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Abstract

Let S be a surface, G a simply connected classical group, and G’ the associated adjoint form
of the group. We show that the moduli spaces of framed local systems X ¢ and Ag g, which
were constructed by Fock and Goncharov [“Moduli spaces of local systems and higher Teichmuller
theory’, Publ. Math. Inst. Hautes Etudes Sci. 103 (2006), 1-212], have the structure of cluster
varieties, and thus together form a cluster ensemble. This simplifies some of the proofs in that paper,
and also allows one to quantize higher Teichmuller space, which was previously only possible when
G was of type A.
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1. Introduction

Let S be a topological surface with nonempty boundary, let G be a simply
connected semisimple group, and let G’ be the adjoint form of this group. We
are interested in the space Ls g, the moduli space of G-local systems on the
surface S, or, equivalently, the space of representations of 7;(S) into G. There
are two closely related spaces X s and Ag, s, which were constructed by Fock
and Goncharov [FG1]. Both the spaces X s and Ag s are variations on the
space L. s; they parameterize local systems with certain types of framing at the
boundary of S.

One advantage of studying the spaces X5 s and Ag s is that they are simpler;
for example, they have rational coordinate charts, while L s does not, in general.
In our view, the spaces X s and Ag s are perhaps more fundamental, and allow
one to understand properties of the space L s that are otherwise hard to see.
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In [FG1], Fock and Goncharov show that each of the spaces X g and Ag g
has an atlas of coordinate charts such that all transition functions involve only
addition, multiplication and division. In other words, these spaces each have a
positive atlas and may be called positive varieties. The main ingredient in the
construction of this positive atlas of coordinate charts is Lusztig’s theory of total
positivity. The fact that X 5 and Ag g are positive varieties is quite striking; it is
the key result in [FG1].

For the spaces Xpg, s and Ag, 5, Fock and Goncharov show more: these
spaces have cluster-like structures on their rings of functions, and thus the fact
that they are positive varieties is a consequence of the fact that they are (up to
codimension two, and up to divisors that may be spelled out precisely) cluster
varieties. Moreover, the pair of spaces (Asgy, s, Xpcr,.s) are tightly related, and
form what they call a cluster ensemble.

Let us review some of the consequences of the theory. The moduli space of
representations of 7, (S) into a split real group G (R) has several components, one
of which is called higher Teichmuller space, because in many ways it behaves
like Teichmuller space. Because X s and Ag s are positive varieties, it makes
sense to take the positive R., points of these moduli spaces. The resulting
spaces Xg s(R.o) and Ag s(R.o) parameterize positive representations. With
some work, Fock and Goncharov identify positive representations with higher
Teichmuller space, thus giving it an algebrogeometric description. The theory
gives an explicit parameterization of positive representations, and it becomes
manifest that the space of representations is contractible. Moreover, one can show
that all positive representations are discrete and faithful [FG1, L].

In this paper, we will construct cluster ensemble structures on Xy g and Ag s
for G aclassical group, that is, for G of type B, C and D. In other words, we show
that (Ag.s, Xg'.s) forms a cluster ensemble. In doing so, we give what we think
to be a beautiful set of functions on the spaces X s and Ag s which generalizes
the ‘canonical functions’ when G = SL,. The canonical functions for SL, have a
long history, see [RR, S, HK, Hen]. As in the case of G = SL,, our functions will
induce positive structures on X s and Ag s, which will agree with the positive
structures defined in [FG1].

The cluster structures on double Bruhat cells and in flag varieties are well
known [BFZ], and they form a building block for the cluster structures on Xy g
and Ag . The cluster structures on Xy 5 and Ag s are constructed via ideal
triangulations of S. The cluster structure on each triangle is close to the cluster
structure on the Borel subgroup B for the group G. The first main problem is
to correctly identify the cluster structure on each triangle and to understand how
these structures glue together. We were inspired in our solution to this problem by
the idea of ‘amalgamation’ developed in [FG4].
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For each triangulation of the surface S and for any ordering of the vertices
in each triangle of the triangulation, one can write down an associated seed for
the cluster ensemble. (This seed can be constructed out of a reduced word for
the longest element wy of the Weyl group of G.) When G = SL, or PGL,
these functions (for a particular choice of the reduced word for wy) somewhat
miraculously exhibit S; symmetry. This is not the case for general groups G. We
give the sequence of mutations that relates seeds associated to different orderings
of the vertices in a given triangle in the triangulation.

Moreover, we give a sequence of mutations relating seeds that correspond
to different triangulations. This problem reduces to the problem of relating
seeds coming from triangulations that differ by a ‘flip,” which is the change of
triangulation that results from replacing one diagonal of a quadrilateral by another.
When G has type A, this sequence of mutations comes from the octahedron
recurrence, which has been very well-studied [RR, S, HK]. We will give an
analogue of the octahedron recurrence for G is a classical group.

Both the sequences of mutations realizing S; symmetries and flips of
triangulations are relatives of the tetrahedron recurrence and the octahedron
recurrence [S]. The tetrahedron recurrence has appeared in many guises—it
is related to the Jeu de Taquin operation on tableaux, the action of the cactus
group on crystals [HK, Hen]—and plays a role in the work of Goncharov and
Shen on DT-invariants [GS2]. The computation of these sequences of mutations
forms the technical heart of this paper. These computations have the following
consequences:

(1) We get an alternative construction of Xg s and Ag g as positive varieties.
This allows somewhat simpler proofs of many of the results in [FG1].

(2) The system of coordinate charts is naturally mapping class group
equivariant. We see therefore get an injection of the mapping class group
into the cluster modular group for (Ag.s, Xo.s).

(3) Using the formalism of [FG2, FG3, FG5], we can construct the
quantization of Xz s for G any classical group, a result previously only
known for G’ = PGL,. This quantization of a x-algebra, and one also
gets quantum representations of this algebra. One can also construct the
symplectic double of Xy s.

(4) One observes that for classical groups, the cluster ensembles (Ag.s, X6'.s5)
and (A s, Xgv.s) have Langlands dual seeds. Here GV is the Langlands
dual group of G. This is some manifestation of mirror symmetry, and gives
support for conjectures of [GS].
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(5) One sees that the deformed algebras &, ¢/ s and &,v v ¢ are closely related,
as predicted in [FG2].

(6) One can extend the approach of [Le] to define higher laminations for all
classical groups. Another definition of higher laminations was given in
[GS].

In fact, for a general reductive group, our constructions allow us to construct
the cluster ensemble structure for Xz g and Ag s. We discuss this further in
[Le2]. However, in the exceptional cases, we do not know how to realize the
S; symmetries and the flip. This is the only piece of the puzzle missing that
prevents us from getting a mapping class group equivariant quantization of higher
Teichmuller space and all the associated results above.

Let us explain the structure of this paper. The structure of the paper is
modular, so that the main Sections 3-5 can be read independently of each other
with a minimal amount of cross-referencing. Section 2 contains all the relevant
background. Following Fock and Goncharov, we define the spaces X' s and Ag s
and relate them to spaces of configurations of points in G/ B and spaces of twisted
configurations of points in G/U: Conf,, Bs and Conf,, Ag;. We also recall the
necessary facts about cluster algebras.

In Sections 3-5, we give the cluster algebra structure on the spaces Conf,, Ag
for G = Spa,, Spiny,.1, Spina, . The structure of these three sections is very
much parallel. This is in part so that the sections may be read independently,
and in part to emphasize the similarities (and differences) between these three
different cases. A reader only interested in one case may skip the others. At the
same time, it is our hope that the reader who absorbs any one of Sections 3-5
could quite rapidly absorb the others. These sections form the technical heart of
the paper. We have included complete formulas in all three cases though in some
of the proofs of these formulas, we refer to previous sections if an identity has
already been proven. Thus in Sections 4 and 5, we emphasize those aspects of the
proofs of the mutation identities which are novel to these particular cases.

In each of these sections, the most important subsections are the first and the
last two, consisting of the construction of the seed for the cluster algebra structure
on Conf,, Ag, as well the sequences of mutations that realize the S; symmetries
on each triangle and the flip of a triangulation. For example, in Section 4, one
could read Sections 4.1, 4.5, 4.6 and skip Sections 4.2—4.4 on a first reading.

The formulas and mutation sequences can become quite involved. We try
to alleviate this in two ways. First, we include many diagrams. None of the
diagrams is essential—all information contained in the diagrams is replicated in
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the text. Nevertheless, they should serve as a useful aid. Moreover, almost all
of the important information in our computations is succinctly captured in the
diagrams. Once one is comfortable with reading the diagrams, they can serve as
a useful reference/summary that can be used independently of the text. All the
general phenomena can be seen in small cases, like Spg, Sping or Spiny. These
representative examples are treated in full in the diagrams.

Second, throughout Sections 3-5, we try to explain the conceptual
underpinnings of the calculations. This is done in several ways. We show
how the cluster algebra structure is related to reduced words in the Weyl group;
we show how the cactus sequence of mutations plays a role in constructing the
seeds and computing some of the S5 symmetries; we explain how folding the
seed for SL,, gives the seed for Sp,,, how Langlands duality relates the seeds
for Sp,, and Spin,,.;, and how unfolding the seed for Spin,, ., gives the seed
for Spin,,.,. The latter fact is perhaps most important: all the sequences of
mutations that we consider arise from the ones for Sp,, by Langlands duality or
unfolding.

The remainder of the paper proceeds as follows. Section 6 treats the X’-variety
structure on Conf,, B. Section 7 gives applications to the quantization of higher
Teichmuller space.

2. Background

2.1. Setup. Let S be a compact oriented surface with boundary, and possibly
with a finite number of marked points on each boundary component. We will refer
to this whole set of data—the surface and the marked points on the boundary—
by S. We will always take S to be hyperbolic, meaning it either has negative
Euler characteristic, or contains enough marked points on the boundary (in other
words, we can give it the structure of a hyperbolic surface such that the boundary
components that do not contain marked points are cusps, and all the marked points
are also cusps). If we consider the boundary of S and remove the marked points
on the boundary, we will call the resulting set the punctured boundary.

Let G be a semisimple algebraic group. When G is adjoint, that is, has trivial
center (for example, when G = PGL,), we can define a higher Teichmuller
space X;.s. On the other hand, for G simply connected (for example, when
G = SL,,), we can define the higher Teichmuller space A s. They will be the
space of local systems of S with structure group G with some extra structure of a
framing of the local system at the boundary components of S. Alternatively, these
spaces describe homomorphisms of 7, (S) into G modulo conjugation plus some
extra data.

The spaces X; s and Ag s have a distinguished collection of coordinate
systems, equivariant under the action of the mapping class group of S. Using
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an elaboration of Lusztig’s work on total positivity, one can show that all the
transition functions between these coordinate systems are subtraction-free, and
give a positive atlas on the corresponding moduli space. This positive atlas gives
the spaces X s and Ag s the structure of a positive variety.

The existence of these extraordinary positive coordinate charts depends on
G. Lusztig’s theory of positivity in semisimple Lie groups [Lu, Lu2], and is a
reflection of the cluster algebra structure of the ring of functions on these spaces.

2.2. Definition of the spaces X s and Ag 5. The data of a framing of a local
system involves the geometry of the flag variety associated to a group. Let B be
a Borel subgroup, a maximal solvable subgroup of G. Then 3 = G/B is the flag
variety. Let U := [B, B] be a maximal unipotent subgroup in G. Then we will
call A = G/U the ‘principal affine space’ (sometimes also referred to as the ‘base
affine space”). We will refer to elements of A as “principal flags.’

Let £ be a G-local system on S. For any space X equipped with a G-action,
we can form the associated bundle Lx. For X = G/B we get the associated flag
bundle L, and for X = G/ U, we get the associated principal flag bundle L 4.

DEFINITION 2.1. A framed G-local system on S is a pair (L, 8), where L is a
G-local system on S, and § a flat section of the restriction of Lz to the punctured
boundary of S.

The space X s is the moduli space of framed G-local systems on S.

The definition of the space Ag g is slightly more complicated. The definition
involves twisted local systems, which we will now define.

Let G be simply connected. The maximal length element w, of the Weyl group
of G has a natural lift to G, denoted w,. Let s¢ := wg. It turns out that s; is in
the center of G and that s2 = e. Depending on G, s will have order one or order
two. For example, for G = SLy, s¢ has order two, while for G = SL;;, s¢ has
order one. In type C,, sg has order 2, while in types B, and D,, the order of sg
depends on n mod 4 (see equations (5.1) and (5.2)).

The fundamental group 7, (S) has a natural central extension by Z/27Z. We see
this as follows. For a surface S, let 7'S be the tangent bundle with the zero section
removed. 1 (7'S) is a central extension of 7, (S) by Z:

Z — i (T'S) — m(S).

The quotient of 71 (7'S) by the central subgroup 27 C Z, gives (S) which is
a central extension of 7, (S) by Z/2Z:

727 — 7,(S) = m(S).
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Let o5 € 71(S) denote the nontrivial element of the center.

A twisted G-local system is a representation 7 (S) in G such that o5 maps to
s- Such a representation gives a local system on 7'S.

Now we must describe the framing data for a twisted local system. Let £ be
a twisted G-local system on S. Such a twisted local system gives an associated
principal affine bundle L4 on the punctured tangent bundle 7’S. For any boundary
component of S, we will construct sections of the punctured tangent bundle
above these boundary components. Given any boundary component, consider the
outward pointing unit tangent vectors along this component—this gives a section
of the punctured tangent bundle above each boundary component of S. We get a
bunch of loops and arcs in 7S that lie over the punctured boundary of S. Call this
the lifted boundary.

DEFINITION 2.2. A decorated G-local system on S consists of (£, o), where £
is a twisted local system on S and « is a flat section of £ 4 restricted to the lifted
boundary.

The space A s is the moduli space of decorated G-local systems on S.

Note that in the case where s¢ = e, a decorated local system is just a local
system on S along with a flat section of L 4 restricted to the boundary. One
can generally pretend that this is the case without much danger. It is sometimes
convenient to choose one representative point in each component of the punctured
boundary, and imagine the framings as flags sitting at those points.

2.3. Relation to configurations of flags. Let us take S to be a disc with m
marked points. We will now analyze the spaces X s and Ag s in this fundamental
case. Let us take the components of the punctured boundary of S and number them
1,2,...,m, starting at some component and moving counterclockwise.

We first treat the space X 5. Any local system on a disc is trivial, so we may
choose some trivialization. Then the decorations along each component of the
punctured boundary can be canonically identified with elements of B = G'/B.
Changing the trivialization results in acting on each of these flags by some
element g € G’. Thus we have a natural identification

Xs.s ~ Conf,, B := G'\(G'/B)".

If we had chosen a different boundary component to label as 1, we would have
a different identification X g >~ Conf,, B which would differ from our original
identification by some power of the cyclic shift map

T : Conf,, B — Conf,, B,
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T(Bly B2a R Bn) = (BruBla -"7Bn—1)'

The space Ag s is slightly more complicated. A twisted local system on the disc
is a local system on the punctured tangent bundle 7’S such that the monodromy
around a loop in the fiber is sg. There is a unique such local system. Choose one
point in each of the boundary components 1, 2, ..., m. Over that point, consider
the outward pointing normal unit vector in 7’S. Call these points xi, X, .. .,
X, respectively. Now trivialize the local system at x;. The decoration along the
boundary component 1 gives us an element of G/U at x,. Along each of the
other boundary components, the decoration gives us a point of the associated
flag bundle. We may parallel transport along any path from x; to x; that rotates
the vector in the tangent bundle clockwise the minimal amount. Then we get m
elements of G/ U. Changing the trivialization changes these flags by the diagonal
action of G on (G/U)™. Thus we get a noncanonical identification

Ag s ~ Conf,, A := G\(G/U)".

If we had chosen a different boundary component to label as 1, we would have
a different identification As s >~ Conf,, A which would differ from our original
identification by some power of the twisted cyclic shift map

T : Conf,, A — Conf,, A,

TW,U,....,U)=(s¢-U,, Uy, ..., Up_y).

In the case of a disc with m marked points, we will think of Ag s as Conf,, A
equipped with the cyclic shift map.

2.4. Positive Structures. In this section, we explain how to construct the
positive structures on Xg 5 and Ag s.

Let T = SpecQ[xi', x;', ..., xF'] be a split algebraic torus. A positive
rational function on 7 is a nonzero rational function on 7' which can be written
as a ratio of two polynomials in the x; with positive rational coefficients.

A positive rational morphism ¢ : 7} — T, of two split tori is a morphism such
that for any character x of 75, ¢* () is a positive rational function.

A positive atlas on an irreducible space ) over QQ is a nonempty collection of
split tori 7, along with birational isomorphisms over Q,

o Te - Y
for every pair ¢, ¢/, further satisfying the condition that the map

—1
Qe =0, ooy Ty -—> T
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is a positive birational morphism. Each map «, gives a positive coordinate chart
on ).

A positive rational function F on ) is a rational function given by a subtraction-
free rational function in one of the coordinate charts. If a function is subtraction-
free on one chart, it is subtraction-free in all the positive coordinate charts of the
positive atlas.

A positive rational map )} — Z is a rational map that is a positive rational
function in one, and hence in all, positive coordinate systems.

When S is a disc with m marked points, the spaces X s and Ag s become
the spaces of configurations of points in the flag variety Conf,, B and twisted
configurations of points in the affine variety, Conf,, A. We will first describe the
positive structures on these spaces.

We start with some notation. Let Ut and U~ denote the upper and lower
unipotent subgroups of G’. Also let B* and B~ denote the upper and lower Borel
subgroups of G’. We can identify points in I3 with Borel subgroups. If B is a Borel
subgroup, we let g - B denote the Borel subgroup g Bg~!. The positive structures
on these spaces are defined as follows.

There is a map

U x---x U~ /H — Conf,»,(B)
—_——
n copies
that sends
WMy, ...,uy) = (B",BT,u;-B ", uyu,- B, ... uy...u, - BY). 2.1

Here H acts diagonally on the U~ by conjugation. There is a natural positive
structure on U~ [FZ], and this positive structure is preserved by conjugation.
Thus (U™)"/H is a positive variety, and birational equivalence induces a positive
structure on Conf,_,(B).

Similarly, there is a map

H x B~ x---x B~ —> Conf,,(A)
\_\/—/
n copies
that sends

(l’l,b], ,bn) —>(U’,h-w_0U*,b1 °w_0U7,b1b2...w_oU7, ...,b] bn u)_()Ui)
2.2)

The natural positive structure on H x (B7)" induces a positive structure on
Conf,;,(A). (Note that w denotes a particular lift of the element w of the Weyl
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group to G. See [BFZ] or [FG1]. Here, w, denotes the longest element of the
Weyl group.)
We have the following important fact:

THEOREM 2.3 [FG1]. The positive structures on Conf, ,(B) and Conf,_,(A)
are invariant under cyclic shift and twisted cyclic shift, respectively.

We now explain how to construct a positive coordinate chart on Conf,, (13) for
each triangulation of an m-gon. If we place the m flags at the vertices of an m-gon,
then to each triangle in the triangulation of the m-gon, we get a configuration of
three flags, and to this configuration of three flags, we attach some face functions.
Each face function will depend on all three flags. The face functions give a
positive coordinate chart on Confs(15).

Any edge in the triangulation belongs to two triangles. We attach to each edge
a set of edge functions, which depend on the four flags at the corners of the two
triangles. For any edge, its edge functions along with the face functions for the
triangles sharing that edge form a positive coordinate chart on Confy(B). Thus the
face functions give invariants of three flags, while the edge functions tell us how
to glue two configurations of three flags into a configuration of four flags. If we
take the edge and face functions for any triangulation, we get a positive coordinate
chart on Conf,, B. This positive structure agrees with the one described above, and
is independent of triangulation.

There are also positive coordinate charts on Conf,, (A) attached to each
triangulation of an m-gon. These are constructed slightly differently. To each
edge in the triangulation, we attach a set of edge functions which depend on the
two flags at the ends of the edge. To each triangle in the triangulation, we get a
configuration of three principal flags, and in addition to the edge functions of each
pair of edges in the triangle, we attach some face functions, which depend on all
three of the principal flags (not just two at a time). Thus whereas for Conf,, (B),
the edge functions give us the data for gluing configurations of three flags, for
Conf,, (A), two configurations of three principal flags can be glued along an edge
only if the edge functions along that edge are identical. Thus we exchange gluing
data for restrictions on when we can glue.

Thus, if we take the edge and face functions for any triangulation, we get a
positive coordinate chart on Conf,, .A. This positive structure agrees with the one
described above, and is independent of triangulation.

2.5. Reduction to the case of Conf,, A or Conf, 3. We now describe the
positive structures on the spaces X s and Ag s for a general surface.
Let S be a hyperbolic surface. Give it some hyperbolic structure such that the
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boundary components that do not contain marked points are cusps. Moreover, on
all other boundary components, choose a representative point, and suppose that
these representative points are also cusps. The particular choice of hyperbolic
structure will turn out not to matter. An ideal triangulation of S consists of a
triangulation of S that has vertices at the cusps of S. As we only consider ideal
triangulations, we will sometimes refer simply to triangulation.

Note that cutting the surface S along any edge of an ideal triangulation gives
us another surface S’ with an ideal triangulation. We can restrict any framed or
decorated local system from S to S’. In particular, we may restrict any framed
local system to a triangle in the ideal triangulation or to a pair of triangles sharing
an edge. This gives maps from X g to Conf; B and Conf, B for every face and
edge of the triangulation, respectively. Similarly, we may restrict any decorated
local system to a triangle or an edge to get maps from Ag g to Conf; A and
Conf, A for every face and edge of the triangulation, respectively.

This allows us to construct face and edge functions on X' 5 (respectively Ag s)
for every face and edge of an ideal triangulation simply by pulling back functions
from the spaces Confs B and Confy B (respectively, Conf; A and Conf, A).

This set of functions forms a positive coordinate chart for Xy s (respectively
Ag.s). The coordinate charts coming from different triangulations of the surface
give a positive atlas on X g (respectively Ag ).

One of the goals of this paper will be to show that these edge and face functions
can be realized as part of a cluster ensemble structure on the pair of spaces (X¢ s,

Ag.s)-

2.6. Cluster algebras. We review here the basic definitions of cluster algebras,
following [W]. Cluster algebras are commutative rings that come equipped with
a collection of distinguished sets of generators, called cluster variables or A-
coordinates. One can obtain one set of generators from another set of generators
by a process called mutation.

Each set of generators belongs to a seed, which roughly consists of the set
of generators along with a B-matrix. The B-matrix encodes how one mutates
from one seed to any adjacent seed. Starting from any initial seed, the process of
mutation gives all the seeds (and all the sets of generators) for the cluster algebra.
The cluster variables are coordinates on the A-space.

The same combinatorial data underlying a seed gives rise to a second, related,
algebraic structure, an algebra generated by coordinates called X-coordinates.
The X-coordinates are functions on the X space. The A-coordinates and X-
coordinates are related by a canonical monomial transformation, which gives a
map from the A-space to the X'-space. Together, the data of the A-space and
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the X'-space, along with their distinguished sets of coordinates, is called a cluster
ensemble.

Cluster algebras and X' -coordinates are both defined by seeds. A seed X = (I,
Iy, B, d) consists of the following data:

(1) An index set I with a subset I, C I of ‘frozen’ indices.

(2) A rational I x I exchange matrix B. We require that b;; € Z unless both i
and j are frozen.

(3) Asetd = {d;};c; of positive integers that skew-symmetrize the matrix B. In
other words, we have that b;;d; = —b;;d; foralli, j € I.

For most purposes, the values of d; are only important up to simultaneous
scaling. Also note that the values of b;; where i and j are both frozen will play no
role in the cluster algebra, though it is sometimes convenient to assign values to
b;; for bookkeeping purposes. These values become important in amalgamation,
where one unfreezes some of the frozen variables.

Two seeds are said to be isomorphic if one can find a bijection between their
index sets preserving frozen (and unfrozen) indices, as well as the values of d;
and b;;.

Letk € I\ I be an unfrozen index of a seed X'. We now describe how to mutate
the seed X' to obtain another seed X' = u(X'). X’ has the same index set and
frozen indices, and the same values d;. However, the exchange matrix changes,
and the new exchange matrix B’ of X’ satisfies

—b;; i=korj=k,
bi; = 1 bi; biby; <0, (2.3)
bij + |biklby;  bixbyj > 0.

Two seeds X and X’ are said to be mutation-equivalent if they are related by a
finite sequence of mutations.

To each seed X' we associate a collection of cluster variables {A;};c;, which are
in turn functions on a split algebraic torus Ay := Spec @[A,il], where Q[A,il]
denotes the ring of Laurent polynomials in the cluster variables. If X’ is obtained
from X' by mutation at the index k € I\ I, we get a birational map, called a cluster
transformation, pu; : As --+ Ay . This is defined by the exchange relation

A i #k,

wi(A) =1 - by; b\ . 2.4
‘ Akl(l—[bkj>0 Ajk +ku,<0 A; k) i =k
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Composing these transformations allows us to glue any tori Ay and Ay that
come from mutation-equivalent seeds X~ and X’. The A-space A,z is defined as
the scheme obtained from gluing together all the tori of seeds mutation-equivalent
to some initial seed X

DEFINITION 2.4. Let X be a seed. The cluster algebra A(X) is the Z-subalgebra
of the function field of A,y that is generated by all cluster variables of seeds
mutation-equivalent to X. The upper cluster algebra A(X) is defined by

Ay =2[A ] = [ ZIAz] C QA ).

X~

Here, X’ ~ ¥ means that X' and X’ are mutation-equivalent. The left-hand side
is therefore the intersection of the Laurent polynomial rings for all seeds X’
mutation-equivalent to X

The Laurent phenomenon tells us that the cluster algebra is contained inside
the upper cluster algebra.

The seed X also gives rise to a second algebraic torus X's := Spec Z[X,i\llo],
where Z[X7; ] again denotes the Laurent polynomial ring in the variables
{Xi}ien - For any index k € I\ Iy, mutation of the seed X at k gives an associated
birational map u; : Xs — X’x defined by

X XU (L + X)) i Ak,

2.5
x;! i =k, 25)

wi (X)) = {

where [b; ]+ := max(0, b;;). The X-space Ay, is defined as the scheme obtained
from gluing together all tori associated to seeds mutation-equivalent with an initial
seed X.

Since B is skew-symmetrizable, there is a canonical Poisson structure on each
X given by

{X,‘, Xj} = b,jde,X/

One can easily check that this Poisson bracket is preserved by cluster
transformations, and hence the definition above is independent of the chart
we chose.

Now we will describe the natural map from Ay to X's. Let us assume that the
entries of the B-matrix are all integers. Then we can define p : Ay — X’z by

pr(xn =[]A}"

Jjel
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This formula appears to depend on the seed, but it actually intertwines the
mutation of both the A-coordinates and the X'-coordinates. In other words, if
X is obtained from X' by mutation at &, there is a commutative diagram

As -3 Az
Ll
Xy -2y Xy

If B is not integral, we can instead consider the space X’y obtained from X5 by
projecting to the unfrozen variables. We will then have a well-defined map from
A stoX ;

Throughout this paper, we will encode B-matrices by means of quivers. These
quivers will have black and white vertices. The black vertices will correspond to
indices i € I such that d; = 1. The white vertices will correspond to indices i € 1
such that d; = 2.

The quivers will have both solid arrows and dotted arrows. The dotted arrows
are in a sense ‘half’ a solid arrow. The B-matrix is read off from the quiver by the
following rules:

e An arrow from j to i means that b;; > 0.
o If there is a solid arrow between i and j, and if d; =2 and d; =1, then |b;;| = 2.
o In all other cases, if there is a solid arrow between i and j, then |b;;| = 1.

o A dotted arrow means that b;; is half the value it would be if the arrow were
solid. In other words, |b;;| = 1if d; =2 and d; = 1 and |b;| = } otherwise.

Note that we will only allow dotted arrows to go between frozen vertices, thus
the entries b;; of the B-matrix are integral unless i and j are both frozen, and
thus the B-matrix defines a cluster algebra. Our first example will be the quiver
depicted in Figure 4.

Finally, let us review some facts about the cluster structure on B. We will later
relate the cluster structure to B to the cluster structure on Conf; A. These cluster
structures induce the positive structures on B and Conf; A, respectively.

Recall from equation (2.2) that the positive structure on Conf; A is given by a
map H x B~ —> Conf3(A) that sends

(h,b) = (U, h-woU™,b-woU"™).

Then the natural positive structure on H x B induces a positive structure on
Conf; A. This positive structure coincides with the one given in (2.2). Let us
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now restrict our attention to triples of principal flags of the form (U~, woU ™,
b - woU ™). We can consider the map

i:beB — (U ,woU,b -woU") € Conf; A.
For u, v elements of the Weyl group W of G, we have the double Bruhat cell
G"'=B"-u-B*NB -v-B".

The cell G**“ is the open part of B™.

We will show in all the cases we consider that the cluster structure we construct
on Confs A, when restricted to the image of i, coincides with the cluster algebra
structure given in [BFZ] on the cell G**¢ C B~.

We will now recall the cluster variables on G**¢ given in [BFZ].

Let G, = U"HU™" C G be the open subset of elements of G having Gaussian
decomposition x = [x]_[x]o[x],. Then for any two elements u, v € W, and any
fundamental weight w;, we can define the generalized minor A,,, v, (x). It is a
rational function on G which is given generically by the formula

Auw,',vw,' ()C) = ([ﬁilxv]O)w[ .

The formula gives a well-defined value when u~'xv € G, but may have poles
elsewhere.

The cluster structure on B~ has cluster variables which are generalized minors
for v = e and u some initial subword of our reduced word for wy. In particular, the
cluster functions on B~ given in [BFZ] are A,, ,, for all i (these are the functions
associated to u, v = e), and

Auw‘/,wj )

where u ranges over subwords of w, ending in s;.

2.7. Amalgamation. The cluster structure for Ag s comes from triangulating
S and then attaching the cluster structure on Conf; A to each triangle. We will
work with the case of S a disc with m marked points for simplicity, and describe
the cluster structure on Conf,, A.

Note that the frozen vertices for Conf .4 are attached to functions which only
depend on two of the three flags.

To form the quiver for Conf,, A, we first take a triangulation of an m-gon.
On each of the m — 2 triangles, attach any one of the six quivers formed from
performing S; symmetries on the quiver for Conf; A described above. Each edge
of each of these triangles has n frozen vertices. Let us describe how to glue two
triangles together.
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Let T\, T, be two triangles with edges e, e;, ;3 and ey, es, e, respectively.
Suppose that we would like to glue the edges ¢, and ey4. ¢; and e, each have r
frozen vertices, where r is the rank of G. We will glue these 2r vertices together
in pairs to form r vertices. Each frozen vertex is glued to another vertex that shares
the same function. These vertices then become unfrozen. If vertices i and j are
glued with i” and j’ to get new vertices i” and j”, then we declare that

binjn = bij + by j.

In other words, two dotted arrows in the same direction glue to give us a solid
arrow, whereas two dotted arrows in the opposite direction cancel to give us no
arrow. One can easily check that any gluing will result in no dotted arrows using
the unfrozen vertices. The arrows involving vertices that were not previously
frozen remain the same. Figure 20 shows one gluing between two triangles for
S Ps-

Repeat this procedure for each interior edge of the triangulation, and one arrives
at the quiver for Conf,, A. The procedure for gluing triangles is very reminiscent
of the ‘amalgamation’ procedure in [FG4].

2.8. Webs. In this section we define webs for SLy. Webs are planar diagrams
that encode tensor invariants for some group, which we take here to be SLy.
We work over a field F of characteristic 0, and we let V be the standard N-
dimensional representation of SLy.

It is well known that the functions on A¢ are naturally isomorphic to

P v..

AEA L

Here the sum is taken over the set of dominant weights, A, . Thus we have that
the functions on Conf; Ag are naturally isomorphic to

P mev.ev.

3
(e, v)eAy

It turns out that all the cluster variables on Conf; A that we will consider in
this paper will be invariants of triple tensor products of representations of G, that
is, they will lie inside

[V, ®V, ®V,]°

for some A, u, v. Here, V,, V,,, V, correspond to a graded subspace of the vector
space of functions on the first, second, and third flags, respectively.
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Webs turn out to be a convenient tool both for encoding cluster variables and for
computing with them. We are not the first to observe this: there are some fairly
extensive conjectures on the relationship between webs and cluster variables in
the work of Fomin and Pylyavskyy [FP].

DEFINITION 2.5. A SLy-web W is a planar graph in the disk subject to the
following. First, each edge of W is directed and labeled by a multiplicity in one
of the three following ways

pair tag source tag

(2.6)

The ‘tiny edges’ decorating the second and third edge types are called fags and
they provide us with a preferred choice of side for the given edge. Second, we
require that each interior vertex of W is modeled on one of the following two

pictures:
a s g1 Ay
a; + -
a + -
a cee g1 Ay
wedge shuffle

2.7)

Thirdly and finally, we require that each boundary edge in W is a source. The
degree (W) = (A, ..., A,) of W is the sequence of edge multiplicities of the
boundary edges.

Now we explain how an SL,-web W of degree A determines a tensor invariant
WelV, ® @V, I'".

Here V, is the fundamental representation of SLy of weight w;, or A*(V).
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An edge with multiplicity m(e) in W encodes a copy of /\m@ (V). Each of the
interior vertices (2.7) encodes an SLy-invariant map between the indicated tensor
powers of fundamental representations. The first vertex encodes the exterior
product map

ap as ay+---+as
N e\ M-/ W (2.8)
givenby x; @ x; ® - - - @ x; — x| Axp A--- A x,. The second vertex encodes the
map
ay+---+as ag ap
A W=\ Me--e/\ ) 2.9)
given by sending the wedge product x; A - -+ A x;, € /\b(V) to the signed sum of
shuffles
Z :I:(x,»] /\)C[2 AR /\xia.‘) ® e ® (xibfaﬁrl /\xih—a1+2 VAR /\x,»b)
N ai
e A& /\WV) (2.10)
where the summation is over permutations (i1, i», ..., i,) of (1,2,...,b) such
that indices are increasing in each block: i} <ir < -+ <y, ..., lpg41 < -+ <
ip. The sign &£ is the sign of the permutation (iy, i», ..., i,). Note that in both

cases, the cyclic order of the edges in (2.7) is crucial for specifying signs.

The tagged edges in (2.6) should be thought of as degenerate cases of the maps
(2.8) and (2.9), where the tag encodes a copy of /\N(V), which we canonically
identify with F using the volume form. Thus the pairtag A°@ A¥ ™ — AV = F
produces a number obtained by pairing the two incoming tensors, and source tag
‘creates’ two tensors using the shuffle A¥ — A“® A" . It turns out that we will
not need to use the source tag in this paper. Note that the side of the edge that the
tag occurs on matters, because, for example, the maps A°@ A" - AV = F
and /\N_a QN = /\N = F will differ by a sign if both N — a and a are odd.

To evaluate W on a simple tensor x; @ - -- ® x, € Q' /\'\"(V), we imagine
placing each tensor x; at boundary vertex i. We repeatedly compose the four basic
morphisms—wedge, shuffle, pair, and source—as indicated by the arrows in W
to obtain the value W(x; ® - - - ® x,,).

All the functions in this paper will be described as webs using the procedure
described above. In types B and D, we will sometimes need to take square roots
of a function described by an SLy-web. There is a unique branch of the square root
which is dictated by positivity. This is explored in detail in Section 5.2, though
the discussion there is rather technical and can be skipped on a first reading.

Let us now illustrate how a web gives rise to a function. Let us remark that the
conventions for evaluating webs vary widely from author to author. The examples
below will illustrate our particular choice of conventions. In these examples, we
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a+c—N b+c-N

Figure 1. Two equivalent webs for the function (a’b d).

c

will define some functions on Conf; Ag;,. We will start with the web diagram,
and extract from it a linear algebraic expression, more precisely, an expression
involving the exterior algebra of V. This can be done for all the webs in this
paper.

Letl <a,b,c,d < N be four integers satisfyinga > N—c >b,a > N—d >
band a + b+ ¢ +d = 2N. Then there is a one-dimensional space of invariants
inside the representation

WVansap ® Vi, ® Vi IV

We pick out the function given by the two equivalent webs in Figure 1.

This web encodes a function on the space Conf; As which we will call (a'b d)

Here is how to evaluate the function. Given three flags

Uy, ..., upN;
Ui, ..., UN;
Wiy eo., Wy,

first consider the forms

U, =ui N+ Nug,
Uy =ug AN+ ANuy,
Vei=vi A A,
Wyi=wi A Awy.
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There is a natural map

¢u+c—N,N—u : /\C V — /\‘hLC*N V ® /\Nia V

There are also natural maps

UbA—AWd:/\a+C_NV—>/\NV:F

and N N
un—:/\ Vv—->/\ VxF

Applying these maps to the first and second factors of @iy nv—a(Ve),
respectively, and then multiplying, we get the value of our function. This is
a function on Conf; Ag;,. Let N = 2n. Then pulling back gives a function on

Conf; Ag,,. We will use the notation (

those two spaces.
An equivalent way to calculate the function, associated to the second web
above, is to use the natural map

ovvaran: N V= N\ Ve Ny

There are natural maps

U,,AVCA—:/\”+d_NV—>/\Nv:F

b . ) .
‘ d) to denote this function on either of

c

and
N—a

V—>/\NV:F.

Ua/\—:/\

Applying these maps to the second and first factors of ¢n_, 41a_n, respectively,

and then multiplying, we get the value of our function. We will use (b"a d) to

. . b, b
denote this function. Note that (* 4) = (a d).

Now let us define another, sirripler, set E)f functions. Let 0 < a,b,c < N be
three integers such that a + b + ¢ = N. Then there is a one-dimensional space of
invariants inside the representation [V,,, ® V,,, ® V,, 1*¥. We pick out the function
given by the web in Figure 2:

The function can be calculated as follows. Given three flags

Upy .oy UNS
Vi, ..., Uy,
Wy, ..., Wy,
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a

Figure 2. Web for the function (b

c),wherea+b+c=N.

first consider the forms
U,:=ui N--- Nug,

Vi, i=vi A - Ay,
W, i=wi A Aw,.
Then U, A V, A W, is a multiple of e; A - - - A ey, and this multiple is the value of

our function. Call this function (Z c) In the case that one of a, b, ¢ is 0, we will

leave a blank space instead of writing 0. Moreover, when ¢ = 0, we will write (Z)

instead of (Z)
Let us collect here for convenience a list of the web identities that we shall use
throughout the paper:

e The itemized list in Proposition 3.2 consisting of the octahedron recurrence and
degeneracies. These are the identities used in Theorems 3.8, 4.8, 5.8, which
concern the first transposition.

e The dualities (3.1), (4.1), (5.3) are used throughout.

e Theorems 3.10 and 3.12, on the second transposition and the flip for Sp,,, use
particular specializations of the octahedron recurrence, plus some degeneracies.
The specializations are listed in the proofs of the theorems.

e In Theorems 4.9 and 4.11, on the second transposition and the flip for Spin,, 1,
we need to derive one new identity, which we reduce to ones previously
discussed (octahedron, degeneracy, duality).
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e In Theorems 5.8 and 5.9, on the first and second transpositions for Spin,, s,
we need a simple product identity (5.5).

e In Theorem 5.13, on the flip for Spin,, >, we again need to derive one
new identity, which we reduce to ones previously discussed (octahedron,
degeneracy, duality, and the product identity).

2.9. Brief outline. We can now give a brief outline of the goals of the this
paper. Our primary goal will be to construct the cluster structure on the spaces
Xos and Ag s in types B, C and D. For the bulk of the paper, we focus on the
space Ag_s. The cluster structure for X5 can easily be deduced from the one on
Ag.s and we explain how to do this in Section 6.

We give a cluster on Ag s for any choice of an ideal triangulation of S and any
ordering of the vertices of each triangle in the ideal triangulation. We do this by
giving a set of edge and face coordinates for the ideal triangulation along with
the ordering of vertices in each triangle. Let us point out that there is no reason
a priori that the cluster structure must exist. Fomin and Pylyavskyy did extensive
work on configurations of partial flags for SL;, and they show that there exist
configurations whose ring of functions do not admit a cluster structure [FP].

Sections 3.1, 4.1, and 5.1 contain the construction of the seed. Figures 4, 22,
and 32 depict the quiver for our preferred seed, and Figures 5, 23, and 33
depict the functions. Those sections also explain how to explicitly compute these
functions.

We thus obtain a cluster for each triangulation of S with the data of an ordering
of the vertices in each triangulation. We then need to relate all these clusters by
mutations. We break this into two steps. The first step will be to relate the clusters
associated to different orderings of the vertices of a triangle. We will say that these
sequences of mutations realize S;-symmetries. The second step will be to relate
the clusters coming from different triangulations. It is sufficient to treat the case
of a flip of triangulation. We know of no a priori reasons that the sequences of
mutations realizing S;-symmetries or flips should exist.

Let us examine the first step in detail. As discussed previously, in the case of
a triangle, the space A s may be viewed as Conf; A equipped with the twisted
cyclic shift map T where T (A, B, C) = (s¢-C, A, B). Here, A, B, C are the three
flags giving the decoration of the local system, labeled going counterclockwise.
Our initial cluster consists of a quiver with the frozen vertices corresponding to
edge variables and the nonfrozen vertices corresponding to face variables. The
edge variables are associated with the edges of the triangle AB, BC, CA.

Let us describe now how to apply an S; symmetry to obtain other cluster
structures. Let us first describe the quivers. At the cost of planarity, we may draw
the quiver inside a triangle such that the edge functions lie on the corresponding
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edge of the triangle. We can arrange the face functions in the interior of the face
however we like. If the S; symmetry is even, that is, a rotation, the new quiver is
obtained by rotating the triangle. If the S5 symmetry is odd, that is, a transposition,
the quiver is obtained by transposing the triangle and reversing the arrows.

Let us now describe the functions. Let us first suppose that the S; symmetry is
even. For concreteness, let us suppose that it comes from rotation of the quiver
clockwise. Then if the function attached to a vertex in the original quiver was
f, the function attached to the corresponding vertex in the new quiver would be
T*(f), sothat T*(f)(A, B,C) = f(sg - C, A, B). Similarly, if the quiver were
rotated counterclockwise, the function attached to the corresponding vertex would
be (T)*(f).

Now let us suppose the S; symmetry is odd, for example, the transposition
switching the second and third flags. Then if the function attached to a vertex in
the original quiver was f (A, B, C), the function attached to the corresponding
vertex in the new quiver would be = f (A, C, B). The sign here is subtle, and is
related to the fact that switching two flags is not a positive map on Conf A.

We give an example in Figure 5 of two quivers related by a transposition of the
second and third flags.

For example, there is a cluster for Conf; SLy involving a function of the form

(a’b d) defined above. The rotations of this cluster will involve the functions
c a,b
a,b):=T" d],
d c
d a,b
c| = (TH* d).
a,b c

Moreover, there is a cluster for Conf; SLy involving the functions (Z ¢) where
a + b + ¢ = N. This cluster is S3-symmetric in the sense that performing any of
the S; symmetries brings us back to the same cluster. Note that the functions (Z c)
and (l: b) are related by switching the second and third flags only up to a sign.

REMARK 2.6. Throughout this paper, functions that come from rotating the
arguments will be related by the twisted cyclic shift map.

We will exhibit a sequence of mutations that corresponds to transposition
of the first and third flags, as well a sequence of mutations that corresponds
to transposition of the second and third flags. We call these the first
and second transpositions, respectively. They generate all S; symmetries.
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Sections 3.4.1, 4.5.1, and 5.5.1 deal with the sequence of mutations for the
first transposition. The sequence of mutations for the first transposition is given
in equations (3.3), (4.2), and (5.4), respectively. These sections make use of the
cactus sequence from [HK]. The discussion of the cactus sequence in Section 3.3
is important for these sections. On the other hand, the parallel discussion of the
cactus sequence in Section 4.4, though it points to some interesting phenomena,
is inessential to the remainder of the paper and can be skipped.

Sections 3.4.2, 4.5.2, and 5.5.2 deal with the sequence of mutations for the
second transposition. The sequence of mutations for the second transposition is
given in equations (3.4), (4.3), and (5.6), respectively. Section 3.4.3 discusses
an alternative approach to the third transposition (valid for all types), which
can logically substitute for Sections 3.4.2, 4.5.2, and 5.5.2. The approach in
Section 3.4.3 is quite different from the rest of the paper, but it gives a somewhat
shorter proof. We have decided to keep Sections 3.4.2, 4.5.2, and 5.5.2 because
they have the advantage of identifying the intermediate functions that occur in the
mutation sequence. The sequence of mutations there is also more efficient.

Now let us treat the second step. Any two different triangulations are related
by a composition of flips of a triangulation. Thus it suffices to relate two clusters
coming from the two triangulations of a quadrilateral. Moreover, it is enough to
do this for any pair of clusters coming from these two triangulations; we may
consider clusters related to any ordering of the vertices within each triangle.

Sections 3.5, 4.6, and 5.6 treat the sequence of mutations for the flip. The
sequences of mutations are given in equations (3.5), (4.4), and (5.7). Those
sections contain proofs that these sequences of mutations realize the maps
of charts corresponding to a flip. Section 3.5.1 contains an alternative proof
that this sequence of mutations is correct. The proof is more conceptual and
less computational, though it is less explicit, and it relies on the previous
work in [BFZ]. We believe there are advantages to both approaches, though
a reader interested in efficiency may read Section 3.5.1 as a substitute for the
rest of Sections 3.5, 4.6 and 5.6. Again, the approaches in the first part of
Sections 3.5, 4.6 and 5.6 are more computational, but do have the advantage of
identifying the intermediate functions that occur in the mutation sequence.

Once these two steps are completed, we have related by sequences of mutations
any clusters coming from a triangulation of the surface and an ordering in each
triangle. This gives us a mapping class group equivariant cluster structure on Ag g
and Xg/_ S-.

To show that we have given the correct sequences of mutations, we compute
the functions at each stage of the mutation sequences explicitly with the aid
of webs. In contrast with the situation when G = SL,, the cluster structure on
Ag.s is typically wild, so that finding these sequences is nontrivial. We explain
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how a careful consideration of the cactus group [HK] and Langlands duality
motivates some of these mutation sequences. In particular, we explain how the
cluster structure type A folds to give the one in type C; how the cluster structures
in types B and C are Langlands dual; and how one folds the cluster structure in
type D to obtain the one in type B.

A secondary goal is to relate the cluster structures we construct on Confy A to
Berenstein, Fomin and Zelevinsky’s cluster structure on B, the Borel in the group
G [BFZ]. This will allow us to see that our cluster structure induces a positive
structure on A 5, and moreover that this positive structure on A¢ s is identical
to the one given in [FG1]. In fact, it was the comparison between the cluster
structures in [BFZ] and [FG1] that initially motivated our constructions of the
clusters in this paper.

The cluster structure on B is given by generalized minors of double Bruhat cells,
of which B is one example. We will show that the tensor invariants we construct
via webs coincide with the set of generalized minors for some reduced word
for wy. We also explain how coordinates on X5 are convenient for computing
monodromies of the local system, that is, relate these coordinates to ‘factorization
coordinates.” Thus, we explicitly relate three different viewpoints on cluster
variables: tensor invariants, generalized minors, and factorization coordinates.
The relationship between these viewpoints is explained in Section 3.2. We note
that similar results were obtained in [Z] for rank 2 groups.

2.10. The simplest example. In this section, we explain our results in the
simplest case of G = Sp, = Spins.

We first describe the cluster structure on Confs Ay, . Let the three flags in the
configuration be A, B, C. Here is the quiver:

C

A INREESEEEE b B

Quiver for the cluster structure on
Conf; Ag,,.
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Each function can be described as a tensor invariant. For now, let us just state
which tensor invariant spaces the functions lie in. We will say that a function
has weight (A, u, v) if it lies in the invariant space [V, ® V, ® V,1¢. Let ay, oy
be the short and long roots, respectively. We can take them to be (0, 2) and (1,
—1), for example. Now let w;, w, be the fundamental weights, which will then be
(1,0) and (1, 1). V,, is the four-dimensional standard representation and V,,, is the
five-dimensional standard representation of Spins, which is a subrepresentation
of \* V..

Then, for example, the function attached to a4 has weight (w,, w», 0), and the
function attached to b4 has weight (w;, w;, 0). The other edge variables are similar.
The most interesting cases are the functions attached to a,, b, which respectively
have weights

Quwy, wy, ),

(w1, wy, wy).

2.10.1. S5 symmetries. Mutating at a, and rearranging gives the quiver on the
left, which comes from the transposition of the first and third flags. Mutating at b,
and rearranging gives the quiver on the right, which comes from the transposition
of the second and third flags.

The transpositions obtained by
mutating at a, and b,, respectively.

In the left diagram, the function attached to b, is unchanged, but the function
attached to a, changes. The functions attached to a,, b, now respectively have
weights

(w27 wy, 20)1),

(w1, wy, wy).
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We see that the first and third weights have been exchanged. In the right diagram,
a, is unchanged, but the function attached to b, changes. The functions attached
to a,, b, now respectively have weights

(26()] , W2, a)Z)a

(w1, @1, @7).

We see that the second and third weights have been exchanged.

2.10.2. Langlands duality. Let us now explain the phenomenon of Langlands
duality in this case. Mutating the sequence a,, by, a, gives the following quiver,
which is Langlands dual to the original quiver:

The Langlands dual quiver.

Note that the quiver is isomorphic to the original, except that the vertices a; and
b; have been exchanged. The weights attached to the functions at a, and b, were
originally, respectively,
w, = (2w, w3, ),

wp = (w1, Wy, wy).

In the Langlands dual quiver, the weights are now
w = (w2, 201, ),

U)II, = (w2, w1, W1).

There is a map, canonically defined up to a constant, between the weight space
of a group and the weight space of its Langlands dual. In this case, the map takes
w; to o) and w, to 2w;. However, as Spy is Langlands self-dual (we are not

https://doi.org/10.1017/fms.2019.5 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2019.5

L Le 28

concerned with centers here), we have that @/ = w, and w; = w,. Thus there is
a self-map L of the weight space which takes w; to w, and w, to 2w;. Then we
have that

w, = Lw,,

r__ 1
w, = ELwa.

This is an instance of Langlands duality, as explored in-depth in Section 4.2.

2.10.3. The flip. Below we give the sequence of mutations realizing a flip of
triangulation. We depict the original quiver, and then the state of the quiver after
the following four stages of mutation: as; ay, a4, bs; as, ba, by; bs.

If the four flags are A, B, C, D, then agq, b are edge variables for the edge
AB; ay, b, are edge variables for the edge BC; as, b5 are edge variables for the
edge CD; and a;, b; are edge variables for the edge DA. At the start of the
mutation sequence, az, b; are edge variables for the edge AC, and by the end of
the sequence they become edge variables for the edge B D. Note that throughout
there are dotted arrows between bg and ag as well as between b; and a;. We
suppress these arrows for simplicity of the diagrams. The vertices ag, a7, bs, b7
are labeled throughout, because it is convenient for drawing the diagrams that
they are allowed to move. The remaining vertices stay fixed.

ag ar az ae
v N A N
LLIH?HC?%?H? ° of &o\/ /\o o
NSNS R | T |/
by _ by by b b o ° . . .
RN ¢ oLt N Y \VEA
by b3 by b3
ar ag a7 ae
7\ / N 7\ v/ N

®<(---o0
® — O
®<— O
® —— O
e<---o0
e<---o0
N\
—
—
—
/
e<---o0
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3. The cluster algebra structure on Conf,, A for G = Sp,,

3.1. Construction of the seed. In this section we give the construction of
seeds for the cluster structure on Conf, A when G = Sp,,. Throughout this
section, G = Sp,, unless otherwise noted.

Recall that Sp,, is associated to the type C Dynkin diagram:

1 2 n-2n-1 1

Figure 3. C,, Dynkin diagram.

The nodes of the diagram correspond to n — 1 short roots, numbered 1, 2, .. .,
n — 1, and one long root, which is numbered n. To describe the cluster structure
on Conf; A, we need to give the following data: the set I parameterizing vertices,
the functions on Conf; A corresponding to each vertex, the B-matrix for this seed,
and the multipliers d; for each vertex i.

The B-matrix is encoded via a quiver which consists of n? + 2n vertices, of
which n + 2 are white, while the remaining vertices are black. There are n edge
functions for each edge of the triangle, and n? — n face functions. There is one
white vertex along each edge.

In Figure 4, we see the quiver for Spg. The generalization for other values of n
should be clear.

We will no longer use single letters like i, j to denote vertices of the quiver,
because it will be convenient for us to use the pairs (i, j) to parameterize the
vertices of the quiver. In the formulas in the remainder of this section, we will
not refer to the particular entries of the B-matrix, b;;. Instead, the values of the
entries of the B-matrix will be encoded in quivers. This will hopefully avoid any
notational confusion.

https://doi.org/10.1017/fms.2019.5 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2019.5

I Le 30

- X X X
K o 02, _____ 03 N
7 ] [ ] o N
Vi \
/ \
/ \

/ \

N \

| \
I <+
Y2 X11 X12 X13 Y3
[ [ ] [ ] o) o)
AN

|

|

|

|

|

|
Y1 X21 X22 X23

[ ] [ ] [ ] o

X31 X32 X
P P —— 33
[ ] [ ] o

Figure 4. Quiver encoding the cluster structure for Conf; Ag,, .

Label the vertices of the quiver x;; and y;, where 0 < i < n,1 < j < n,
1 < k < n. The white vertices correspond to x;, and y,. The vertices y; and x;;
for i = 0 or n are frozen. We will sometimes write x; ; for x;; for orthographic
reasons.

Our next goal will be to define the functions attached to the vertices in the
quiver. We first need to recall some facts about the representation theory of Sp,,.
We will work over a field F of characteristic 0. The fundamental representations
of Sp,, are labeled by the fundamental weights wy, ..., ,. Sp,, has a standard
2n-dimensional representation V. Let (—, —) be the symplectic pairing. Then
the representation V,, corresponding to w; is a direct summand of /\i V. In
fact, it is the kernel of the homomorphism A’V — A'">V that comes from
contracting with the symplectic form. Note that the symplectic form also induces
an isomorphism between A’ V and A*"' V.

Let A denote the principal affine space for G. We will sometimes drop the
subscript ‘G’ if it is clear which group we are referring to. There is a natural
embedding of Sp,, < SL,, given by taking the subgroup of SL,, that fixes the
symplectic form (e;, e5,41_;) = (—1)'"!, where the vectors e; form the standard
basis of V (the signs are chosen here to be compatible with the positive structures
on Sp, and SLy,). This induces a natural embedding of As,,,, inside Ag,,, which
we now describe.
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Figure Sa. A cluster structure for Confs Asg),.

The variety Ag,,, parameterizes chains of isotropic vector spaces
vicVv,c---CcV,CV

inside the 2n-dimensional standard representation V, where dimV; = i, and
where each V; is equipped with a volume form.
Equivalently, a point of Aj,,, is given by a sequence of vectors

Vi, U2, ..., Uy,

where
Vi=Av, ..., )

is isotropic, and where v; is only determined up to adding linear combinations of

v; for j < i.

The volume form on V; is then v; A -+ A v;.

From the sequence of vectors vy, ..., v,, we can complete to a symplectic
basis vy, va, ..., Va,, Where (v;, va,41-;) = (—1)""", and (v;, v;) = 0 otherwise.
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Figure 5b. Another cluster structure for Conf; Ag,, related by an S5 symmetry.
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Equivalently, the symplectic form induces an isomorphism (—, —) : V — V*. At
the same time, there are perfect pairings

/\ka/\kV*—>F
/\Qn_ka/\kV—>F

that induce an isomorphism

N v v

Composing this with the inverse of the isomorphism
k ko
<_7 _) : /\ V — /\ %
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gives an isomorphism

/\2%1{ V ~ /\k V*~ /\k V.

Then v,41, ..., vy, are chosen so that this isomorphism takes v; A --- A v, to
U Ao A VUi
Then vy, v, .. ., vy, determines a point of Ay, , as Ag;, parameterizes chains

of vector subspaces
vicv,c---CcV,,CV

along with volume forms v; A --- A v;, 1 <@ < 2n.
From the embedding
‘Aspzn — ASLG’

one naturally gets an embedding Conf,, Ag,, < Conf,, Ag, . We will define the
cluster functions on Conf,, A, via cluster functions on Conf,, Ag;,,. In fact, we
will see later in this paper that the entire cluster algebra structure on Conf,, Ag,,,
comes from folding the cluster algebra structure on Conf,, Ay, .

d) on Conf,, Ag, . Now set
C

N = 2n. We can pull back these functions to Conf,, As,,,. We are now ready to
specify the functions attached to the vertices of the quiver. Here are the rules:

a,b

We previously constructed functions (Z c) and (

(1) We assign the function (2 k_k> to yi.

(2) When i > j, we assign the function ( n'ﬂ ' j) to x;;.

n+i—j

n—i2n+i—j

(3) Wheni < j andi # 0, we assign the function ( j) to x;;.

n

(4) When i = 0, we assign the function (2,17,' ,) to x;;.

This completely describes the cluster structure on Confs Ag), . Note that the
cluster structure is not symmetric with respect to the three flags. Performing
various S3; symmetries, we obtain six different possible cluster structures on
Confs Ag,,, . We will later see that these six structures are related by sequences
of mutations. In Figure 5, we depict two of the cluster structures for Conf; Asg,:
the standard cluster described above and the one obtained by applying the first
transposition described below, which switches the second and third flags.

The functions attached to the vertices come from permuting the arguments in

. . . . —i2n+i—j
our notation for the function. For example, rotating the function (n e ]>
n
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Figure 6. Web for the functlon Z ) wherea +b+c=N.

gives the function (n 2:+ ~ ) while transposing the first two arguments gives

n A
J
n—i2n+i—j

Another set of functions will be useful to us. Let 0 < a, b, c < N be three
integers such that a + b + ¢ = 2N. Then there is a one-dimensional space of
invariants inside the representation [V,,, ® V,,, ® V,, 5. We pick out the function
given by the web in Figure 6.

Call this function (Z c), whether it is viewed as a function on Conf; Ay,

or Conf; Ag,,, when N = 2n. Note that we have the following equalities
of functions:

k 2n —k

2n —k k

n—i n4+i
( j =< 2n—j> 3.1
n+i—j n—i+4j
n—i,2n+i—j n+i,j—1i
( J :( 2n—j>.
n n

These equalities arise because the symplectic form induces a duality isomorphism
between A\’ V and A V
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3.2. Reduced words. The goal of this section is to relate the cluster
structure on Confs Ag,, given in the previous section to Berenstein, Fomin
and Zelevinsky’s cluster structure on B, the Borel in the group G [BFZ].

We consider the map

i:beB — (U ,wU .b-woU") € Confs As,, .

PROPOSITION 3.1. The cluster algebra constructed above on Confy A, , when
restricted to the image of i, coincides with the cluster algebra structure given in
[BFZ] on the cell G*° C B™.

Proof. We choose a reduced word for wy. In the numbering of the nodes of the
Dynkin diagram given above for Sp,,, we choose the reduced word expression

Wy = (SySu—1 - - - $281)".

Here our convention is that the above word corresponds to the string iy, iy, .. .,
i,_1, i, repeated n times.

Then the cluster functions on B~ given in [BFZ] are A, ., for 1 <i < n (these
are the functions associated to u, v = ¢), and

A

Ujjwj,wjs

which are the functions associated to v = e and u = u;; = (5,8,—1 - - - 5281) SpSu_1
---s;. Note that u;; is the subword of u that stops on the ith iteration of s.
We have the following claims:

(1) When i = 0, the function we assigned to x;;, (2"_j ,), is precisely A, .-

n—i

n+i—j

(2) Wheni > j, the function we assigned to x;;, ( j), is precisely A, ) 0;-

n—i,2n+i—j

n

(3) When i < j, the function we assigned to x;;, ( j), is precisely

A

Uijwj,wj:

The proof of these claims is a straightforward calculation. Let us carry out this
calculation. The calculation is not central to this paper, so can be safely skipped.

It is convenient to choose an embedding of Sp,, into SL,,. Moreover, choose
the symplectic form so that (e;, e,.;) = (—1)" and all other pairings of basis
elements are zero. The sign is chosen so that the representation Sp,, < SLy,
preserves positive structure. Now choose a pinning such that under the embedding
Spon <> SLy,,

Ect,, = En,2n7 Fa,l = En,2n’
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andforl <i < n,
Ey, = Eiiv1+ Enyivingis Fop = Eiv1i + Engingiv-

Here E; ; is the (i, j)-elementary matrix, that is, the matrix with a 1 in the (i, j)
position and 0 in all other positions.

With respect to this embedding, we can directly calculate A, ,,; (x) where x €
B~. When x is embedded in SL,,, A, ,,(x) is simply the determinant of the
minor consisting of the first j rows and the first j columns. Similarly, one can
calculate that A, ;. , (x) is precisely the determinant of the minor of x consisting
ofrows2n+1—i,2n+2—1i,...,2n+ j —i (here the indices are taken modulo
2n) and the first j columns.

_ _ i i)
We then must calculate the functions (n ! ,), ( ./‘) and (n e j) on

n+i—j n
the triple of flags (U™, woU ~, b-woU ™). Under the embedding Sp,, < SL,,, we
should choose the flag U~ to be —e,, 1, €,12, —€,43, - - ., (—1)"e2,, so that w_QU‘
is given by the flag ey, e, ..., e,. Direct calculation then shows that (Zn—] j),

n—i —i,2n4i—j . . . ..

( .y j) and (n e ,) are given by determinants of the minors consisting of
n+i—j n

the first j rows and the first j columns and determinants of the minors consisting

ofrows2n+1—1i,2n+2—1i,...,2n+ j —i (the indices taken modulo 2n) and

the first j columns. O]

The map i a specialization of a map from B x H to Conf; Ay, given by
(b’ h) - (Uﬁ, h - w_0U77 b- w_OUi)

to B x e. The effect of changing the value of 4 is simple: if a function lies in the
invariant space
[VA ® Vy, &® Vv]Gv

then the function becomes multiplied by w(%). Thus the cluster coordinates on
Confs Ay, are given by generalized minors up to a monomial action of H.

We give a useful formula here that is related to the formula (6.1) given later on.

Consider the quiver as depicted in Figure 4 attached to the triple of flags (A, B,
C). Now let us temporarily relabel y, as x; ,,, and for k # n, let us temporarily
relabel y as x, 4. Now for 1 <i <nmand 1 < j < nletusdefine

a; = xi,j-Hxi—l,j—l'
XijXi—1,j

We take x;; = 1 in the above formula in any instance where x;; has not yet been

defined (this is just to take care of boundary cases). Suppose that (A, B) is a pair
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of principal flags. Then we may let B € G/B be the projection of B to the flag
variety. Then (A, B) determines a frame for the group G. There is a unique g € G
that translates (C, B) to (C, A). If we choose C to be the standard principal flag
and B to be the opposite flag, then g € U. We have the following formula from
[BFZ]:

g=E(an)Exan) - Ey(@m)E1(an-1,1) - - Ex(an_1) - - Ei(an) - - - Ey(ay,).
(3.2)
In fact, this formula was shown to hold in the situation that the frozen variables
formerly called y, were all 1. In this situation, the cluster variables as we have
defined them can be identified with generalized minors as in Section 3.2. The
formulas in [BFZ] are in terms of generalized minors. To see that it holds
in general, consider that action of H on B which preserves B, and make the
following three observations:

e The formulas for g;; are invariant under the action of H on B.
e The element g only depends on B.
e Using the action of H on B, we may arrange that y, = 1.

Similar formulas hold for all reduced words.

3.3. Cactus transformation. In this section, first we collect the necessary
facts that we need about the ‘tetrahedron recurrence’, which can be interpreted
as a sequence of mutations on the cluster algebra for Conf; Ag,. Most of
what is in this section can be found in [Hen] or [HK], though our notation is
somewhat different. We will relate this to our construction of the cluster structure
on Confj Asg,, . This will be useful for computations that we do later in the paper.

The tetrahedron recurrence is really just a variation on the octahedron
recurrence. It is a sequence of mutations on the cluster algebra for Conf; Ay, that
realizes the operation of replacing three principal flags in the space V = C”" with
the dual principal flags in V*. Put in another way, there is an outer automorphism
of SLy given by g — ’g~'. This automorphism induces an automorphism ¢ on
Conf; Ay, . It turns out (though this is not obvious), that this is an automorphism
of the cluster structure on Conf; Ay, that is, if x; are cluster variables in
one seed, then ¢*x; will be cluster variables in another seed. The sequence of
mutations we are interested in is a sequence of mutations transforming from the
initial seed x; to the seed consisting of the functions ¢*x;.

The name ‘tetrahedron recurrence’ comes from the fact that all the cluster
variables involved can be put at the integral lattice points of a tetrahedron [HK].
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Figure 7. The functions and quiver for the cluster algebra on Conf; Ag,.

By performing this sequence of mutations on various triangles in the triangulation
of an m-gon, we get the action of the cactus group on Confs Ag;, . For this reason
we will call the sequence of mutations realizing the outer automorphism of SLy
the ‘cactus sequence.’

First we need to review the cluster algebra structure on Conf; Ag;, . The quiver
for this cluster algebra has a vertex x;;; for all triples 1 < i, j, kK < n such that
i + j +k = n and no more than one of i, j, k is equal to 0. The vertex x;;; can be
placed at the point (7, j, k) in the plane i 4+ j 4+ k = n. Then the quiver looks as
in Figure 7 for SL,.

We have used dotted arrows in line with the corilventions above for
amalgamation. The function attached to x;;, will then be ; k) in the notation of

Section 3.1. The frozen vertices are Xx; y—_; 0, Xo,j,N—» Xi,0,N—i-

Now we describe the sequence of mutations. First mutate xy_5 1 ;. Then mutate
Xn—321 and xy_31,. Then mutate xy_43.1, Xy_4.2.2, Xn—4.1.3- Continue in this
manner, until we mutate x; ; y_,. Then we start the sequence over again by
mutating xy_»1.1, but the second time through, we stop at x,; y_3. The third
time through, we stop at x5 y_4. We continue in this manner so that the whole
sequence of mutations is

XN=21,1sXN=321sXN-312s XN-43,1, XN-422, XN—4,13, - - - X1 N=2,15 - - - X1,1,N=2,

XN-21,1XN-321sXN-312, XN-43,1, XN-422, XN-4,13, - - - X2 N-3,15 - - - X2 1,N-3>
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XN-2,1,1> XN-3215 XN-312, XN—-43,1> XN-422, XN—-4,13, - - - X3 1 N—4,

XN-2,1,1, XN-32,1, XN—3,1,2,
XN-2,1,1-

Perhaps it is more useful to describe the sequence in another way. Think of the
quiver for Conf; Ag;, as consisting of rows, where row r consists of all x;;, where
i=r.Thenforr =N —2,N —3,...2,1, there are N — 1 — r vertices in that
row. We start by mutating the one vertex in row N — 2, then the two vertices in
row N — 3, then the three vertices in row N — 4, and so on. The sequence of rows
that we mutate is

N—-2N-3N-4...,2,I,N=-2,N-3,...,3,
x2,N—-2,...,3,...,..., N-2,N—-3,N—-2.

There are (N — 2)(N — 1)/2 terms in the above list. This gives a total of N(N —
1)(N,)/6 mutations. Let us think of the sequence of mutations as happening in
N — 2 stages, where at stage » we mutate all the vertices in rows N — 2, N — 3,
..., r, in that order. It turns out that because of how the quiver transforms, the
mutations in any given row can be performed in any order.

There is actually even more freedom in the order in which we perform
mutations. Suppose at some point in the sequence of mutations, we want to mutate
row i for the jth time. It turns out that any vertex in row i can be mutated only
after

e the two vertices in row i — 1 directly below it have been mutated j — 1 times
and

e the two vertices in row i + 1 directly above it have been mutated j times.

The combinatorics of this will become clear after we analyze how the quiver
transforms under mutations. Thus we have many equivalent sequences of
mutations.

For example, we could mutate the rows

N—-2,N-3N-2,N—-4N-3N-2,N-5,...,
XN—-2,N—6,...,...,1,2,3,...,N—=2.

Let us now analyze how the quiver transforms. In Figure 8 we picture the quiver
for SLs, the result after mutating rows 3, 2, 1.
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Figure 9. The SLs quiver after stages 2 and 3 of the cactus sequence.
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Note that at each stage, we rearrange some of the frozen vertices to make the
structure of the quiver more transparent. The nonfrozen vertices, however, do not
move.

We see that after the mutations in rows N — 2, N — 3,...,1 have been
performed, we end up with the quiver for SLy_; in the top N — 1 rows of the
diagram. We may then inductively see that after each descending sequence of
rows has been mutated, we get the quivers pictured in Figure 9.

The final quiver we arrive at is essentially the original quiver with arrows
reversed (additionally, frozen vertices have moved and some arrows have changed
between frozen vertices).

Now we must understand the functions attached to the vertices at the quiver at
various stages. Note that x;;; is mutated i times.

PROPOSITION 3.2. The function associated to x;j; transforms as follows:
i n—1,i—1 n—2,i—2
k] — k+1)] — k+2) — -
J j+1 j+2
n—i+1,1 n—i n—i
— k+i—1] —> k+i] = n—jl.
j+i—1 j+i n—k

. . 2, a 0
The pattern above is clearer if we note that ( r;a c) = (b c) = (ab c)

Proof. We have already described the quivers at the various stages of mutation.
We must then check that the functions above satisfy the identities of the associated
cluster transformations.

We need the following facts:

o letl <a,b,c,d <N,anda+b+c+d=2N.
a,b a—1,b—1
d d+1
c c+1
a—1,b a,b—1 a—1,b a,b—1
= d d+1)+ d+1 d].
c+1 c c c+1

citate=bra=n.(")=()(")

citatd=bre=n. ()= ("))

c
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o Ifb+c+d =N, then (N”’d) - (bd>.

c c
The first identity is a close relative of the octahedron recurrence. The other are
direct consequences of the definition of these functions via webs. We will call
such identities ‘degeneracies.’
Most of the cluster mutations are precisely the first identity:

a,b a—1,b—1 a—1,b a,b—1
d d+1]) = d d+1
c c+1 c+1 c
a—1,b a,b—1
+ d+1 d
c c+1

All other cluster mutations are degenerations of this identity, and are obtained
from this one by applying the other three identities. O

REMARK 3.3. This will be a common theme throughout all the main proofs
in this paper—the mutation identities will usually come down to one or two
applications of the octahedron recurrence used in combination with degeneracies.
If we regard degeneracies as identities which are in some sense ‘easy,’ the
octahedron recurrence and its relatives are really the central tool in the proofs
of various identities. It is perhaps not always easy to see that an identity reduces
to the octahedron recurrence; this is the reason that we try to be careful in our
bookkeeping throughout the paper.

We now specialize to N = 2n. The cactus sequence will allow us to give
an alternative way to construct the cluster algebra structure for Conf; Ag,, . We
perform the following sequence of mutations on Conf; Ag;,, :

XN-2,1,15XN-3,125-++>X1,1,N-2
XN-321sXN-4225+++,X1,2N-3
XN-21,1s XN=3,125 -+, X2 1, N-3
XN-4315XN-5325-++,X1,3N—4
XN-321sXN-4225 -+, X22 N—4
XN=21,1sXN=3125 -+ - X3 1, N—4
xn.n—l,h xn—l,n—1.27 ey xl,n—l,n
XN-321sXN-4225--+5Xp-22n
XN-21,1sXN-3125+++>Xn—-1,1,n-
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Figure 10. The functions and quiver for the cluster Confs Ag;, which folds to

give a cluster for Conf; Ag,,, .

e
BN

One can picture the above sequence as consisting of n — 1 stages, where each
stage consists of mutating all vertices lying in a parallelogram. The result will be
that we get the quiver pictured in Figure 10 (all frozen vertices have been deleted
for simplicity)

The function attached to x; (here we take i, j, k > 0 to exclude frozen vertices)
will be

. (;k>ifj>n,

+iitj— p : ; i
o (T k+"_j> if j <nandk < n (in fact for j < n and k < n; equality cases

agreenwith the cases above and below),
e Cn—i,i+jik+i)ifk >n.

Thus we see that the functions attached to x;; and x;;; pull back to the same
functions on Conf; Ag,,, via the embedding Conf; As,, <> Conf; Ag, . Here
we use the identities (3.1). In fact, for j > k and j > n, we have that the vertex
x;jx corresponds to the vertex x,_; , in the quiver for Confs A, , while for j > k
and j < n, we have that the vertex x;;; corresponds to the vertex x; ,«—;. The
symmetry along the vertical axis in Figure 10 should be apparent.

The result of this is that we can obtain the cluster structure on Confs Ay,
as follows: start with the standard cluster algebra on Conf; . Ag;, , which has
functions attached to vertices x;;;. Perform series of mutations given above, which
is a subsequence of the cactus sequence. Then fold the resulting cluster structure
by identifying the following pairs of vertices: X;2,—;0 and X, ;0; Xi02:— and
Xon—i,0,i5 X0, j,2n—j and Xo2,—;j j; Xijx and x;; for i, j, k > 0.
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Let us say a few words about folding. Suppose we have a cluster algebra C such
that its quiver is preserved under an involution o . Note that this forces vertices in
the same orbit to have no arrows between them. Then we may form a new cluster
algebra C’. The B-matrix for C' comes from quotienting the quiver for C by
the involution o and then coloring the vertices fixed under the involution white
and all other vertices black. On the level of algebras, one sets the variables for
vertices in the same orbit equal. It is not hard to check that mutating a vertex in C’
corresponds to unfolding, mutating all lifts of that vertex in C, and then folding
again. Thus we constructed above a cluster for Conf; Ag;, which folds to give a
cluster for Confy Ag,, . More generally, any cluster on Ay, s unfolds to give a
cluster on Ag,, 5, and any mutation on Ag,, s corresponds to mutation at the lifts
of the vertices under folding. This is expressed by the following diagram:

lift of mutation
Asy, s —===7=7" > Ast,.s

lfold lfold

mutation
Asp,s ====- > Asps,.s-

For more details about the procedure of folding for cluster algebras, and for
folding under more general automorphisms, see [FZ2].

More invariantly, there is an outer automorphism of SL,, that has Sp,, as
its fixed locus. This gives an involution of Conf;.Ag, (and more generally
Conf,, Ag,,) that has Conf; Ag,, (respectively, Conf,, As,, ) as its fixed locus.
It turns out that the cluster algebra structure on Conf; Ag;, is preserved by this
involution, and that, moreover, there is a particular seed, constructed above, that is
preserved by this involution. Folding this seed gives the cluster algebra structure
on Conf; Ag,,, .

Let us make some observations. Let o be the Dynkin diagram automorphism
of A,,_; having quotient C,. (We call this automorphism o by abuse of notation:
we will see soon that it induces the automorphism of the quiver that we called
o above.) Then o induces a map on the root system for SL,,, and hence on
the fundamental weights and the dominant weights. It also induces an outer
automorphism of SL,, having fixed locus Sp,,, and an involution on the spaces
Conf,, A, . Let © be the map from the vertices of A,,_; to the vertices of C,.
This induces a map 7 sending fundamental weights to corresponding fundamental
weights, and therefore projects the weight space for SL,, to the weight space for
SpZn'

OBSERVATION 3.4. Let f be a function on Confy Ay, that lies in the invariant
space
Vi ®V, ® V5.
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Then o*( f) lies in the invariant space

Voy @ Vo ® Va(u)]SLz"-

OBSERVATION 3.5. Let f be a function on Conf; Ag;,, that lies in the invariant
space
Vi ® V. ® V¥

Then as a function on Confy Ag,, , f lies in the invariant space

[Vaoy @ Vi ® Vn(u)]sm"-

OBSERVATION 3.6. Consider a cluster for Confs Ay, which folds to give a
cluster for Confs Ay, . Suppose v is a vertex in the quiver for this cluster. Let
£, be the function attached to v. Then

fv € [V)L ® ‘/[L ® Vv]SLGy

Jow) € Vo) ® Vo ® VoI55,

However, on Conf; Ag,, , f, = f5@). This means that we must have 7(1) =
(o (A), w(pn) = m(o(w)), and 7 (v) = 7 (o (v)).

It is also clarifying to step back and motivate the sequence of mutations
realizing the cactus sequence above. As explained in Section 3.2, the cluster
structure on Conf; A comes from a reduced word for the longest element wy in
the Weyl group of G. The initial seed for Conf; Ag;,, is built using the reduced
word

S182 .. 820 —185182 .. . 822 . . . 51825351529

Here sy, ..., sy,_1 are the generators of the Weyl group for SL,,. It is known
how to use cluster transformations to pass between the clusters that are associated
to different reduced words [BFZ]. The cactus sequence transforms between the
cluster above and the cluster associated to the reduced word

S2n—182n—2 « « - S182n—1820—2 + + - 82+ . §21—1820 25203820 —152n—282n—1-

Thus we have the following observation, which we do not believe has been made
elsewhere:

OBSERVATION 3.7. The cactus sequence may be viewed as the sequence of
mutations relating the cluster structures on Conf; Ag;, related to the reduced
words

S182 . SN=15152 .. SN2 .. 51525381525
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and
SN—1SN—2 - - SISN-1SN—2---82 .. . SN_ISN-2SN-3SN-1SN-28N—1-

The subsequence of the cactus sequence given above transforms the initial
cluster into the cluster associated with the reduced word

n
(sllsn—lsil+lsll—2sn+2 e sls2n—l) .

This reduced word is in some sense ‘intermediate’ between the two other reduced
words discussed above.

Now let 51, 55, ..., s, be the generators of the Weyl group of Sp,,. There is an
injection from the Weyl group of Sp,, to the Weyl group of SL,, that takes

/
S, = Su,
/
§; —> SiSon—i-
Under this map,
!’/ n n
(5,81 - -81)" = (SuSn—1Snt+1S1—28n42 + - - S1820—-1)".

Therefore the reduced word for the longest element of the Weyl group of SL,,
folds to give the reduced word for the longest element of the Weyl group of Sp,,.
So the folding that gives the cluster structure on Confs . Ag,, from the cluster
structure on Conf; Ay, really takes place on the level of Weyl groups.

3.4. The sequences of mutations realizing S; symmetries. We consider the
cluster structure on Confy Ag,, described above. In fact, because the cluster
structure we gave was not symmetric, we have described six different cluster
structures on Conf; Ag,, . We would now like to give sequences of mutations
relating these six clusters to show that they are actually all clusters in the same
cluster algebra.

From the folding construction of the previous section, it is clear that we
could unfold the cluster structure of Conf; Ajg,, to get the cluster structure
on Conf; Agy, , perform a sequence of mutations on Confs Ay, , and then
refold to obtain one of the other cluster structures on Conf; Ay, . The question
then becomes whether we can realize this sequence of mutations ‘upstairs’ on
Confy Ag;,, ‘downstairs’ on Conf; Ag,, . It is by no means obvious that this is
possible. Let us give two reasons for this. First, mutating one vertex downstairs
generally corresponds to mutating two vertices upstairs (the two that are folded
together to give the vertex downstairs), so that this severely restricts the possible
sequences of mutations upstairs. Second, note that if we perform the naive
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procedure of passing to Confs Ag;,, and performing a sequence of mutations there,
when we refold, we are generally no longer folding together the same pairs of
vertices.

We will realize the S5 symmetries on Conf; Ag,, by exhibiting sequences of
mutations that realize two different transpositions in the group S;. As we shall see,
one of these transpositions can actually be realized by going ‘upstairs’ and using
the calculations of the previous section with some care. The other transposition
requires a completely different analysis.

3.4.1. The first transposition. Let (A, B, C) € Confs As,, be a triple of flags.
Let us first give the sequence of mutations that realizes that S5 symmetry (A, B,
C)— (A, C,B).

The sequence of mutations is as follows:

X115 X215 X225, X125 X135, X235 X33, X325, X315 « - s X1 n—15 « - s Xn—Ln—15 - -+ » Xn—1,1,
X115 X215 X225, X125 « - - X1 n—25 « « + s Xn—2,n—25 + -+ » Xn-2,1»
X115 X215, X22, X125
X1

(3.3)
The sequence can be thought of as follows: At any step of the process, we
mutate all nonfrozen x;; such that max(i, j) is constant. It will not matter in which
order we mutate the x;; at each step because the vertices we mutate have no arrows
between them. So we first mutate the x;; such that max(i, j) = 1, then the x;;
such that max(i, j) = 2 (in any order), then the x;; such that max(i, j) = 3 (in

any order), and so on. The sequence of maximums that we use is

1,2,3,....n—1,1,2,...,n —2,...,1,2,3,1,2, 1.

In Figure 11, we depict how the quiver and functions for Conf; Ag,, change
after performing the sequences of mutations of x;; having maximums 1, 2, 3. The
initial quiver is in Figure 5.

In Figure 12, we depict the state of the quiver after performing the sequence of
mutations of x;; having maximums 1,2,3;1,2,3,1,2;and 1,2,3,1,2, 1.

From these diagrams the various quivers in the general case of Conf; Ay,
should be clear.

THEOREM 3.8. The sequence of mutations (3.3) realizes the S3 symmetry (A, B,
C)— (A, C,B).

Proof. We will proceed by directly calculating the functions at each stage of
mutation. If max (i, j) = k, then x;; is mutated a total of n — k times. Recall that
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Figure 11. The quiver and the functions for Conf; Ag,, after performing the
sequence of mutations of x;; having maximums 1, 2, 3.

n—i

when i > j, we assign the function ( o J) to x;;. Thus the function attached to
n+i—j

x;; transforms as follows:

n—i 2n—1,n—i—1 2n—2.n—i—2
( ])—)( j+1)—>< j+2)—>
n+i—j n+i—j+1 n4+i—j+2
n+i+1,1 n—+i n—i
—)( n—i+j—1)—>< n—i+j>:< n+i—j)
2n—j—1 2n — j J

n—i,2n+i—j

When i < j and i # 0, we assign the function ( ,) to x;;. Thus the

n
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O

Figure 12a. The quiver and the functions for Conf; Ag,, after performing the
sequence of mutations of x;; having maximums 1, 2, 3, 1,2

function attached to x;; transforms as follows:

n—i,2n+i—j n—i—1,2n+i—j—1
jl] — j+1
n n+1
n—i—22n+i—j—-2
— j+2] —
n+2
j—i+1l,n+i+1 j—in+i n—i,2n+i—j
— n—1]| — nj|= nj.
2n—j—1 2n —j j

We will give two approaches. One is conceptually transparent, but hard to carry
out. The second is more direct.
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Figure 12b. The quiver and the functions for Conf; Ag,, after performing the
sequence of mutations of x;; having maximums 1,2, 3,1, 2, 1.

The first approach would be to use what we know about the cactus sequence.
Recall that if we start with the standard cluster structure on Conf; Ag, and
perform the mutations

XN-2,1,1» XN=3,1,25 - - - »
XN-32,1XN-42725 -
XN=2,1,1s XN=3,1,25 -« +»
XN—-43,15XN=-5325 -
XN-32,15 XN-42725 >

XN-21,1s XN=3125 -+

X1,1,N=2
X1,2,N-3
X2,1,N=3
X1,3,N—4
X22,N—4

X3,1,N—4
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xn,nfl,h xnfl,nfl,Z’ ceey xl,nfl,n
XN-3215XN-4225+-+5sXpn-22n
XN=2,1,1» XN=3,125 « -« s Xn—1,1,n

then if we identify the vertices x;;; and x;;;, we obtain the cluster algebra structure
on Conf; Ag,, . Recall that for j < k and j > n, we have that the vertex x;j;
corresponds to the vertex x,_; x in the quiver for Conf; Ag,, , while for j < k and
J < n, we have that the vertex x;;; corresponds to the vertex x, i 4i—;-

If we then apply the sequence of mutations (3.3)

X115 X215, X225, X125 X135 X235, X33, X32, X33, « « s X1,n—15 -+« » Xn—1,n—15 - -+ s Xn—11,

X115 X215 X225, X125 « « - X1 n—25 « « o s Xn—20n—25 « « - » Xp—-2,1,
9
X115 X215, X225, X125
X11

on the cluster algebra for Confs Ag,, , we can lift this sequence of mutations to
the unfolded cluster algebra for Conf; Ay, . Therefore, once we keep track of
indices, we find that the cluster we end up with is exactly the result of applying
the sequence of mutations

XN-21,1sXN-3215 -+, X,N-2,1
XN=312sXN-4225 4+, X1, N-32
XN-21,1>XN-3215-++>X,N-2,1
XN—-413sXN-5235++,X1,N-43
XN-312sXN-42725 -+, X1,N-32
XN-21,1sXN-3215 -+, XI,N-2,1
Xn,1,n—15> Xn—12n—15 + -« » X1.n,n—1
XN-3,1,2 XN-42725 -+ +» X1 N=3.2
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XN-2,1,1 XN-3215 -+ -» X1, N-2,1

to the original seed for Confs Ag;, .

Again, we then identify the vertices x;j; and x;; and look downstairs on
Confs A, . Then the roles of j and k are exactly reversed: For k < j and k > n,
we have that the vertex x;;; corresponds to the vertex x,_; ; in the transposed
quiver for Confs Ay, , while for k < j and I < n, we have that the vertex x; i
corresponds to the vertex x,_; ,4j— in the transposed quiver.

Alternatively, and perhaps more simply, it is enough to observe that all that
mutations in the sequence (3.3) reduce to one of the cluster transformations
involved in the cactus sequence of mutations. O

Now consider the original seed for the cluster algebra structure on Conf; Ay, ,
where the quiver had vertices x;;, y, for 0 <i < n,1 < j, k < n. Now consider
the seed that has quiver with vertices x/;, y; that comes from exchanging the roles
of the second and third principal flags. Then the sequence of mutations explained
mutates the functions associated to x;; into those associated to x;; for i > 0. The
functions xo; are equal to the functions y}, and the functions y; are equal to the
functions x;;. Moreover, the associated quiver on the vertices x;;, y; mutates into
the corresponding quiver on the vertices x; 7+ Yi- Thus, this sequence of mutations
relates the two seeds that come from the transposition of the second and third
flags.

3.4.2. The second transposition. Let us now give the sequence of mutations that
realizes that S; symmetry (A, B, C) — (C, B, A).
The sequence of mutations is as follows:

xnfl,na xn72,n7] ) -xn72,na xn73,n727 xn73,n71 ) xn73,na ) xl,27 ceey xl,m
xnfl,na xan,nflv xn72,n’ xn73,n729 xn73,n717 xn73,nv ceey x2,37 ey X2y
xn—l,ny xn—Z,n—l ) xn—2,na -xn—3,n—29 xn—3,n—l ) xn—3,na ) x3,4» ceey x3,n’ (3 4)
e xnfl,na Xn—2,n—15 xn72,na xn73,n727 xn73,n7] ) xn73,na '
xnfl,na xan,nfl ) xn72,n
xn—l,n~

The sequence can be thought of as follows: we only mutate those x;; withi < j.
At any step of the process, we mutate all x;; in the kth row (the kth row consists
of x;; such that i = k) such thati < j. It will not matter in which order we mutate
these x;;. The sequence of rows that we mutate is

n—1,n-2,...,2,1,n—1,n-2,...,2,n—1,...,3,....n—1,n—2,n—1.
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Figure 13. The quiver and functions for Conf; Ay, after performing the sequence
of mutations of x;; inrows 4, 3,2, 1.

In Figure 13, we depict how the quiver for Confs.Ag,, changes after
performing the sequence of mutations of x;; in rows 4, 3,2, 1. We only depict
those functions that are affected by this mutation sequence.

REMARK 3.9. The circle on several of the arrows below depicts how the quiver
for Conf; Asg),, lifts to Confy Ag,,,. They are just a bookkeeping device which we
do not need to be concerned about yet. We will elaborate upon this further when
we analyze how the functions transform. From these diagrams the various quivers
in the general case of Conf; Ag,,, should be clear.

In Figure 14, we depict the state of the quiver after performing the sequence of

mutations of x;; inrows 4,3,2,1,4,3,2;4,3,2,1,4,3,2,4,3;and 4, 3,2, 1,4,
3,2,4,3, 4.
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4 —e—)( 1,6 —— 2,6 —— 3,6 —— 4,6J4>[ 5]
5

3,7
2| +—— 3,7

5,5

Figure 14a. The quiver and functions for Conf; Ay, after performing the
sequence of mutations of x;; intows 4,3,2,1,4,3, 2.

Now we need to understand the various functions attached to the vertices of
the quiver at different stages in the sequence of mutations. In order to do this, we
need to define some new functions.

Let N =2n.Let0<a,b,c,d <N suchthata,c <nandb,d > n. Moreover,
suppose thata + b + ¢ +d = 4n = 2N. Then we would like to define a function
that we will call

This is a function on Conf; Ag,, that is pulled back from a function on
Conf; Agy,, . The function on Confy Ag;, is given by an invariant in the space

[Vwﬁ—wb ® V2wn ® Vwc +wq ]SLN :
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N

Figure 14b. The quiver and functions for Conf; Ay, after performing the
sequence of mutations of x;; inrows 4,3,2,1,4,3,2,4, 3.

It turns out that this is a one-dimensional vector space. We pick out the function
given by the web in Figure 15:

We are now ready to analyze how the functions in our cluster algebra transform
under the sequence of mutations (3.4).

THEOREM 3.10. The sequence of mutations (3.4) realizes the S; symmetry (A,
B,C) — (C, B, A).

Proof. If i < j, then x;; is mutated a total of i times. Recall that when i < j, we
n—i2n+i—j

assign the function ( ,/> to x;;. The function attached to x;; transforms as

n

n—i,2n+i—j n—i+1,2n+i—j—1
il — j—1n+1
n n,n
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AR

8 7 6 5
4 —e—>( 1,6 —— 2,6 —— 3,6 —— 4,6)4>[ 5]
5

Figure 14c. The quiver and functions for Conf; Ay, after performing the
sequence of mutations of x;; inrows 4,3,2,1,4,3,2,4,3,4.

n—i+2,2n+i—j—-2
— 1—2,n+2

n,n

n—1,2n—j+1
—S e > j—i+lLn+i—-1

n,n

2n — j j
— j—in+i) = n—i,2n+i—j|.
n n
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a+c

Figure 15. Web for the function (mh 13

n

d) wherea +b +c+d =2N.

The first transformation can be seen as the composite of two steps,

n—i,2n+i—j n—i,2n+i—j
J]~ jin
n n,n
n—i+1,2n+i—-j—1
— j—1Ln+1],
n,n

while the last transformation can also be seen as the composite of two steps,

n—1,2n—j+1 n,2n —j
j—i+ln+i-1])— j—in+i
n,n n,n
2n — j
~ j—in+4i
n

58

Then with each transformation, two of the parameters increase by one, and two

decrease by one.

We have already described the quivers at the various stages of mutation. We
must then check that the functions above satisfy the identities of the associated

cluster transformations.
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This is the first sequence of mutations where we have to mutate the white
vertices x;, (y, is also a white vertex, but it does not get mutated). For a black
vertex x;;, recall that the formula for mutation says that

(old function attached to x;;) (new function attached to x;;)

= H(functions attached to incoming arrows)
+ H(functions attached to outgoing arrows).

However, for white vertices, we have

(old function attached to x;;) (new function attached to x;;)
= H(incoming arrows from white vertices)
(incoming arrows from black vertices)?
+ H(outgoing arrows from white vertices)

(outgoing arrows from black vertices)?.

In other words, arrows going from black to white vertices are weighted by 2 when
calculating the mutation of a white vertex.

In verifying the cluster identities that we need, we will actually be computing
functions on Conf; Ag;,. Thus we will use the arrows with a circle on them as
a bookkeeping device. Circled arrows only occur between two black vertices. If
a black vertex x has an incoming or outgoing circled arrow from another black
vertex x’, this means that in computing the mutation of x, we should use the dual
of the function attached to x'.

The reason for this is as follows. We can lift the quiver Q for Conf; Ay, to
a quiver Q for Conf; A, using the following rule. For each vertex black vertex
x, there are two lifts of this vertex in Q, call them x* and x**. Then for every
regular arrow between two black vertices x and x’ in the quiver Q, we lift it to the
corresponding arrow between x* and x™ and between x*™* and x"*. On the other
hand, for every arrow with a circle between two black vertices x and x’ in the
quiver Q, we lift it to the corresponding arrow between x** and x™ and between
x* and x"*.

Now suppose x is a black vertex and x’ is a white vertex. x has lifts x* and x**,
while x’ has just one lift x"*. Then an arrow between x and x’ in the quiver Q lifts
to the corresponding arrows between x* and x™* and between x** and x™. Hence,
when computing the mutation of x’, we use the product of the function attached
to x and the dual of this function.

With these rules in mind, we are ready to compute mutations.

We need the following facts:
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o letl <a,b,c,d <N,anda+b+c+d=2N.

a, b a+1,b—1
< c,d)( c—l,d+l)
n,n n,n
a,b a+1,b—1 a+1,b a,b—1
:( c—l,d+1>< c,d)+( c—l,d)( c,d—|—1>.
n,n n,n n,n n,n

e Ifa+c=nandb+d = 3n,

o Ifa=n,

n,b n b

c,d): ( d)

n,n n n

a,n n a
c,d>: ( d)

n,n n n

Similarly, we have

e We will need the duality identities of (3.1), and also the following duality

identity:
a,b N—-b,N—a
( d) :( N_d,N_c)
n,n n,n

All identities but the first follow directly from the definitions. The first can be

reduced to the octahedron recurrence.
Most of the cluster mutations are given by the first identity. All other cluster
mutations are degenerations of this identity, and are obtained from this one by

applying the other three identities. O
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3.4.3. The third transposition: an alternative approach. In this section, we
describe the sequence of mutations that realizes that S; symmetry (A, B, C) —
(B, A, C). This approach has the advantage that it is more conceptual and requires
less computation. It is also independent of type, and thus could replace the
sections on the second transposition in the later sections of this paper, as one
only needs two transpositions to generate S;.

On the other hand, it will not be as explicit, and depends on results of [BFZ],
while our approach in the previous two sections was explicit and not dependent
on previous work. Also, the sequence of mutations that one obtains from this
approach is quite inefficient, and the number of mutations required to realize the
third transposition is approximately twice as many as the number of mutations
needed to realize either of the other two transpositions.

Recall that there is a birational map

i:(b,h)ye B~ x H—> (U ,WehU ™, b-woU") € Confy As,, .

We have exhibited all the cluster variables we deal with as tensor invariants
inside spaces such as

[V, ®V, ® V,]%

Changing the value of % in the above map then scales the corresponding cluster
variable by w(h). It is therefore easy to reduce the calculation of any mutation
sequence from the image of B~ x H to the image of B~.

Let us briefly explain what is needed to pin down the H action. For an integer
r, define r* = max(0, r) and r~ = min(0, r). For any weight A = ) r,w;, we can
define A" = ) r"w; and A~ = Y r; ;. We then need that the generalized minor
Ay, lies in the invariant space

[V,®V, ®V,1°

where A = —wy(uw;)" and © = —(uw;)~. We explain how to prove this formula
in [LL].

Thus any identity on Conf; .Ag,, can be proved by pulling back to B~ under
the map

i:beB — (U ,woU",b-wyU") € Conf; Ag,, .

Let us start with the labels of the vertices of the quiver for Conf; Ag,, as in
Figure 4: x;; and y;, where 0 < i < n,1 < j < n,1 < k < n. The image
i(B7) is precisely the set where all the cluster variables attached to the frozen
vertices y, are equal to 1. Moreover, the variables attached to x;; are all given by
the generalized minors A, ., ., for i # 0 as calculated in Section 3.2, and the
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variable attached to x; is A, ;- They are the generalized minors corresponding

to the reduced word (s,,5,_; - - - 51)".
Now, in [BFZ], the authors construct a cluster on B~ corresponding to each
reduced word wy = s;, - - - 8;,. Let u; = s, - - - 5;,. Then the cluster variables are

given by the generalized minors A, ,, for all j and A, «,. Moreover, they
give a sequence of mutations relating any two clusters coming from two different
reduced words.

Now perform the sequence of mutations that transforms from our original
cluster, associated to the reduced word (s,s,_; - --5;)", to the cluster associated
with the reduced word (s;s, - - - 5,)". Then the cluster variables in this new cluster
are given by generalized minors for this new reduced word. Computations as
in Section 3.2 will tell us that these functions are given by tensor invariants
and that, moreover, they are the tensor invariants that we expect from the third
transposition.

Finally, we should check that the quiver we obtain after the above sequence
of mutations is the quiver coming from the third transposition. This is clear if
we ignore the vertices y,. Notice that in Figure 4, the vertices y, are attached
to vertical edges. The vertical edges are in bijection with letters in the reduced
word (s,5,—1 ---s1)". It is well known that each letter in a reduced word for w,
is attached to a positive root: if we consider the partial words that start at some
letter and go rightwards to the end of the word, at each stage a new root flips
from positive to negative, and that is the root attached to that letter. Then the y;
are attached to those positive roots that are simple. This is easy to check in the
initial cluster, and it is also easy to check that it persists under changes of reduced
words. Thus it also holds for the reduced word (sys; - - - 5,)", and this gives us that
the y, are attached to the rest of the cluster as we would expect from the third
transposition. See [LLL] for more details on how the vertices y, are attached to the
quiver for different reduced words.

3.5. The sequence of mutations for a flip. Recall that to construct the
cluster structure (a quiver plus the set of functions attached to the vertices) on
Confy Ag,,,, we choose a triangulation of the 4-gon, as well as one of the six
cluster structures on Confs; Ag,, for each of the resulting triangles. The previous
section showed how to mutate between the six cluster structures on each triangle.
In this section, we will give a sequence of mutations that relates two of the clusters
coming from different triangulations of the 4-gon. Combined with the previous
section, this allows us to connect by mutations all 72 different clusters we have
constructed for Confy Ag,, (for each of the two triangulations, we have 6 - 6
different clusters). This will allow us to connect by mutations all the clusters that
we have constructed on Conf,, As,,, .
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Figure 16. The quiver for the cluster algebra on Confy Ag,,. The associated

functions are depicted in Figure 20a.

Given a configuration (A, B, C, D) € Confy Ay, , we will give a sequence
of mutations that relates a cluster coming from the triangulation ABC, ACD to a
cluster coming from the triangulation ABD, BCD.

We will need to label the quiver for Confy Ay, with vertices x;;, y, with —n <
i<n,1<j<nand!1 < |k| < n. The quiver we will start with is as in Figure 16,

pictured for Sps.

The functions attached to these vertices are as follows. Let N = 2n. The edge

functions are

k
N —k ]| <— y,
k| <~ Vi,
— |K|
J
N—j > X_p s
) < Xxuj;
N—j
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<> Xoj.
N—j

The face functions in the triangle where i > 0 are
i+
N—i)] <—x;, forO<i<n,i+j<n;
N—j
jti—-nN—i] <«—x;, forO<i<n,i+j>n;
N—j
while the face functions in the triangle where i < 0 are

J
(Iil )<—>xi,-, for —n<i<0,li|+j<n;
N —lil = j

J
(|i|,N+n—|i|—j <~ x5, for —n<i<O0,lil+j>n.
n

REMARK 3.11. Note that our labeling of the vertices is somewhat different
from before. The vertices labeled x;; correspond to the vertices labeled x,_; ;
in Conf; Ag,,,.

First, let us define the functions above. Note that there are natural maps
P1, P2, p3, pa - Confy Ag,, — Confs Ay,

that map a configuration (A, B, C, D) to (B, C, D), (A, C, D), (A, B, D), (A,
B, C), respectively. Pulling back functions from Conf; Ag,, allows us to define
functions on Confy Ay, . For example,

n n
pil n—i2n+i—j)l=|j n-i2nt+i-j].
J

Similarly, we can pull back functions from various maps

Confy Aszn — Conf, ‘ASPZn

()
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There is also a map
T : Conf, A — Conf, A

which sends
(AvB7C7D)% (SG'D7A7B’C)

which allows us to define, for example

n J
T\j n—i2n+i—j|=: nl.
n—i,2n+i—j

The forgetful maps and twist maps, combined with the functions described below,
will furnish all the functions necessary for the computation of the flip mutation
sequence.

More interestingly, we will have to use some functions which depend on all four
flags. Let N =2n.Let0 < a,b,c,d < Nsuchthata+b+c+d =4n =2N
and b 4+ ¢ < N. Then we would like to define a function that we will call

()

Note that our notation uses a new symbol, ‘. This is because the construction
does not exhibit cyclic symmetry, that is,

a b
T*(b/d) * (c/a).
c d

Instead, we use the notation
b
i NG
d

T*(b y )
(Tz)*<b i d) = (d ; b).

The function (h} d) on Confy Ag,, is pulled back from a function on

We can also define

c
Confy Ag;, . The function on Confy Ay, is given by an invariant in the space

[V, ® Vi, @ Vo, ® V,, 15,
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N-b-c N-d

b+c

Figure 17. Web for the function (b % d), wherea +b+c+d =2N.

It turns out that this is not always a one-dimensional vector space, so we will
have to proceed with some care. We pick out the function given by the web in
Figure 17:
This is a function on Conf, Ay, . Pulling back gives a function on Confy Ag,,, .
We now define a second type of function on Confy Ag,,,.Let0 < a,b,c,d <N
suchthata +b +c+d = 5n, and ¢ < d. Then we would like to define a function

that we will call
n
a/cd].
b

The function (a % wi) on Confy Agp,, is pulled back from a function on

Confy Agy,, . It is given by an invariant in the space
[an ® Vwa ® Vwb ® ng+a)d]SLN

picked out by the web in Figure 18a:
Using the twist map 7', we can also define the functions (b _\d n), (c,d ﬁ a), and

c,d
<n AN b).
a
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a+b+c+d-2N

at+b+c-2N

a+b-N

Figure 18a. Web for the function (a I/; ad), wherea +b+c+d =2N +n.

Using duality, there is also a function (a % c,d) on Confy Ag,, for0 < a,b,c,
d<N,a+b+c+d=N-+n,andc <d.
The function <a 4 ad) on Confy Ag,, is pulled back from a function on

Confy Ay, . The function on Confy Ag;, is given by an invariant in the space
(Ve ® Voo, @ Vi, ® Vo 1™

This vector space is generally multi-dimensional. To pick out the correct invariant,
we use the web in Figure 18b:

. . . a b
Using the twist map 7', we can also define the functions (b \d n), (c.d / a), and
c, n

c,d
n\ b]J.

We will need to define one more type of function to do our calculations. Let
N=2n.Let0<a,b,c,d < Nsuchthata+b+c+d=4n=2N,a<n<b
and ¢ < n < d. Then we would like to define a function that we will call

n
a,b /c,d].
n
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a+b+c+d-N

a+b+c—N

Figure 18b. Web for the function (a % c,d), wherea+b+c+d=N+n.

The function (a,b% c,d> on Confy Ag,, is pulled back from a function on

Confy Agy,, . The function on Confy Ay, is given by an invariant in the space
[an ® Vwa+w1, ® an ® Vwc+wd]SLN'

This vector space is generally multi-dimensional. To pick out the correct invariant,
we use the web in Figure 19:

Now we give the sequence of mutations realizing the flip of a triangulation. The
sequence of mutations leaves x_, ;, X,;, yx untouched as they are frozen variables.
Hence we only mutate x;; for —n < i < n. We now describe the sequence of
mutations. The sequence of mutations will have 3n — 2 stages. At the rth step, we
mutate all vertices such that

lil+Jj <r,
li|+j=r mod?2.

Note that the first inequality is empty for » > 2n—1, while the second inequality
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n
n
d
at+b+c+n-2N=n-d
c
N-—-c
at+b+n-N
b N-b
a+n
a
n

Figure 19. Web for the function (a,h % c,d), wherea +b+c+d =2N.

is empty for » < n. For example, for Sps, the sequence of mutations is

Xo1,
X_1,1, X025 X11,
X_2,1, X-1,25 X015, X03, X125 X215
X225, X_1,1, X—-1,3, X02, X11, X13, X22, (3.5
X_2.3, X_1,2, X01, X03, X12, X23,
X—1,3, X025 X135

X03-

In Figure 20, we depict how the quiver for Conf, Ag,, changes after each of the
seven stages of mutation.

The analogue in the general case of Confy Ag,, should be clear. Note that
there are no circled arrows in the diagram, so that lifting from this sequence of
mutations from Confy Ag,, to Confy Ag,, is straightforward.

We now have the main theorem of this section:
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Figure 20a. The functions and quiver for the cluster algebra on Confy Ay, .

THEOREM 3.12. The sequence of mutations (3.5) realizes the flip of
triangulations on Confy Ay, .

Proof. We will track how each cluster variable x;; mutates. We first analyze the
situation when i > 0. The vertex x;; is mutated a total of n — i times. There are
four cases.

e Wheni + j <nandi < j, the function attached to x;; mutates in three stages,
consisting of n — i — j, i, and j — i mutations, respectively:

(1
i+ i+j+1
N—-i]—> |1 / N—-i—1
N-—j N—j—1
i+j+2 n
— |2 / N—-i-2)—>.-+—>|n—-i—-j / n+j
N—j-—2 n+i
(2)

n n
n—i—j / n+jl=\n—-i—j / On+j
n—+i n—+i
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3
Figure 20b. The functions and quiver for the cluster algebra on Conf, Ag,, after
the first stage of mutation.

n
—> |n—-i—j+1 / ILLn+j—1
n+i—1
n n
—> |n—i—j+2 / 2,n+j-2)—>---—>\|n—j /i,n+j—i
n+i—2 n
3)
n n
n—j/in+j—i|l=n—j,N in+j—i
n n
n
—> |n—-j+1,N=-1/i+1,n+j—i—-1
n

n
— (n—j+2,N—2/i+2,n+j—i—2

n )
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Figure 20c. The functions and quiver for the cluster algebra on Confy Ag,, after

the second stage of mutation.

n
n—i,N—j+i/ j.n

n

n—i,N—j+i

J
n

e Wheni + j > nandi < j, the function attached to x;; mutates in two stages,

consisting of n — j, and j — i mutations, respectively:

ey
n n
j+i—-n N—-i]— |1 / j+i—-n+1,N—-i—-1
N—j N—-—j—1
n n
— |2 J/ jti—-n+2,N—-i-2)—>---—>|n—j/i,n—i+]
N—-j-2 n
@)
n n
n—j/in—i+j n—j, N /in—i+j
n n
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Figure 20d. The functions and quiver for the cluster algebra on Confy Ag,, after
the third stage of mutation.

n
n—j+ILN—1/i+ln—i+j—1

(o]
(

—

n
—> |n—j+2,N=-2/i+2,n—i+j—-2
n
n
- o> | n=i,N—j+i,/ j.n n—i,N—j+i j
n n

e Wheni + j <nandi > j, the function attached to x;; mutates in two stages,
consisting of n — i — j, and j mutations, respectively:

0]
i+j i+j+1
N—-i]—= |1 N—-i-1
N—j N—-j—-1
i+j+2 n
— (2 N—-i-2)— > |n—-i—j n+j
N—j=2 n+i

https://doi.org/10.1017/fms.2019.5 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2019.5

L Le 74

Figure 20e. The functions and quiver for the cluster algebra on Conf, Ag,, after
the fourth stage of mutation.

(2)
n n
n—i—j n+j)l—(n—i—j+1 / l,n+j—1
n+i n+i—1

n
—> |n—i—j+2 / 2,n+j—2
n+i—2

n
— = n—i / j.n n—i j
n+i—j n+i—j

e Wheni + j > nandi > j, the function attached to x;; mutates in one stage
consisting of n — i mutations:

n n
j+i-n.N—i|—> 1 ,  j+i-n+1lN—-i—-1
N-—j N—j—1
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Figure 20f. The functions and quiver for the cluster algebra on Conf, As, after
the fifth stage of mutation.

n
-2 , j+i-n+2,N—i-2
N—j—-2
n
— = n—i J/ j.n n—i J
n+i—j n+i—j

The mutation sequence when i < 0 is completely parallel, so we do not include
it.

In all these sequences, for each mutation, two parameters increase, and two
decrease. Within a stage, the same parameters increase or decrease. The only
exception is that sometimes after the last mutation, one removes the factor (" )
(or (",) when i < 0). The expressions in square brackets indicate the functions
before removing these factors.

To prove that these are the functions occurring in the mutation sequence (3.5),
we use a handful of identities in conjunction, as in previous proofs of this type.

Here are the identities we use:
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Figure 20g. The functions and quiver for the cluster algebra on Conf, Ag,, after
the sixth stage of mutation.

e let0O<a,b,c,d <N,anda+b+c+d=2N.

a a—+1
(b/d)<b+1 / d—l)
c c—1
a a+1 a+1 a
:<b+1 / d)(b / d—1>+<b / d)<b+1/d—l).
c—1 c c—1 c

e let0<a,b,c,d <N,anda+b+c+d=3n.

n n
(a/c,d)<a+1 / c+1,d—1)
b b—1
n n n n
=<a+1 / c,d)(a/c+1,d—1>+<a+1/c,d—1)<a / c+l,d>.
b—1 b b b—1

https://doi.org/10.1017/fms.2019.5 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2019.5

Cluster structures on higher Teichmuller spaces for classical groups 77

)

LN LN SN 7N

AR S SN

}/[I]/(f TN T]\[T]\A

A}/j/}x‘:/T\':!;\?\ﬂ

PP e
Nid N/

Figure 20h. The functions and quiver for the cluster algebra on Conf, Ag,, after
the seventh and last stage of mutation.

There is also a dual identity when a 4+ b + ¢ + d = 5n that we use wheni < 0:

n n
(a/c,d)(a—l / c+1,d—1)
b b+1
n n n n
:(a/c+1,d—1)(a—l / c,d>+<a—l/c+1,d)<a / c,d—l).
b b+1 b b+1

e let0O<a,b,ec,d <N,anda+b+c+d=4n.
n n
a,b / c,d a+1,b—1/"c+1,d—-1
n n
n n
=|a+1,b—-1 "¢, d a,b /c+1,d—1
n n
n n
+la+1,b /c,d—1 a,b—1,/c+1,d].
n n
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o letO<a,b,c,d <Nsuchthata+b+c+d=4n=2N,a <bandc <d.

Ifa+d=b+c=N,
a a
b,/ d|=1|b d].
c c
e let0O<a,b,c,d <Nsuchthata+b+c+d=4n=2N,a <bandc <d.
Ifa,b,c,ord =n,
n n
nb/c,d =\|b cd]|n ,
n
n
an/cd a cd]|n ,
n
n
ab/nd a,b d nl,
n
n
ab/cn =\|a b c nj.
n

,d < Nsuchthata+b+c+d=4n=2N,a < bandc < d.
= N,c=0o0rd = N, we have

n n
0,0/ c,d)=:1b ¢, d],
n n
n n
a,N /c,d])=:a cd],
n n
n n
(a,b/O,d =: (a,b/d),
n n
n n
a,b/c,N|=:\ab, /c].
n n

Ifa =0and d = N, we will have

n n
0,b /¢, N|=1|b "c].
n n
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A similar equality holds when b = N,c =0.Ifa =0,b = N, ¢ = 0 and

d = N, we will have that
n n
OON /O, N|=1[070].
n n

The first three sets of identities are the most important. They are variations on
the octahedron recurrence. When i + j < n and i < j, the three stages use the
first, second and third set of identities, respectively. Wheni+j > nandi < j, the
two stages use the second and third set of identities, respectively. Wheni + j < n
and i > j, the two stages use the first and second set of identities, respectively.
Wheni + j > nandi > j, the one stage uses only the second set of identities.

The last three sets of identities are used to give degenerate versions of the
previous three sets of identities. O

3.5.1. An alternative proof of the sequence of mutations for a flip. In this
section, we sketch a more conceptual proof for the sequence of mutations in
Equation (3.5). The proof given in this section is less computational, but relies
on [BFZ]. One also needs to keep track of some gradings that can be read off
from the sequence of Figures 20a—h. These gradings are dealt with in more detail
in [LL]. The proof strategy will be similar to Section 3.4.3.

First, recall the double Bruhat cell

G"':=BtuB*NB vB".

In [BFZ], the authors construct a cluster structure G*". In fact, they give a
cluster for G** for every reduced word for (u, v) € W x W. A reduced word for
(u, v) is a shuffle of a reduced word for u and a reduced word for v. The reduced
word for u will be in the letters —1, —2, ..., —n, while the word for v will be in
the letters 1, 2, ..., n. The reflections s_; generate the first copy of W, while the
reflections s; generate the second copy of W.

Consider the natural map from G0 to Confy A given by the formula

i:geGm™™ — (U, woU ,g-woU ™ ,g-U") € Conf, Ag.

This is an injective map. The cluster variables on Conf; Ag pull back to give a
subset of the cluster variables on G**"°. More precisely, in any particular cluster,
the edge variables for the edges A; A, and A;A, take the value 1 on the image
i(G"*0), while the remaining cluster variables pull back to give a cluster on
Go-o,
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For the purposes of comparison, it turns out to be easier to consider a cyclic
shift of i, which we call j:

j:geG™™ — (sg-g-U , U, woU™, g-woU") € Confy Ag.

Let (A,B,C,D) € Confy; A;. Then the edge variables for the edges
corresponding to AD and BC are 1 on the image of j.

Let us specialize to G = Sp,,. In the notation of Figure 16, the cluster algebra
structure on Confy Ag,, has vertices x;; and y,. The vertices y;, k > 0 are
associated to the edge A D, while the vertices y, for k < 0 are associated to the
edge BC. The corresponding cluster variables are all equal to 1 on the image of j.
Then the remaining cluster variables, which are attached to the x;;, are generalized
minors for the double Bruhat cell G**"°. Moreover, they are the generalized
minors associated to the reduced word (s_,, - - - 5_1)" (s, - - - 51)" for (wq, wy).

There is an H* action on Confy Ag,,, with one copy of H acting on each
principal flag. By acting on the flags A and C, one can always arrange that the
edge variables associated to the vertices y; are 1. In other words, any point in
Confy Ag,,, can be moved into the image of j by using the H action. Therefore,
if we understand the H-action, we can reduce computation of the flip sequence of
mutations to the corresponding sequence on G-,

To understand the H-action, we just need to know the tensor invariant space
corresponding to any cluster variable. Recall that the functions we constructed lie
in invariant spaces of the form

Vi®V, @V, ®V,]°.

The invariants spaces can be easily read off from the expression of cluster
variables as webs in Figures 20a—h. In this approach we can avoid checking that
all the identities in the previous section hold: we only need to know that they
respect the four H-gradings. Alternatively, we can use the following result from
[LL]:

PROPOSITION 3.13. For any reduced word for (wy, wy), we have a
corresponding cluster for G""°, as constructed in [BFZ]. These clusters
can be compatibly extended to Confy Ag. Each reduced minor of the form
Avors vy 01 G0 extends to a function on Confy Ag lying in the invariant space

V,®V,®V,® V.]°

where
—wWoA = (ulwi)+,

n=—(w;)",
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wov = (yw!)~,

k= (o).

Either way, knowing the H-action on the various cluster variables allows us to
reduce the computation of the sequence of mutations for a flip to G***°. We then
use the result of [BFZ] that states that any two reduced words are related by a
sequence of cluster mutations. To perform the flip, we must perform the sequence
of mutations that takes us from the reduced word (s_,, - --s_;)"(sy - --5,)" to the
reduced word (s; - - - 5,)"(s_, - - - s_1)". For example, Figures 20a—h correspond to
the reduced words

§_385 285 1535285 _15_35_25_1515253515253515253

§_385 9285 1535 285 _15_35_2515_15253515253515253
§_385 285 1535 _285185_3525_18515-2535_15253515253
S_385 28518535285 _1835_2515-1525_3515-2535_-15253
S§18528_38185_285385_18525_3835_28515_3525_1835_25_1
8515283518525 _385185_285385_385285_1835_25_15_35_25_1
851528535152535185285-3535_285_ 1535251535251
§18528385152838518528385_385_28_185_35_25_185_35_25_1.

We checked in Section 3.2 that our initial cluster consisted of functions
on Confy Ag,, that coincided with generalized minors for the reduced word
(s_p---5_1)"(sy - 5,)". Then we perform the sequence of mutations taking us to
the cluster associated to the reduced word (s; - - - 5,)"(s_, - - - s_1)". By [BFZ], the
functions are again given by a set of generalized minors. To complete the proof,
we use the same calculations as in Section 3.2 to calculate that these generalized
minors coincide with the functions on Confy Ag,, which we described by tensor
invariants.

The approach of the previous section was straightforward and explicit, though
computational. We hope this section clarifies the conceptual underpinnings of the
previous one.

4. The cluster algebra structure on Conf,, G/ U for G = Spinj,,,

We now define the cluster algebra structure on Conf, G/U when G =
Spiny,, 1. The story will be parallel to the previous case when G = Spy,. The
similarities are striking, and reflect the Langlands duality between the seeds
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as predicted in [FG2]. There is no relationship that we know of between the
functions on Conf,, G/U and Conf,, G¥/U", so we will describe the functions
explicitly. On the other hand, the seeds as well as the mutation sequences realizing
S3-symmetries and flips are Langlands dual to each other. We discuss this further
in Section 4.2.

As in the case of Sp,,, we will utilize what we understand about functions on
Conf,, Agy,,,, in order to study Conf,, Agpin,,.,-

Recall that Spin,,,; is the double cover of the group SO,,.;, which is the
subgroup of SL,,. preserving a symmetric quadratic form. We take the quadratic
form given in the standard basis e, . .., €3,41 by

(eis eaniai) = (=)'

and (e;, e;) = 0 otherwise.
REMARK 4.1. Here the signs are chosen so that the embedding is compatible
with the positive structures on Spin,, and SL,,. ;. Note that the signature of the

quadratic form is (n + 1, n), so that taking real points gives the split real form of
SOx41.

The maps
Spiny, 11 — SOyt = SLopti

induce maps
Conf,, Aspin,,., = Conf,, Aso,.., — Conf, Ag,, .,

Let us describe these maps concretely. The variety Aso,, ., parameterizes chains
of isotropic vector spaces

vicv,c---CV,CV

inside the 2n + 1-dimensional standard representation V, where dim V; = i, and
where each V; is equipped with a volume form.
Equivalently, a point of Aso,,., is given by a sequence of vectors

Uy, U2, ooy Uy,

where
Vii=A(v,...,v)

is isotropic, and where v; is only determined up to adding linear combinations of
v; for j <i.
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The volume form on V; is then v; A -+ - A v;.

From the sequence of vectors vy, ..., v,, we can complete to a basis vy, v,, ...,
Vant1, Where (v;, va,10-;) = (—1)""', and (v;, v;) = 0 otherwise. Equivalently, the
quadratic form induces an isomorphism < —, — >: V. — V*. At the same time,

there are perfect pairings

/\ka/\kV*—>F

—k

that induce an isomorphism

/\2n+17k v~ /\k v

Composing this with the inverse of the isomorphism

<—,—>:/\kv—>/\kv*

gives an isomorphism

/\2n+l_k V >~ /\k V* o~ /\k V.

Then v,y1, ..., Vs, are chosen so that this isomorphism takes v; A --- A v; to
U Ao AN Uypt—-
Then vy, v, ..., vy,4 determines a point of Ag, ., as Ag,, ., parameterizes

chains of vector subspaces
vicv,c---CVyyy =V

along with volume forms vy A -+ Av;, 1 <7 < 2n+ 1.
From the embedding
As0y,1 = Astas

one naturally gets an embedding Conf,, Aso,,., < Conf, Ag,,.,. We can
then pull back functions from Conf,, Ag,,,, to get functions on Conf,, Aso,, .,
However, we are ultimately interested in functions on Conf,, Agpis,,., -

The functions on Conf,, As;,,,., that we will use to define the cluster structure
on Conf,, Agpin,,,, Will be invariants of tensor products of representations of
Spiny, 1. For m = 3, they will lie inside

Vi@V, ®V,]°
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where A, u,v are elements of the dominant cone inside the weight lattice.
In general, not all such functions will come from pulling back functions on
Conf,, Asy,, .,

However, suppose that

f € [VA ® V/J, ® V\)]G - O(Confm ASpinZnH)‘

Then
f2 € [V2k &® VZ//. & VZU]G C O(Confm ASpinz,,“)-

However, because 2,2, 2v are dominant weights for SO,,,;, f> may be
viewed as a function on Conf,, Aso,,,,. This function is then a pull-back of
a function on Conf,, Ag,,.,. Therefore functions on Conf,, Agp;,,,., which are
tensor invariants are either the pull-backs of functions on Conf,, Ag,,,,, or square
roots of such functions. The square root here corresponds to the fact that Spins,
is a double cover of SO,,,1. The choice of the branch of the square root that we
take is determined by the positive structure on Conf,, Agi,,,.,: if f is a positive
function on Conf,, Ag,,,,, such that its square root is a function on Conf,, Agpin,, .,
there is a unique choice of /f that is positive on Conf,, Asin,,,. That is the
square root that we will always take.

4.1. Construction of the seed. We are now ready to construct the seed for
the cluster structure on Conf,, A when G = Spin,,,,. Throughout this section,
G = Spin,, . unless otherwise noted.

Recall that Spin,, is associated to the type B Dynkin diagram:

1 2 n-2n-1 1
Figure 21. B, Dynkin diagram.

The nodes of the diagram correspond to n — 1 long roots, numbered 1, 2, ...,
n — 1, and one short root, which is numbered n. To describe the cluster structure
on Conf; A, we need to give the following data: the set I parameterizing vertices,
the functions on Conf; A corresponding to each vertex, and the B-matrix for this
seed.

The B-matrix is encoded via a quiver which consists of n> + 2n vertices, of
which n + 2 are black, while the remaining vertices are white. There are n edge
functions for each edge of the triangle, and n> — n face functions. There is one
black vertex for each edge.

In Figure 22, we see the quiver for Spin,. The generalization for other values
of n should be clear.

https://doi.org/10.1017/fms.2019.5 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2019.5

Cluster structures on higher Teichmuller spaces for classical groups 85

- o, 02 ____ 03 R
7 (¢] [e] ) \
, \
, ~ ~ ~ N
/ \
/ \
| \
| \
| N
Y2, X1, X12 X13 y3
%
o o o ° .
IN A A A
)
I
]
I
I
I
i, X1 xn X23
N N N
o o o °
X31 X320 X
3 2o 33
o o °

Figure 22. Quiver encoding the cluster structure for Conf; Ag,,,.

Let us now recall some facts about the representation theory of Spin,,.;. The
fundamental representations of Spin,,.; are labeled by the fundamental weights
Wy, ..., w,. Spingy, | has a standard 2n + 1-dimensional representation V. Let
(—, —) be the orthogonal pairing. Then for i < n the representation V,,
corresponding to w,; is precisely /\' V. The representation V, is the spin
representation of Spin,, .. The representation Vs, is isomorphic to \" V.

We now say which functions are attached to the vertices of the quiver. Recall
the functions defined via the webs from Figures 1, 2, and 6. It turns out to be
easier to describe the functions attached to the white vertices and the square of
the functions attached to the black vertices. In other words, if the function f;; is
attached to vertex x;;, it is sometimes more convenient to consider the function
f;d” . Thus we break down the description of the functions attached to x;; into
steps:

(1) For k < n, assign the function (2 +k1—k) to yy.

n—i
(2) Wheni > j, assign the function ( o J) to x;;.
n+l1+i—j
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n—i2n+14i—j

(3) Wheni < jandi # 0, we assign the function ( 1 J> to x;;.
n+

2n+1—j
(4) When i = 0, we assign the function ( e _,) to x;;.
(5) Now take the square root of the functions assigned to x;, and y,.

This completely describes the cluster structure on Confs Agp;y,,,, . The fact that
we can take the square roots of the functions assigned to x;, and y, and get
functions that are well-defined on Conf; Ag;,,,., follows from the computations
of the next section. Note that the cluster structure is not symmetric with respect to
the three flags. Performing various S; symmetries, we obtain six different possible
cluster structures on Confs Agp;,,,,,. These six structures are related by sequences
of mutations that we describe in the next section. Below, in Figure 23, we depict
the standard cluster described above.

To get the functions for clusters related by S; symmetries, we permute the

arguments in our notation for the function. For example, rotating the function
n—i2n+14+i—j . . J . .
< j> gives the function ( n+1>, while transposing the first
n+1 n—i2n+1+i—j

. n+l
two arguments gives ( j).
n—i2n+1+i—j

In the next section, we discuss Langlands duality, which will give us a
framework for relating, and explaining the similarities between, the cluster
algebra structures on Conf,, Ag for G = Sp,, and Spiny, ;.

4.2. Langlands duality. In this section, we make some remarks related to
Langlands duality. Note that the quivers for Conf; Ag,;,,,,, and Conf; A, are
the same, except that white and black vertices switch colors. Moreover, if we
mutate corresponding vertices in the quivers for Conf; Ag,, ., and Confs Ay, ,
the relationship persists: we still get the same quivers, but with colors reversed.
This is because the seeds we have constructed for the cluster algebras on
Confs Agpin,,,, and Confs Ag,, are Langlands dual seeds:

DEFINITION 4.2 [FG2]. Two seeds that have the same set of vertices / and
the same set of frozen vertices I, are said to be Langlands dual if they have
B-matrices b;; and b;; and multipliers d; and d;” where

di = (d[\/)_le
bijdj == —bl\;djv,

for some rational number D.
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Figure 23. One cluster structure for Confs Ay, .

REMARK 4.3. Note that the multipliers d; for a cluster algebra are determined
only up to simultaneous scaling by a rational number. Conventions sometimes
differ on how to specify the values for the d;. This is one reason the rational
number D appears in the above definition.

REMARK 4.4. The cluster algebras for Confs Ag,in,,., and Conf; Ag,, as we
have defined them satisfy

iy

without the negative sign. Negating the B-matrix does not change the cluster
algebra, and for that reason a B-matrix and its negative are often considered to be
equivalent. The reason that [FG2] include a negative sign in their definition is to
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make the quantization of the ‘modular double’ cleaner. We will ignore this issue
for most of this paper.

In fact, the seeds for Conf,, As,i.,,,, and Conf,, Ag,, are Langlands dual; the
property is preserved under amalgamation.

When two seeds are Langlands dual, there is a close relationship between
the resulting cluster algebras. Suppose that (1, Iy, b;;, d;) and (1, Iy, b,vj dY) are
Langlands dual seeds. Let the cluster variables for the initial seeds be xi, ...,
x, and x)’, ..., x, respectively. These cluster variables are naturally in bijection.
Then if we mutate x; to obtain the new cluster variable x;, we can do the same
to x; to get (x;) and then match x; and (x;)". Continuing in this manner, one
conjecturally gets a bijection between all the cluster variables for the Langlands
dual seeds. Let us make an observation:

OBSERVATION 4.5. Suppose that we have a cluster variable
felvi®V,® V] c O(Confs As,,,).
Then if fV is the dual cluster variable to f, then
fYelVi®V, ® V17" c O(Confs Aspiny,.,)
if f is associated to a black vertex and f" is associated to a white vertex, while
Y €Vip® Vip ® Vo™ C O(Confs Aspins, )

if f is associated to a white vertex and f is associated to a black vertex.

This is clearly true in the initial cluster, and as long as all the cluster variables
are functions on Confs Ag,,, and Confs As,;,,,,,, and not just rational functions on
those spaces (as we expect, but do not know how to prove), it is easy to check that
the above observation remains true under mutation. Certainly, in all the clusters
we consider in this paper this will be the case, as is borne out in the computations
that follow.

This gives us the following principle which will underlie the computations of
the S3 symmetries on Conf; Ag;,,,., and the flip on Confy Asgyin,,.,

OBSERVATION 4.6. We can compute the formulas for the cluster variables on
Confs Aspin,,,, and Confy Agp;,,,,, that appear at various stages of mutation in
the following way: start with the formula for the corresponding cluster variable
on Conf,, Agph. Replace every instance of ‘a” where 1 < a < n — 1 by ‘a/
and replace every instance of 2n — a’ where 1 < a < n —1by 2n +1 —
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a.’ Every instance of ‘n’ should be replaced by either ‘n’ or ‘n + 1, depending
on the context. Take a square root if the cluster variable corresponds to a black
vertex for Conf,, Agpin,,,,. One then obtains the formula for the cluster variable
on COI’lfm ASpin2,1+] .

All the formulas we derive for Spin,,,; will follow this principle.

4.3. Reduced words. We now relate the cluster structure on Confs Agyin,, .,
given in the previous section to Berenstein, Fomin and Zelevinsky’s cluster
structure on B, the Borel of the group G [BFZ].

We can consider the map

i:beB — (U ,woU",b-woU") € Confs Agpip,,,, -

PROPOSITION 4.7. The cluster algebra constructed above on Confs Agpin,,.,,
when restricted to the image of i, coincides with the cluster algebra structure
given in [BFZ] on G"° C B™.

Proof. We choose a reduced word for wy. In the numbering of the nodes of
the Dynkin diagram given above for Spin,,.;, we choose the reduced word
expression

Wy = (SySp—1 - - - $2851)".

Here our convention is that the above word corresponds to the string iy, i, .. .,
i1, 1, repeated n times.

In our situation, we are interested in such minors when u, v = ¢, or when v = ¢
and u = u;j = (5,81 - 5281) 8,8,y -5, for 1l <i<nmandn > j > 1.

Then the cluster functions on B~ given in [BFZ] are A, ,, for 1 <i < n (these
are the functions associated to u, v = e), and, for ]l <i <nand j =1,2,...,
n—1,n,

A

u,'jwj,wjy

which are the functions associated to v = e and u = u;; = ($,5,-1 - 5251)' 8,
Sy—1 - -+ §;. Note that u;; is the subword of u that stops on the ith iteration of s;.
We have the following claims:

(1) When i = 0, the function we assigned to x;; (2n+l_j ]> for j < n and

/ (’H—l n) for j = n) is precisely A, o, -
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n—i

(2) Wheni > j # n, the function we assigned to x;;, ( J), is precisely

n+l+i—j
Auijooj.;+

When i = j = n, the function we assigned t0 x,,, \/(,,, ). is precisely

Aumzﬂ)n sWn *

. . . . n—i,2n+1+i—j .
(3) When i < j < n, the function we assigned to x;;, ( /) is
’ n+1
precisely A, 0;.0;- When i < j = n, the function we assigned to x;,,

n—intl+i . .
") precisely Ay, on.0,-

Thus, in all cases the function assigned to x;; is precisely Ay, o, ;-
The proof of these claims is a straightforward calculation. 0

Finally, note that we have the following equalities of functions coming:

k 2n+1—k
2n+1—k k
n—i n+1+i
il = 41— 4.1)
n+1+4+i—j n—i-+j
n—i,2n+14i—j n+1+1i,j—i
il = MA+1—j
n+1 n

These equalities arise from duality with respect to the quadratic form, which
induces an isomorphism between A\’ V and A”"' 7 V.

4.4. Relationship with cactus transformations. As in the case of Sp,,,
the cactus sequence can be used to construct the cluster algebra structure on
Confs Agpin,,.,- The material of this section is not relevant to the remainder of
the paper. We include this material for the following reasons: for the sake of
completeness; to emphasize the parallels between Sp,, and Spin,,; to motivate
some computations that we perform later; and to point out a new phenomenon
similar to folding of cluster seeds that deserves study in its own right.

Recall the cactus sequence of mutations on Conf; Ag;,. We now specialize
to N = 2n + 1. The cactus sequence will allow us to give an alternative way
to construct the cluster algebra structure for Conf; Ag;,,,.,. We perform the
following sequence of mutations on Confs Ag,, . ,:

XN-2,1,1» XN=3,1,25 - -+ » X1,1,N=2
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XN-321sXN-4225 -, X1 2 N-3
XN-2,1,1>XN-3,125 -+, X21,N-3
XN—-431sXN-5325+++,X13 N—4
XN-321sXN-42725---,X22 N—4
XN-21,1>XN-3125 -+, X31,N-4
Xn+1,n—1,15 Xn.n—125 + « « » X1,n—1,n+1
Xn+2,n—2,15 Xnn—1,25 + + + » X2,n—2,n+1
XN=21,1XN-3125+++>Xn—1,1,n+1-

One can picture the above sequence as consisting of n — 1 stages, where each
stage consists of mutating all vertices lying in a parallelogram.

Additionally, we perform the following sequence of mutations, which are ‘half’
of the mutations in the next stage.

xn,n,la xn—l,n.27 ) x2,n,n—1

xn+1,n71,1’ xn,nfl,Za ey x4.n71,n72

XN-431,XN-532

XN-3.2,1

The result will be that we get the quiver pictured in Figure 24 for Spin;.
The function attached to x;j (here we take i, j, k > 0 to exclude frozen vertices)
will be
. (;k>ifj>n+1;
n+j,i+j—n—1 A
o( k+n+17]>1fk<j<n—|—1andk<n+1;
n+1
° (H]H’iﬂ_n k+n7/> ifk<j<n+1;

o (jt+k,i+ jk+i)iftk>n.

Thus we see that the functions attached to x;; and x;;; pull back to the same
function on Confs Agp;y,,,, via the map Conf; Ag,in,, ., — Confs Ay, . Here we
use the identities (3.1). In fact, for j > k and j > n + 1, we have that the vertex
x;jx corresponds to the vertex x,_; in the quiver for Confs Ag,,,.,, while for
J > kand j < n, we have that the vertex x;;; corresponds to the vertex xy 41—
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The vertices where j = k do not correspond to vertices for the quiver for the

cluster algebra on Conf; Ag,,, . However, something interesting happens. Note

n+14j.n+1—j

that the function attached to x5,4i_2; ;; 1S ( n). Mutating this vertex

n

. . n+j.n—j
gives the function ( n+1). However, note that
n+1

n+l1+jn+1—j n+jn—j
nj| = n+1
n n+1
using the identities (4.1). Using the identity for the cluster transformation we get
that
ndl4jnd+1—j \>° [ntl4jnt+l—j ntjon—j
n = n n—+1
n n n+1
n+1+jn—j n+jn+1—j
n+1 n
n+1+jn—j n+jn+1—j
+ n+1 n
n n+1
n+l1+jn—j n+jn+1—j
n—+1 n

(In some cases we will get a degenerate version of this identity.)

. I+ jnt1—j

Thus, although the functions <"+ AR
n

used as cluster functions on Conf; Ag,,,,,, We can use the above identity to
express them in terms cluster functions. This identity will become useful to us
later.

The result of this is that we can find the cluster functions on Conf; Ay, .,
as follows: start with the standard cluster algebra on Confs Ay, ,, which has

functions attached to vertices x; ;. Perform series of mutations given above, which
n+l+jn+1—j
n

n) attached to x5,41-2;,j,; do not get

is a subsequence of the cactus sequence. Discard the functions (

attached to xy,41-; ;. Identify the following pairs of vertices, which have
functions which are equal when restricted to the image of Confs Agpin,,,, Xi20—i,0
and X2, 1,05 Xi,0,21—i and X2, _;0,i X0,j,2n—; and Xo2,—j 5 Xijx and x; fori, j, k >0
and j # k. Now take the square roots of the appropriate functions (those that
correspond to x;, or y,). The only problem is that it is unclear to us how to
read off the correct B-matrix/quiver. This phenomenon, which is reminiscent of
folding of cluster algebras, deserves to be investigated more generally.
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More invariantly, there is an outer automorphism of SL,,,; that has SO,
as its fixed locus. This gives an involution of Conf; Ag,, ,, (and more generally
Conf,, Agy,,.,) that has Conf; Aso,,,, (respectively, Conf,, Aso,,,,) as its fixed
locus. It turns out that the cluster algebra structure on Confs Ay, is preserved
by this involution. Moreover, there is a particular seed, constructed above, that
is almost preserved by this involution: only the functions attached to xy,11-2;,; ;
change.

It is also clarifying to step back and motivate the sequence of mutations
realizing the cactus sequence above. As explained in Section 3.2, the cluster
structure on Conf; A comes from a reduced word for the longest element w, in
the Weyl group of G. The initial seed for Conf; Ay, ., is built using the reduced
word

S182 . 88182 .- . 8—1 - .. 515253515297

Here sy, ..., s, are the generators of the Weyl group for Conf; Ag,,,,. It is
known how to use cluster transformations to pass between the clusters that are
associated to different reduced words [BFZ]. The cactus sequence transforms
between the cluster above and the cluster associated to the reduced word

$2n82n—1 + - - S182082n—1 + + - 82+« - $20820—1520 2525201521 -

The subsequence given above transforms the initial cluster into the cluster
associated with the reduced word

n
(snanrlSnsnflsn+2sn72sn+3 v SISZn) .

Now let s;, 55, ..., s, be the generators of the Weyl group of Conf; Ag,, . There
is an injection from the Weyl group of Confs Ayp;,,,., to the Weyl group of
Confs Agy,,,, that takes

Sy = SuSnt15u,

’
S; = SiSon+1—i-

Thus we see that the folding-like phenomenon that relates the cluster structures on
Conf; Agpin,,., and Conf; Ag, ., has an incarnation on the level of Weyl groups.

4.5. The sequences of mutations realizing S; symmetries. We have
described six different cluster structures on Confs Asgy;y,,,,. We would now
like to give sequences of mutations relating these six clusters to show that they
are actually all clusters in the same cluster algebra.

As in the case of Sp,,, we will realize the S; symmetries on Confs Ag;n,,,, by
exhibiting sequences of mutations that realize two different transpositions in the
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group Ss. In fact, the sequences of mutations used to realize these transpositions
are the same as for Sp,,: the mutation sequences are Langlands dual to each
other. As before, the identities used in the mutation sequence of one of these
transpositions are exactly those of the cactus sequence. The other transposition
requires a different analysis.

4.5.1. The first transposition. Let (A, B, C) € Conf; Agpiy,,,, be a triple of
flags. The sequence of mutations that realizes that S; symmetry (A, B, C) — (A,
C, B) is the same as (3.3):

X115 X215 X225 X125, X135, X235 X33, X32, X315 « o s Xl n—15 + « o s Xn—ln—15 -+ + » Xn—1,1»
X115 X215 X225, X125 o« e X1 n—25 o o+ 5 Xp2.n—25 + - - s Xn—2,1,
X115 X215, X225, X125
X11-

4.2)
The sequence can be thought of as follows: at any step of the process, we mutate
all x;; such that max(i, j) is constant. It will not matter in which order we mutate
these x;; because the vertices we mutate have no arrows between them. So we first
mutate the x;; such that max(i, j) = 1, then the x;; such that max(i, j) = 2, then
the x;; such that max(i, j) = 3, and so on. The sequence of maximums that we

use is

1,2,3,...,.n—1,1,2,...,n—=2,...,1,2,3,1,2, 1.

The evolution of the quiver for Confs Agy;,,,., is just as in the case for
Confs Ay, , as pictured in Figures 11 and 12, with the only difference being that
black and white vertices switch colors.

In Figure 25, we depict how the quiver for Conf;.Ag,,, changes after
performing the sequence of mutations of x;; having maximums 1, 2, 3.

In Figure 26, we depict the state of the quiver after performing the sequence of
mutations of x;; having maximums 1,2,3,1,2;and 1, 2,3, 1,2, 1.

From these diagrams the various quivers in the general case of Confs Agyi,, .,
should be clear.

THEOREM 4.8. The sequence of mutations (4.2) realizes the S5 symmetry (A, B,
C) — (A, C, B) on Conf; Agpin,,,,-

Proof. The proof is identical to the case where G = Sp,,. We track how all the
cluster variables mutate under this sequence of mutations.
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Figure 25. The quiver and the functions for Conf; Ay, after performing the
sequence of mutations of x;; having maximums 1, 2, 3.

If max(i, j) = k, then x;; is mutated a total of n — k times. Recall that when
J) to x;;. Thus the function attached to x;;

n—i

i > j, we assign the function (
n+l+i—j

transforms as follows:
n—i 2n,n—i—1 2n—1,n—i—-2
jl — j+1)] — j+2) — -
n+l4i—j n+i—j+2 n+i—j+3

n+i+21 n+i+1 n—i
— n—i+j—-1]— n—i+j| = n+14+i—j
j 2n+1—j j

2n — j
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1

Figure 26a. The quiver and the functions for Confs A, after performing the
sequence of mutations of x;; having maximums 1, 2, 3, 1, 2.

. . . . . n—i,2n+1+4i—j
Wheni < j andi # 0, we assign the function (

n+l1
function attached to x;; transforms as follows:

n—i,2n+14+i—j n—i—1,2n+i—j
il — j+1
n+1 n+2
n—i—22n+i—j—1
— j+2) — -
n+3
j—i+lLn+i+2 J—in+i+l
— n—1]| — n
2n —j 2n+1—j
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Figure 26b. The quiver and the functions for Confs A, after performing the
sequence of mutations of x;; having maximums 1,2, 3,1, 2, 1.

n—i,2n+1+i—j
= n+1
J

The identities we need to use are exactly those appearing in the cactus sequence.
O

The above sequence of mutations takes us from one seed for the cluster algebra
structure on Confy Asg);,,,., to another seed where the roles of the second and
third principal flags have been reversed. Thus, we have realized the first of the
transpositions necessary to construct all the S3 symmetries of Confs Ag;y,, ., -

4.5.2.  The second transposition. Let us now give the sequence of mutations that
realizes that S5 symmetry (A, B, C) — (C, B, A).
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The sequence of mutations is as in the case of Spy,, (3.4):

Xn—1,ns Xn=2,n—1s Xn—2.ns Xn—-3,n=25 Xn=3,n—1> Xn—3,ns + + +» X1,25 + + + » X1,n>
xnfl,m xn72,nfla xn72,na xn73,n729 xn73,n71, xnf3,na ceey x2,37 ceey x2,n7
xn—l,nv xn—2,n—l ) xn—Z,m xn—3,n—2» xn—3,n—l ) xn—3,n7 ) -x3,47 ceey x3,m

4.3)

Y xn—],na xn—Z,n—] ) xn—Z,na xn—3,n—2’ xn—3,n—] ) -xn—3.na
xnfl,m xn72,n717 xn72,n

xn—l,n'

The sequence can be thought of as follows: we only mutate those x;; withi < j.
At any step of the process, we mutate all x;; in the kth row (the kth row consists
of x;; such thati = k) such thati < j. It will not matter in which order we mutate
these x;;. The sequence of rows that we mutate is

n—1,n-2,...,2,1,n—1,n-2,...,2,n—1,...,3,....n—1,n—2,n—1.

As in the previous transposition, the evolution of the quiver for Confs A, .,
is just as in the case for Confs Ay, , as pictured in Figures 15 and 16, with the
only difference being that black and white vertices switch colors.

In Figure 27, we depict how the quiver for Conf; As,,, changes after
performing the sequence of mutations of x;; in rows 4, 3, 2, 1.

In Figure 28, we depict the state of the quiver after performing the sequence
of mutations of x;; inrows 4,3,2,1;4,3,2,1,4,3,2;4,3,2,1,4,3,2,4,3; and
4,3,2,1,4,3,2,4,3,4.

The circles on several of the arrows are a bookkeeping device that tell us how to
lift a function from Confj Ag,;,,, to Conf; Ay, in the way that is most convenient
for our computations. From these diagrams the various quivers in the general case
of Confy As,,,,., should be clear.

Recall the functions defined via Figure 15. They will appear when we perform
the sequence of mutations above. In particular, we make use of functions of the

form
n—i,n+14+i
n—jn+14+j
n,n+1

These functions are invariants (unique up to scale) of the tensor product
[Vaw, . @ Viy, ® Vzwn_,]Spi"Z”+‘.

These functions will have square roots which are invariants (again, unique up to
scale) of the tensor product

[Vw,,,l- (29 V2w,1 (%) an,j]Spinz"H )
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Figure 27. The quiver and functions for Conf; Ag,,,, after performing the
sequence of mutations of x;; inrows 4, 3, 2, 1.

n—i,n+14+1i
n—jn+14+j
n,n+1

is a well-defined function on Conf; Ag,;,,, ., -
Note that in the above sequence of mutations, x;; is mutated i times if i < j.
We can now state the main theorem of this section.

Thus

THEOREM 4.9. The sequence of mutations (4.3) realizes the S;-symmetry (A, B,
C) — (C, B, A) for Conf; Agin,, .-

Proof. We will track how all the cluster variables mutate. If i < j, then x;; is
mutated a total of i times. Recall that when i < j, we assign either the function
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Figure 28a. The quiver and functions for Conf; Ag,;,, after performing the
sequence of mutations of x;; inrows 4,3,2,1,4, 3, 2.

—i2n+14i—j . i j i
(" e J> or its square root to x;; depending on whether j < n or j = n. For
n

J < n, the function attached to x;; transforms as follows:

n—i,2n+14+i—j n—i+1,2n+i—j
j — j—l,n+2
n+1 n,n+1

n—i+22n+i—j—1
— j—2,n+3
n,n+1

n—1,2n+2—-j
— s> j—i+Ln+i

n,n+1
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Figure 28b. The quiver and functions for Confs Ay,;,,, after performing after
performing the sequence of mutations of x;; inrows 4, 3,2, 1,4,3,2,4, 3.

2n+1—j j
— j—i,n+i+1] = n—i,2n+1+i—j
n n+1

For j = n, we use the same formulas, but take the square roots of all the
resulting functions.

We have already described the quivers at the various stages of mutation. We
must then check that the functions above satisfy the identities of the associated
cluster transformations.

This is the first sequence of mutations where we have to mutate the black
vertices x;, (y, is also black, but it does not get mutated). Proving that the black
vertices mutate as expected will be our most difficult task.

In verifying the cluster identities that we need, we will actually be computing
functions on Confj Ag;,. Thus we will use the arrows with a circle on them as
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Figure 28c.
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sequence of mutations of x;; inrows 4,3,2,1,4,3,2,4,3,4.
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)

The quiver and functions for Conf; Ag,;,,, after performing the

a bookkeeping device. Circled arrows only occur between two white vertices. If
a white vertex x has an incoming or outgoing circled arrow from another white
vertex x’, this means that in computing the mutation of x, we should use the dual
of the function attached to x’. With this in mind, mutation of white vertices will
be much like the case of Sp,,.

The mutation of black vertices requires some more work. We will also make

use of functions of the form

a,b
X,y

c, d)
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wherex =norn+1,y=norn+1l,anda+b+x+y+c+d =3N.These
functions are defined just as in Figure 15.
The most general identity we will need to show has the form

n—i,n+14+1i n+l1—i,n+i
n—jn+1+j n—1—jn+2+j
n+1l,n n+1,n
n—i,n+14+1i n+l1—i,n+i
= n—1—jn+2+j n—jn+14j
n+1,n n+1,n
n+1—i,n+1+i
+ n—1—jn+1—j
n+1,n

Note that by duality (4.1),
n—i,n—+i n+1—i,n+14+1i
n—jn+2—j| = n—1—jn+1-—j],
n+1,n n,n+1

which explains the seeming asymmetry of the last term.
The general identity above follows directly from the following identities. Let
i, j < n.Then

°
n—i,n+1+1i n+1l—i,n+i
n—jn+14+j n—1—jn+14+j
n+1l,n n+l,n+1
n+1—i,n+i n—i,n+1+1i
= n—jn+l+j n—1—jn+14j
n+1,n n+1,n+1
n+1—i,n+1+1i n—i,n+i
+ n—1—jn+1—j n—jn+1+j],
n+1,n n+1,n+1
°
a, N —a a, N —a a, N —a
b—1I,N—-b]| = |2 b—1,N—-b+1 b,N—b
n+1l,n+1 n+1,n n+1l,n

The first identity is a relative of the octahedron recurrence, which we treated
previously. O
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Figure 29. The quiver for the cluster algebra on Confy As,,,. The associated
functions are pictured in Figure 30a.

4.6. The sequence of mutations for a flip. In this section, we will give a

sequence of mutations that relates two of the clusters coming from different
triangulations of the 4-gon.

Given a configuration (A, B, C, D) € Confy Asy,,.,, we will give a sequence
of mutations that relates a cluster coming from the triangulation ABC, ACD to a
cluster coming from the triangulation ABD, BCD.

We will need to label the quiver for Confy Ag,;,,,., With vertices x;;, y, with

—n<i<n 1< j<nand 1 < |k| < n. The quiver we will start with is as in
Figure 29, pictured for Spin;.

We will describe the functions attached to these vertices in two steps. First we

will assign some functions to each vertex. Then we will take the square root of
the functions assigned to the black vertices.

Let N = 2n + 1. First make an assignment of functions to vertices as follows:

k
N—k| «<— y, fork>0;
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Figure 30a. The functions and quiver for the cluster algebra on Confy Ay, .

k| <~ w, fork <0;
N — k|
J
N—j (—)X,n‘j;
J| <— xu;
N-—j

J
(—).X'()j.
N—j

The face functions in the triangle where i > 0 are

1+
( N—i><—>xij, forO<i<n,i+j<n
N-—j
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Figure 30b. The functions and quiver for the cluster algebra on Confy Ag,;,, after
the first stage of mutation.

n
( j+i—n,N—i><—>x,~j, forO<i<n,i+j>n;
N—j

while the face functions in the triangle where i < 0 are

J
(|i| )<—>x,-j, for—n <i <0, |i|+j < n;
N —lil =

J
<|i|,N+n—|i|—j )<—>xij, for—n <i <0,i|+j > n.
n—+1

REMARK 4.10. Note that our labeling of the vertices is somewhat different
from before. The vertices labeled x;; correspond to the vertices labeled x,_j; ;
in Conf3 ASPi"2n+I .
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Figure 30c. The functions and quiver for the cluster algebra on Confy Ag,;,, after
the second stage of mutation.

when i > 0 we assign

Now, take the square root of the functions assigned to x;,, y,. For example,

and for i < 0, we assign

n
lil, N — i <« Xip.
n+1

As in the case of G = Sp,,, we will have to use some functions which depend
on all four flags. Let N =2n+1.Let0 < a,b,c,d < N suchthata+b+c+d =
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Figure 30d. The functions and quiver for the cluster algebra on Confy Ag,;,, after
the third stage of mutation.

4n 4+ 2 = 2N and b + ¢ < N. Then as before we define the function
using the web in Figure 17.

a
b/ d
c
Similarly, we use the notation

a b
T \b,/ d]=:{c\ a].
c d

We now define a second type of function on Confy Ag,in,,.,. lfa+b+c+d =
2N + n, we define the function

It is given by the invariant picked out by a web similar to the one in Figure 18a.
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Figure 30e. The functions and quiver for the cluster algebra on Confy Ag,;,, after
the fourth stage of mutation.

Using duality, there is also a function (a /e d) on Confy Agyin,,., for0 < a,b,
c,d < Na+b+c+d—3n+2—N+n+1andc d. This function is
defined using the same web as in Figure 18b.

Using the twist map 7', we can also define the functions (b Sd n) <c,d % a), and

c,d
(- 50):

We will need to define one more type of function to do our calculations. Let
0<a,b,c,d < Nsuchthata+b+c+d=4n+2 =2N,a < n < b and
¢ < n <d. Then we would like to define a function that we will call

n
a,b / c¢,d].
n+1

We will make less frequent use of the functions

n+1 n n+1
a,b / c¢d]),la, b c,d]),\a,b / c,d].
n n n+1
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Figure 30f. The functions and quiver for the cluster algebra on Conf, Ag,;,, after
the fifth stage of mutation.

Herea+b+c+d =2N,2N + 1 or 2N — 1, respectively. These functions are
defined by webs similar to the one in Figure 19.

Note that
n+1 n
ab / cd|=TH\c.d / ab].
n n+1

Finally, note thatifa +b = ¢ 4+ d = N, then

n
a,b / c¢,d
n+1

is a well-defined function on Confy Agyin,,,,. This is because the representations
Ve, and V,,, of SLy give the same representations of Spiny, and V,, and V,, 1,
as representations of Spiny, have twice the weight of the spin representation.
Now we give the sequence of mutations realizing the flip of a triangulation.
The sequence of mutations is exactly as in the case for Sp,,. The sequence of
mutations leaves x_, ;, x,;, yx untouched as they are frozen variables. Hence we
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Figure 30g. The functions and quiver for the cluster algebra on Confy Ay, after

the sixth stage of mutation.

only mutate x;; for —n < i < n. We now describe the sequence of mutations.
The sequence of mutations will have 3n — 2 stages. At the rth step, we mutate all

vertices such that
li|+j<r

j=lil+2n—-22>r
li|]4+j=r mod 2.

Note that the first inequality is empty for r > 2n—1, while the second inequality

is empty for r < n. For example, for Spin,, the sequence of mutations is

Xo1,
X_1,15 X025 X115
X_2,1, X-1,25 X015, X03, X125 X215
X_2,2, X—1,1, X-1,35 X025, X11, X13, X22, 4.4
X_-2,3, X_1,2, X015, X03, X12, X23,
X_1,3, X025 X13,

X03-.

https://doi.org/10.1017/fms.2019.5 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2019.5

Cluster structures on higher Teichmuller spaces for classical groups 113

Figure 30h. The functions and quiver for the cluster algebra on Confy Ag,;,, after
the seventh and last stage of mutation.

See Section 3.5.1 for the motivation behind this sequence. In Figure 30, we
depict how the quiver for Confy As,;,, changes after each of the seven stages of
mutation.

The analogue for Confy .,45,,,-,12”+l should be clear.

We now have the main theorem of this section:

THEOREM 4.11. The sequence of mutations for a flip on Confy Agpiy,,., vield a
sequence of functions as depicted in Figure 30.

Proof. The proofs are much like before. The main novelty occurs when j = n.
Here we are mutating black vertices. Here we will need to derive some new
identities. The general mutation identity when j = n has the following form:

n n
a,N—a ,/ b,N-b a+1,N—a—-1 / b+1,N—b—1
n+1 n+1
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n n
= a+1,N—a-1 / b,N—-b a,N—a ,/ b+1,N—-b—-1
n+1 n+1
+

n
a+1,N—a / b,N—b—-1].
n+1

The above identity in turn follows from the following identities:

°
n n
a,N—a / b,N-b a+1,N—a , / b+1,N—b—1
n+1 n
n n
=|a+1,N—a b,N—b a,N—a / b+1,N—b—1
n n+1
n n
+{a+1,N—a ,/ b,N—-b—-1 a,N—a /b+1,N—b].
n+1 n
°
n
a+1,N—a , / b+1,N—-b—1
n
n n
= 2la,N—a ,/ b+1,N-b-1|la+1,N—a—-1 / b+1,N—b—1]|.
n—+1 n—+1
°
n
a+1,N—a //b,N—b
n
n n
= (2la,N—-a ,/ b N-b|la+1,N—a—-1 ,/ b,N-—b].
n+1 n+1
°

n
<a,N—a/b+1,N—b>
n

https://doi.org/10.1017/fms.2019.5 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2019.5

Cluster structures on higher Teichmuller spaces for classical groups 115

n n
= |2\a,N—-a ,/ b+1,N—-b—-1)|a,N—a , b,N—-b].
n+1 n+1

5. The cluster algebra structure on Conf,, G/U for G = Spin,,

We now define the cluster algebra structure on Conf,, G/U when G = Spin,,.
In fact, to emphasize the parallels with the case of Spin,,,;, we will let
G = Spiny,». When G = Spiny,,, the cluster algebra structure, along with
the mutations realizing S5 symmetries and the flip of triangulation, will be an
unfolding of the same structures for G = Spin,, ;.

We will utilize what we understand about functions on Conf,, Ay, ., in order
to study Conf,, Aspin,,.,. However, because the Dynkin diagram of Spin,,., is
not obtained from SL,,, by folding, as was the case for Sp,, and Spin,,,, there
will be additional complications, particularly regarding signs.

Recall that Spin,,., is the double cover of the group SO,,.,, which is the
subgroup of SL,, ., preserving a symmetric quadratic form. We take the quadratic
form given in the standard basis ey, . .., 3,12 by

(ei, eani3i) = (=)'

for1 <i <n+1,and (¢, e;) = 0 otherwise.

REMARK 5.1. Note that the signature of the quadratic form is (n + 1,n + 1),
so that taking real points gives the split real form of SO,,,. The cluster algebra
structure on Conf,, Agpin,,,, gives another way of defining the positive structure

on Agpin,., s, Which gives a parameterization of the Hitchin component for the
group Spin,, ., and the surface S.

The maps
Spinonyr = SOoyys = Sy,

induce maps
Conf,, Aspin,,., = Conf,, Aso,,., — Conf,, Ag,, .,

Let us describe these maps concretely. The variety Aso,, ., parameterizes chains
of isotropic vector spaces

vicwv,c---CcV,,yCV
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inside the 2n 4 2-dimensional standard representation V, where dim V; = i, and
where each V; is equipped with a volume form.
Equivalently, a point of Ag,, ., is given by a sequence of vectors

Vg, V2, .. vy vn+17
where
Vii=(vi, ..., u)
is isotropic, and where v; is only determined up to adding linear combinations of
v; for j < i.
The volume form on V; is then v; A --- A v;.
From the sequence of vectors vy, ..., v,;;, we can complete to a basis
Vi, U2, ..., U2y, where (U,‘, U2n+3,,'> = (—l)iil, and <Ul‘, Uj) = 0 otherwise.
Equivalently, the quadratic form induces an isomorphism (—, —) : V — V*. At

the same time, there are perfect pairings
k k
NVvx/\Vvi—>F
2042k k
/\ V x /\ V>F

that induce an isomorphism

/\2n+27k v~ /\k v

Composing this with the inverse of the isomorphism

(= NV N\ v

gives an isomorphism

/\2n+2—k v~ /\k v~ /\k V.

Then v, 15, ..., Uy, are chosen so that this isomorphism takes v; A --- A v, to
U]/\"'/\U2n+2,kf0rl. <n+1.
Then vy, v, ..., Vs,42 determines a point of Ag, ,, as Agg,, ., parameterizes

chains of vector subspaces
VicV,C---CVyo=V

along with volume forms vy A -+ A v, 1 <7 < 2n+ 1.
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From the embedding
A302n+2 — ASL2n+2’

one naturally gets an embedding Conf,, Aso,,., <> Conf, Ag,,.,. We can
then pull back functions from Conf,, Ag,,., to get functions on Conf,, Aso,, .-
However, we are ultimately interested in functions on Conf,, Agpis,, .,

The functions on Conf,, As;,,,., that we will use to define the cluster structure
on Conf,, Agpin,,,, Will be invariants of tensor products of representations of
Spiny, . For m = 3, they will lie inside

Vi@V, ®V,]°

where A, u,v are elements of the dominant cone inside the weight lattice.
In general, not all such functions will come from pulling back functions on
COIlfm 'ASLZrH»Z .

However, suppose that

fevi®V,®V,]° c OConf, Aspin,.,)-

Then
f2 € [VZA & V2[L ® V2v]G C O(Confm ASpinz,,Jrz)-

However, because 2A,2u,2v are dominant weights for SO,,.,, f> may be
viewed as a function on Conf,, Aso,,.,. This function is then a pull-back of
a function on Conf,, As;,,.,. Therefore functions on Conf,, Ag,in,,., Which are
tensor invariants are either the pull-backs of functions on Conf,, Ag.,,., or square
roots of such functions. The square root here corresponds to the fact that Spin,,.,
is a double cover of SO,,,. The choice of the branch of the square root that we
take is determined by the positive structure on Conf,, Agpis,,.,: if f is a positive
function on Conf,, Ag,, ., such that its square root is a function on Conf,, Aspin,, ,»»
there is a unique choice of /f that is positive on Conf,, Aspin, ,,. That is the
square root that we will always take. We discuss this issue further in the section
on signs.

It will often be convenient to write down functions on Conf,, Asgpin,,., in a
slightly different way. Recall that Spin,,,, is associated to the Dynkin diagram
D n1°

This diagram has an order two automorphism that gives an outer automorphism
of Spin,,., of order two. Under this map, the flag given by the sequence of
vectors vy, vs, - . ., Uz,42 gets sent to the flag given by the sequence of vectors

Ui, U2, ooy Upy Unt2s Untls Unt3y - o5 U2pg2e

In other words, the vectors v, and v,, switch places.
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Figure 31. D, Dynkin diagram.

The existence of this automorphism of Spin,,, means that there is a second
map
Conf,, Aspin,,., = Conf,, Agp,, .

We can also pull back functions from Conf,, Ag;,, ., under this second map. We do
not get any new functions in this way, but we will often get simpler expressions
for our functions in this way. Thus the functions we consider will involve the
volume forms v; A - -+ A v; as well as the volume form

Vi A AUy A Uy,

5.1. Construction of the seed. We are now ready to construct the seed for
the cluster structure on Conf,, A when G = Spin,,.,. Throughout this section,
G = Spin,,,, unless otherwise noted.

The nodes of the diagram correspond to n+ 1 roots that all have the same length.
To describe the cluster structure on Confs A, we need to give the following data:
the set / parameterizing vertices, the functions on Conf; A corresponding to each
vertex, and the B-matrix for this seed.

The B-matrix is encoded via a quiver which consists of n% + 3n + 2 vertices, all
of which are black. There are n 4 1 edge functions for each edge of the triangle,
and n? — 1 face functions.

In Figure 32, we see the quiver for Sping. The generalization for other values
of n should be clear.

The diagram is busy because the vertices x;3 and y; are doubled by the vertices
X3+ and ys3«.

For simplicity, all future diagrams will only contain the vertices x;, and y,, and
not the vertices x;,+« and y,, which merely double them.

Label the vertices of the quiver x;; and y,, where 0 < i <n, j =1,2,3,...,
n,n*, k=1,2,3,...,n,n" The vertices y, and x;; for i = 0 or n are frozen. We
will sometimes write x; ; for x;; for orthographic reasons.

Let us now recall some facts about the representation theory of Spin,, .. The
fundamental representations of Spin,,, are labeled by the fundamental weights

https://doi.org/10.1017/fms.2019.5 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2019.5

Cluster structures on higher Teichmuller spaces for classical groups 119

,I

1

Y2

[ ]

4

|

|

|

l

y1

[ ]

[ ]
Figure 32. Quiver encoding the cluster structure for Confs Ag,;,,.

Wy ...y Wy, Wy Sping, o has a standard 2n + 1-dimensional representation V.
Let (—, —) be the orthogonal pairing. Then for i < n the representation V,,,

corresponding to w; is precisely /\i V. The representations V,, , V,, . are the spin
representations of Spin,,>. When n is even, the spin representations are dual
to each other. When n is odd, the spin representations are self-dual. The direct
sum of the representations V,,, ., and V,,, is isomorphic to /\”Jrl V,and V,, 1, is
isomorphic to A" V.

We now say which functions are attached to the vertices of the quiver. Recall
the functions defined via the webs from Figures 1, 2, and 6. It will be convenient
to describe the functions attached to x;; for j < n — 1 and y, for k < n — 1 first:

. . k K 2n+2—k
(1) For k < n — 1, assign the function (2n+2_k>(—1) = < . ) to yy.
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(2) Wheni > j, assign the function( o
n+24i—j

J>(—1)"—" o x;;.

n—i,2n+2+i—j

(3) Wheni < j andi # 0, we assign the function ( />(—1)””' to x;;.

n+2

(4) When i = 0, we assign the function (znﬂij ,) 1o x;;.

Now, when j or k are equal to n or n*, the story is somewhat more complicated.
As in the case of Spin,,,, the functions involve square roots. But then there are
two additional complications: first, we will need to slightly modify some of the
functions which we previously defined in order to deal with the fact that there
are two spin representations of Spin,,.,; and second, the somewhat different
behavior of these spin representations for n odd and n even means we will need
to treat these cases separately.

a,b

Recall that in Figure 3, we defined functions of the form ( d). We will now

need to define some new functions of the form @b n+l*>, where a+b+c = 3n+3.
This is a function on the space of configurations of three principal flags for the
group Spin,,.,. Suppose these flags are given in terms of the three flags

Uy ..., UN,
Vi ... UN,
Wiy ..., Wy,

where N = 2n + 2.
Now consider the forms

Uy =ui AN+ Nug,

Uy :=uy A+ ANuy,
Vei=vi Ao A,
Wit iI= Wi A - oo AWy A Wy,

. b . . . b
The function (a n+1*> is defined in the same way as the function (a n+l>,
c

except everywherecwhere one had W, := w; A --- A w, A w,,, One replaces
thisby W, 1+ == wi A+ A w, A wyyo.

Recall that there is an outer automorphism of the group Spin,,.,. On the
level of flags, this automorphism takes the n + 1-form W, to the n + 1-
form W, .. All the new functions we will need to define the cluster algebra
structure on Confs Ag,;,, will involve taking a previously defined function and
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substituting n + 1x for n 4+ 1 for some subset of the arguments. For example, it

n+1* n—i,n+2+i .
is straightforward to define the functions \/ —( ! ) and \/ ( o n+1*)’ which

n+1 n+1

we will use below.
We will distinguish two cases: n even or n odd. First suppose # is even. Then
we assign functions as follows:

(1) Assign the function —("H*) to y, and (n+1> to Y.

n+1 n+1*

(2) Assign the function ,/ _(n+1* "“) to x,, and ,/ (n+1 ”“*) tO Xppx.
n—i,n+2+i
(3) When 0 < i < n,i odd, we assign the function /—( J: i n+1> to x;, and
n+

n—i,n+2+i
( n—H*) to Xjpx.

n+1*
. . . . n—i,n+2+i
(4) When 0 < i < n, i even, we assign the function —( . n+1) to X;,
n+1
n—i,n+2+i
and ( n+1*) tO X;,*.
n+1

(5) Assign the function /—(Hl* n+1) to xo, and _ | (n+1 n+1*) tO Xopx.

When 7 is odd, we assign functions as follows:

(1) Assign the function _ |/ (nij) to y, and /—(”E:) to yy«.

(2) Assign the function ,/ (n+l ”“) to x,,, and |/ — (n+1* "“*) 0 X+

. . —i,n42+i
(3) When 0 < i < n, i odd, we assign the function (n b n+l) to x;, and

n+1*
(n—i,n+2+i

n—H*) 1o Xjpx.
n+1

. . . . n—i,n+2+i
(4) When 0 < i < n, i even, we assign the function _/ ( : n+1) to x;, and
n+

n—i,n+2+i
— n+1*) to Xin*.
n+1*
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KR AR

Figure 33. A cluster structure for Confs Ay, .

. . 1 n+1*
(5) Assign the function " n+1) to xg, and [ — f nt1*) 1O Xgppx.
g

This completely describes the cluster structure on Confs Agp;y,, ,,. The fact that
we can take the square roots of the functions assigned to x;, and y, and get
functions that are well-defined on Conf; Ag;,,,., follows from the computations
with reduced words that we perform later. Note that the cluster structure is not
symmetric with respect to the three flags. Performing various S; symmetries,
we obtain six different possible cluster structures on Confs Ay, .,. These six
structures are related by sequences of mutations that we describe in the next
section. Below, in Figure 33, we depict the standard cluster described above.

Unlike the cases of G = Sp,, and G = Spin,,, the functions in a cluster
coming from an S5 symmetry do not come from permuting the arguments in
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our notation for the function. Permuting the arguments only gives the correct
functions up to a sign. This can be seen in the examples above. This is important
enough that we will discuss this separately in the next section.

5.2. Signs and spin representations. In this section, we discuss in detail
the signs involved in defining the cluster variables for Conf,, Aspis,,,,. This is
a somewhat delicate issue, and can certainly be ignored on a first reading. For the
remainder of the paper, we would like to ignore sign issues, on the one hand, for
the sake of simplicity, and on the other hand, to avoid having to treat the different
cases that, as our calculations become more complex, ultimately will depend on
the value of n mod4. Instead of keeping track of all these signs, we will give a
framework for computing them.

. . . . b
In defining the various functions we have used, like (a d), we have been

careful to define them so that they would be positive functicons on Conf,, Ay,
Conf,, As,,,, and Conf,, Aspin,,,,. Unfortunately, these functions are sometimes
positive and sometimes negative on Conf,, Agin,,.,. Moreover, as we saw above,
the sign of these functions also depends on the parity n. As we will see, if we
additionally look at the rotations of these functions, the signs will depend on
nmod4. The divergence of all these cases is reflection of Bott periodicity. We
will attempt to clarify the situation by isolating the various difficulties and dealing
with them separately.

There are two main difficulties. The first source of complication is that the
functions we have defined are well adapted to computations in SLy. In types B
and C, the maps Sp,, < SL,, and Spiny,;; — SLy,y, come from folding of
the Dynkin diagrams, and therefore preserve positive structures. However, in type
D, this is not the case. The map Spiny,» — SL,,.» does not preserve positive
structures, that is, the pull-back of a positive function on Conf,, Ay, ., is not
necessarily positive on Conf,, Asgpin,,.,-

The second issue is the twisted cyclic shift map, which behaves differently for
SL,,.» and Spin,,.,. In the following, we will usually let N = 2n + 2, but we
will also allow N to be odd for sake of comparison, and to also emphasize the
relationship with Bott periodicity.

Suppose we have the functions for a given cluster on Confs Ag,,. If we
want to give the functions in the cluster coming from a rotation of the original
cluster, we must pull back by the twisted cyclic shift map for Spiny. However,
the elements s for G = Spiny and G = SLy are not necessarily the same. In
fact, sgpin, € Spiny is the nontrivial lift of the identity in SOy when

N =3,4,5,6 mod 8 G.D
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and sgp;n, is the identity when
N=0,1,2,7 mod 8. 5.2)

Here is one way of determining when s, is the identity. Let o be the half-
sum of the positive roots, as usual. In the case that N = 2n + 2, w, and w,+ are the
highest weights of the spin representations, and sg;,, is the identity when (w,,
2p) = (wy+, 2p) is even and the nontrivial lift of the identity when (w,, 2p) is odd.
In the case that N = 2n + 1, w, is the highest weight of the spin representation,
and sg,;,, is the identity when (w,, 2p) is even and the nontrivial lift of the identity
when (w,, 20( is odd.

On the other hand, s5;,, € SLy is negative of the identity element when N is
even and the identity element when N is odd.

(Under the embedding Sp>, <> SLy,, Ssp,, is sent to sg, . Under the map
Spins,+1 —> SLy,41, the element Sgp;n,,,, 1S sent to sg,,,,. Note that in the latter
Case, Sspin,,,, 18 some lift of the identity in S Oy,, while sg;, ., is the identity in
SL2n+l~)

Let us compare what the elements sg,;,, and ss;, do on the level of flags. Let
N = 2n + 2 be even. Suppose we have a principal affine flag A € Ag;,,. Then
this flag is given an SLy flag given by a chain of vector spaces

VicV,C---CVy

with volume forms on each of these subspaces. Note that the spaces Vi, ..., V4
along with their volume forms determine the rest of the flag. This flag can be
represented by the sequence of vectors vy, vy, ..., vy, where V; has volume form
v; A U3 A -+ - A v;. Additionally, to make this a Spiny flag, we choose a ‘square
root’ of the form v; Av, A+ -+ Av,4, which is given by choosing a highest weight
vector in the spin representation V,, . This then forces a choice of a ‘square root’
of the form vy A v, A -+ AV, A v,10, given by a highest weight vector in the spin
representation V,, ..
Now sg,, acts by —1 on V, so

SSLN(UI/\UQ/\"'/\U,‘)Z (—l)ivl VANV IV ANKIIIVANY VP
On the other hand, ss,;,, actsby 1 on V, so
Ssp,'nN(Ul/\Uz/\"'/\U,')=U1/\U2/\"'/\U,'.

However, in the cases where sgp;,, i a nontrivial element (N = 4, 6 mod 8), it
acts by —1 on the spin representations.
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More generally, the functions on A, are naturally isomorphic to the direct
sum of its irreducible representations:

P v..

A€y

The representations come in two types: those that factor through SOy, and those
that do not. ss,;,, acts by 1 on the former and £1 on the latter, depending on N
mod 8.

For example, if 7 is the twisted cyclic shift on Conf; Ag,,;,,, then rotation of
n—i,2n+2+i—j

the function ( ,/> is given by

n+2

n—i,2n+2+i—j j .
(T~ il= n+2 (=17,
n+2 n—i,2n+2+i—j
As another example, let us apply the twisted cyclic shift to the function
n—i,n+2+1i
— n+1].
n+1
Suppose that N = 4,6 mod 8. Note that

n—i,n+2+i n—+1
(Tfl)* }’l—|—1 — (_1)n+1 }’l+l .
n+1 n—i,n+2+1i

. —i,n2+i .. . .
In other words, the function (7_;)* o 1 l n+1> is just a strict rotation of the
n+

n—i,n+2+i

function ( n+1> . However,

n+1

n—i,n+2+1i n+1
(TH |- n+l)=— (=D n+1).
n+1 n—i,n+2+1i

n—i,n+2+i

What this means is that to obtain the function (7~')* —( n-H), we rotate

n+1

n—i,n+2+i n+1 .
the function /—( ++1 i n+l> to get \/ (—1)"( - ++2+' n+l> and then multiply by
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The reason for the multiplication by —1 is as follows. Note that the function

n—i,n+2+1i
— n+1
n+1

Vo s ® Vi, ® Vo, I
Applying the twisted cyclic shift will give a function in the space

lies in the space

[V ® Vi, @ V., 1577V

In the twisted cyclic shift, one factor of V,, , which is a spin representation, is
moved from the third slot to the first slot. The twisted cyclic shift will then act by
—1 on this factor when N = 4,6 mod 8.

Similarly, when we want to find the cluster structure corresponding to a
transposition, then transposing the arguments only gives the correct function up to
a sign. We showed the correct signs for the functions for one of the transpositions
of the cluster structure in Figure 33. The negative signs, instead of occurring in
every other row, occur here on every other lower diagonal. This pattern persists in
general. The signs for other transpositions come from applying the twisted cyclic
shift map to this cluster.

Finally, we would like to say something about square roots. Some of our
functions on Conf,, Ag,;,, were defined in terms of square roots of other
functions. This happens when a function lies in an invariant space where two
or more of the representations involved is a spin representation. We would like
to pick out the correct square root. In order to do this, we will need a way to
describe vectors in these invariant spaces. In the following, we will treat both the
cases when N = 2n + 1 is even and when N = 2 is odd.

We start by recalling some facts about spin representations. Let V be an N-
dimensional vector space with a nondegenerate quadratic form Q(—, —). From
such data, we can form the Clifford algebra C (V). It is the quotient of the free
tensor algebra on V by the relation

vOWw+w®v=20(,w).

Let W C V be as maximal isotropic subspace. It has dimensions n. Let \* W
be the exterior algebra of W. C(V) and /\* W have a natural Z/2Z-grading that
comes from considering elements of V to be odd.

Then when N = 2n is even,

C(V) ~End \"W.
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Moreover,

C¥*"(V) ~ End ( N W) @ End ( /\"dg1 W).

Let us describe the action of C(V) on A\*W. Write V. >~ W & W', where W’ is
an isotropic subspace complementary to W. Then w € W acts as

w/\—:/\iW—>/\i+1W.

w’ € W' maps A Wto A" W. Tt maps w € A' W to Q(w’, w), and the action
extends to /\' W by using Leibniz and the sign rule (recall that C(V) and A\* W
have a natural Z/27Z-grading.)

When N = 2n + 1 is odd, we can C(V) is isomorphic to two copies of
End /\* W. Let us describe two actions of C(V) on A\*W. Write V >~ W &
U @& W', where W' is another n-dimensional isotropic subspace, and U is a one-
dimensional space spanned by u where Q(u, u) = 1. Then as before, we allow
w € W toact by wA, and w’ € W’ to act by sending w € /\l W to Q(w’, w), and
extending by a signed Leibniz rule. u can act in one of two ways: it can act by 1
on A" W and —1 on A°* W; or it can act by —1 on A" W and 1 on \** W.
These two maps of C(V) to End /\* W realize the isomorphism

C(V) ~ End (/\ W) @ End (/\ W>.

Moreover, we have that

C®*"(V) ~ End (/\ W).

Recall that the lie algebra soy ~ /\2 V of Spiny can be embedded in C(V) as
the span of elements of the form v; - v; — v, - v; in C(V). Then when N = 2n is
even, we get two representations of soy C C="(V): A" W and \°* W. These
are precisely the spin representations of Spiny. When n is even, A" W has
highest weight w, and A°* W has highest weight w,-. If 1 is odd, A" W has
highest weight w,~ and /A" W has highest weight w,.

When N is odd, we get one spin representation, given by /\* W.

Now we are ready to define invariants in tensor products of representations.
First we will define invariants of a tensor product of two spin representations.

Let N = 2n be even. Let us write down bases for the spin representations. First
choose a basis ey, ..., e;, where Q(e;, €x,41_;) = (—1)"! for i < n. Then there
is a maximal torus consisting of diagonal elements that preserve Q. For each i,
1 <i < n, there is a cocharacter given by sending A € C* to the map which takes
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e; to e; and ey, _; to A" 'e,,,1_; and leaves all other basis elements fixed. These
n cocharacters form a basis for the Cartan f. There is a dual basis Ly, ..., L, of
b*. We may let W be the span of ¢y, ..., e,. Thenif I = {i}, i»,..., i} C {1, 2,
...,n}wherei; <i, <--- < i, thenlet

ey :=e,-1/\elz/\-~-/\e,-k.

Then e; has weight

1
Wy = §<ZL,« — ZLJ-).
iel Jj¢l
First suppose n is even. We will then define a pairing ¢ : V,, x V,, — C.
Then let ¢;,e; € A™" W.If I and J are subsets of {1, 2, ..., n}, then we will
declare ¢p(e;, e;) = O unless I and J are complementary subsets of {1, 2, ..., n},
in which case

¢(e], e_]) = (_1)(50;1*(1)1.2/))‘

Similarly, we have a pairing ¢ : V,,, x V,,, — C. Thenlete,, ¢, € /\OGld wW.If
I and J are subsets of {1, 2, ..., n}, then we will declare ¢ (e;, e;) = 0 unless
and J are complementary subsets of {1, 2, ..., n}, in which case

¢(€[, ej) = (-1)(60,1*—601,2/))'

Now suppose »n is odd. We can then define a pairing ¢ : V,,, x V,, ., — C.
Then let e; A" W and ¢, € A\ W. If I and J are subsets of {1,2,...,n},
then we will declare ¢ (e;, e;) = O unless I and J are complementary subsets of
{1,2,...,n}, in which case

d)(e], e]) = (_1)(a)n*w1,2p>‘

odd

Similarly, we have a pairing ¢ : V,,. x V,, — C. Thenlete; € A™" W and
e; € N™" W.If I and J are subsets of {1,2, ..., n}, then we will declare ¢ (e;,
e;) = O unless I and J are complementary subsets of {1, 2, ..., n}, in which
case

¢(61, EJ) = (_1)((0,7*—(0,,2,0).

Then ¢ in all the above cases gives an invariant of the tensor product of two
spin representations. This gives correct square roots for functions of the form
V(1 n), /(n*; n*), /(n; n*) and /(n*; n), respectively.

Now let N = 2n + 1 be odd. Here, we may choose a basis ey, . . ., €5,,1 where
Q(e;, e3n42-i) = (—=1)"~! for i < n. Then there is a maximal torus consisting of
diagonal elements that preserve Q. For each i, 1 < i < n, there is a cocharacter
given by sending A € C* to the map which takes e; to Ae; and ey, _; t0 A" es,1_;
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and leaves all other basis elements fixed. These n cocharacters form a basis for

the Cartan h. There is a dual basis L, ..., L, of h*. We may let W be the span of
el,...,e,. Thenif I ={iy,ir,..., 05} C{1,2,...,n} wherei; < i, < --- < Iy,
then let

epi=¢e, Ne, N---Negj.
Then e; has weight
1
wy = 5(214, — ZLJ)
iel Jj¢l
We can then define a pairing ¢ : V,, x V,, — C.If I and J are subsets of {1,

2,...,n}, then we will declare ¢ (e;, e;) = O unless I and J are complementary
subsets of {1, 2, ..., n}, in which case

B (er, ey) = (=)o),

This defines the correct square root for the function /(n; n + 1).

Finally, let S; and S, be two spin representations of Spiny, where N = 2n or
2n + 1. Let kK < n — 1. We would like to define an invariant, when it exists, in the
space

Vi, ® S1 ® SpI°77.

We can do this for simultaneously for N even or odd. We will do this by
constructing a Spin y-invariant map

Vwk®S1®Sz—>C.

Note that there is a natural map

k
N\ V- cw
given by

1
Vi AUy A AV — E Z Uo(l) " Vg2) * " " * Vo (k) -

" oes,

When £ is even or odd, /\k V maps to C*"(V) or C*%(V), respectively. Thus
in the case when N is even, an element of /\k V, viewed inside C(V), gives a
map from each spin representation to itself k is even, and gives a map from one
spin representation to the other one when k is odd. (When N is odd an element of
/\k V always gives a map from the unique spin representation to itself.) Then if
we have v ® s, ® s, € V,,, ® 51 ® S», we can map this to ¢s;, v - s, in the instances
where v - 5; lies in the spin representation dual to S; (which depends on k, and so
on).
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The above invariant in [V,, ® S; ® S,]57"¥ gives the correct square root for

the functions _ / (k’N_k n+1) when N is odd, and \/:i:(k, N —k; n®; n®) when n

is even.
(The presence of the superscripts * will depend on the parities of k and n, while
the sign under the radical will depend on the presence of the superscripts *.)
From now on, we will suppress all signs for the sake of simplicity in all our
future computations. The analysis above allows the interested reader to supply
signs for all the functions that arise in the mutations that follow.

5.3. Folding. Let us now discuss how the quiver for Confs Ag,;,,,,, comes
from an unfolding for the quiver for Confs Ag,;y,,,,. From the description above,
it is clear that there is an automorphism o of the quiver for the cluster algebra
structure on Confs Ag,in,, ., Namely, we can define

o(xin) = Xinx
U(xin*) = Xin
O—(yn) = Xnx

U()’n*) = Xn

and o fixes all other vertices. Then folding the quiver under the automorphism o
gives the quiver for Confs Ay, ., -

Let us say this in another way. Let ¢ be the Dynkin diagram automorphism
of D,,; having quotient B,. Then ¢ induces a map on the root system for
Spiny,y2, and hence on the fundamental weights and the dominant weights. It
also induces an outer automorphism of Spin,,, having fixed locus Spin,, ., and
an involution on the spaces Conf,, Agp;,,,.,. Let 7 be the map from the vertices of
D, ;, to the vertices of B,. This induces a map 7 sending fundamental weights to
corresponding fundamental weights, and therefore projects the weight space for
Spiny,,, to the weight space for Spingy, .

It turns out that the cluster algebra structure on Conf; Agy, is preserved by
this involution, and that, moreover, the initial seed that we constructed above is
preserved by this involution. Folding this seed gives the cluster algebra structure
on Confz Agpin,,,, -

OBSERVATION 5.2. Let f be a function on Confs Agp;,,, ., that lies in the
invariant space

Vi®V,® Vv]Spinszrz‘
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Then o*( f) lies in the invariant space

[Voiy) @ Vo ® Va(u)]smnz””-

OBSERVATION 5.3. Let f be a function on Confs Ag,,,,,, that lies in the
invariant space
V. ® V, ® V,]%.

Then as a function on Confs As;,,,.,, f lies in the invariant space

S i n
[Vzoy ® Ve ® Ve 77"+

OBSERVATION 5.4. Consider our initial cluster for Confs Agyin,,,,. Suppose v is
a vertex in the quiver for this cluster. Let f, be the function attached to v. Then

fr €Vi®V, ® V]

Sping,
Jow € Vo) ® Vo ® Vo177,

However, on Conf Agpin,,.,» fo = fo@- This means that we must have 7 (1) =
(o (A), m(pn) = m(o(w)), and (v) = 7 (o (v)).

As we mutate the cluster for Confs As;,,,.,, we continue to get clusters
that unfold to give clusters for Conf; Ag,;,,,.,. We will later give sequences
of mutations that realize various S; symmetries for the cluster algebra on
Conf; Aspin,,.,» and also the flip on Confy Agpin,,,,. All these sequences of
mutations will just be unfoldings of the analogous sequence of mutations for
Confs Aspin,,,, or Confy Agy,,.,. This gives us the following principle which
will underlie the computations of the S; symmetries on Conf; Agy;,,,., and the
flip on Confy Agpin,,

OBSERVATION 5.5. We can compute the formulas for the cluster variables on
Confs Agpin,,., and Confy Agpin,,,, that appear at various stages of mutation in
the following way: start with the formula for the corresponding cluster variable
on Conf,, Agpis,,.,. Replace every instance of ‘a’ where 1 < a < n — 1 by
‘a, and replace every instance of 2n + 1 — @’ where 1 < a < n — 1 by
“2n + 2 — a.’ Every instance of ‘n’ should be replaced by either ‘n,” ‘n + 1,
or ‘n+ 1% depending on the context. One then obtains the formula for the cluster
variable on Conf,, Agin,, -

All the formulas we derive for Spin,, , will follow this principle.

Finally, because any two vertices that are identified under the folding of cluster
variables (for example x;, and x;,:) are exchanged under the involution o, we
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have that the formulas for computing the functions attached to these vertices obey
another principle:

OBSERVATION 5.6. Suppose we have a cluster that is fixed under the involution
o. (This is the case for our initial cluster and any cluster obtained from the initial
one in which whenever we mutate a vertex v we also mutate o (v).) Then if v is a
vertex in this cluster, the formula for f,,, is obtained from the formula for f, by
switching all occurrences of n + 1 and n + 1*.

Finally, let us briefly say something about folding on the level of reduced words
in the Weyl group. We will see in the next section that the cluster algebra structure
on Confs Agpin,,., comes from the longest word in the Weyl group for Spiny, .
Let the generators for this Weyl group be s, s2, . . ., S,_1, Su, Sp+. Then the longest
element of the Weyl group is

(s)s) oS = (SpSuaSu—1Sp—2 ... 51)".

Let 51,55, ..., s, be the generators for the Weyl group of Spin, ;. There is
an injection from the Weyl group of Spin,,.; to the Weyl group of Spin,, ., that
takes

) > SpSpis
s, —> S,

This map carries the longest element of the Weyl group of Spin,,; to the longest
element of the Weyl group of Sping,»:

(S8 1o S)" = (SuSnsSu—1Sn—2 - ..51)".

n’n—1"

Therefore the reduced word for the longest element of the Weyl group of Spin,,»
folds to give the reduced word for the longest element of the Weyl group of
Spins,;1, and the folding that gives the cluster structure on Conf; Ay, from
the cluster structure on Conf; Ag;,, really takes place on the level of Weyl groups.

5.4. Reduced words. We now relate the cluster structure on Confs Agyin,,.,
given in the previous section to Berenstein, Fomin and Zelevinsky’s cluster
structure on B, the Borel in the group G [BFZ].

Consider the map

i:beB — (U ,woU",b-woU") € Confs Agpip,,,,-
PROPOSITION 5.7. The cluster algebra constructed above on Confy Agpin,, ..,

when restricted to the image of i, coincides with the cluster algebra structure
given in [BFZ] onG"° C B™.

https://doi.org/10.1017/fms.2019.5 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2019.5

Cluster structures on higher Teichmuller spaces for classical groups 133

Proof. We choose a reduced word for w,. In the numbering of the nodes of
the Dynkin diagram given above for Spin,,,,, we choose the reduced word
expression

Wo = (SuSueSn—1 +++ 5251)".

Here our convention is that the above word corresponds to the string iy, iy, .. .,
In_1, In+, I, Tepeated n times.

In our situation, we are interested in such minors when u, v = ¢, or when v = ¢
and u = u;; = (S,Su+Sp—1 - - 8281) T s, S e S - siforl <i<nandn>j2>1
or j =n".

Then the cluster functions on B~ given in [BFZ] are A, ,, for 1 <i < n (these
are the functions associated to u, v = ¢), and

AM,’j(e)j,(z)j?

which are the functions associated to v = e and u = u;; = (S48, - $281)'s,,
Sa—1 - -+ §;. Note that u;; is the subword of u that stops on the ith iteration of s;.
We have the following claims:

(1) When i = 0, the function we assigned to x;; ((MHJ J> for j < n,

Jim+ﬂman+4ﬁmj=mmmJim+ﬂmmn+hnmj=nﬂ
is precisely A, o, -

(2) Inthecasesi > j #n;i =nand j = n;i =n j = n*; the functions we
assign to x;; are, respectively

n—i '
j (_1)n_l = Au[_/-wj,w‘/-
n+14i—j

VEO; n + 195 n+1) = Ay on
\/:I:(O, n—+ 1(*)’ n—+ 1*) = A”nn*’”n**‘”n* :

(nfi,2n+2+i7j

(3) Wheni < j < n, the function we assigned to x;;, ./‘) (=D is

precisely Ay o;.0,-

Wheni < n and j = n or n*, the functions we assign to x;; are, respectively,
ij

\/:I:(n —in+2+in+ 1904+ 1) = A4, 0.0

\/:I:(n —in+2+in+19n+1%) = Ay oo
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Thus, in all cases the function assigned to x;; is precisely Ay, o, .o, -
The proof of these claims is a straightforward calculation. O

Finally, note that we have the following equalities of functions:

k 2n+2—k

2n+2—k k
n—i n+2+i
il = 42— (5.3)
n+24i—j n—i+j
n—i2n+2+i—j n+24ij—i
jl] = 2n+2—j].
n-+2 n

These equalities are valid up to sign (see the previous section). They arise because
the quadratic form induces a duality isomorphism between A’ V and A*""7' V.

5.5. The sequences of mutations realizing S; symmetries.

5.5.1. The first transposition. Let (A, B, C) € Conf; Ag,;n,,., be a triple of
flags. The sequence of mutations that realizes that S; symmetry (A, B, C) — (A,
C, B) is the same as (3.3) (which gave the S; symmetry for G = Sp,, and
Sping,i1):

X115 X215, X22, X125, X13, X23, X33, X32, X315 « « o s X1 n—15 « - o s Xn—ln—1s -+ - » Xpn—1,15
X115 X215 X225, X125« « X1 n—25 « « + s Xp—2.n—25 + + « s Xn—2,1,
X115 X215 X225, X125
X11-

5.4
The sequence can be thought of as follows: At any step of the process, we
mutate all x;; such that max(i, j) is constant. We first mutate the x;; such that
max(i, j) = 1, then the x;; such that max(i, j) = 2, then the x;; such that max(i,

J) = 3, and so on. The sequence of maximums that we use is

1,2,3,....n—-1,1,2,...,n—2,...,1,2,3,1,2, 1.

The evolution of the quiver for Confs Agp,y,,,, is just as in the case for
Confs Ay, , as pictured in Figures 11 and 12, with the only difference being that
each white vertex is replaced by two black vertices.
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Figure 34. The quiver and the functions for Confs A, after performing the
sequence of mutations of x;; having maximums 1, 2, 3.

In Figure 34, we depict how the quiver for Conf; . Ag,;,,o changes after
performing the sequence of mutations of x;; having maximums 1, 2, 3.

Note that in Figure 34, we have changed which of the doubled vertices shown.
This is because mutation of vertices adjacent to the doubled vertices changes how
they are connected to each other. It is not difficult to see that we end up with the
functions and quiver as depicted.

In Figure 35, we depict the state of the quiver after performing the sequence of
mutations of x;; having maximums 1,2,3;1,2,3,1,2;and 1,2,3,1,2, 1.

From these diagrams the various quivers in the general case of Conf; Ay, .,
should be clear.

THEOREM 5.8. The sequence of mutations (5.4) realizes the S; symmetry (A, B,
C) —> (A, C, B) on COI’lfg ASpin2n+z'
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Figure 35a. The quiver and the functions for Confs Agy,,, after performing the
sequence of mutations of x;; having maximums 1, 2, 3, 1, 2.

Proof. If max(i, j) = k, then x;; is mutated a total of n — k times.
J> to x;;. Thus the

n—i

Recall that when i > j, we assign the function (

n+2+4i—j
function attached to x;; transforms as follows:

n—i 2n+1,n—i—1 2n,n—1i—2
il — jt+1)— Jt2) =
n+24i—j ndi—j+3 nti—j+4

n+i+3,1 n+i—+2 n—i
— n—i+j—-1]— n—i+j|= n+24i—j
2n+1—7j 2n+2—j J

o ) . ) n—i,2n42+i—j
Wheni < j and i # 0, we assign the function ( j) to x;;. Thus the

n+2
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Figure 35b. The quiver and the functions for Conf; Ag,,,, after performing the
sequence of mutations of x;; having maximums 1,2, 3,1, 2, 1.

function attached to x;; transforms as follows:

n—i,2n+2+i—j n—i—1,2n+14i—-j
il = j+1
( n+2 ) ( n+3 )
n—i—22n4+i—j j—i+lL,n+i+3
_>( j+2>—>-"—>( n—l)
n+4 2n+1—j

j—i,n+i+2 n—i,2n+2+i—j
2n4+2—j J

The proof is identical to the case where G = Sp,,. Note that we do not
mutate any of the vertices that have square roots. However, the functions with
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square roots are involved in the mutations, as we mutate vertices adjacent to them,
namely, the vertices x; ;.
We then need to use that

n—i,n+2+1i n—i,n+2+1i n—i,n+2+1i
n+1%] - n+1] = n+2],
\ n—+1* \ n+1 n
n—i,n+2+1i n—i,n+2+1i n—i,n+2+1i
n+1*] - n+1] = n+2
\ n+1 \ n+1* n

(5.5)
Both these identities are a consequence of the fact that
Auin*wn*,w,,* ()C) : Au,»,,*wn,a),, ()C) == Au,-n* (@ +w,% ), @+, % (x)
Using these identities, we reduce all the mutation identities to those appearing

in the cactus sequence. O

The above sequence of mutations takes us from one seed for the cluster algebra
structure on Conf; Ag,;,,,., to another seed where the roles of the second and
third principal flags have been reversed. Thus, we have realized the first of the
transpositions necessary to construct all the S; symmetries of Confs Agp;n,,., -

5.5.2.  The second transposition. Let us now give the sequence of mutations that
realizes that S5 symmetry (A, B, C) — (C, B, A).

The sequence of mutations is as in the case of Spy,, (3.4):

xn—l,nv xn—l,n*7 xn—2,n—17 xn—2,nv xn—2,n*7 xn—3,n—2: xn—3,n—1v xn—S,n’ xn—3,n*’

ey X125 e ooy Xy X p*
xnfl,n, xnfl,n*’ xn72,n717 xn72,n7 xn72,n*’ xn73,n727 xn73,n71 y Xn—3.n5 xn73,n*7
...,X2’3, ---7x2,n’ ---7x2,n*7
xn—l,n’ xn—],n*a xn—Z,n—l ) xn—2,n’ xn—2,n*a xn—3,n—2’ xn—3$n—1 ) xn—3,na xn—3,n* )

(5.6)

'--ax3,4,-~7x3,n’-"7x3,n*7

Xn—1,ns Xn—1,n%s Xn—2n—15 Xn—=2.n> Xn—2,n*s Xn—3n-25 Xn—-3.n—1> Xn—3,ns Xn—-3,n*»
Xn—1,n» xnfl,n* ) xn72,n71 ) xan,n y Xn—2.n*>
-xn—l,n ) xn—l,n* )

The sequence can be thought of as follows: we only mutate those x;; withi < j.
At any step of the process, we mutate all x;; in the kth row (the kth row consists
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Figure 36. The quiver and functions for Conf; Ag,,,, after performing the
sequence of mutations of x;; inrows 4, 3,2, 1.

of x;; such that i = k) such that i < j (we will consider that » — 1 < n and
n — 1 < n*). The sequence of rows that we mutate is

n—-1,n-2,...,2,1,n—-1,n-2,...,2,n—1,...,3,...,.n—1,n—2,n—1.

As in the previous transposition, the evolution of the quiver for Confs Agp;,, .,
is just as in the cases for Conf; Ag,,, and Confs Ay, .., as pictured in Figures 15
and 16, with the only difference being that each white vertex is unfolded to give
two black vertices.

In Figure 36, we depict how the quiver for Conf; Ag,,, changes after
performing the sequence of mutations of x;; in rows 4, 3, 2, 1.

In Figure 37a, we depict the state of the quiver after performing the sequence
of mutations of x;; inrows 4,3,2,1,4,3,2;inrows 4,3,2,1,4,3,2,4, 3; and in
rows 4,3,2,1,4,3,2,4,3,4.
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Figure 37a. The quiver and functions for Conf; Ag,;,, after performing the
sequence of mutations of x;; intows 4,3,2,1,4,3, 2.

From these diagrams the various quivers in the general case of Conf; Agp;,, .,
should be clear.

Recall the functions defined via Figure 15. They will appear when we perform
the sequence of mutations above. In particular, we make use of functions of the

form
n—i,n+2+1i
n—j,n+2+j].
n4+ 10 416

These functions are invariants (unique up to scale) of the tensor products
V2w ® Viw, ® V2w,,,j]spi"2n+z’

Spinyy,
[Van_,- & V4w,,* & V2a)y,_j] pina +2’
or
Spin
[VZw,,,i &® V2w,,+2w,,* ® Van,j] P nt
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RN
)

G

\

Figure 37b. The quiver and functions for Conf; Ag,;,, after performing the
sequence of mutations of x;; inrows 4,3,2,1,4,3,2,4, 3.

These functions will have square roots which are invariants (again, unique up
to scale) of the tensor product

]Spin2n+2
n—j ’

[an—i ® VZLL),, ® Vw
[an—i ® VZa),,* &® Vw"ij]spi”bwz’

] Spina,i2

[un—i ® an+0)n* ® Vw

n—j

n—i,n+2+1i
n—jn+2+j

Thus

n4109p 416

is a well-defined function on Confs Ay, ,-
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Figure 37c. The quiver and functions for Confs Ag,;,,, after performing the
sequence of mutations of x;; inrows 4,3,2,1,4,3,2,4,3,4.

Note that in the above sequence of mutations, x;; is mutated i times if i < j.
We can now state the main theorem of this section.

THEOREM 5.9. The sequence of mutations (5.6) realizes the S3 symmetry (A, B,
C) — (C, B, A) for Conf; Ag,in,, .,

Proof. If i < j, then x;; is mutated a total of i times. Recall that wheni < j < n,
n—i2n+1+i—j

we assign either the function < ,) to x;;. In these cases, j < n, the

n
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function attached to x;; transforms as follows:
n—i,2n+24i—j n—i+1,2n+14i—j
VN B j—1,n+3
n+2 n,n—+2

n—i+22n+i—j

N j—2,n+4
n,n+2
n—12n+3—j
n,n+2
2n+2—j j
— j—in+i+2] = n—i,2n+24i—j
n n+2

For j = n or n*, the mutation sequence is similar, but a bit more subtle, and
depends on whether n — i is odd or even. First note that the functions attached to
Xi, and x;,« involve square roots. Let us first consider x;,. We have the following
cases:

e If n is even and i is odd, then the square of the function attached to x;,
transforms as follows:

n—i,n+i+2 n—i+1,n+i+1
n+1)] — n—1n+3
n+1 n+ 1% n+1*
n—i+2,n+i
— n—2,n+4
n+1l,n+1
n—1,n+3
n+1,n+1
n+1*
— n—i,n+i+2
n+1*

e If nis odd and i is even, we have:
n—i,n+i+2 n—i+1l,n+i+1

n+l1] — n—1,n+3
n+1* n+1,n+1
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n—i+2,n+i n—1,n+3
— n—-2,n+4] —> --- —> n—i+1l,n+i+1
n+1% n+1* n+1,n+1
n+1*
— n—i,n+i+2
n+1*

e If n and i are both even, we have:

n—i,n+i+2 n—i+1l,n+i+1
n+1) — n—1,n+3
n+1* n+1,n+1%
n—i+2,n+i n—1,n+3
— n—-2,n+4) —> ... —> n—i+1l,n+i+1
n+1*,n+1 n+1,n+1*
n4+1*
— n—i,n+i+2
n+1

e If n and i are both odd, we have:

n—i,n+i+2 n—i+1l,n+i+1
n+l1] — n—1,n+3
n+1 n+1*n+1
n—i+2,n+i n—1,n+3
— n—-2,n+4) —> - — n—i+1l,n+i+1
n+1,n+1* n+1,n+ 1%
n+1
— n—i,n+i—+2
n+1

The case of x;, switches all occurrences of n + 1 and n + 1*.

We have already described the quivers at the various stages of mutation. We
must then check that the functions above satisfy the identities of the associated
cluster transformations.

This is the first sequence of mutations where we have to mutate the vertices x;,
and x;,-. We will also make use of functions of the form

a,b
c,d
X,y
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wherex,y =n+1lorn+ 1", anda + b + ¢ + d = 2N. We again use the webs
pictured in Figure 15.

The most general identity takes different forms depending on the parity of n, i
and j. For example, we need to show:

n—i,n+2+i n+1—i,n+1+i
n—jn+2+j|- n—1—jn+34+j
n+1*n+1 n+1,n+1%
n—i,n+2+i n+1—i,n+14+1i
= n—1—jn+3+j]: n—jn+24j
n+1,n+1 n+ 1% n+1*
n+1—i,n+2+1i
+ n—1—jn+24+j
n+2,n
Note that by (4.1),
n—i,n+14+1i n+1—i,n+2+i
n—jn+3+j) = n—1—jn+2+j],
n+2,n n+2,n

which explains the seeming asymmetry of the last term.
The general identity above follows directly from the following identities. Let
i, j < n.Then

°
n—i,n+2+i n+l1—i,n+1+i
n—j,n+2+j n—1—jn+2+j
n+2.n n+2,n+1*%
n+1—i,n+14+1i n—i,n+2+1i
= n—jn+2+j n—l—jn+2+j
n+2,n n+2,n+1*
n+1—i,n+2+1i n—i,n+1+1i
+ n—1—jn+2—j n—jn+2+4j
n+2,n n+2,n+ 1%
°

n+l—i,n+14+1i
n—1—jn+2+j
n+2,n+ 1%
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n+1—i,n+14+1i

= |2 n—1—jn+3+j
n+1l,n+1%
n+1—i,n+1+i
n—jn+2+j],
n+1* n+1*
'y
n—i,n+2+i
n—1—jn+2+j
n+2,n+1%
n—i,n+2+i n—i,n+2+1i
= |2 n—1—jn+3+j]) n—jn+2+j
n+ 1% n+1* n+1,n+1%
°
n—i,n+1+i
n—jn+24+j
n+2,n4+1%
n—i,n+2+i n+1l—i,n+1+i
= |2 n—jn+2+j) n—jint24]j
n+1,n+1% n4 1% n+ 1%

These identities are proved as before. Used in combination with (5.5) we get
the identity we seek.

The other mutations of black vertices will be degenerate specializations of the
above general identity. O

5.6. The sequence of mutations for a flip. In this section, we will give a
sequence of mutations that relates two of the clusters coming from different
triangulations of the 4-gon.

We will need to label the quiver for Confy Ag;n,,., With vertices x;;, yi, with
—n<ig<n, j=12,....n—1,n,n*and j =1,2,...,n—1,n,n*, —1, =2,
e, —(m — 1), —n, —n*. The quiver we will start with is the unfolding of the
quiver in Figure 29, which would give us the quiver for Sping. The vertices will
be labeled as before, except that the vertices x;,« will double the vertices x;,,.

Let N = 2n + 2. We will treat the case of n even. The case where #n is odd is
similar.
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First make an assignment of functions to the edge vertices:

k

N—k| <— y,

n+1

n+1*
n+1*

||
N — |k|

n+1
n+1

n+1*
n+4+1*

|
|

|

|

|
)
g
|

|

|

|

n+1

n+1*
n+1*

N—j

n+1
n+1

n+1*
n+ 1*

N—j

I

!

I

w, for —(n—1)<k<0;

Y—n*,

forO0 < j<n—1;

X—n.j

xfn,n*v

Xpj; forO< j<n—1;

-xnnv

Xnn*s

xo; forO0<j<n-—1;
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n—+1

<> Xon
n—+1
n+1*

<> Xop*.
n+1*

The face functions in the triangle where i > 0 are

i+j
N—i] «—x;, forO<i<n,i+j<n
N—j
n
jti—-nN-i| <« x;, forO<i<n,i+j>n,j<n;
N-—j

<«~—> x;,, for0 <i <n;ieven;
<> X+, for0Q <i < n;iodd,;

n+1*
i,N—i| «<— x;,, for0<i <n;iodd,

i,N—i| «<— xj», for0 <i <n;ieven;

while the face functions in the triangle where i < 0 are

J
li] <~ x;, for —n<i<Olil+j<n
N—il=j
J
i, N+n—li|—j <~ xij, for —n<i<O0,]il+j>n,j<n;
n+2
n+1
lil, N — |i] <«— x;;, for —n <i <0;iodd;
n+1*
n+1
li]l, N — i] <~ x;j, for —n <i <0;ieven;
n—+1
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n+1*
li], N — li] <~ x;j, for —n <i <0;iodd;
n+1

n+1*
lil, N — |i] <— x;j, for —n <i <0;ieven.
n4+1*

REMARK 5.10. Note that our labeling of the vertices is somewhat different from
before. The vertices labeled x;; here correspond to the vertices labeled x,_j; ; in
the previous sections dealing with Confs Ay, .-

REMARK 5.11. Note that to obtain the function attached to x;,« (respectively,
Vu+) from the function attached to x;, (respectively, y,), we simply switch every
occurrence of n + 1 and n + 1%,

As in the cases of G = Sp,, and Spin,,. |, we will have to use some functions
which depend on all four flags. Let N = 2n + 2. Let 0 < a, b, ¢, d < N such that
a+b+c+d=4n+4=2N and b+ c < N. Then we use the web in Figure 17

to define the function
a
b,/ d].
c

a b
T\b/d] =:|c\a].
c d

We now define a second type of function on Confy Agyin,, ,. f a+b+c+d =
2N + n, we define the function

‘We use the notation

using a web similar to the one in Figure 18a. Using the twist map 7', we can also
. a b d
define the functions (b N n+2), (c,d / a), and <n+2 C\ h).
c,d n+2 a
n
Using duality, there is also a function (a f c-d> on Confy Agyin,,., for0 < a, b,

c,d<N,a+b+c+d=3n+4=N+n+2,and c < d. For this function, we
use a web similar to the one in Figure 18b.

. . . a b
Using the twist map 7', we can also define the functions (b \d n), (c,d J a), and
c, n
c,d
<n AN b).
a
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Finally, we will work with the function (avbg c,d) on Confy Asgpin,, ., Where

x,y=n,n+1,n+ 1* or n + 2. These functions are defined by webs similar to
the one in Figure 19.

X
Now if the function (a,b { cnd) on Confy Agpip,,., has either x or y = n + 1%,

then we pull the function back from Confy Ag;, using the map Confy Ag,in,, ., —
Confy Ay, that differs from the standard one by the outer automorphism of
Spin,,., on those flags that have an argument with the symbol .

Note that
X y
a,b /c.d| =(T*"c.d /ab].
y X

Finally, note thatifa +b=c+d = N,x,y =n+ 1 orn + 1%, then

x
(a,b/c,d)
y

is a well-defined function on Confy Agyin,,,,. This is because the representations
V., and V,, of SLy give the same representations of Spiny, and V,, and V,, , as
representations of Spiny, have twice the weight of one of the spin representations.
Thus, for example, when n is odd and a + ¢ is odd,

n+1
a,b / ¢, d
n+1*

is a well-defined function on Confy A, ,-

Now we give the sequence of mutations realizing the flip of a triangulation. The
sequence of mutations is a lift of the sequence of mutations for the cases of Sp,,
and Spin,,y;. The sequence of mutations leaves x_, ;, x,;, y; untouched as they
are frozen variables. Hence we only mutate x;; for —n < i < n. We now describe
the sequence of mutations. The sequence of mutations will have 3n — 2 stages. At
the rth step, we mutate all vertices such that

lil+j <,
j=lil+2n—=2>r,
li|+j=r mod?2.
Note that the first inequality is empty for » > 2n—1, while the second inequality

is empty for r < n.
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REMARK 5.12. For the sake of the above inequalities, we take n + 1* = n + 1,
so that whenever we mutate x;, we will also mutate x;,-. The vertices x;, and x;,+
will not have arrows between them in the quivers that are obtained in the stages
of our mutation process, so they can be mutated in any order.

For example, for Sping, the sequence of mutations is

Xo1,
X—1,15 X025 X11,
X_2,1, X-1,2, Xo01, X035 X03*, X12, X21,
X_2,2, X—1,1, X—1,3, X—1,3%, X02, X11, X13, X13%, X22, (5.7)
X-2,3, X—2,3%, X—1,2, X01, X035 X03*, X12, X23, X23*,

X_1,3, X—1,3, X02, X13, X13%,

X03, X03* .

See Section 3.5.1 for the motivation behind this sequence. In Figure 38, we
depict how the quiver for Confy As,;,, changes after each of the seven stages of
mutation.

The analogue for Confy A, ., should be clear.

We now have the main theorem of this section:

THEOREM 5.13. The sequence of mutations for a flip for Confy Asyin,,., yields
the functions as depicted in Figure 38.

Proof. The proof comes down to a handful of identities used in conjunction, as in
previous proofs of this type.

The main novelty occurs when mutating x;; for j = n or n*. We will handle the
case when j = n. Here we will need to derive some new identities. The general
mutation identity when j = n has one of the following forms.

If a + b is even, we have

n+1 n+1*

a,N—a ,/ b,N-b a+1,N—-a-1 ,/ b+1,N—-b-1
n+1 n+1*
n+1 n—+ 1*

= a+1,N—a—-1 ,/ b,N-—b a,N—a ,/ b+1,N—>b-1
n-+1* n—+1

n
+{a+1,N—a ,/ b,N—b-1
n+2
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Figure 38a. The functions and quiver for the cluster algebra on Confy As);,.

If a + b is odd, we have

n+1* n+1
a,N—a / b,N-—b a+1,N—a—-1 ,/ b+1,N—->b—-1
n+1 n—+1*

<a+1,N—a—1

n+1*

n+1*

n

n+1

n+1

+(a+1,N—a / b,N—b—l).

n+42

V4 b,N—b) (a,N—a / b+1,N—b—1)

We will treat the case where a + b is even. The other case is parallel. The above
identity in turn follows from the following identities:

n
a,N—a ,/ b,N-—b
n+2

)(a+1,N—a
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Figure 38b. The functions and quiver for the cluster algebra on Confy Asg,,;,, after
the first stage of mutation.

n n
=|la+1,N—a , b,N-—b a,N—a / b+1,N—-b—-1
n+1* n+2

n n
+{a+1,N—a / b,N—-b-1 a,N—a ,/ b+1,N—-b].
n+2 n-+ 1*

n
a+1,N—-a ,/ b+1,N—-b—-1
n+1*

n+1 n+1*
= |2la,N—a ,/ b+1,N—-b-1||la+1,N—a-1 ,/ b+1,N—-b—-1].
n+1* n+ 1*
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Figure 38c. The functions and quiver for the cluster algebra on Confy Asg,;,, after
the second stage of mutation.

°
n
<a+l,N—a / b,N—b)
n-+ 1*
n+1* n+1
= 2<a,N—a / b,N—b)(a—l—l,N—a—l / b,N—b).
n+1* n—+ 1*
°
n
(a,N—a S/ b+1,N—b>
n+1*
n+1* n+1
= 2<a,N—a / b—l—l,N—b—l)(a,N—a / b,N—b).
n+1* n+1*
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Figure 38d. The functions and quiver for the cluster algebra on Confy Ay, after
the third stage of mutation.

Simply substitute each term on the left-hand side of the last three identities with
the corresponding term on the right-hand side into the first identity. Canceling will
give the general mutation identity. All other mutation identities for j = n come
from this one using degeneracies. O

6. The space X s

In this section, we explain how to derive the structure of a cluster ’-variety on
Conf,, Bg. In [FG2], the authors explain how to construct from a cluster A-variety
the corresponding X'-variety. We have shown above that Conf,, A is birational
to a cluster A-variety when G is a classical group. We would like to show the
following:

THEOREM 6.1. Conf,, Bg has the structure of a cluster X -variety. This is the X -

variety which is attached, via the constructions of [FG2], to cluster structure that
we have constructed on Conf,, Ag.
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Figure 38e. The functions and quiver for the cluster algebra on Confy Ag,;,, after
the fourth stage of mutation.

—

Let us recall the constructions of [FG2] discussed in Section 2.6. Suppose we
have a cluster A-variety with seed X = (I, Iy, B, d). Then for every nonfrozen
index i € I, there is a cluster variable X;. There is a map from p : Ay — X
given by

prxy =A%
jel

Let A be the cluster A-variety associated to Conf; Ag, and let X be the initial
seed we constructed. Then let us first compute the functions p*(X;) and see that
they descend to the space Conf; Bg. Recall that all the cluster functions A; that
we constructed on Confs A were invariants of tensor products:

A eVi®V, V]

Now recall that G/ U has a left action of H, the Cartan subgroup. The functions
on G/ U decompose as
Dv.

A€y
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Figure 38f. The functions and quiver for the cluster algebra on Confy Ag,;,, after
the fifth stage of mutation.

-

Moreover, h € H acts on the summand V; by A(h).
Correspondingly, on Conf; A there is an action of H?, and (h, h,, h3) acts on
the summand
[V, @V, ®V,]°

by
Alh)p(hy)v(hs).

From this action, it is easy to check case by case that the action of H> on
p*(X;) is trivial. In other words, the function p*(X;) descends to the quotient of
Confs A by H?, which is precisely Confs Bg.

Now we must check that the torus X’x is birational to Conf; B;. From the above,
we clearly have a map p’ : Conf; B; — X, so that all the functions X; can be
viewed as functions on Conf; Bs. We will show that they parameterize an open
set in Conf; B.

To do this, we will adapt the results of [FG4] and [W] on parameterization of
double Bruhat cells G**, applied to the particular Bruhat cell G**-°. Let us recall
the setup. Recall that the functions on Conf; A; were associated to a reduced
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Figure 38g. The functions and quiver for the cluster algebra on Confy Ag,;,, after

the sixth stage of mutation.

word composition for wy. For the cases where G = Sp,,, Spina, 1, Sping, 2,

they were as follows:
n
Wo,Spy, = Wo,Sping, = (SnSp—1 - - 5281)".

n
Wo,Spingis = (Snsn*snfl e S2S1) .

The functions A;; attached to the vertices x;; for i > 0 were associated to the

subwords
i—1
Wij = (SpSp—1 - 52851) " SpSp_y -8,

i1
Ui = (SuSusSn—1 - $251)" SpSpusSu_t - - 8;.

Let X;; be the X'-function attached to the vertex x;; for 0 < i < n (the vertices
x;j fori = 0 or n are frozen, so do not give variables on the X-space). It is known

that there is a parameterization of Conf; B¢ given by three flags

(B*,u"B*,B"),
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Figure 38h. The functions and quiver for the cluster algebra on Confy Ay, after
the seventh and last stage of mutation.

where u~ is determined up to the adjoint action of H. Let 5~ be an element of B~.
Then there is a natural projection

7 :B” — H= B/[B, B].
The choice of opposite flags BT and B~ gives an inclusion
i:H— B
Then let
p(b7) =i(m(b )b

This associates to each element of B~ an element of U ~. We will be interested in
p(b7) up to the adjoint action of H.

Then the coordinates X;; give a parameterization of u~ by the following
formula:

u- = pb),
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where

b~ _Fva(Xn ) - Fszz(X_ 1) FiHyy (X_ L) -

6.1
FnHw,y(Xln )... Fszzv(X12 )Fle]v(X” VF, ... 3 F

when G = Sp,, or Spiny,, and

b™ = EleV*(X,: 1,,)E1*vaf(xn ln*) . FZHwZ (X_ 12)F1Ha)] (X_ 1, 1)

FyHoys (X7, Foe Hyr (X70) .. FaHoy (X)) FiHoy (XD Fu B . Fs P Fy

when G = Spin,,,. Let us explain the notation above. Here, F; are the usual
generators of the ™ associated to the simple roots. ;" is the fundamental weight
attached to the i"" node of the Dynkin diagram for the simply connected form
of GV; w* is the fundamental weight for the representation dual to the one with
weight ;. (All the representations of Spin,,, are self-dual except possibly the
spin representations, which are either self-dual or dual to each other depending
on n, so we could have more uniformly written w;* everywhere.) The weights
for G are the coweights for the adjoint form of G, and H,y is the cocharacter
attached to this coweight.
Thus the functions X;; give a parameterization of Conf; Bg.

REMARK 6.2. Replacing the B-matrix by its negation does nothing to change
the A space, but it replaces all the functions X;; on the X’-space by their inverses.
It is a matter of convention how one chooses the signs of the B-matrix. If one
uses the opposite convention to the one we have chosen, one would replace all
the expressions Hw‘/v (Xi;l) above by ijy (X;;), slightly simplifying the above
formulas.

REMARK 6.3. An astute reader will notice that our formulas differ slightly from
those found in [FG1]. We correct here an error in that paper. The formulas
in [FG1] give a factorization of an element in B~ in terms of snakes, which
are defined using intersections of subspaces coming from a configuration of
three flags. The resulting parameters X (which correspond to our X;;) in their
formulas are then calculated using snakes. However, the X-coordinates in [FG1]
are defined in terms of projections onto various subspaces. Thus they are dual to
the snake parameters. This explains the discrepancy above.

We then need to check that for any gluing of triangles to get a structure of an

A-space on Confy Ag, the X-coordinates on the edge gluing the two triangles
parameterize gluings of configurations in Conf; B; to get a configuration in
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Confy Bg. In other words, there is an equivalence
Conf, B; =~ Conf; Bg x H x Conf; Bg.

Let us examine the X'-coordinates on the X’-space corresponding to the A-space
Conf, Ag. We showed above that the face X'-coordinates parameterize the two
copies of Conf; Bg. Then we need to see that the edge X’ coordinates parameterize
H, the space of gluings.

Explicitly, we have that H acts by shearing the configuration of four flags in
the following way:

h:(B ", u"BY,B",u™B™) — (BY,u"B*,B~,hutB").

It is then a simple matter to check that the edge X'-coordinates a torsor for H. For
simplicity, let us consider the cluster structure on Conf; A for G = Sp,, with
the vertices labeled as in Figure 16: we have vertices x;;, yx, with —n < i < n,
1 < j<nand1 < [k] < n. Then the edge vertices are xy;. An easy calculation
shows that

PROPOSITION 6.4. An element h € H acts on xy; by oj(h), where a; is the jth
simple root of G'.

Note that because G’ is adjoint, the simple roots «; span the weight lattice.

Proof. The proof reduces to a computation. Suppose we have a configuration of
flags
(B~,u™B~,B",u"B").

We can lift it to a configuration in Confy Ag:
U, utU~, U, u"U").

We can calculate the action of H on Conf, _G by lifting it to an action of H on
Conf, Ag:
h: (U_, A], U+, Az) — (U_, Al, hU+, hAz)

Then we can easily calculate how H acts on the functions on Conf, Ag. Confy Ag
is glued from two copies of Conf; Ag, and the action on these two copies is as
follows:

h: (U™, A, U — (U, A, hU").
h: (U, U A) — (U ,hU*, hAy) = (WU, U, Ay).
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Now the ring of functions on Conf; A; has a triple-grading by dominant
weights; there is a grading by dominant weights for each flag. Suppose we have a
function

feVi®@V,®V]°.

Then the map
h: (U ,A,UYY — (U ,A,hU")

acts on this function by v(h), thatis, f(h - x) = v(h) f(x), and the map
h: (U, U A) = (h7'U, U, Ay)

acts on this function by A(wy(h™")), thatis, f(h - x) = A(we(h™")) f(x). Using
the formula p*(X;) =[], Afij , we get our result. O

Thus the edge coordinates on the X’ space give the usual ‘shear’ coordinates.
The usual cutting and gluing arguments allow us to conclude the following:

THEOREM 6.5. The spaces Ags and Xg s together have the structure of a
cluster ensemble.

7. Applications

Let (A, X) form a cluster ensemble, attached to the seed data ¥ = (I, I, B,
d). Then the results of [FG2], [FG3] and [FGS5] give a deformation quantization
A&, of the space X', as well as representations of this quantum algebra on a Hilbert
space. Moreover, on this Hilbert space, we get a natural projective unitary action
of the cluster modular group of (A, X).

The results of this paper can be interpreted as saying that, first of all, (Ag s,
Xs s) is a cluster ensemble whenever G is a classical group; and second, that
in these cases, the cluster modular group of (Ag. s, Xs.s) contains the mapping
class group of S. Thus, we get a projective unitary representation of the mapping
class group of § coming from the higher Teichmuller spaces A¢. s and X/ s. This
is the kind of data one expects to get from a modular functor. It remains an open
question whether these projective unitary representations fit together to give a
modular functor. This was conjectured by Fock and Goncharov in [FG5]. In [T],
Teschner discusses this conjecture and describes progress in the case of SL,.

In this section, we sketch how to construct the space X, and the Hilbert space
it acts on.

Consider the seed ¥ = (I, Iy, B,d). The B-matrix encodes the Poisson
structure on X. Let

é,‘\j == b,‘ jd je
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There is a canonical Poisson structure that is given in the torus chart X’x by

This at first glance seems to depend on which torus chart Xy we are using, but it
turns out to be invariant under mutations.

In order to quantize the space X, we first construct a g-deformation of each X'y,
which we will call Xy, ,. X5, will be a quantum torus. It is given by generators
X;,i € I and commutation relations

XX, =q X X, (7.1)

Thus each seed gives a quantum torus. We now need to glue together these
quantum tori, that is, find algebra maps between skew fields of fractions of the
noncommutative algebras Xy, that quantize the maps between the algebras X’5.

Recall that if X’ is obtained from X' by mutation at k € I \ I, we have a
birational map pu; : Xs — Xx. Itis defined by

X;(1+X D™ ifby >0,i #k,
WX =3 X;(1 4+ X))~ if by <0,i #k, (7.2)
X! i=k.
Now set
a = q*.
We define the quantum mutation uf : Xs , --» X5/, by

_ _ _ _ 1-2|b; S . .
Xi((+a. X DA+ XD g R by = 0,0 £k,
* =
WD =1 X0+ X0+ a2 Xp) . (1 + g% ) itbix < 0,i #k,
X! i=k.

(7.3)

Setting ¢ = 1 recovers the space X. The fact that ©?* gives a map of algebras
follows from decomposing it as a quantum torus isomorphism and conjugation by
the quantum dilogarithm, [FG2].

Now consider the special case of the space Xy s. Suppose that S has n
boundary components. Then the monodromy around each boundary component is
an element of the Borel subgroup B’ C G'. There is a natural projection B’ — H.
Therefore, we get a map

VN XG’,S — H".
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It turns out that the functions on H" are precisely the center of the algebra of
functions on Xy g, that is, they Poisson-commute with everything. The fibers of
7 are the symplectic leaves of Xy .

Every choice of a point in ¢ € H" prescribes values for the center of the algebra
of functions on Xy 5 ,. The remaining functions form an algebra very close to
a Heisenberg algebra, and hence have a unique representation (by unbounded
operators) on a Hilbert space .. This Hilbert space gives a projective unitary
representation of the mapping class group of S.
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