ON THE VOLUME CONJECTURE FOR POLYHEDRA

FRANCESCO COSTANTINO, FRANCOIS GUERITAUD AND ROLAND VAN DER VEEN

ABSTRACT. We formulate a generalization of the volume conjecture for planar graphs.
Denoting by (T, ¢)V the Kauffman bracket of the graph I" whose edges are decorated by
real “colors” ¢, the conjecture states that, under suitable conditions, certain evaluations of
(T, | kc])Y grow exponentially as k — oo and the growth rate is the volume of a truncated
hyperbolic hyperideal polyhedron whose one-skeleton is I' (up to a local modification
around all the vertices) and with dihedral angles given by c¢. We provide evidence for it, by
deriving a system of recursions for the Kauffman brackets of planar graphs, generalizing
the Gordon-Schulten recursion for the quantum 6j-symbols. Assuming that (T, |kc|)Y
does grow exponentially these recursions provide differential equations for the growth
rate, which are indeed satisfied by the volume (the Schlafli equation); moreover, any
small perturbation of the volume function that is still a solution to these equations,
is a perturbation by an additive constant. In the appendix we also provide a proof
outlined elsewhere of the conjecture for an infinite family of planar graphs including the
tetrahedra.
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1. INTRODUCTION AND BASIC DEFINITIONS

1.1. The Volume Conjecture. The Volume Conjecture, initially formulated by R. Kashaev

[9] and then recast in terms of evaluations of colored Jones polynomials by Murakami and

Murakami [13], states that if k¥ C S® is a hyperbolic knot, and if J,,(A) € Z(A*1) is the n*®

colored Jones polynomial of the knot, normalized so that its value on the unknot is 1, then
1
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log (Jn (eXp ;Z)) ‘ = Vol(S3\ k).

Here i € C is a square root of —1, chosen once and for all.

The conjecture in the above form has been formally checked for the Figure Eight knot
[13], for torus knots [10] and their Whitehead doubles [25]. It was also generalized to links
and verified for the Borromean link [14] and later for infinite families of links and knotted
graphs in [23, 24]. Moreover, there is experimental evidence of its validity for the knots
63, 89 and 83 [15]. In [4], an extension of the conjecture was proposed to include the case
of links in connected sums of S? x S'; this extension was proved for the infinite family of
“fundamental shadow links” contained in connected sums of copies of S? x S'. In [6], a
further extension of the conjecture was proposed for links in arbitrary manifolds. Recently
another extension was proposed in [16].

One of the main difficulties of the conjecture is that in general it is difficult to understand
in sufficient detail the rigid geometric structure of the knot complement. To avoid this
problem, the first author formulated [2] a version of the conjecture for planar trivalent graphs
and outlined a proof of the conjecture for an infinite class of cases. The intersection of the
family of planar graphs with that of knots consists of the unknot, so the new conjecture is
actually a generalization in a new direction, in which the topology of the complement of the
graphs is easy (it is always a handlebody) and the geometry is rich (polyhedra can deform)
without being inaccessible. Indeed we show that under suitable combinatorial conditions the
asymptotical behavior of the invariants we consider is related to the hyperbolic volume of
the polyhedra whose one-skeleton is described by the graphs. Since a graph has more than
one edge, colored Jones polynomials are no longer sufficient to describe the full deformation
space of these polyhedra; so our conjecture deals with the natural generalization of these
invariants to graphs, namely the Kauffman brackets (also known as quantum spin networks).

the following holds:

. 2T
lim —
n—,oo M

1.2. Framework, notation, and results.

1.2.1. On hyperideal hyperbolic polyhedra. Let K® C R® be the open ball representing the
hyperbolic 3-space via the Klein model. Let P C R? be a finite convex Euclidean polyhedron
such that each vertex w; of P lies in R3 \ K3 and each edge of P intersects K. Let C;
be the cone from w; tangent to K3 and 7; be the half-space not containing w; such that
Om; N OK? = C; N OK3. In all the paper we will assume that the 1-skeleton of P, denoted
P is a trivalent graph.

Definition (Truncated hyperbolic hyperideal polyhedra). Given P as above the associated
truncated hyperideal hyperbolic polyhedron is P := P N, m; (see Figure 1). We will
say that a planar graph T C S? is the 1-skeleton of P (or, with an abuse of notation, of
Ptwe) if there is a homeomorphism mapping (S2,T) into (P2, P(1).

(Observe that (P*"¢)(1) is homeomorphic to the graph obtained by replacing each vertex
of P by a triangle as follows: L ~ A.)

A geometric structure on a truncated hyperideal polyhedron is uniquely identified
by the exterior dihedral angles at the edges of P hence, if I' = (P""¢)() by a map
v : E(T) — (0,7], where E(T') is the set of edges of I'. 'We denote A(P) the set of all
possible such angle structures; by a theorem of Bao and Bonahon [1] (see Section 2 for more
details), A(P) is a subset of (0,7]¥ cut out by a finite list of linear inequalities. (We are
including the dihedral angle m which corresponds to the case when an edge of P is tangent

Ptrunc
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FIGURE 1. An example of P*""° (in this case, in red, a truncated tetrahe-
dron): remark that P is compact unless one of the edges of P is tangent
to OK3.

to K3, in which case the corresponding edge in P'"""¢ reduces to an ideal point.) To specify
a geometric structure on P™¢ we will write P""¢(v) for some v € A(P).

If each edge of P intersects JK? in 2 points (equivalently if v(e) € (0,7) for all edges) it
is easy to check that P'™8¢(y) is a compact hyperbolic polyhedron whose edges are of two
kinds: those contained in the truncation faces (i.e. in U;(d7;) N'P) and the remaining ones
which are contained in the edges of P. The latter edges of P™"¢(v) have well-defined finite
lenghts ¢; and exterior dihedral angles given by ~;. Edges that are reduced to ideal points
(with 4; = 7) have length ¢; = 0. We will denote by Vol : A(P) — R the function that
associates to each set of dihedral exterior angles v € A(P) the hyperbolic volume of the cor-
responding P""¢, Tt is well known that Vol : A(P) — R is smooth and satisfies a differential
equation called the Schlifli formula, stating that d Vol = %ZZ £;d;. In particular,

aVol(y)

1 6 =20
(1) o

Here is a paraphrase of the result we prove in Section 2.1:

Theorem 1.1. Let P%U¢ be q truncated hyperideal polyhedron.
a. For each face of P*™™¢ there is an SLa(R)-valued equation satisfied by Vol : A(P) —
R of the form:

ai(v) bi(x) (cosh(4) sinh(fﬂ) _
(2) H (cm) di(w)> (sinh(&') cosh(%) = —ld

where i Tuns over all the edges of P contained in the face, {; = 26\/807,157) are the edge
lengths of the interior edges of P™¢ and a;, b;,c;,d; are explicit smooth functions
of the dihedral angles of P adjacent to the face.

b. Moreover, if f : U — R is a function of class C' defined on an open connected
subset U of A(P), that is close enough to Vol in the C! sense and satisfies all the
SLa(R)-valued equations (2) associated to the faces of P, then f— Vol is a constant.

We stress that the definition of these equations is purely geometric and does not depend
on any quantum object. The equations as in (2) can be seen via (1) as polynomial equations
relating the exponentiated dihedral angles and exponentiated edge lengths of P8¢ or
alternatively, as partial differential equations satisfied by the volume function.

1.2.2. Invariants of framed graphs, statement of the conjecture and the main result. We turn
now to the statement of the volume conjecture for polyhedra.
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Definition (KTG). A Knotted Trivalent Graph (KTG) is a finite trivalent graph T' C S3
equipped with a “framing”, i.e. an oriented surface retracting to T (seen up to isotopy fixing
I'). We denote by V the set of vertices of I' and E the set of edges.

Definition 1.2 (Admissible coloring). A coloring of I' is @ map ¢ : E — & (whose values
are called colors); it is admissible if for allv € V, if e;, e, e, € E are the edges touching v,
the following conditions are satisfied:

a. ce;) +c(ej) = cler), clej) +cler) = cles), cler) + cle) = c(e;)

b. c(e;) + c(e;) + c(er) € N.

As we shall recall in Section 3, given a KTG T' equipped with a coloring ¢ there is an
associated invariant of isotopy of (T, ¢), called the unitary Kauffman bracket (or quantum
spin network), denoted (I, ¢)Y, valued in the space Hol of functions which are holomorphic
on the interior of the unit disc D C C and whose square is the restriction of a meromorphic
function on C (see Remark 3.7).

Definition (Real coloring). Given a sequence of colorings (cp)nen on I' we define the real
coloring 5 as the map ¥ : E — R given by 7¥(e) = limp 00 enle)  We will always tacitly
assume that these limits exist for all e € E, for all the sequences we shall consider. We will

also let v : E — R be defined in terms of 7 as
~v(e) = 2w (1 —7(e)), Ve € E.

Remark. Clearly 7 satisfies weak triangular inequalities as in Definition 1.2—a. Conversely,
given a map ¥ : E — R satisfying strict triangular inequalities around vertices, one can
produce a sequence (¢ (7))nen of admissible colorings of T' whose limit is 5 by setting e.g.
(cn(y))(e) := |F(e)n]. Here and below we take || to be the greatest integer less than or
equal to x.

Definition (Evaluation). Let f be the restriction to D of a meromorphic function on C;
we denote by evy,(f) the first nonzero coefficient of a Laurent series expansion of f around
A =exp(Zh).

More generally if f is a holomorphic function on D such that f? extends meromorphically
to C, then we let ev,(f) := £/evy(f2) (in what follows only the modulus of ev, will be
relevant to our computations).

Conjecture 1.3 (Volume Conjecture for polyhedra). Let T' = PM) and let v : E — (0, 7]
be the exterior dihedral angles of P. Let also 7 :=1— 5= and (cn(7))nen be the sequence of
integer colorings defined by c,(y) = |ny]. Then the following limit holds:

lim = log [ev, (T, ¢ (1)) U] = Vol(P™™™(4)).

n—o00 N

The factor 7 instead of the usual 27 in the original volume conjecture can be explained
by viewing the polyhedron als one half of the geometric decomposition of the complement
of the planar graph. In the special case v = 7 the above agrees with the conjecture in [24].

The following result, announced by the first author in [2], can be deduced from the results
in [3] but we provide a proof in the Appendix for the sake of self-containedness:

Theorem 1.4. Let I' be a planar graph obtained from a tetrahedron by applying any finite
sequence of the local moves L -~ A. Then T is the 1-skeleton of a hyperbolic ideal polyhedron
Pr and for each v € A(Pr) Conjecture 1.3 holds true.



ON THE VOLUME CONJECTURE FOR POLYHEDRA 5

Unfortunately there are plenty of trivalent graphs which cannot be obtained as above
from a tetrahedron: e.g. the 1-skeleton of a cube. The main result of this paper is to provide
evidence for Conjecture 1.3 in these other cases. Let T' = P(1) and v € A(P); let also
(cn(7))nen be a sequence of colorings on I' with lim,, CTM =7 =1— 5-. From now on
we will make the following assumption:

Assumption 1.5. There exists a function f : A(P) — R of class C* such that for each
map 6 : E() — {—3,0,3} satisfying the second condition of Definition 1.2 the following
limits hold:

lim lim
n—o0 Aﬁexp(;%) <Facn(7)>U

(Lycn(r) +9)Y of
— T —exp Z 25(61')8in
e; €E(T)
The limit can be seen as a form of C' convergence of the growth rate of the evaluations
to the function f. Indeed, if ev, ((T',c,(7))) ~ exp(nf(v)) for some regular function f :
A(P) — R and if the asymptotic approximation is itself regular enough, then the above
limit holds. (So, although exponential growth does not formally imply Assumption 1.5, it
does under suitable regularity hypotheses.)
So our main result below roughly says that if the growth of evaluations of quantum spin
networks with underlying graph T is exponential and well-behaved (Assumption 1.5), then
the growth rate resembles the volume. More precisely we have:

Theorem 1.6. LetI', P, v and ¢, () be as above and let f be the function whose existence
s supposed in Assumption 1.5. Letting {; = 2%, then for each face of P equation (2) is
satisfied.

By Theorem 1.1-b, this is a strong indication towards the fact that the growth rate
function f differs from the volume by at most a constant. Of course one of the main
questions left open by this work is whether Assumption 1.5 does hold, or at least under
which geometric or topological conditions it does.

The proof of Theorem 1.6 is based on the construction of a set of explicit recursion
relations which are satisfied by the invariants (I, ¢,,). The existence of these recursions can
be proved in general via the techniques used in [8], but it is typically very hard to compute
it. We show that for planar graphs there is an easy way of producing such recursions
(see Proposition 4.3); in the special case when I' = (L) our recursions recover the well
known Gordon-Schulten recursion for 6j-symbols of U, (sl2). Then we prove Theorem 1.6 by
studying the asymptotical behavior of the coefficients of these equations, which, surprisingly
enough, turn out to be strictly related to those of the geometric Equations (2).

1.2.3. Plan of the paper. Section 2 collects facts about hyperbolic polyhedra, including The-
orem 1.1. Section 3 contains the definitions and main properties of the quantum invariants
(T, c)Y. The recursion relations satisfied by (T',¢)V are shown in Section 4; these are used
in Section 5 to prove Theorem 1.6. Finally in Appendix A we prove Theorem 1.4.

1.2.4. Acknowledgements. F.C. and F.G. were supported by the Agence Nationale de la
Recherche through the projects QuantumG&T (ANR-08-JCJC-0114-01) and DiscGroup
(ANR-11-BS01-013), ETTT (ANR-~09-BLAN-0116-01) respectively. F.G. was also supported
by the Labex CEMPI (ANR-11-LABX-0007-01). RvV thanks the Netherlands organization
for scientific research (NWO).
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2. GEOMETRY OF HYPERIDEAL HYPERBOLIC POLYHEDRA

Let P and P%™"¢ be as in Subsection 1.2.1 and let P* be the polyhedron dual to P and
E* = E(P*) be its set of edges which is naturally in correspondence with E(P); in what
follows we will implicitly use this correspondence to translate a map v : E(P) — (0, 7] to
one v* : E(P*) — (0,7]. Let I' be a planar graph and I'* be its dual. A result of Steinitz
shows that I' can be the one-skeleton of a convex polyhedron in R? iff I'* is 3-connected i.e.
it cannot be disconnected by deleting 0,1 or 2 vertices. So we shall suppose from now on
that I' is 3-connected.

The following theorem, proved by X. Bao and F. Bonahon (Theorem 1 of [1], see also
[19]), allows one to identify the set A(P) of possible angle structures on P""c:

Theorem 2.1. A map v : E(P) — (0,7] is the set of exterior dihedral angles on a hyperbolic
hyperideal polyhedron combinatorially equivalent to P iff each simple closed curve c in the 1-
skeleton of P* satisfies ) ... v*(e) > 2w, and each path ¢’ composed of edges of P* such that
oc is contained in the closure of a single face of P* but ¢’ is not, satisfies Y .., v*(e) >,
where the sums run over the edges of P* contained in ¢ (resp. ). Such a map ~ identifies
Pt yniquely up to isometry.

Example 2.2 (The hyperideal tetrahedron). If P is a tetrahedron, then so is P* and if the
set of exterior dihedral angles on P is («, B8,7) (on three edges adjacent to a vertex of P) and
(o, B',4") on the respective opposite edges, then the conditions for closed curves provided in
Theorem 2.1 impose the following inequalities:

(3) a+B+y>2m, o+ B+ >2md +8 +v>2ma+ 8 ++ > 2,
(4) o +a+B +>2m o +aty+y >2m BB +y+Hy > 27
But since all the angles are in (0,7, Condition (3) entails that the angles on any two
adjacent edges sum to more than m, which implies both (4) and the condition on non-closed

paths in Theorem 2.1. One also has o+ —~ > 0 (and similarly for all triples of angles
around a vertex).

2.1. Theorem 1.1-a: Geometric equations associated to faces of P. Let F c H? C
H? be a compact, convex polygon with 2p edges and whose exterior angles are all 5. Let

Vo, V1,...V2p = Vg be its vertices and let éj,j+1 = length(vjvj+1); let C(Ujl}j+1) = C(Ej,j—i-l)
where: ; ,
hs sinh s 1 /1 -1
c) = <C9S i %) , and let M :=— ( ) :
sinh 5 cosh 5 V2 A\l 1

Proposition 2.3. The following holds:

2p—1
H MC(UjUj+1) = MC(ng_l’Uo)MC(ng_QUQP_l) e MC(U(), Ul) = —Id.
=0

Proof. In the upper-half plane model of H2, up to isometry, we may suppose that vy = i and
that the edge vov; is on the geodesic L connecting —1 and 1, that its points have negative
real part and finally that all the other vertices v; of the polygon F are contained in the
unit disc. The isometry represented by C’(1T111> ) slides the edge along L until v; = i, then
the matrix M applies a —7 rotation with center i. This isometry has then moved v; in the
same position as the initial position of vy and we can iterate the process until vy returns to
its initial position. The identity expresses the fact that these isometries overall describe the
identity map, the minus sign is due to the fact that we are working in SLo(R) thus a full
turn lifts to —Id. O
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Let us recall the second law of cosines for hyperbolic triangles:

Proposition 2.4 (Second law of cosines). Let 7;, i = 1,2,3 be the exterior angles of a
hyperbolic triangle and ¢; be the lengths of the edges opposite to ;. If {i,j,k} = {1,2,3},
then
cosh(l;) = cos(’yj') cos(’yk') — cos('yi).
sin(7y;) sin(7yg)

Let now P be a convex trivalent polyhedron in R3 whose truncation gives a hyper-
bolic hyperideal polyhedron P'"¢ and let {vs} be the vertices of P™"n¢, TLet \"unc =
V0, V1, ,V2p = vp be the boundary of a face of P™"¢. To each edge VsUsgi Of APTUNC we
may associate the hyperbolic length £, := ¢ (m ) € Ry of m and an external dihedral
angle v, := v(Us0s71) € (0, 7] which is defined as 5 if UsUs 11 is a truncation edge (i.e. if s is
odd) and else it is the external dihedral angle at the edge T305;71 of PtTU"¢. Furthermore, for
each truncation edge (odd s) we may define an “opposite angle” ~. as the external dihedral
angle opposite to vsv441 in the truncation triangle containing vsvg41.

Then the following holds (finishing 1.1-a):

Theorem 2.5. For each loop A C P which is the boundary of an oriented face,

p—1

cos(Yai42) cos(va;) — cos(v5,.
H MC (arccosh (W]fz) (7,%) (’ng+1)> MC(£a5,2541) = —Id.
o sin(72;) sin(y2;+2)

Proof. Tt is a direct consequence of Proposition 2.3, once one computes the length of
U2j+1V2;4+% via Proposition 2.4. O

2.2. Theorem 1.1-b: Rigidity of functions satisfying face equations. Let I' be
the one-skeleton of a polyhedron P and f : U — R be a smooth function defined on a
connected open subset U of A(P). We say that f satisfies the matriz-valued face equations
if, setting ¢; := 2%, the SLa(R)-valued equations described in Theorem 2.5 are satisfied
for all simple closed curves A'"“#¢ in the 1-skeleton of P%'"¢ formed by the boundaries of
the non-truncation faces of P*4¢. The Schlifli formula (1) implies that Vol, in particular,
satisfies the matrix-valued face equations. The goal of this subsection is to check that any
function f close to Vol in the C' sense that also satisfies the matrix-valued face equations,
is equal to Vol up to an additive constant.

This is a simple consequence of the rigidity of hyperideal polyhedra (Theorem 2.1).
Indeed, if the partial derivatives of f were different from those of Vol at a given point
v € (0,7]EP) then f would define a small deformation Py of the hyperideal polyhedron P
(with the same angles v but different edge lengths), which is impossible.

More precisely, any function f as above allows us to define an (H?, Isom(H?))-structure
on a neighborhood of the polyhedron P'"""¢ ¢ R3 with dihedral angles v, as follows. First,
let U; and U be tubular neighborhoods of the 1- and 2-skeleta of P%42¢ in R3, respectively.
Endow P'n¢ with formal (real) edge lengths, given by ¢; = 2% at interior edges, and

by Proposition 2.4 (independently of f) at truncation edges. Let ,le denote the universal
cover of U;. The above length data is enough to define a developing map ® I ﬁ — H3
respecting all angles, edge lengths and framings, in the sense that ® s takes the lift of the
loop around a 2p-gonal face F of P™¢ to a path F formed of 2p coplanar segments in H?,
each orthogonal to the next. We may assume that Fy lies in H?* C H?.

The identity of Proposition 2.3, associated to the loop around the p-gonal face of P
containing F, implies that Iy closes up in H?, with the given edge lengths, to form a right-
angled planar 2p-gon (still denoted Fy). Since Fy and Fyo have nearly the same edge
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lengths, it follows that Fy bounds a convez right-angled 2p-gon of H?. As for truncation
triangles, they similarly close up under ® ¢ since ® ¢ assigns them the same angles and edge
lengths as truncation triangles of P'“¢, Therefore ® ¢ decends to a map ®; : Uy — H3
which can be extended to the universal cover of Us. As Us is simply connected, we actually
have a developing map ® : Uy — H3. Since & and Py, are very close, it follows that @
(like Pv1) defines a realization of QP as the boundary of a convez truncated hyperideal
polyhedron P{™"¢. By rigidity of convex polyhedra, P{"¢ and P*"""¢ are actually isometric
(via ®¢) and have in particular the same edge lengths, which means that f and Vol have
the same partial derivatives at -, for all real tuples v. Hence f — Vol is locally constant:
Theorem 1.1-b is proved.

3. SHADOW-STATE FORMULATION OF (I, ¢)

In this section we will recall the definition of quantum spin networks through their
“shadow-state formulas” (as these formulas will be used later on). We now fix a diagram D
of T such that the blackboard framing coincides with that of T" (it is easy to check that it
exists), and an admissible coloring ¢ on I', and recall how the Kauffmann bracket (T',c) is
defined. Let A € C, g = A%, {n} := A?" — A72"

(] = {n}/{1}, [n)t:=[]l], (O] =1, H] [k];[[:]ik];

j=1
and similarly for multinomials. In order to be able later on to coherently choose branches
of square roots, we define AHol(A) to be the set of functions which are holomorphic inside

the unit disk D and whose square extends to a meromorphic function on C. We define
[k] € AHol(A) as the root of [k] which at A = 1 is vk and then we extend this choice

on products of quantum integers so that \/[n]! := []}_, /[j] and /ﬁ = ﬁ (Remark

that these square roots exist on I because [k] = A2~2F (Zf;ol A% and both terms admit a
square root on D).

Definition (Unknot). We define the value of the colored 0-framed unknot as follows:

@ = (=1)%*[2a + 1].

_ Jlat+b—=d'b+c—a]llct+a—b]!
Al '_\/ [a+b+c+1]! '

Let also

The (unitary normalization of the) tetrahedron or 6j-symbol is then defined as follows:

Definition 3.1 (The tetrahedron or symmetric 6j-symbol). Let us define the value of the
admissibly colored tetrahedron embedded as a planar graph in R? as:

U
(5) ( ) = j2latbretdter A (g b e)Ala, e, f)A(d, b, f)A(d, e, c)

ok k+1
x >, (=1 [k—T17k—T27k—Ts7k—T47Q1—k,Qz—k,Qa—k,l
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where Ty = a+b+c, To =a+e+f, T3 =d+b+f, Ty =d+e+c, Q1 =a+b+d+e, Q=
at+c+d+f, Qs=b+c+e+ f.

Definition 3.2 (The crossed tetrahedron). Let us define the value of the admissibly colored
tetrahedron, embedded in R as in the diagram below, by:
a

U

e  s2(etb—a—d) g2(2tetb?tb—a?—a—d®—d) (a >
b:=1i A b

\?dz Cd>

Remark 3.3. If in formula (5) one color, say f, is 0 then the admissibility conditions force
e=a and d =b and, using also that a + b+ c € Z we get:

< ) _ j2a+2b (m)’

which does in fact not depend on c.

1

The preceding formulas can be used as “building blocks” to define invariants of colored
KTG’s up to isotopy in R3: let (I, c) be a colored KTG, D C R? be a diagram chosen so
that the framing of I' coincides with the blackboard framing; let V. E be the sets of vertices
and edges of I', and C, F' the sets of crossings and edges of D. Since each edge of D is a
sub-arc of one of I' it inherits a coloring from c. Let the regions rq,..., 7, of D be the
connected components of R? \ D with ry the unbounded one; we will denote by R the set
of regions and we will say that a region “contains” an edge of D or a crossing if its closure
does.

Remark 3.4. Applying an isotopy to D we can force any region to become the “unbounded”
one, denoted rq above. We will exploit this freedom in the proof of Proposition 4.5.

Definition 3.5 (Shadow-state). A shadow-state s is a map s : R — § such that s(rg) =0
and whenever two regions r; and r; contain an edge f of D then s(r;),s(r;),c(f) form an
admissible triple as in Definition 1.2.

Given a shadow-state s, we can define its weight as a product of factors indexed by the
local building blocks of D i.e. the regions of D, the vertices of I', and the crossings. To define
these factors explicitly, in the following we will denote by a, b, ¢ the colors of the edges of I’
(or of D) and by u,v,t,w the values of a shadow-state on the regions (which with an abuse
of terminology we will call the shadow-states of the regions).

(1) If r is a region whose shadow-state is u and x(r) is its Euler characteristic,

x(r) Z1)2uf9y, x(r)
welr) = (@) - (GGt

(2) If v is a vertex of I" colored by a, b, ¢ and ¢, u,v are the shadow-states of the regions
containing it then

(3) If ¢ is a crossing between two edges of G colored by a,b and u, v, t, w are the shadow-
states of the regions surrounding ¢ then

ws(c) ::U@
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From now on, to avoid a cumbersome notation, given a shadow-state s we will not explicitly
write the colors of the edges of each graph providing the weight of the local building blocks
of D as they are completely specified by the states of the regions and the colors of the edges
of ' surrounding the block. Then we may define the weight of the shadow-state s as:

(©) wis) = [T O TIAOTT &0

reR veV ceC

Then, since the set of shadow-states of D is easily seen to be finite, we may define the (", ¢)Y

as
T, c)Y = > w(s).
s€shadow states
The following result was first proved by Reshetikhin and Kirillov [18] (see also [5] for a
skein theoretical proof) and shows that shadow state-sums provide a different approach to
the computation of the so-called “quantum spin networks” or “Kauffman brackets” in their
unitary normalizations (I',c)Y € AHol(A):

Theorem 3.6 (Shadow-state formula for Kauffman brackets.). (T',c)Y is a well defined
mwvariant up to isotopy of I'. In particular, if T' has a planar diagram D with respect to
which the framing of T is the blackboard framing, then formula (6) reduces to:

) LS IO -

s€shadow states reR veV

Remark 3.7. (1) The above defined invariant coincides with the so-called “unitary
quantum spin network” defined and studied via recoupling theory in [11].
(2) For each graph T', ({T',c)Y)? is the restriction to D of a meromorphic function on
C whose poles are in the set {O,exp(i%p), p,q € Z}. Indeed a close inspection to
Formula (6) or (7) shows that the only odd powers of square roots appearing in
the expression are those associated to the colors of the edges of I', and thus can
be factored out of the whole sum in (7). (All other square roots arising from 6j-
symbols involve one edge color and two state parameters. FEach such square root
appears twice: once for each endpoint of the edge.)

As an example we state a simple corollary that we will use often below. Its proof is a
simple application of the shadow state formula but can also be found in [12].

Corollary 3.8 (Triangle formula). Suppose I' is a KTG such that three edges bound a flat
triangular disk. Then we have (representing I' on the left hand side):

o (i) () ()

4. RECURSION RELATIONS ASSOCIATED TO FACES OF TRIVALENT GRAPHS

U

In [8], it was proved that the sequence of quantum spin networks associated to a link
(better known as its colored Jones polynomials) is holonomic, i.e. satisfies a set of recurrence
relations. More explicitly, if k C S? is a knot, let J,, = (k, ";1> be the sequence of its colored
Jones polynomials and extend it to a map J : Z — C[AT!] by setting J; = 1, Jo =0, J_, =
~Jn. Let S ={f:Z — C[A*']} and let L, M : S — S be defined as L(f)(n) = f(n + 1)
and M(f)(n) = A?" f(n). The following was proved in [8]:
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b b

FIGURE 2. Some of the notation for Proposition 4.3.

Theorem 4.1. There exists a polynomial Qa(L, M) depending on k such that

Qa(L, M)(J) =0.

(Actually the above statement is weaker than the original one: we refer to [8] for full
details).

Even if the techniques of the above theorem may be adapted to prove similar statements
for general colored KTG invariants, for example along the lines of [7], it is difficult to make
this explicit in general. In this section, we shall consider the case when I' is the 1-skeleton
of a polyhedron P and, given the embedded cycle 0D C T' formed by the boundary of a
face of P, we will provide a family of instances of these recursion polynomials. (Note that,
as there are now many “colors” given by the map c: F — %, we should also expect many
recursions. Our technique can be easily generalised to any knotted trivalent graph I and
any cycle in I' which is the boundary of a disc embedded in S \ T, but we won’t need this
level of generality here.)

Let I' be a KTG which is the 1-skeleton of a polyhedron P. Let ¢ : E — g be an
admissible coloring on the edges of I'. Let D C S? \ T’ be an oriented disc isotopic to a face
of P. Fix an orientation of D, a basepoint pg € 0D and denote by eq,...ep—1,€, = €g the
edges contained in D (numbered by walking along 0D in the clockwise direction starting
from po). Let a;,b;,i = 0...p—1 be the colors respectively of e; and of the edge of I" sharing
a vertex with e;, ;11 (mod p) (see Figure 2).

Definition 4.2 (Admissible perturbations). An admissible perturbation of the coloring ¢
of T around D is a map 6 : {eo,...ep—1} — {£5} such that the coloring c + & (defined to
be equal to ¢ on the edges outside 0D and to be e; — a; + 6(e;), i =0,...p— 1 on dD) is
admissible.

We consider the following proposition as a “quantum version” of Proposition 2.3:

Proposition 4.3 (Circle recursions). For any pair (6(eg),8(ep—1)) € {£3}2, the following
holds:

(9) > ke, 0)(T e+ 6)Y = Z(c,6(e0), 6(ep—1))(T, )V
1

where § ranges over all admissible perturbations of ¢ around D whose value on ey and e,—1
are respectively 6(eg),d(ep—1), and the functions Z(c,d(eo),6(ep—1)) and k(c,0) are defined
as follows (here to keep the notation light we shall write §; for 6(e;) and a} for a; + 4;).
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Define Z(c,6(eo),d(ep—1)) =V(p —1) and k(c,d) = Hf;OQ V(i) in terms of the quotient V:

(10) V)= ,0.
b9

Proof. Let I" = I"(do,p—1) be the colored planar graph obtained by modifying I' around
eo Nep—1 as follows:

(11)

where in the picture both the framings of I' and I" are supposed to be the blackboard
framings. We will call ry the region bounded by the small triangle created by the move, and
let r{, be its complement in D.

The idea of the proof is to express (I")V in terms of (I',c + 6)V two ways. First directly
using the triangle formula (8). Second by applying the shadow state formula (7) with region
ro having the role of the “unbounded” region and comparing it to the similar state sum for
various colorings of (T').

If we multiply (9) by the denominator Z’ of Z then the right hand side becomes

l / a
Q, 0
Qa;é! L (0,00 = ()Y,

using (8). The proof is finished once we show that the left hand side of the same equation
equals the expression of (I'")Y in terms of the shadow state formula with distinguished region
0. In other words we compute (I')V by stipulating the triangular region ry to be the one
carrying shadow state 0. Let Rp/ be the set of all regions of I''. The region r{ is a disc
and its only admissible shadow state is % Moreover in a neighborhood of r{, we will see one
region r}¥ € Rr+ for each edge e; (9r] contains e;, and 7F N7g =@ unless i =p—1or i =0,
in which case the intersection is one of the edges of g, colored respectively by a;,_; and by
agp).

We have <F/>U = Zshadow states
s: Rpy — % for TV. Observe that the only admissible shadow-states of r} are a} = a; + J;
with ¢ admissible (as in the statement). So we may also write:

=3 > W)= w0
4

5 seS(5)

w’'(s) where w’'(s) is the weight of the shadow state

where for each perturbation ¢ we let S(J) be the set of all the shadow-states whose values
on regions 1 are a; = a; +6; for all i € {0,...p— 1} and w'(0) == 3_ 55 w'(s). We claim
that w'(8) = (I',c + 0)Vk(c,§)Z' for all admissible §, which (by summing over §) will finish
the proof, since Z’ is independent of §.

Indeed, fix §. By the shadow-state formula (7) applied to I" with the region D colored by
0, one sees that (I',c+46)V = 2ses(s) W(s) is a state-sum over the same set S(8) of colorings
(of Rr ~ {D} ~ Rps ~ {ro,ry}) as (I")Y is — the colorings being extended to be 0 on D
instead of % on r{ and 0 on rg. Thus the only difference is in the weights associated to 7{,
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and to the vertices contained in dD. More explicitly we claim that for any s € S(0) one has
w'(s)

i) = k(c,0)Z" (independent of s). Indeed the weights differ only by the vertices touching
D and by the presence of the weight of the region r{ (which is —[2]):

Taking the ratio (all the symbols represent nonzero functions in AHol(A)) and using Remark
3.3, we get:

= Z'k(c,9)
by definition of Z’ and k(c,d). Multiplying by w(s) and summing over s € S(J) gives the
desired identity. O

To illustrate our recursions consider the simplest case of a triangular face p = 3. We
recover the well-known three-term recursion for the 6j-symbol named after Gordon and
Schulten [20]. As the proof shows, the Gordon-Schulten recursion factorizes into two in-
stances of the circle recursion, suggesting that the circle recursion is more fundamental.

Corollary 4.4 (Gordon-Schulten recursion). Let eg,eq,es be a triangular face of T' and
define the edge coloring 1; by 1;(e;) = 6; ;. Also define 64 = %(10 +1; + 1o).

S HODMES Do 02 p oy =
+ Z(C+6ia7a7)

C(Si C—|—5i, 5i)
< Ci 2 +Z Z(c+ 6z, 5, 5) ><F,C>U

’ 2

Proof. For € € {—1,1} the only two admissible perturbations § with d(eg) = d(ez) = § are
€d4. Hence the circle recursion reads:

gk(c, €0 ) (D, c+edp)V = Z(c, % §)<F o).

Applying the recursion for ¢ = —1 to both terms on the left hand side of the recursion for
€ = 1 yields the result. (I

The coefficients of the recursion may be written out explicitly using the formulae in the
next section but as we make no further use of this example we have not printed them here.
See for example [21], Prop. 4.1.1.
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5. PROOF OF THEOREM 1.6

Let us fix the notation for all this section. Let I' be the 1-skeleton of a hyperbolic,
hyperideal polyhedron P and let 7; : E(P) — (0, 7] be the exterior dihedral angles of P. Let
also A C T" be an embedded oriented curve forming the boundary of a face D of P and Atrunc
be the associated curve in P, ey, eq,...e,_1 be the sequence of edges of I' contained in A
and vg, V1, . . . Uap_2, Vap—1 be the vertices of P contained in A\*™™¢ so that V20241 C €.

We will consider a sequence ¢!™ of N-valued colorings on I' such that for each edge,
lim,, o0 % =1— 2 (and so in particular ¢(™)(e;) € [2,n) definitely). Finally we will
let a; := c(™(e;) (suppressing the n from the notation with a little abuse) and let b; be the
color of the edge of I' sharing a vertex with e; and e;y; with respect to the coloring ¢(™.
Our goal is to relate the recurrence equations provided by Proposition 4.3 to the geometric
equations associated by Proposition 2.3 to AtFune,

5.1. Asymptotical behavior of recursion coefficients. Let us compute explicitly the
values of the coefficients k(c, d) of Proposition 4.3. Using formula (5), we get that V(j) from
(10) is a matrix whose rows and columns are indexed respectively by 6(e;),8(ej41) € {11,
namely:

V() = ifd; = 3 ifd; = —3

i#8,., = L | -1, [Ataitajen—bjl24ajtaji4b5] | 5 [ll=ajtaj4a+b][—aj41+a;+b]
J+l =3 [2+2a,][2+2a;41] [2a;][2a;+1+2]

6., = 1 i\/[1+aj*aj+1+bj][aj+1*aj+bj] i\/[aj+aj+1*bj][aj+aj+1+bj+1]
J+l 2 [2a;+2][2a;+1] [2a;][2a;+1]
where, as explained in Section 3, we chose the square roots by stipulating that for all k£ € N,
V/[k] was vk at A =1, and so by holomorphicity +/[k] is a positive real number on the arc
A = exp(if) for 6 € [0, T) and it is a positive real multiple of —i on 6 € (7, 27). Equivalently,
if A= exp(iT) then \/[k] € Ry if k < n and it is a positive real multiple of —iif k € (n, 2n).
Let us now compute the asymptotical l_oehavior of the recursion coefficients found in the
table above when we evaluate at A = exp(3}). By hypothesis there exist angles v;,v;41,3; €
[0,7) such that
b
) =7j+1, and lim 27(1 — 2) = g,
n

n— oo

aj41

. az, ) . .
lim 27(1 ;) = ;, nlgr()l()?w(l

n— 00

(and so in particular aj,bj, a1 € [§,7)). Remark that since these angles satisfy Bonahon
and Bao’s conditions, one has §; +; +7;+1 > 27, and replacing this to compute the square
roots of the evaluation of the above quantum integers we get:

evn < [2%‘]) ~evy ( 2+ 2aj]) ~ —im,

sin(4 — 24 4 li])
evy, < laj —aji1 + bj]> ~evy <\/[1 +aj; —aji1 + bj]) ~ \/ 2 sin(i) 2
n

sin(% 4+ 251 4 5
Vn (\/[1+aj +aj41 +bﬂ> ~ eVn (\/[2+aj + a4 +bj]> ~ —i\/ Sk mhak )|,

sin(7)
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where the symbol f,, ~ g, stands for lim,,_, In — 1. Then the matrix V(j) is asymptotically

In
equivalent to:

—1

\/| sin Wj+"/j2+1*ﬁj sin ”/j+%'2+1+ﬁj | '\/Sin Vj*“/j2+1+5j sin “/j+1*2“/j+5j

—i\/sin ’Yj—’Yj2+1+ﬁ.7 sin ’Yj+1—2’Y.7'+Bj _\/| sin 2 +'YJ'2+1—/3;' sin ’Yj+'Yj2+1+ﬁ.7 |

sin(v;) sin(y;j+1)
A straightforward computation shows that
5()
sin(7;) sin(7y;+1)

(12) ev, (V(4)) ~ R R™'U

where

fsin(Ug ) sin (2B in () sin( 2t

S =
(j) \/7 sin (Wj+“fj2+1*5j ) Sin( “/j+7j2+1+ﬁj ) \/Sin(w *7j2+1+ﬁj ) Sin(“/j+1*27j+5j )

h <expéi1) exp(oi;;)> U= (_01 —01>

Lemma 5.1. The following holds:
53)
sin(7;) sin(7y;+1)

where {41,242 is the length of the edge opposite to the angle B; in a hyperbolic triangle
whose exterior dihedral angles are vj,vjy1,B;5, or, equivalently, is the length of the edge
”U—)‘ Vos n Ptrunc
25+1Y2542 .

and

4125 Y.
COSh Z2i+1,2542 Slnh Z2i412j42
= C(lajt+1,2j+2) = ( o) . )>

sinh (‘2005202 ) cosh(frthzi)

Proof. Remark that, by the inequalities examined in Example 2.2, all the arguments of

the square roots in the coefficients of S; are positive. Moreover a direct computation shows
det(S;) = sin(v;) sin(vy;4+1) > 0. So M := m € SLy(R) is a real positive matrix
fixing +1 € 0,,H?; hence it represents a hyperbolic translation of a certain length A € R*,
and has the form M = C'(\). Identifying diagonal terms of C'(\) yields

N A e R P B R P RN COS 7Y COS Y _ COSﬂ‘
sin sin “+1
cosh 3 = \/ e hence cosh A = - . o
sSin7y; SIn7y;41 S 7y; SIN Y541

This equals cosh({2;11,2,42) by Proposition 2.4, so A = laj11 2i+2. O
Putting Lemma 5.1 and Equation (12) together we get:
Proposition 5.2. The following limit holds:
lim_evy, (V(5)) = RC({2j41,2j42) RV

Hence, letting k(cn,0) be as defined in Proposition 4.3 and denoting by Xs s the entry at
row & and column &' of any given matriz X, the following holds:

p—1

lim evn(k(cmé)) = H (RC(£2j+172j+2)R_1U)é(ej),é(ej+1) .

n—o00
Jj=0
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Similarly, evaluating the Z(cy,d(eo),d(ep—1)) of Proposition 4.3, we get:

ifs 1 i1 [1+ao+ap—1—bp_1][2+ao+ap_1+bo] i [1—ap_1+ao+by_1][—ao+ap—1+by_1]
€p—1 2 [2-‘1—2(10][2-5—2(11,71] [2(10][2(11,71-'1-2]

ifd =-1 i [(1+ap—1—a0+bp_1]lao—ap_1+bj] i lao+ap—1—bp_1]lao+ap_1+bo+1]
€p—1 2 [2a0+2][2ap—1] [2ap—1][2a0]

and arguing exactly as in the preceding case we get the following:

Lemma 5.3. We have the following asymptotic behavior:

lim eva(Z(en. 8(eo). 8(e, 1)) = R [ CHCEE) sh(E3) ) poyy
n—oo o SN0 B sinh(L’Ql’O) cosh(L;’O)

where £,_10 1s the length of the edge opposite to the angle B,—1 in the hyperbolic triangle
whose exterior dihedral angles are o, Yp—1, Bp—1-

5.2. Proof of Theorem 1.6. To each edge of A\™™"¢ we associate its length ¢; ;11 :=
L(vjv41), Vj €{0,1,...2p — 1} and, as in Section 2.1, let :

0. . 0.
N cosh =2+t ginh =L 1 /1 -1
CEmu) =< " % >,M::( ).
sinh =2+ cosh -4+ v\l 1
Furthermore, suppose that Assumption 1 holds for the sequence (I',c,)V and let f :
A(P) — C be the function of class C'' whose existence is postulated by the assumption.

Then for each j € {0,...,p — 1} we associate to the segment vy;v9;41 the “asymptotic
quantum length” 2% and a diagonal matrix as follows:
J

Theorem 5.4. The function f satisfies the following matriz-valued differential equation:

p—1
[T MC(v355705,53) MQ(v3;035+1) = —1d

3=0
Moreover if V(v) : A(P) — R is the hyperbolic volume of P™U¢ then V also satisfies the
above equations.

Proof. Fix values §(eg), 6(ep—1) € {1}. By Proposition 4.3 the following recursion relations
are satisfied:
Z k(cm 5)<F, Cn + 5>U = Z(Cm 5(60)7 5(6p_1))<F, Cn>U
s

where the sum is taken over all the admissible perturbations  of ¢, around the face D of P
bounded by A and whose values on ey and e,_; are d(eg),d(ep—1) (see Definition 4.2). By
letting &(eg) and d(e,_1) range over {1} the above equation can be viewed as a single,
2 x 2-matrix valued equation. By Assumption 1.5, if we divide the equation by (I',c,)Y,
evaluate at A = exp(4X) (using Lemma 5.1) and take the limit n — oo, then we get:
anirrgoevn(k(cn,5))exp (251'88—]0) = lim ev,(Z(cp,0(e0),d(ep—1)).
s

7 n—oo

By Lemma 5.3, the right hand side can be recognized as RC(v,_1v6)R™1U.
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Using Proposition 5.2 we realize that the above equality can be expressed as:

p—2
(13) Q(’ng,Q’ng,l) H RC(U2i+1’U2i+2)R_1UQ(’UQiUQiJrl) = RC(’ngflvo)R_lU.
=0

Now observe that a straightforward computation shows the following:
R_lUQ(UQiUQH_l)R = MC(UQiU2i+1)M.

Replacing this in (13) and simplifying we get

p—2
MC(U2P_2'U21)_1)M H C(U2i+1’02i+2)Mc(U21‘U2i+1)M = R_lURC(ng_lvo)R_lUR.
=0

Finally a last computation shows that
R'URC(vgp—104)R'UR = — (C(vgp—100))

and thus we conclude by multiplying on the right by C(v,—1v5). The fact that the same
equation is satisfied by Vol(P*""¢) is a consequence of the Schlifli formula and of Theorem
2.5. O

APPENDIX A. PROOF OF THEOREM 1.4

A.1. Volumes of hyperideal hyperbolic tetrahedra. In [17] J. Murakami and M. Yano
found a formula for the hyperbolic volume of a hyperbolic compact tetrahedron and the
formula was later shown by A. Ushijima to hold also for truncated tetrahedra (i.e. the
compact polyhedra obtained by truncating hyperideal tetrahedra as explained in Subsection
1.2). We now recall this formula.

With the notation of Example 2.2 for the dihedral angles of a tetrahedron, let A, B, C' and
A’, B, C' be respectively — exp(—ia), — exp(—if), — exp(—ivy) and — exp(—ia), — exp(—if’),
—exp(—iy/) . Let Liy(2) == [; bg(ﬁ%”dt =D >0 Z—Z be the dilogarithm function (well-

defined on C\ [1,00)) and A(z) := [ —log|2sint|dt. Define

1
(14) U(2) = 5 (Liz(2) + Liy(:ABA'B') + Liz(:ACA'C") + Lin (:BCB'C")
7L12(7ZABC) — Lig(*ZAB/C/) — Lig(*ZA,BC/) - ng(*ZA/B/C))

(15) Az, y,z) = %(Lig(—%)+L12(—%)+Li2(_%)

+L12<—xiyz> + (log(x))? + (log(y))? + (log(2))?)

V(z) = A(A,B,C)+A(A,B,C)+AA,B,C")+AA,B,C)

+=(log(A)log(A") + log(B) log(B') + log(C) log(C")) + U(2).

1
2

Hn [17] internal dihedral angles are used, this accounts for the change in the definition of
A,B,C, A", B, C’



18 FRANCESCO COSTANTINO, FRANCOIS GUERITAUD AND ROLAND VAN DER VEEN

For later purposes, recall also that for all § € (0,27) one has \S(M) A(%), so
replacing the values of A, B,C, A’, B’,C" and setting z = exp(is) in (14) we get

(16) %(U(exp(is)))zl\(;>—|—A(S_(O‘+O‘ +B8+8) )
+A<S_(a+()‘2l+7+7/)>+A(S—(7+W;+ﬁ+5/)>_A(s— oH—ﬁ—i—’y)
() ey ey

Let now z4 be the two nontrivial solutions of the equation (which reduces to a degree 2
polynomial equation):
i
U Z.
LU €
As shown by Ushijima [22] these can be expressed as:

sin(a) sin(a’)+sin(B) sin(B’)+sin(y) sin(y’)£4/det(G)

(17) 24 = ~2 I BB fOCF ABC+ ABOTAB C+ A/ B'C'+ ABCA BC7
where
1 cos(a) cos(B) cos(v)
(18) cos(a) 1 cos(y) cos(f’)
cos(fB) cos(7) 1 cos(a)
cos(y) cos(B') cos(a) 1

Then the following was first proved by Murakami and Yano in [17] for compact hyperbolic
tetrahedra and was later shown by A. Ushijima [22] to hold for the case of a truncated
hyperideal tetrahedron:

Theorem A.1 ([17],[22]). The volume of the truncated hyperbolic tetrahedron whose exterior
dihedral angles are as in Example 2.2, is

Vol(Tet) = S (V(2-)) = =3 (V(24)) =9 (U(H;U(m) |

A.2. Proof of Theorem 1.4. We will need the following;:

Lemma A.2. Let o € (0,1) and let (an)nen be a sequence of integers such that lim,, o 5* =
a. Then {a,} is meromorphic, for n sufficiently large it has no pole at exp (%) and the

following holds:
|
lim T log (eV”(_{a"}')> = —A(ma)

n—oo n 19n
where we imply that the argument of the log is real positive.
Similarly, if o € (1,2) and (an)nen is a sequence of half-integers such that lim,, . %=
a, then {a,}! has a simple zero at exp( ) for n big enough and the following holds:

im il 0 eva({an}!) = —A(ra
: 1g((—l) 0+ exp ;D) )

n—oo N n+an Yn2jen+1 exp(—3&

where, again, we imply that the argument of the log is real positive.
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Proof. We limit ourselves to a sketch, see [3] for a detailed proof. Clearly ev,(fg) =
evy(f)eva(g), and if k is not a multiple of n, ev,({k}) = 2isin(Z%) while ev,({n}) =
—2nexp(57) and thus if a,, € [0,n) (which is true for the first statement),

2n
i k —n (A(Te) _ A(T
evn({an}) = [[ 2isin = ~ i exp n (M) — AG)).
k=1

™

nl wk —im o wk
<H 2isin ) (—Qnexp > ( H 2isin >
n 2n n
k=1 k=n-+1

while if a,, € [n,2n),

evy,({an}!)

e A k
= <2i”1n2 exp 2:) H —i 28111%
k=n+1
-n (A(”f‘l”) —A(m+ %))

~ _(_\an+1 -1 n22 ;iﬂ-
()7 (-1 2n exp ST exp

We can now prove Theorem 1.4. For the sake of self-containedness we start by sketching
the proof of the following proved in [3] for the skein normalization of the tetrahedron:

Theorem A.3. Let T' be the 1-skeleton of a hyperideal tetrahedron Tet whose exterior
dihedral angles are as in Example 2.2 and let (c,)nen be a sequence of colorings on T' such

that ¢, € [§,n) and lim, o 27(1 — <2) equals the corresponding exterior dihedral angles of
Tet. Then,

lim % 10g (Jevn (T, en)V]) = Vol(Tet ™).

n—oo

and Conjecture 1.8 holds in this case.

Proof. The idea of the proof is to first identify the leading term in (5), then to recognize
it as the volume of the tetrahedron using Theorem A.1. Despite the signs present in (5),
there will be no cancellation. Let us start by computing the evaluation at A = exp(%) of
A(a,b,c) (as in (5)) using Lemma A.2:

lim 7~ log(levn(v/A(a,b,0))]) = <A(W)+

n—o00 N, 2 2
Ma_§+%+A(ﬂﬁf+%—Aﬁ+§+ﬁ>

and similarly for A(a,e, f), A(d,b, f), A(d, e, c). Indeed for instance we have lim,, o, %= =

1 — 5= (and similarly for the other ratios) and so

at+f—v

2 )
Observe that the above formula equals the imaginary part of Equation (15) (recall that for
all 6 € (0,2m) one has S(H2(&2i0)) —_ £(2)),

Now let us concentrate on the summation in Formula (5). Let Si be the k' summand
and remark that k ranges in [max{T;}, min{@;}]. We claim that Sy has a simple zero at
A = exp (;—’:L) if k& € [max{T;},n — 2] and a zero of higher order otherwise, so only the
summands S with k& € [max{T;},n — 2] need be considered for the purpose of computing
evy,.

lim ™ log(evn([an + be — cn]!)) = —A(r — 257,

n—oo 1N 2

= A(
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Indeed by the inequalities of Example 3.1 translated in terms of v ~ 27(1 — <), for n
large enough, using the notation of Definition 3.1, one has n < max({T;}) < 2n; moreover
by hypothesis c(e;) € [§,n) for every e; € E(T') so c(e;) +c(ej) —c(ex) < n for every 3-uple of
edges touching a common vertex (in whatever order). Since the summation index k ranges
from max({T;}) to min({Q;}) the differences k—T; and Q; —k are bounded above by a term
of the form c(e;) +c(e;) —c(ex) < n (for some triple of edges sharing a vertex) and hence the
quantum factorials in the denominator of the quantum binomials forming the summands
in Formula (5) have arguments < n and are nonzero at A = exp (%) By contrast, the
numerator has a simple zero exp (i) when k ranges in [max({Z}}), n — 2] and a double zero
when k ranges in [n — 1, min({Q;})]. The claim is thus proved.

Our second claim is now that for all k£ € [max({T;}),n — 3), the ratio evn(sg':l) is real
positive. Indeed:

Sk+1 _ {k+ 1}{Q§") - k}{Qé”) — k}{Qé") k)
Sk e+1-TME+1-TS M e+ 1 - Tk +1 -7}

where we let Q;”) and Ti(n) be the “squares and triangles” associated to the coloring ¢, as
in Definition 3.1. Since {k} = 2i sin(%k), by the same estimates as in the previous claim
the ratio is then positive real as {k + 1} is a negative multiple of 2i. So max{|Sk|} <
levi (Y4 Sk)| < (n—2—max{T;})max{|Sk|}, and we are left to find the terms Sj for which
|Sk| is maximal.

Now remark that since the arguments of the factorials in the denominators of Sy, all belong
to [0,n), their evaluations (by Lemma A.2) grow respectively like i*~7 exp(—2A(r2=11))

and i% ~* exp(—ZA(r Q’;k)). By contrast the numerator grows like

i k
iFF2(—1)k T monZ exp (171') exp <—7TA (ﬂ')) ,
2n n n

so, taking into account the sign (—1)* in front of the multinomial, the &*"-summand grows
like:

(—=1)"2n? exp (—i—7T

e () () e ()

Now let us define numbers 7;,v; by

(n)

T / " .
lim 7% :377—7(6)—’_7(6)4—%6)::377—7—
n—oo n 2 2
(n)
i 2 g V@A) A () v
n— oo n 2 ' 2

for the edges e, €, e”, ¢’ naturally associated to T; or @;. Letting w% =27 — 5 and
. S —s+T; Vi — S
f(s)——A(27r—2)+ZA< 5 —W)—ZA(—ZW-F 5 )
2 J

and comparing with Equation (16), we see that f(s) = (U (exp (is))) and that the growth
rate of the logarithm of the norm of the evaluation of the sum is given by:

n
max —Js).
s€[0,min({m;—27})] 7Tf( )



ON THE VOLUME CONJECTURE FOR POLYHEDRA 21

We thus search for the maximum of f and imposing f/(s) = 0 we get an equation of the
form:

| sin (271' - %) sin (”12_5) sin (”22_5) sin (”32_5) |
[sin (2325 ) sin (2525 ) sin (D52 ) gin (5521 |
Recalling that v; —7; > 0 for all 4, j (see Example 3.1), the above equation is equivalent to:

sin (27r - %) sin(”lz_s) sin(”Zz_s) sin(”BQ_S)

=1

=1
sin (Tl_‘;_%) sin (72_‘;_2”) sin (73_52'_2”) sin (74_52'_2”)
Replacing sin(x) by % and setting A := —exp (—ia) (and similarly for all the angles)
and z = —exp(is) one gets a polynomial equation of degree 2 in z whose solutions were

shown by Murakami and Yano to be z;,z_ given in Formula (17). (Even if this is not
apparent from the formula, as soon as the Gram matrix in Equation (18) has negative

determinant, then |z_| = |z4| = 1.) In particular, in the case of a regular ideal octahedron
(i.e. a maximally truncated tetrahedron), whose exterior dihedral angles are all 7, f(s) =
4A (%) + 4A (g — %), s € [0,7], whose extremum is attained at s = 7 and its value is

8A (g) > 0. By Theorem A.l the corresponding point is then z_ because Vol(Tet) =
SV () =-S(V () =S (% > 0.

One concludes the proof by putting together all the terms in the asymptotical behavior
of Formula (5) and comparing with Theorem A.1. O

We are now able to prove Theorem 1.4 in full generality. We do this by induction on the
number n of moves of the form A = A producing T' from a tetrahedron. If n = 0 then '
is the 1-skeleton of a hyperideal hyperbolic tetrahedron whose possible angles are provided
by Example 3.1. For such a graph, Theorem A.3 proves Theorem 1.4. If now I' can be
obtained from I (for which we assume Theorem 1.4 holds) by a single move, suppose that
a, 3,7 are the exterior angles on the three edges of I involved in the move. Observe that
any geometric structure of the hyperbolic polyhedron Pf»¢ can be obtained by gluing two
polyhedra P"»¢ and Tet'™ ¢ along the face corresponding to the triple of edges of I
where the move is applied. Conversely if PE" and Tet'™™ ¢ are equipped with geometric
structures such that the dihedral angles along the truncation faces to be matched are the
same, then they can be glued to form a hyperideal hyperbolic structure on PE"¢. Clearly
the volumes add up: Vol(Pf""¢) = Vol(P""¢) 4+ Vol(Tet™ ).

On the quantum side, this follows from equation (8). For any coloring ¢, on I' one has
<F> cn>U = <F/a C/n>U<Tet> C%>U

where ¢/, and ¢!/ are the restrictions of ¢, to the edges of IV and T'et respectively (here we
use the natural injections E(I') — E(T') and E(Tet) — E(T') to restrict the ¢,). Then one
concludes by induction using Theorem A.3. O
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