, it allows
considering holes without cusps and orbifold points on an absolutely equal footing based on generalised
cluster transformations of [15]. Second, in this case, we are able to establish an isomorphism between
the sets of shear coordinates of G € fg,sm and cluster variables in an explicit and simple way, which
enables us to quantize the corresponding cluster variables in Sec. 5.

In the case where we consider the set of fat graphs fgvs,n with n > 0 all morphisms of shear
coordinates on '/ig,sm are generated by flips (mutations) of inner edges (not adjacent to loops and
not open) described by formula (2.11), by flips (mutations) of edges adjacent to loops described by
Lemma 2.3, and neither loop edges nor open edges are allowed to mutate. This set of morphisms
obviously acts inside the set fg,sm provided we have at least one bordered cusp.

Remark 4.8. Restricting the set of admissible spines to that of fg,sm we (intentionally) impose re-
strictions on the set of morphisms; one reason is that in this presentation we want to avoid further
complications (and inflating the text volume) related to introducing notching of edges (see [27], [26]).
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thus postponing developing correipondingi cluster structures to subsequent publications. Another im-
portant reason is that only for G, ,, € I'ys, all dual cluster variables correspond to arcs between
decorated bordered cusps (regular arcs in terminology of [26]). Although the extended shear coordi-
nates {m;, Z,} are well defined for any G, 5, € I'y 5 , and admit the Poisson algebras and quantization,
only A-lenghts of ordinary arcs, not those of tagged arcs, can be expressed in terms of these extended
shear coordinates (for any spine from I'y,) enabling us to derive Poisson and quantum algebras
for these A-lengths. On the other hand, notching the edges terminating at holes without bordered
cusps corresponds (see [27], [26]) to enlarging the lamination sets including geodesic lines winding to
the geodesic boundaries of the corresponding holes (the notching then corresponds to choosing the
winding direction). But because we obtain our system of lambda-lengths from colliding holes of an
original Riemann surface endowed with a set of closed geodesic lines (which degenerate into arcs in
the bordered cusped Riemann surfaces), we do not have geodesic lines winding to holes in the original
formulation and we do not expect their appearance in the final expressions.

Remark 4.9. The tropical (projective) limit of hole confluence process was considered by Fock and
Goncharov in [22]. However, because no decoration is needed in the projective limit, in the approach
of [22], actual dimension of laminations decreases in the process of confluence; on the contrary, in our
approach it increases, not decreases. On the level of laminations, this means that we also allow curves
in CGLs that go parallel to boundary curves joining neighbor borderer cusps.

4.4. Quantitative description of CGL;'“* and properties of the bordered Teichmiiller
space. In this subsection, we provide a quantitative description of the algebraic geodesic laminations
that allows to characterise the bordered Teichmiiller space as certain quotient of a representation space
(similar to the noncusped case).

As in Sec. 2 we evaluate geodesic functions as traces of products of 2 x 2-matrices by the following
rules.

e We first choose the direction on a path or on an arc (the final result does not depend on this
choice). We also choose the starting edge: for a closed path it can be any edge, for an arc we
choose it to be an open edge of the “starting” bordered cusp.

e We take the product of 2 x 2-matrices from right to left accordingly to the chosen direction:
if we start at an open edge labelled by i, we insert the edge matriz X, (2.4), where 7;
is the extended shear coordinate associated to the i-th cusp. If we start at a closed edge,
and every time the path goes through an internal edge (labeled «) not incident to a loop
we insert the edge matriz Xz, (2.4), where Z, is the shear coordinate of the corresponding
edge; every time it makes a right or left turn at a three-valent vertex not incident to a loop
we insert the corresponding matrices R and L (2.5); every time it goes along the edge (with
the shear coordinate Zg3) incident to a loop, then along the loop with the parameter w, then
back along the same edge, we introduce the product of matrices Xz, F, Xz, if the path goes
(once) clockwise along the loop or the product of matrices Xz, (—F; ') Xz, if it goes (once)
counterclockwise F, is defined in (2.6); if a path makes more than one tour along the loop, it
intersects itself and cannot enter a CGL.

e When a path corresponding to an arc terminates at a decorated bordered cusp we insert the
matrix K (3.8). We obtain the geodesic functions G and G4 by taking the traces of the thus
constructed products of matrices.

We are now going to use this description to show that the notion of bordered cusped Teichmiiller
space is the same as the real slice of the decorated character variety introduced in [13]. Let us remind
here that construction: topologically speaking a Riemann surface ¥  ,, of genus g with s holes/orbifold
points and n bordered cusps is equivalent to a Riemann surface ig,sm of the same genus ¢, with the
same number s of holes/orbifold points and n marked points mq,...,m, on the boundaries. On

Yg.sn the fundamental groupoid of arcs mq(3gsn) is well defined as the set of all directed paths
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a;; : [0,1] — ¥, 5. such that a;;(0) = m; and a;;(1) = m; modulo homotopy. The groupoid structure
is dictated by the usual path—composition rules.

Proposition 4.3. The bordered cusped Teichmiiller space §g,s,n of Riemann surfaces of genus g, s of
holes or orbifold points (at least one hole), and n > 1 decorated bordered cusps is the real slice of the
decorated character variety [13]:

Hom(ﬂa( gsn)y SLa(R >/HUJ’

where every U; is a unipotent Borel subgroup in SLa(R) (one one-dimensional Borel subgroup for each
cusp).

Proof. First of all let us observe that the real dimension of the real slice of the decorated character
variety is 6g — 6+ 3s+ 2n. In fact, let us fix a bordered cusp as the base point ¢y, we have 2g matrices
for the usual A- and B-cycles starting and terminating at ¢y, s — 1 matrices corresponding to going
around all holes except the one to which the cusp ¢y belongs, n — 1 matrices corresponding to paths
starting at ¢y and terminating at other cusps. Each matrix in SLo(R) depends on three independent
complex coordinates, giving 3(2g+s—1+n —1), by taking the quotient by H;L:1 Bj, which eliminates
n degrees of freedom, we obtain the final result.

Let us show that the extended shear coordinates and w—cycles in the good cusped fat-graph associ-
ated to X, are coordinates of points in the real slice of the decorated character variety. Using the
decoration by a horocycle at each cusp, one can associate to each arc a;; in the fundamental groupoid
of arcs m4(Xg,5,n) a matrix v;; € SLa(R) according to the rules outlined at the beginning of this section.
These matrices are by construction matrix functions of the extended shear coordinates and w—cycles
in the good cusped fat-graph associated to X, s, as we wanted to prove. Since the extended shear
coordinates and w—cycles are independent and there are 6g — 6 + 2s + s. + 2n + s — s, of them, the
result follows. O

Another consequence of the matrix decomposition rules is the following inversion formula expressing
A-lengths of arcs from CGL;' in terms of the extended shear coordinates of the dual fat graph:

Theorem 4.4. Given a CGL® and its dual fat graph ég,sm, every arc a, € CGLZ™ intersects

exactly one edge of ég,sm labeled o and carrying the shear coordinate Z,; denote the shear coordinate

of the cusp at which the arc a, starts by 7T§a) and the one at which it ends by 7r2 (note that 7T§ )

and ﬂ'ga) may coincide), then this arc is obtained by starting at the cusp 7r§ ), turning left to an edge

denoted by Z;,, then left again to an edge denoted by Z;, and again until the edge Z, is reached, then

turning right to an edge denoted by Zj,, then turning right again to an edge denoted by Z;, and again

and again until the final cusp with coordinate wéa) is reached. Correspondingly the \-length A\, of the

arc Qg 1S given by:

Ao = tr [KX @ RXz,, - RXg, F, Xz, R---RXz RXz,L---LXz Fo, Xz, L---LXz LX (Q)]
1

= exp[(m\V 4+ Ziy 4 Zig 4 422 A A Do Dy A Dy o+ 22 -+ 23,) /2]
if the a edge is not incident to a loop and by

Ao = tr [KX @RXz RXz,R---RXz. RXz.Fy X7, LXz L--LXz LX <a>]
Ty T

— exp|@n\™ + 21+ +22.)/2],
if the a edge is incident to a loop.

So in the both cases, the corresponding A-lengths are monomial products of the exponentiated ex-
tended shear coordinates corresponding to all the edges (with multiplicities) passed by the corresponding
arc. The inverse transformations expressing {Za,m;} through A\q are (2.3), (2.20), and (4.2).
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An example of such lamination is given in Fig. 21.

Remark 4.10. Our construction is obviously nonsymmetric w.r.t. changing the orientation of the
surface. Instead of taking the limit as P, — +o00 in (3.7) we may take the limit as P, — —oo in the

0
same expression. This will then result in the insertion of the matrix K’ = 0 0 > instead of the

matrix (3.8) in the proper places, and the shear variable m; will then be based on the ideal triangle
that is to the right, not to the left, from the corresponding bordered cusp. Nevertheless, components
of geodesic laminations remain to be Gy = et/ with the same definition of the signed length (with
the plus sign for nonintersecting horocycles).

4.5. The skein relation for CGLs. In this section we introduce the skein relation for elements of
new CGLs. Let us recall that the standard skein relation between two closed curves corresponds to
the following trace relation valid for any two matrices in SLs:

tr Atr B = tr (AB) + tr (AB™1).

We can still use this formula when the matrix A is no longer invertible, namely we can trivially extend
the skein relation to the case of an arc and a closed curve. This means that by choosing G; = tr A
and G = tr B where B corresponds to a closed curve, we obtain that we can resolve their intersection
in the standard way depicted in Fig. 15.

However, when both geodesic functions correspond to arcs, the above formula is no longer valid and
we must use a more “refined” version which will turn out to be useful also when we want to quantise.
To this aim, we first approach the skein relation from a purely algebraic view point. Let us consider
the permutation matrix

1 2
ISPRES Z €ij & €,
4,3
where we use the standard notation for the matrix e; ; that has a unity at the intersection of ¢th row

and jth column with all other elements equal to zero. It is not difficult to prove that for any two
matrices A and B

1 2
tr (AB) =1trq9 (A Py B> .

Let us now consider the transposition of the permutation matrix in one of the matrix spaces (does not
matter in which as the total transposition leaves Pjo invariant):

T 1 2
Pyt = E i ® i,
irj

and introduce

~ 1 2 1 2
Py = (F & H)P1T21 (F & H),

F:(flg)

Again it is not difficult to prove that for any matrix A and any matrix B € SLo, thanks to the fact
that B~! = —FBTF, one has:

where

1 ~ 2
tr (AB_I) = —trqg <A Py B) )
so that the skein relation can be written as follows:

1 2 1 ~ 2
(4.3) tr Atr B = tr 1o <A Pio B> —trqo <A Pio B>
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This new version (4.3) of the skein relation is valid for any 2 x 2 matrices, non necessarily in SLs.
Indeed it is a simple consequence of the fact that

(4.4) tr (A)tr (B) = tr 12(}1é) = tr 12(AT ® IB)
and

1 2 ~

I®I= P12 — Pra.
Now we match this algebraic explanation to the geometric picture. Since the matrices A and B
describe arcs or geodesics, they will generically be given by some product of left, right, edge matrices
and possibly a cusp matrix K as explained in sub-section 4.4. In particular for the skein relation to
make sense geometrically, A and B must intersect, or in other words they must contain at least one
edge matrix with the same coordinate, and the two right hand side terms in (4.3) must also define
arcs or geodesics. For example, assume:

A=K ---LXzR--- and B=---K---RXzL---

then the traces
1 11 1
tr(A) =tr(K -~ LXzR-)
2 22 2
(4.5) tT(B):tl“("'K"'RXzL"'),
are invariant with respect to cyclic permutation. When using the relation (4.4), we must cyclically
permute the building blocks in A and B as follows:

1 1 11
tr(A)=tr(R-- K- LXz)
2 2 2 2
(4.6) tr(B) =tr(L - K- RXz),

so that now the two right hand side terms in (4.3) become:
1 1 11 2 2 2 2 1 1 11~ 2 2 2 2
trio\ R+ K- LXzP2L---K--RXz|—trig|R--- K- LXzP2L--K--RXz|.

To convince oneself that both these terms describe arcs we need to use the following two properties
of Pjs and Pjo: for any matrix S:

1 2 2 1
P13 S=S Py, P13 S=S P12,
and
~ 2 1171 -
(4.7) Py S=FS F Pio,
so that
1 1 11 2 2 2 2 1 1 11 1 1 11
trig\ R K- LXzPi2L- K- RXz|=trio|\ R K--LXzL--K-RXz P12/,
which defines an ark by construction. Analogously:
1 1 11 9~ 2 2 2 2 1 1 11 117 1T 11 ~
trio( R~ K- LXzPi2L--- K- RXz|=tri2|\R--- K- LXz2FXy;L--+-K ---RF P12,
that, thanks to the fact that X% =F?=—Tand FKTF = K, again defines an arc.

Let us now show that (4.3) implies the Ptolemy relation when both A and B correspond to arcs.
Let us again proceed first by a purely algebraic point of view. Thanks to the results of section 4, we
have:

A=A1KA;y, B = B1 KBy,
where A1, As, By, By will be given by some products of left, right and edge matrices, or in other words
they are elements of SLy(R) while K is defined in (3.8) and satisfies FKTF = K. We then have

1 2
tr1o <A Pio B> =tr (AlKAQBlKBg) =tr (BgAlKAQBlK) =tr (BgAlK)tr (AQBlK),
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FIGURE 15. The classical skein relation: for an inner-point crossing of two curves v; and 72,
the corresponding geodesic functions satisfy (4.9) where in the left-hand side we have two CGLs
(comprising one curve each if at least one of v; is a closed curve and two arcs each if the both
~y; are arcs) obtained by two possible resolutions of the crossing.

due to the nice property of K that tr (SKTK) = tr (SK)tr (TK) for any two matrices S and 7.
Analogously:

1 ~ 2
—tr 19 <AP12 B) = tr(AFBTF) = tr (A|KAyFBIKTBTF) = tr (A1 KAy FBI FP KT F?2 BT F) =

= tr (A KABy ' KBy Y = tr (B P A1 K)tr (A2 By 1K),
so that in the end we obtain the Ptolemy relation:
(4.8) tr (A K Ag)tr (B1 K By) = tr (Bo A1 K )tr (Ao B1K) + tr (B YA K)tr (A2 By ' K).

Here again to match this algebraic explanation to the geometric picture we assume that A and B
contain at least one edge matrix with the same coordinate and we need to cyclically permute the
building blocks in A and B in such a way that all terms on the right hand side of (4.8) define arcs.
We leave this to the reader as it is analogous to the previous case.

So, in all cases we can still present the skein relations as in Fig. 15: for two curves 7; and ¥, having
a single crossing inside the Riemann surface, the corresponding geodesic functions G; = tr (A) and
G4 = tr (B) satisfy the relation

(4.9) G1G2 = G + G,

where any of (G and Gy can be either closed curves or arcs, and we obtain the geodesic or arcs Gy
and Gy by resolving the crossing locally in two ways shown in the figure. In the case of multiple
crossings, we resolve them one at a time and it is straightforward to prove that the order in which we
resolve the crossings does not change the final result.

We can then extend the skein relation to laminations: the skein relation between two CGLs, call
them CGL; and CGLsy reads

(4.10) CGL;CGLy = Z CGLyrruHI--,

resolutions

where in the left-hand side we have the sum of CGLs obtained by applying resolutions to all crossings
of CGL; and CGLs (for m crossings the left-hand side contains 2™ terms). If, in the resolution process,
we obtain a closed empty loop, we assign the factor —2 to this loop (so not all terms come with plus
sign in the left-hand side of (4.10)). If, in the resolution process, we obtain an empty loop starting
and terminating at a bordered cusp, we assign zero to this curve thus killing the whole corresponding
CGLygrgr.... If a loop homeomorphic to going around hole/orbifold point appears, we insert the
parameter w; in CGLgrmyy....

4.6. Open/closed string diagrammatics as a projective limit of A-lengths. We now establish a
correspondence between our description of Riemann surfaces with bordered cusps and the approach of
windowed surfaces by Kaufmann and Penner [35]. The authors of [35] proposed to consider laminations
on Riemann surfaces with marked points on boundary components determining windows: the domains
between neighboring marked points; elements of laminations are allowed to escape through these
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windows. In our approach, we naturally identify these windows with parts of horocycles confined
between two bordered arcs. We then have the following correspondence principle:

Given a Riemann surface ¥, s, with n > 0, a fat graph ég,sm el g,s,n, and a lamination, which is a
finite set of nonintersecting curves that are either closed or start and terminate at windows (see, e.g.,
Fig. 12 for examples of such curves), we can always collapse this lamination to §g7s,n in such a way
that all lines of the lamination terminating at a window will terminate at the corresponding bordered
cusp. Then the parameters /, € Z4 () indicating how many lines of the lamination pass through the
given (ath) edge are determined uniquely. We identify these parameters with the projective limit of
M-lengths of arcs: specifically, £, is the projective limit of log A\, where A\, is the A-length of the arc
that is dual to the ath edge and belongs to a unique CGL7*** dual to §g7s,n.

The above identification is based on the fact that the tropical limit (or the projective limit) of
mutations describes transformations of the variables ¢, upon flips; indeed, when flipping an inner
edge as in Fig. 2, we obtain
(4.11) le + ff = max[ﬁa + Lo, Uy + fd],
and when flipping an edge incident to a loop as in Fig. 4 we have
(4.12) le + 0y = max[20,,20).

Here /. and /; are parameters of lamination for the original and transformed edges and in the right-
hand sides of (4.11) and (4.12) we can easily recognize projective limits of the corresponding mutation
formulas

(4.13) [47] AeAs = AgAe + ApAg,
(4.14) [15]  AeAf = A2 +wlghp + A7
obtained by taking the scaling limit Ao — e™V%/2 with the same N — +oo for all c.

We therefore identify windows by Kaufmann and Penner with asymptotic domains (a decoration
becomes irrelevant in the projective limit), which correspond in the open/closed string terminology
to incoming/outgoing open strings; we thus have a convenient paramteterization of an open/closed
string worldsheet in terms of the extended shear coordinates provided we have at least one open string
asymptotic state. The open/closed string worldsheet corresponding to 3, ,, then has genus g, has
exactly n open string asymptotic states, and exactly s, closed string asymptotic states (in the absence
of conical singularities corresponding to orbifold points).

4.7. Comparing to the theory of bordered surfaces by Fomin, M. Shapiro, and D. Thurston.
In two nice papers by Fomin, M. Shapiro, and D. Thurston [27] and by Fomin and D. Thurston [26],
the authors developed a theory of bordered Riemann surfaces. Riemann surfaces with bordered cusps
we consider in the present paper are in fact bordered Riemann surfaces of [27, 26] with cusp decora-
tions by horocycles (also introduced in [26]). However, our description of A-lengths in terms of the
extended shear coordinates that enables us to quantize the formers seems to be new. So, let us present
the list of similarities/differences between our approach and that of Fomin, Shapiro, and Thurston:

(i) Our arcs are ordinary arcs between decorated bordered cusps in the terminology of [26]; related
ideal triangulations comprising only compatible ordinary arcs (with all punctures enclosed in
monogons) are our CGL'®*.

(ii) Our (exponentiated) extended shear coordinate €™ associated with the jth cusps is reciprocal
to the L, from [26], which is the length of the horocycle segment cut out by the corresponding
ideal triangle.

(iii) We always add to an ideal triangulation system arcs between neighboring cusps (excluded in
[27, 26]). These arcs never mutate, correspond to frozen variables in the quantum cluster
algebra case, but they are not central in the sense of Poisson or quantum algebra having
nontrivial commutation relations with ordinary arcs and between themselves.



30 LEONID CHEKHOV* AND MARTA MAZZOCCOf

PNl PAEEREN PAGEEREN
/\\ ,/\‘ / \\ 4 \\
L3 = 1 [ L [ '
\ 7 N ! 2 \ ! 2 \ !
N Ny N y N /
7 7
Se=”" Y S S~
{G1, G2}k Gr Gu

FIGURE 16. The “elementary” Poisson bracket (the Goldman bracket) {G1,Ga}r (4.15) be-
tween two geodesic functions of the two corresponding curves ; and 2 at their kth intersection
point inside a Riemann surface: the curves and CGLs here are the same as in Fig. 15.

(iv) In our treatment, we consider only triangulations by ordinary arcs (thus avoiding tagging and
notching issues, which were crucial in [27, 26]). In fact, we can introduce shear coordinates for
any fat graph G, s, € I'y s dual to the corresponding partition of ¥, ,, into ideal triangles
whose sides are both tagged and ordinary arcs in the terminology of [27, 26]. Then the Poisson
and quantum algebras of the shear coordinates on G, s, will be given by the same formulas

(Theorems 4.6 and 5.1 below) as for any fat graph Gy s, € I'y s, and we can again express
both A-lengths of ordinary arcs and geodesic functions of closed curves in terms of these
shear coordinates (using exactly the same combinatorial rules as before) thus obtaining the
corresponding Poisson and quantum algebras (which, of course, retain their forms). We cannot
however express A-lengths of tagged arcs in terms of shear coordinates of G, ; , because these
shear coordinates are insensitive to the tagging and to horocycle decorations corresponding
to the tagging. We are therefore lacking Poisson and quantum algebras of tagged arcs. A
possible reason hindering the very existence of Poisson and quantum algebras of tagged arcs
compatible with the surface orientation is that, unlike ordinary arcs, we have only cyclic, not
linear, ordering of tagged arcs winding to a hole/approaching a puncture, so, presumably,
no decoration-free notion of a Poisson or quantum algebra exists for tagged arcs. In what
follows, we thus consider only a sub-groupoid of flip morphisms that preserve the “monogon”
property and are described by the generalized cluster algebra mutations of [15]; in reward we
can explicitly quantize A-lengths of the ordinary arcs from CGL** dual to corresponding fat
graphs _C’7978,n € fg,sm thus obtaining quantum cluster algebras of geometric type (see Sec. 5).

4.8. Goldman brackets for CGLs. We now introduce the Goldman bracket on the CGLs compris-
ing closed curves and arcs (A-lengths). For this, we introduce the Poisson relations for intersecting
curves entering CGLs. Curves (either closed curves or arcs) can intersect either in the interior of the
Riemann surface or at bordered cusps (if they are arcs incident to the same cusp(s)).

Let us define the local resolution {G1,G2}i at the kth intersection point py of two curves v; and
v2. When py, is an internal point of the surface, we set (see Fig. 16)

1 1
(4.15) {G1,Ga}y = 5G1—5GH,

where G; and G are the same resolutions of the crossing as in the skein relation in Fig. 15

When two arcs meet at the same bordered cusp, the Goldman bracket between their geodesic
functions at this cusp depends on the ordering of the corresponding arcs w.r.t. the orientation of the
Riemann surface (see Fig. 17) (G1 = G4, and G2 = Gy,)

%GI if a; is to the right of asy

1
416 G, oy = +-Gh Gy 1=
(410) 1o, Gatie =27 G {—icH if ay is to the left of a

where we have the plus sign if the arc a; lies to the right from the arc ay when looking “from inside”
the Riemann surface and minus sign if the arc a; lies to the left from the arc ay. Note that, since every
arc has two ends, we must evaluate the brackets (4.16) for all four combinations of these ends (ends at
different cusps Poisson commute); for instance, in the case where all four ends are at the same cusp,
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FIGURE 17. The “elementary” Poisson bracket (the Goldman bracket) {G1,Ga2}r (4.15) be-
tween two geodesic functions of the two corresponding arcs a; and as coming to the same
bordered cusp of a Riemann surface: the sign depends on the ordering of ends of the corre-
sponding curves w.r.t. the orientation of the Riemann surface (indicated by an arrow.

and the both ends of a; are to the right of both ends of as (provided these arcs has no intersections
inside the Riemann surface), the total bracket will be {Gq,, G, } = Gy G, -

The Poisson bracket (the Goldman bracket) between two geodesic laminations CGL; and CGLg
(which may comprise both closed curves and arcs) with the set @ of intersection points py (for two

arcs al(l) € CGL; and a,(f,,) € CGLy, we count intersections separately for every pair of endpoints of

al(l) and a,(f,,’) is then geometrically defined to be

4.17 CGL1,CGLy} = CGL .
( ) { 1 ) Zk:cgp:k “WLH] HHH{IMI}{}IHH

where c;py = 1/2 or 1/4 and cggy = —1/2 or — 1/4 depending on whether the point p; is an inner
point or a bordered cusp and we take the sum over all resolutions of the corresponding intersection of
CGLs. Again, if in the process of resolution we obtain an empty closed loop, we assign the factor —2
to it; if we obtain an empty loop starting and terminating at the bordered cusp, we assign zero to it
killing the corresponding CGLy (1 my1...-

Lemma 4.5. The semiclassical algebra of CGLs with the product defined in (4.10) and the Poisson
bracket defined by (4.17) satisfies the classical Whitehead moves and semiclassical Jacobi relations.

We postpone the proof till Sec. 5 where the above two cases will be corollaries of the quantum skein
relations (they arise as the respective terms of orders A’ and k! in the h-expansion of the quantum
Whitehead moves).

4.9. Poisson brackets for shear variables of bordered cusped Riemann surfaces. We now
introduce the Poisson bivector field (the Poisson bracket) on gg,s,n that is invariant w.r.t. morphisms
of gg,s,n- In what follows we denote by Y the both the usual shear coordinates Z,, and the cusp shear
coordinates ;. The following theorem states that the cusp shear coordinates behave in the Poisson
relations exactly as usual shear coordinates - in particular they are not central:

Theorem 4.6. In the extended shear coordinates Yy ( mcludmg the standard shear coordinates and the

bordered cusp shear coordinates) of fg s,;n 0N any fized spine gg sn € Fg s,;n corresponding to a surface
with at least one bordered cusp, the Wezl Petersson bracket Byp reads

4g9+2s+n—4
of 0Og dg Of
(4.18) F(Y),9(Y)} = ( _ )
{ } 31%1367115 ; 8YJi aYJiH 8YJZ‘ aYJiJrl

vertices J =1

where the sum ranges all three-valent vertices of a graph that are not adjacent to loops and J; are
the labels of the cyclically (clockwise) ordered (Jy = J1) edges (irrespectively whether inner or outer)
incident to the vertex with the label J. This bracket
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(1) is equivariant w.r.t. the morphisms generated by flips (mutations) of inner edges described
by formula (2.11) and by flips (mutations) of edges adjacent to loops described by Lem-
mata 2.2, 2.3;

(2) gives rise to the Goldman bracket (4.17) on the space of CGLs [32].

The centre of this Poisson algebra is a linear span of Y ;.; Yy where we take the sum (with proper
multiplicities) over indices of edges bounding a cusped hole (labeled I) and of the coefficients w; corre-
sponding to monogons. These coefficients are either 2 cosh(P;/2), where P; are perimeters of holes that
do not contain bordered cusps, or 2cos(m/p;), where p; € Z>o are orders of the orbifold points. The

dimension of the centre is s, and the total dimension of any Poisson leaf of ‘fg,svn 15 6g — 6 4 25 4 2n.

Proof. Proving the preservation of Poisson brackets is easy (and in fact was already done in Sec. 2
because we do not enlarge the set of mutations: we are not allowed to mutate open edges). The
strategy of proving that the brackets (4.18) imply the Goldman brackets is based on the invariance
of products of matrices under the trace signs under the flip morphisms (formulas (2.12)- (2.14) and
(2.17)—(2.19). In the case of a simple intersection, we can use flip morphisms to reduce the intersection
pattern between two curves in two CGLs to just three cases: either curves do not intersect and thus
commute, or they intersect over a single internal edge, or they intersect over a single outer edge. Before
considering two nontrivial cases presented in Fig. 18 (a) and (b), note that in the case of multiple
intersections, we may apply the Poisson relations at every intersection separately (and are allowed to
apply classical skein relations at other intersections). The construction below is technically close to
the one in Sec. 4.5 when deriving the classical skein relations.

We now calculate the Poisson bracket between geodesic functions labeled “1” and “2” and having
a crossing as shown in Fig. 18.

1 21 22 1 21
2 zZ4 (a) zZ3 2 zZ4 (b)

F1GURE 18. Two possible nontrivial crossing types for A-lengths.

To this aim, we write the Poisson relations (4.18) in terms of edge matrices by using the standard

tensor notation like in Subsection 4.5:

12

11 2
= Xy, ® XYJl_HS,

4

where J; are the labels of the cyclically (clockwise) ordered edges (irrespectively whether inner or
outer) incident to the vertex with the label J and

12 1 2 1 2 1 2 1 2 1 0 1 0
S:=e11 ®e11 — e @ e; — €11 ® €2 + €22 ® €90= 0 &

1 2
{XYJi7XYJi+1}

-1 0 -1

is a diagonal matrix. Note that

1 2 12 121 2
(4.19) Xy;, ® Xy, S=8Xy,, © Xy, >

12
so we can place the matrix § from any side of this tensorial product.
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When calculating the Poisson brackets between A-lengths G1 = tr x P and G4 = tr Q) in Fig. 18,
we first express P and @ in terms of X, L, R matrices, then compute the tensor product:

1 2 1 11 11 2 22 2 2
P®Q:"'X23RXZ5LX21 "'®"'X22LXZ5RXZ4"';

in case (a) and
2 11 11 22 22
P®Q KXzsLle"'®KXZ5RXZ4"';

in case (b), then we insert a matrix + S for each couple of variables (z;, z;) such z; appears in P, z;
appears in @) and (7, j) share a vertex.Finally we need to sum on all insertions.

12
For example in case (a) we need to insert matrices S in six places and in case (b) we have three
insertions. These insertions are shown schematically in Fig. 19, where the signs (+) and (—) indicate

12
with which sign the corresponding matrix S enters the direct product.

) ) H) (+) (+X-)
1 ng : ‘\ R \ XZ5 / L /' : le ]_ K \ XZ5 L /' : le
\ \ / / \ /
| \ \ / , | \ , |
1 N\ N/ 7 1 N y |
I S el s I AN s I
1 NS ~ 7 1 ~ 7 1
| /<\ />\ | />\ |
| // N7 \\ | 7 \\ |
! // /’(\ \\ ! // \\ !
1y, 7N N / N
| 4 \ v / v
2 XZQ 1 L ! XZS \ R vl XZ4 2 K I XZ5 R vl XZ4
(a) (b)

12
FIGURE 19. Schemes of insertions of the matrix S in the tensor products.

12
Due to the property (4.19) and using that X, X, = RL = LR = —1, we can push all S insertions
to the single place just to the right. We then have for the bracket in case (a):

111 2 2 1 1 2121 1 2 1 1 2 2121 1 2 2 1 2121 2
—RXZ5®LX25 XL ®1SRX s @ 1— XL ® X5 RSRX 25 @ LX o5 + X2y @ RSX 25 ® L
2 2121 2 2 1 121 2 2121 2 1 2

Calculating the part in the curly brackets we obtain

() (L o)+ )= (0 )

a2 )0 8 ) e 8

(5000 (0 )
(o)) (U)o (a) =0 5 ) =0 8)

2 2 1 2 1 2
= 4(612 (9] €91 + €21 X €192 +€§11) [ €§21) + €§12) ® 6522)) — 2(1 ® 1)

(4.20)= 2Py + 2Py,
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where P79 is the standard permutation R-matrix and ﬁlg was defined in (4.7). Recall that P1T21 =
ZL j€ij ®eijis the partially transposed permutation matrix that enjoys the condition that

1 2
APy =[4] Py

for any matrix A. Since A™' = —FATF for any SL(2,R)-matrix, taking into account the overall
factor 1/4, we obtain from (4.20) the Goldman bracket (4.15) (see also Fig. 16).

In case (b), it is easy to see that

1 2 2121 1 1 1122 2 1 12 212
Z(X25R8X25L + XzsLSXzsR - Xz;,LXz;,RS)

1121 12 2 120 1 0 0

==-SX,LX,R— S & )

4 0 0 1 0
1212 12

and because K KS=KK, the first summand gives just a product of K-traces whereas the second

2 2
summand contains the term K K= 0 thus vanishing identically and we obtain a homogeneous Poisson
bracket (4.16) (see also Fig. 17). O

We now show that the Poisson relations between A-lengths of arcs belonging to the same CGL are
completely combinatorial. In order to describe the combinatorial nature of the Poisson brackets we
need to introduce some more notation: given a CGL'**, let us fix an orientation of the fat graph and
of each open edge so that we can enumerate all bordered cusps in ¥ 5 ,, once for ever and at each cusp,
and we can prescribe a linear ordering on the set of the ends of arcs coming into the cusp. This means
that all arcs in the lamination CGL;'®* are uniquely determined by 2 indices and two sub-indices: s;
and t;, where s determines the cusp at which the arc originates, 7 determines which arc in the s cusp
we pick, t gives the cusp where the arc ends and j determines which arc in the ¢ cusp we pick. We
denote this arc by Qs t, and its A-length by )\si,tj.

Corollary 4.7. The Poisson relations between any two A-lengths As, +; and Ay, g, of two arcs in the
same CGL read:

1
(4'21) {)‘Siﬂfj ) )‘Pz,%} = Z[(Siv tji Dl Qk))‘sz',tj )‘pz,%’

where I((s;,t;;p1,qx))/4 is called incidence index between the two arcs as,4; and ay, 4, and is defined
by
(4.22) I(si,tj;p1, qr) = sign(i — 1)ds p + sign(j — 1), + sign(i — k)ds g + sign(j — k)d,q.

Proof. This is a consequence of the fact that two arcs in the same lamination never intersect inside the
Riemann surface, but can only meet in a cusp. Since the A-lengths As, 1, and Ap, 4, of arbitrary two arcs
from the same CGLY*™* admit monomial representations in terms of the extended shear coordinates
of the fat graph §g7s,n dual to CGLY™* (see Proposition 4.4), the Possion relations for these shear
coordinates (4.18) become homogeneous. O

4.10. Poisson algebras of geodesic functions in the case of no bordered cusps. Let us explain
here how to fully characterise the Poisson algebra of geodesic functions on a Riemann surface ¥, ¢ for
any genus g and any number s, > 1 of holes and any number of s, of orbifold points (s = s,+ s) as a
specific Poisson sub-algebra of the set of geodesics functions and arcs on 2973,1 i.e. a Riemann surface
with the same genus g, the same number s > 1 of holes and the same number of s, of orbifold points
with at least one bordered cusp on one of the holes.

For simplicity let us restrict to the case when there are no orbifold points, so that s, = s. The
general case can be done in the same way.

The Teichmiiller space for 3, is R%976+25 x Q% while for ¥, ;1 is R9=6+2543  05=1 hecause we
have s — 1 holes with no cusps and sj, = 1 holes with 1 cusp on it.
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The Riemann surface iw,l is laminated by s — 1 closed geodesics around the non-cusped holes and
by 6g — 6 + 2s + 3 arcs. The Poisson algebra is therefore of dimension 6g — 6 + 3s 4+ 2 and admits
s central elements - the s — 1 parameters wy,...,ws_1 corresponding to the lengths of the closed
geodesics around the non-cusped holes and the A-length of the arc that follows the fat graph starting
from the cusp, going always left until it ends at the cusp again.

Let us now consider the closed geodesic g around the cusped hole (homeomorphic to the closed path
going exactly around the hole and separating its part with the cusp from the rest of the surface) and
take the set F of all closed geodesic functions of the lamination that Poisson commute with it. This
forms a closed Poisson algebra due to the following simple lemma.

Lemma 4.8. Given a Poisson algebra (A,{-,-}) and any element g € A, the set F = {f € A|{f,9} =
0} is a Poisson sub-algebra with the induced Poisson bracket.

Proof. The statement is a trivial consequence of the Jacobi identity. O

The Poisson algebra F; coincides with the Poisson algebra of geodesic functions on the Riemann
surface Y, s by construction and has dimension 6g — 6 + 3s + 1 with s + 1 Casimirs.

Example 4.11. Let us illustrate the procedure in the case of a torus with one hole ¥ ;. In this case
the fat-graph is given by a prezzle (see Fig. 4.11) and the Poisson algebra is generated by the lengths
of the three simple closed geodesics going along two edjes: Gz,z,, Gz,z,, Gz,7, which satisfy the
following Poisson relations:

1

G22,Gaz} = 56G22.G22 — Gz za,
1

{GZ1Z()7 GZ()ZQ?} - §GZ12()GZ()Z2 - GZ2217

1
1G22, Gy2,} = 5G202.Gn2 — Gzz,,

with central element:
2 2 2
GZ221 + G21Z0 + GZOZ2 - GZ2Z1GZIZOGZOZZ’

Zs Zo

A

FIGURE 20. Fat-graph of ¥ ; with the geodesic Gz, z, in blue.

Let us now characterise this algebra as a sub-algebra of the algebra given by the lamination of a
torus with one hole and one cusp on the hole ¥ 1 ;. The fat-graph in this case is given in Fig. 21.

We choose the lamination in the canonical form from Proposition 4.4 (in this form, all arcs are
monomials in the exponentiated shear coordinates).
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e — — — — —

ap ai az az a4

FIGURE 21. The (canonical) system of arcs for 3111 .

The elements constituting the lamination are:

e7F+Z1+Z2+ZS+Z4, _ eW+Zl+2Z2+%Zs+%Z4’ €7T+%Zl+%zz+z3+%z4,

ag = ay ag =

1 3 1 1 1
(4'23) ag = e7r—i-§Zl-i-§Z2+§ZS4-Z47 — e7T+Zz+§Z3+§Z47

a4

where ag is central. Note that because the above relations are invertible, we can equivalently express
all shear coordinates in terms of arcs using formulas (2.3) and (4.2):

apaq aopas ai1as
el = ’ ezl — , €Z2 — ’
ai a20a4 apa2
2
ajaq a
(4.24) e’ =—, =1
asz ajaq

Let us now consider the closed geodesic around the hole:
g=tr(RXz, LXz,LX7,LX7 LX 7, LX7,LX7,LXz,).

It is straightforward to verify that the set of functions that Poisson commute with ¢ is generated by

a a2 as 3 3 .
95005 433 v - The three simple closed geodesics of the uncusped case now correspond to:

G1 :tr(LXZZRXZ4Lle), Go :tl"(LXZ2LXZ3Rle), G3 :tr(LXZ4RXZS).
We can express these in terms of the lamination as follows:
2
as apan

a4 as
Gi=—+4+—"+ s
as a4 ajas a1a4

2
a9 aj asz apas
Gy=—+ —+—— +—,
ai az Q204 Q1G4
az ~az ~ a1G4
G3=—+—+—.

as a2 aza3
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It is straightforward to see that G1, Go, G3 and ¢ generate the sub-algebra of all functions of ag, ..., a4
that Poisson commute with g and that these geodesic functions satisfy the Poisson relations

1 1 1
{G1,G2} = §G1G2 - G3, {G2,G3} = §G2G3 -G, {G3,G1} = §G3G1 — G,
with the central element
G1G9G3 — G% — G% — G%.

This central element is equal to 2 — ¢

5. QUANTUM ALGEBRAS

5.1. Quantum algebras of arcs. We first start with quantising the Poisson relations for the gener-
alised shear coordinates on Riemann surfaces with bordered cusps. We have the quantum analogue of
Theorem 4.6 - note that here again Y}i denotes both the operator corresponding to inner edges and
to cusps.

Theorem 5.1. Let YJ denote the Hermitian opemtors corresponding to the extended shear coordinates
coordinates Yy of Tgsn on any fized spine ggsn S I‘gsn, the commutation relations between these
operators are given by the formula

(5.25) Y}, Y] = 2mib{Yy,, Yo, ),

where {Y,,Y;,} are the Poisson brackets given by the formula (4.18). These commutation relations

(1) are equivariant w.r.t. the quantum flip morphisms generated by flips (mutations) of inner edges
(2.23) and by flips (mutations) of edges adjacent to loops (2.28) and (2.29).
(2) gives rise to the quantum skein relations on the space of CGLs [32].

The Casimirs of these quantum algebras are again ) ;c; Y}l where we take the sum (with proper
multiplicities) over indices of edges bounding a cusped hole (labeled T ).

Whereas no obvious natural ordering of quantum shear coordinates entering a quantum geodesic
function for a closed geodesic exists, it appears that we have one for quantum shear coordinates of
arcs.

Lemma 5.2. The quantum ordering that

(1) is preserved by the quantum flip morphisms in (2.23), (2.28) and (2.29),
(2) ensures that all geodesic arcs are Hermitian operators,

is the natural quantum ordering (coinciding with the ordering of matriz product) provided we replace
R — ¢ Y*R and L — ¢*/*L at all the formulae.

Proof. The proof is based on formulas (2.25)—(2.27) and (2.30)—(2.32) using which we can reduce any
arc to one of the following cases:

(1) if an arc starts and terminates at different bordered cusps labeled 1 and 2, then we have either
tr [KXMRq_l/‘le] with [me, ] = 2mih or tr [KXMLXyRXm] with [Y,m] = [V, m] =
2mih, [m1,m2] = 0; a direct calculation in the both cases demonstrate that these expressions
are Hermitian operators.

(2) if an arc starts and terminates at the same bordered cusp, then we have either

tr [KX,RXyF,XyLX:|, [Y,7]=2mih,
or
¢ V"% [K Xz RXy, LXv, RX,], [Y1,7] = [Y1,Ys] = [r,Ya] = 2mih
or
g ?tr [K X, RXy, RXy,LXy,RX:|, [Y1,7]=[Y2,Y]] = [Ya,Y3] = [r,Y3] = 27ih

All these expressions with the natural ordering of quantum entries are Hermitian operators.
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Lemma 5.3. All quantum arcs from the same quantum CGL have homogeneous (q-commutation)
relations:

(5.26) ql(al’a2)/4Ggl Gziz _ q_I(al7a2)/4G£12 ah

ap?

where I(ay,a2) = —I(ag,a1) is the “incidence index” (4.22) of two arcs ay and ay that have no
intersections inside the Riemann surface. Recall that this index can take values —4,—2,—1,0,1,2,4.

Proof. The proof again uses the invariance of quantum arcs w.r.t. quantum flip morphisms. Using
this invariance we can again reduce the pattern to one of a finite number of cases. We can then verify
the quantum skein relations (5.26) at each case separately. O

5.2. Quantum skein relations for arcs. As we have seen in sub-section 4.5, in order for the skein
relation (4.3) to make sense geometrically, we need to cyclically permute the factors that form the
matrices A and B in such a way that the matrices on the right hand side of (4.3) indeed correspond
to geodesic arcs or closed geodesics. When we are dealing with the quantum case, the entries of these
matrices no longer commute, so that cyclic permutations bring in some g-factors. In this section we
explain how to control these factors in a way to define a quantum analogue to the skein relation.

Let us consider a specific example (see Fig. 22) with two quantum arcs intersecting once:

(5.27) G =tr (--- X, LX1yRX7LX7RXxLXx,RXx,---) and Gt =tr (--- XpRXzLXy ---).

We use that

1 2 2 1 2 1
XxXv=XyXx Q =Xy Q" Xx,

where @ is a diagonal matrix acting in the space product:
1 2 i—j
(5.28) Q = Z € & €55 q(_l)‘ ]‘/2.
Z‘ij

We then push the second arc in (5.27) from the right through the first arc until two insertions of X,
will become neighbour (this is to make sure that all quantities involved in our quantum skein relation
indeed describe quantum arcs). We obtain

b 1 11 11 12 1 422 11 422 11 11
(5.29) GiGy=trio| - X, LXTWRX7LXPX2zQ  RXze RXx Q  LXyLXx RXx,

where the bullet is the place where we are going to insert I x I like in the classical case. We now
however have to replace the classical matrices Pjo and Pjo by their quantum analogues.

Let us start from the quantum analogue 715 of —]312:

(5.30) T2 ' =q é22 ® g11 +q7! é11 ® t2€’22 - é12 ® g21 - é21 ® g12,
or
0 O 0 O
~ 10 gt -1 0
Tl 21 g 0
0 O 0 0
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It is straightforward to verify that

1 2
712(RXs ® IzE)Q_l = 1/2?12 (IE‘J ® XSL)

712 (LXS ® E) 7’12 (E & XsR)

2
Q" (XSR ® E)ﬁz = ¢'/? (E ® LXS)le,
Q(XSL ® E)?lz =q /2 (E ® RXS)?I%

that is, 712 is indeed the quantum analogue of —Pps.
We now define the quantum analogue r15 of Pjo. This is defined as

1 2

(5.31) ri2 =ql®1 72,
so that
q 0 00
0 g—¢g " 10
ri2 =
1 00
0 0 0 ¢
Observe that r1o = —q%slgquz where
1 0 0 0
g—1 qg—q¢t 10
5.32 Pl = ,
( ) 12 0 1 0 0
0 ¢'—101
and
—q'/? 0 0 0
R g2 — g2 _g1/2 0 0
(5.33) s12=L Q" R= 0 0 g2 0
0 0 gV2 g2 gl

These two matrices satisfy the following useful properties:

q 1 2 1 2
PLRQLQ=P2R® L,

and

2 11 11 2
Xz s12 LXy=LXy ® Xz= LXzQ XY7

so that s1o effectively permutes X 7 and X y.

Let us now insert ¢l X I = rj9 4+ 712 in (5.29) and see the effect of 715 (the case of ris is easier and
we leave it to the reader: one just have to check that all matrices Q appearing when pushing matrices
X one through another are indeed killed by r12). On the left of 715, we then obtain that

11 1 222 11 11

P12 RXx Q! LXYLXXlRXXQ 0%y XxLLXy LX x, RX x, -
/ 2 2 2 11 " 2 211 2 2 2
=—q 7”12 LXX1 Q XXRXYRXX2 = —T12 XXlRRXXQXXRXY

22 22 TN 22 22 22
= —T12 RXX2 Q! XXlRXXRXY = T12 XXQLXleXxRXY
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FIGURE 22. Example of a single arc intersection. The vertical dashed line indicates the
position of insertions.

so the action of 719 inverts the order of quantum operators entering a quantum arc. This happens on
the left side of 15 as well: the first action however happens in “opposite” order, we use that

: 1 p% ~ 12 75 i~ 12 5~
LX7Q " RXzr2=q°  LXzXzLT12=q" RT12
to present the expression to the left from 715 as
1 11 11 12 11 2

q'/%. XTzLXTlRXTRXPTm—q/ XTzLXTlRXPQ XTRT12
1 11 12 22 _ 1 12 22
- X1, LXT,RXPLXT T2 =q X1, LXPLXT Q" XTlRle

F2. 1 12 22 22 a2 2 22 22 1
= - X1, LXpLXTRXT T12 =q""+- XpLXTRXT, Q XTQL T12

2 22 22 22
- XpLXTRXT1 RXT, 712, €tC.
As a result, we obtain two new arcs two halves of which are “reflected” from the insertion of r¥15. We
also see that the above reflections respect the following mnemonic law: if we multiply all R by ¢~ /4
and all L by ¢'/%, the ¢g-factors will be absorbed into the definitions of R and L.

5.3. Reidemeister moves for quantum geodesic functions. For the case of CGL, we have three
Riedemester moves for quantum geodesic function algebras.

(i) Given three quantum geodesic functions or quantum geodesic arcs G?, i =1,2,3 (we do not
distinguish between geodesic functions and arcs in this relation), their product G’ngG?’L} can be repre-
sented in two ways:

Gh /

Gh
G{l and o 2

1
/ \

where the upper/lower crossing indicates the order of the corresponding terms in the quantum product.
Using the quantum skein relation we prove that indeed the left hand side of this picture is equal to
the right hand side. Infact, by resolving all crossings we obtain eight diagrams on each side: in the
left-hand side we have:

7 Y T T
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+q3/2 O +q1/2;‘ ; H%/ o

and on the right-had side we have:

\4 v/

c

+q_3/2 @ +q_1/2 @ +q_1/2 @ +qy@&
i, ) ¢ /7 N\

5

Here, for convenience, we have indicated by Roman numerals homotopic terms in both sides of the
equality. The terms indicated by “0” labels cancel separately on both sides of the equality provided
we set the empty loop equal to —¢ — ¢~ L.

(ii) The second Reidemeister move reads

al\ 1 L(®) Gh
e e e e E R

G

Here, again, all unwanted terms labeled “0” are mutually canceled provided the empty loop is equal
to —q — q_l.
(iii) The third Reidemeister move of two arcs terminating at the same cusp reads:

~ h ~ ~
4 N ay - N y N

Ve

/[ / /[
2 /\ ;= (_\/\ i \
> v > \ ” -

== — == ' —-1/2 =:l’>< '
" " SRV, TSR (U

where the second diagram does not contribute if we set the empty loop starting and terminating at
the same bordered cusp to be zero.

5.4. Quantum cluster algebras of geometric type. When quantizing the shear coordinates we
associate to Z, and 7; Hermitian operators Z", 77? with constant commutation relations (5.25).
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We now fix a spine §g7s,n € fg,sm. For any arc a (not necessarily belonging to CGLY** dual to
Gg.5,n) We define the quantum A-length (geodesic function) to be

(5.34) A= Goi=tr[Xn, LXz, R... Xz Fy Xz, ... Xz, RXr, K],

T2
where L = ¢Y/*L, R = ¢~'/4R, the matrices F,, and K are the same as in the classical case, and the
quantum ordering of operators coincides with the natural ordering of the matrix product.
Theorem 5.4 (Laurent positivity). Let
(5.35) Z = Lo [(MD)E, ¢4 wj] /o
be the ring of polynomials with nonnegative integer coefficients where A are quantum \-lengths com-
prising a CGLY™, up to the equivalence relation ~ defined by the quantum commutation relations:

ql(a1,a2)/4)\gl Ag2 — q—I(al,ag)/4>\§2 Ah

a;’
where ¢ and wj commute with all variables.

Then the quantum A-length of any other arc in the given cusped Riemann surface belongs to Z and
the shear coordinates determined by the spine Gy s, € I'g s n dual to the above CGLF™ are monomials
i quantum A-variables; explicitly,

(5.36) 7% = SO PO TP T, (ef. Fig. ),
for internal edges that are not incident to loops; here

S =1(ap,aq) — I(ap,0q) — I(ap,a.) — I(ag,a,) — I(ag,ac) + I(ag, ap);

(5.37) 7 = g T/ A\ =L (of Fig. 5)
for internal edges incident to loops, and

wh — .
(5.38) 2= gD RPNV (ef. Fig. 14)

for external edges, where R = I(ac, ap) — I(ac,aq) — I(ap, ag).

Proof. To prove that the shear coordinates determined by the spine QAQ,SW € fgvs,n dual to the above
CGLY*** are monomials in quantum A-variables, we use Theorem 4.4: since the A-variables are mono-
mials in the exponentiated shear coordinates, we can invert all formulae and express the exponentiated
shear coordinates in terms of A-variables. In particular formulae (5.36,5.37,5.38) can be derived in
this way, and the powers of ¢ follow from the Hermiticity property of quantum shear coordinates.

The quantum A-length A, corresponding to any arc a (entering some CGLI®) is expressed by
h h
Lemma 5.2 as an ordered quantum polynomial in etZal 2, eiZJ', ™/ 2, and wj. All A-lengths enter
these expressions in integer, not half-integer, powers. To see this, let us consider the product of
matrices in Lemma 5.2: disregarding left and right turns and w;, we have an (ordered) string of shear
coordinates 77?1, Zzl, ce ng, Z;»i, Z]ﬁ, ZZkH, e Zgn,ﬂi (cf. expression (5.34)). Expression (5.34) is
h h h h
a polynomial in et oo/ 2, etZi , wj and is clearly proportional to " /2™l
in turn Laurent polynomials of ¢*/4 with positive integer coefficients. It is easy to see that expressing
the terms of this operatorial expansion in terms of A-lengths from the special CGL*** using formulas
(5.36)—(5.38) we have that every A-length from this set enters every term of this expansion even number
of times (every time in power +1/2 or —1/2) so the total power of any A-length is necessarily integer

in every term of expansion of (5.34), which completes the proof of the theorem. O

with coefficients that are

Remark 5.1. Because the quantum geodesic function G, of every closed geodesic v in ¥, 5, is also
a quantum polynomial in eFa/2 tZj wj, and ¢*1/? with positive integer coefficients, this geodesic
function can be again expressed as a Laurent polynomial in A-lengths from a given CGLY***. A-lengths
thus indeed provide an alternative parameterization of the complete set of geodesic functions for ¥ ,,
with n > 0.
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FIGURE 23. Xy 1 4—a decorated ideal quadrangle. We indicate all five shear coordinates; four
of them (7;) correspond to external sides that constitute the boundary of a hole containing four
bordered cusps decorated with horocycles, the fifth coordinate Z corresponds to the inner edge.
In this example, the signed distance Z is negative. Dashed lines correspond to the A-lengths,
solid lines correspond to the shear coordinates.

5.4.1. Quantum mutations of quantum cluster variables. For quantum arcs we have the following
mutation rules:

e Mutating a general inner arc A\, (neither a boundary arc nor an arc bounding a monogon) for
the resulting quantum arc )\? we obtain

(5.39) A= AT AT TN (of. Fig 3).

Here all combinations of four bordered cusps can be identified (for instance, for ¥, ; all
these cusps coincide and all arcs start and terminate at this single cusp), but for all these
combinations we have that

(MO0 TAE) = X)L = )
and .
(0N = M) T = A
so formula (5.39) holds.
e For a quantum arc )\’z that bounds a monogon, we have

(5.40) A= AEOBY TN AP TN 4 g T@ate) AT @nae) AR (MY TN (of. Fig. 5),

and whereas the first two summands in the right-hand side are obviously self adjoint, it is the
only case of quantum mutations (for w; # 0) where an explicit g-factor appears. Note that
A always commutes with A and either I(a,,a.) = I(ap,a.) = 0 or one of these intersection
indices vanishes and the other is equal to 4, so possible powers of ¢ in (5.40) are —1,0, 1.

e No mutation of bordering arcs are allowed.

Example 5.2. We now consider in details the example of X 14 represented by an ideal quadrangle
in Fig. 23 In this case, we have five shear coordinates: m;, i = 1,...,4 and Z and six arcs indicated
by dashed lines in the left-hand side of the figure. The lambda lengths of all six possible arcs are

— e7r1/2+7‘('4/2+Z/2 )\ — e7r1/2+7r2/2 )\ — e7r2/2+7‘('3/2+Z/2
(5 41) a ) b ) c )
. )\d — e7'r3/2+7'('4=/27 )\e — e7r2/2+7‘r4/2+Z/27 )\f — e7‘(‘1/2+7‘r3/2+Z/2 + e7‘(‘1/2—‘,—7‘r3/2—Z/27

the nontrivial commutation relations are

(5.42) (1, 70| = [me, Z] = [Z,m1] = |73, 74] = |74, Z] = [Z, 73] = 2mih,
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FIGURE 24. quantum cluster algebra structure for ¥ 2 3—triangle with the hole inside. We
have six seeds related by six quantum mutations.

and the only nonhomogeneous commutation relation is between A, and Aj:
(5.43) AAr = AN a7 P00 AAe = ¢+ ¢ P

Example 5.3. Quantum cluster algebras associated with polygons—Riemann surfaces ¥, —are
of finite type, as well as those associated with the “punctured” polygons—Riemann surfaces ¥ 2,
in which all cusps are associated with the same boundary component. Let us consider the example
of a triangle with one hole inside (cf. Fig. 7 in [27]); we let \; ; denote the quantum A-lengths of

bordering arcs (frozen variables) joining vertices ¢ and j, we let \; ; denote the quantum A-lengths of

the (unique) inner arcs joining the same vertices, and \;; the quantum A-length of the loop starting
and terminating at the ith vertex and going around the inner hole. We have six different seeds in total
and they are related by six quantum mutations depicted in Fig. 24:

10 Azz = Mis(an) ™ s +whisdiz(Man) ™+ Az(An) s,
X2z = ¢ Nazhi2(Miz) ™+ Az (M) e,
Xa22 = Aaz(A33) M Aoz + whazAaz(Aaz) T + Aoz (Aaz) " has,
M2 = ¢ a2 hi3(Naz) ™+ Aoz (Nas) P,
A1 = Az(ha2) T s 4+ whisdia(Aa2) T+ Aiz(az) Mg,
M2 = ¢ X1 da3(M2) ™+ A2 (Aaz) P

(= G T 2 \V)

6. CONCLUSION

In this paper we have developed a new surgery that allows passing from Riemann surfaces with
holes to Riemann surfaces with bordered cusps by colliding holes of the original Riemann surface. We
gave a quantitative description of the newly obtained Riemann surfaces with decorated bordered cusps
in terms of the extended shear coordinates and derived explicit combinatorial formulas for geodesic
functions of closed geodesics and A-lengths of arcs—geodesics stretched between decorated bordered
cusps in terms of the extended shear coordinates. We postulate the Poisson and quantum commuta-
tion relations on the set of extended shear coordinates that are invariant under the flip morphisms and
generate the Goldman brackets on the set of geodesic and arc functions. For generalized laminations
([43], [42]) comprising both closed curves and arcs, we have found that maximum systems of arcs
CGLY*™ are quantum tori: their items (corresponding to compatible regular arcs in the terminology
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of [26]) have homogeneous commutation relations, transform in accordance with generalized mutation
rules (see [15]) for quantum cluster algebras of Berenstein and Zelevinsky and can be therefore identi-
fied with seeds of these quantum cluster algebras. We have also found the explicit quantum ordering
for quantum arcs proving that thus ordered expressions satisfy quantum skein relations.

In the forthcoming paper [12] we shall use the quantum ordering results of this paper for deriv-
ing explicit quantum algebras of monodromy matrices for the general n-point SLy Schlesinger sys-
tem [16], [17]. It is also tempting to transfer our approach to quantum cluster algebras to quiver
algebras of geometric origin studied in [45].

An interesting example of generalised cluster algebras has appeared recently in the paper by Gekht-
man, Shapiro, and Vainshtein [31, 30] where the authors constructed log-canonical (or Darboux)
coordinates for GGL,, algebras and demonstrated that they transform under the generalised cluster
mutations. It is tempting to compare our approach with that of [31].

Results of this paper were first reported by the first named author on the Nielsen Retreat of
QGM, Arhus University, 26-29 October 2014. Simultaneously, the papers [25] and [1] had appeared
dealing with similar issues. In particular, Allegretti had also introduced additional shear-type variables
associated to external edges of an ideal triangle decomposition of a bordered cusped Riemann surfaces
and observed (Lemma 6.3 in [1]) the monoidal relation between exponentiated shear coordinates and
A-lengths. However, neither Poisson nor quantum algebras of arc functions were considered there.
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Steklov Mathematical Institute of Russian Academy of Sciences.
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