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Abstract The 3D index of Dimofte—Gaiotto—Gukov is a partially defined function on
the set of ideal triangulations of 3-manifolds with r tori boundary components. For
a fixed 2r tuple of integers, the index takes values in the set of g-series with integer
coefficients. Our goal is to give an axiomatic definition of the tetrahedron index and a
proof that the domain of the 3D index consists precisely of the set of ideal triangulations
that support an index structure. The latter is a generalization of a strict angle structure.
We also prove that the 3D index is invariant under 3—2 moves, but not in general under
2-3 moves.

Keywords 3D Tetrahedron index - Quantum dilogarithm - Neumann—Zagier
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1 Introduction

In a series of papers [6, 7], Dimofte—Gaiotto—Gukov studied topological gauge theories
using as input an ideal triangulation 7 of a 3-manifold M. These gauge theories play
an important role in
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e Chern—Simons perturbation theory (that fits well with the earlier work on quantum
Riemann surfaces [4] and the later work on the perturbative invariants [5]) and
e categorification and Khovanov Homology, which fits with the earlier work [28].

Although the gauge theory depends on the ideal triangulation 7', and the 3D index
in general may not converge, physics predicts that the gauge theory ought to be a
topological invariant of the underlying 3-manifold M. When o M consists of r tori,
the low energy description of these gauge theories gives rise to a partially defined
function

I : {ideal triangulations} —> Z((q'/*))* *%", (1.1)
T = IT(mls MR mra ela L) e}’) € Z((q]/z))
for integers m; and e;, which is invariant under some partial 2-3 moves. The building
block of the 3D index I is the fetrahedron index In(m, e)(q) € Z[[q'/?]] defined
by!

%n(n+l)—(n+%e)m

Iamey= > (~1"?

n=(—e)+

, 1.2
(Q)n (Q)n+e ( )

where
e+ = max{0, e}

and (¢), = H:l:l (1— qi). If we wish, we can sum in the above equation over the
integers, with the understanding that 1/(g), = 0 forn < 0.

Roughly, the 3D index I7 of an ideal triangulation 7 is a sum over tuples of
integers of a finite product of tetrahedron indices evaluated at some linear forms in the
summation variables. Convergence of such sums is not obvious and thus not always
expected on physics grounds. For instance, the following sum

> 10, €)™

el

converges in Z((¢'/?)) if and only if v > 0. This follows easily from the fact that the
degree §(e) of the summand is given by

0 if e >0,
§(e) = ve + 2

e -
5~ 3 1fe§0.

Our goal is to

(a) prove that the 3D index /7 exists if and only if 7 admits an index structure (a
generalization of a strict angle structure)—see Theorem 2.12;

! The variables (m, e) are named after the magnetic and electric charges of [6].
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The 3D index of an ideal triangulation and angle structures 575

(b) give a complete axiomatic definition of the tetrahedron index /5 focusing on the
combinatorial and g-holonomic aspects—see Sect. 3; and

(c) show that the 3D index is invariant under 3 — 2 moves, but not in general under
2 — 3 moves, and give a necessary and sufficient criterion for invariance under
2 < 3 moves—see Sect. 6.

2 Index structures, angle structures, and the 3D index
2.1 Index structures

Consider two r x s matrices A and B with integer entries and a column vector v € Z',
and let M = (A|B|v).

Definition 2.1 (a) We say that M supports an index structure if the rank of (A|B) is

r and for every Q : {1, ..., s} — {1, 2, 3} there exists (o, B, y) € Q3 that satisfies
Ae+By=v, a+f+y=(,.... D7, @1
and Q(w, B,y) > 0. The latter means that for every i = 1,...,s the following

inequalities are satisfied:

o >0 if Q@) =1,
Bi >0 if Q@) =2, (2.2)
vi >0 if Q@) =3.

(b) We say that M supports a strict index structure if the rank of (A|B) is r and there
exists (o, B,y) € fo that satisfies (2.1), where Q% is the set of positive rational
numbers.

It is easy to see that if M supports a strict index structure, then it supports an index
structure, but not conversely. As we will see in Sect.2.2, ideal triangulations 7  give
rise to matrices M, and a strict index structure on M is a strict angle structure on 7.
On the other hand, index structures are new and motivated by Theorem 2.4.

The next definition discusses two actions on M: an action of GL(r, Z) on the left
which allows for row operations on M and a cyclic action of order three at the pair of
the ith columns of (A|B).

Definition 2.2 (a) There is a left action of GL(r, Z) on M, defined by
P € GL(r, Z), M = (A|B|v), PM = (PA|PB|Pv).
An index structure on M is also an index structure on PM. (b) There is a left action of
(Z/3)* on M acting on the ith columns (a; |b;) of (A|B) (and fixing all other columns)
given by
s
(ai|bi|v) = (=bila; — bilv — b;), (2.3)
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where
S(alblv) = (=bla — blv — b) 2.4)
satisfies S° = Id. We extend S to act on an index structure (o, B, y) of M by

(i Bio vi) P> (B vio ) 2.5)

and fixing all other coordinates of («, B, ). It is easy to see that if («, 8, y) is an
index structure on M and S € (Z/3)°, then S(«, B, y) is an index structure of SM.

Definition 2.3 Given M, and m = (my,...,my),e = (e, ...,es) € Z*, consider
the sum
| N
Ivm(m, e)(q) = D 2" [ [ 1atmi —bi -k, ei +a; - k). (2.6)
keZr i=1

Theorem 2.4 Ini(m, e)(q) € Z((q'/?)) is convergent for all m, e € Z° if and only if
M supports an index structure. In that case, Iv is q-holonomic in the variables (m, e).

Remark 2.5 g-holonomicity in Theorem 2.4 follows immediately from [27]. Conver-
gence is the main difficulty.

Remark 2.6 By definition, I is a generalized Nahm sum in the sense of [10], where
the summation is over a lattice.

Corollary 2.7 Applying Theorem 2.4 to the case r = 1, s = 3, M = (A|Bjv) =
(111]000|2), and the strict index structure 2 = % - 1 + % -1+ % - 1, it follows that
the right-hand side of the pentagon identity (3.6) is convergent in Z((g'/?)).

The next remark discusses the invariance of the index under the actions of Definition
2.2.

Remark 2.8 Fix M that supports an index structure. Then, for P € GL(r, Z) and
S € (Z/3)%, it follows that PM and SM also support an index structure. In that case,
Theorem 2.4 implies that Ivi, Ipm, and Igy are all convergent. We claim that

Ipm = Im, Ism = Im -

The first equality follows by changing variables k — Pk in the definition of Iy
given by (2.6). The second equality follows from the fact that the tetrahedron index
I satisfies Eq. (3.2); this is shown in part (a) of Theorem 3.7.

The next corollary follows easily from Theorem 2.4 and the definition of an index
structure on (A|O|vg).

Corollary 2.9 Fix an r x s matrix A with integer entries and columns v; for i =
1,...,s, and let vo € Z" and M = (A|0|vp). The following are equivalent:
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The 3D index of an ideal triangulation and angle structures 577

Fig. 1 Angles of a tetrahedron

(a) Im(q) converges.
(b) tk(A) = r and there exists a; > 0 fori =1,...,s such that vo = > ;_, a;v;.

Question 2.10 Compare the g-series I(aj0jv) With the vector partition functions of
Sturmfels [24] and Brion—Vergne [1], and the g-hypergeometric systems of equations
of [23].

2.2 Angle structures

In this section, we define the 3D index of an ideal triangulation. A generalized angle
structure on a combinatorial ideal tetrahedron A is an assignment of real numbers
(called angles) at each edge of A such that the sum of the three angles around each
vertex is 1.% It is easy to see that opposite edges are assigned the same angle, and thus
a generalized angle structure is determined by a triple (a, 8, ¥) € R3 that satisfies
a+ B+ y =1;seeFig. 1.

A generalized angle structure is strict if o, 8,y > 0. Let 7 denote an ideal tri-
angulation of an oriented 3-manifold M with torus boundary. A generalized angle
structure on 7 is the assignment of angles at each tetrahedron of 7 such that the sum
of angles around every edge of 7 is 2. A generalized angle structure on 7 is strict if
its restriction to each tetrahedron is strict. For a detailed discussion of angle structures
and their duality with normal surfaces, see [11,16,26]. Generalized angle structures
are linearizations of the gluing equations, which may be used to construct complete
hyperbolic structures, and intimately connected with the theory of normal surfaces on
M [12].

The existence of a strict angle structure imposes restrictions on the topology of M:
it implies that M is irreducible and atoroidal, and each boundary component of M is a
torus; see for example [16]. On the other hand, if M is a hyperbolic link complement,
then there exist triangulations which admit a strict angle structure [11]. In fact, such
triangulations can be constructed by a suitable refinement of the Epstein—Penner ideal
cell decomposition of M. Note that not all such triangulations are geometric [11].

2 The sum of the 3 angles around each vertex is traditionally 7.
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Fig. 2 Shapes of a tetrahedron

2.3 The Neumann—Zagier matrices

Fix an oriented ideal triangulation 7" with N tetrahedra of a 3-manifold M with tori
boundary components. Assign variables Z;, Z!, Z!’ at the opposite edges of each tetra-
hedron A; respecting its orientation as in Fig. 2.

Then we can read off matrices N x N matrices A, B, and C whose rows are indexed
by the N edges of 7 and whose columns are indexed by the Z;, Z!, Z!’ variables.
These are the so-called Neumann—Zagier matrices that encode the exponents of the
gluing equations of T, originally introduced by Thurston [20,25]. In terms of these
matrices, a generalized angle structure is a triple of vectors «, 8, ¥ € RY that satisfy
the equations

Adc+BB8+Cyr=@2,....27", a+B+y=(1,....,DT. 2.7)

A quad Q for 7 is a choice of pair of opposite edges at each tetrahedron A; for
i=1,...,N. Q canbe used to eliminate one of the three variables «;, f;, y; at each
tetrahedron using the relation «; + B; + y; = 1. Doing so, Eq.(2.7) takes the form

Aa+By =v.

The matrices (A|B) have some key symplectic properties, discovered by Neumann and
Zagier when M is a hyperbolic 3-manifold (and 7 is well adapted to the hyperbolic
structure) [20], and later generalized to the case of arbitrary 3-manifolds in [19].
Neumann and Zagier show that the rank of (A|B) is N — r, where r is the number of
boundary components of M ; all assumed tori. If we choose N —r linearly independent
rows of (A|B), then we obtain matrices (A’|B’) and a vector v/, which combine to form
M = (A/|B’|v'). In addition, the exponents of meridian and longitude loops (the latter,
divided by 2) at each boundary torus give additional matrices (aT, b7y and (T, dT)
of size r x 2N.

Definition 2.11 The 3D index of 7 is defined by
I7(m,e)(q) = Im(dm — be, —cm + ae)(q). (2.8)

Implicit in the above definition are a choice of quad Q and a choice of rows to remove.
However, the index is independent of these choices; see Remark 2.8. Keep in mind
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The 3D index of an ideal triangulation and angle structures 579

the action of (Z/ 3N given by acting on the ith columns a;, b; and ¢; of A, B, and C
by

S(aibiler) = (bilcila)
(and fixing all other columns) and on the ith coordinates of an angle structure by
S(ai, Bis vi) = (Bis vio i)
(and fixing all other coordinates) and on the ith columns a; and b; of A and B by
S(ailbilv) = (=bilai — bilv — b;)

(and fixing all other columns). Since the rank of (A|B) is N—r and A, Bare (N —r)x N
matrices, it follows that M admits a strict structure if and only if 7" admits a strict angle
structure. In addition, 7" admits an index structure if for every choice of quad Q there
exists a solution (¢, B, y) of Eq. (2.7) that satisfies the inequalities (2.2). Theorem 2.4
implies the following.

Theorem 2.12 The index I : 7" x 7" —> Z((ql/z)) is well defined if and only if T
admits an index structure. In particular, I exists if T admits a strict angle structure.

See Sect. 6.3 for an example of an ideal triangulation 7 of the census manifold
m136 [3] which admits a semi-strict angle structure (i.e., angles are nonnegative real
numbers), does not admit a strict angle structure, and which has a solution of the gluing
equations that recover the complete hyperbolic structure. A case-by-case analysis
shows that this example admits an index structure, and thus the index /7 exists. This
example appears in [11, Example 7.7]. We thank H. Segerman for a detailed analysis
of this example.

2.4 On the topological invariance of the index

Physics predicts that when defined, the 3D index /7 depends only on the underlying
3-manifold M. Recall that Hodgson et al. [11] prove that every hyperbolic 3-manifold
M that satisfies

H\(M,Z/2) — H(M,0M,7Z/2) isthe zero map 2.9)
(e.g., a hyperbolic link complement) admits an ideal triangulation with a strict angle
structure, and conversely if M has an ideal triangulation with a strict angle structure,

then M is irreducible and atoroidal, and each boundary component of M is a torus
[16].
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580 S. Garoufalidis

Fig. 3 A 2-3 move: a bipyramid splits into N tetrahedra for 7 and N + 1 tetrahedra for T

A simple way to construct a topological invariant using the index would be a map
M — {I7 | T € Sy},

where M is a cusped hyperbolic 3-manifold with at least one cusp and Sy, is the set
of ideal triangulations of M that support an index structure. The latter is a nonempty
(generally infinite) set by [11], assuming that M satisfies (2.9). If we want a finite set,
we can use the subset Sf,lp of ideal triangulations 7" of M which are a refinement of the
Epstein—Penner cell decomposition of M. Again, [11] implies that S]];:,[P is nonempty
assuming (2.9). But really, we would prefer a single 3D index for a cusped manifold
M, rather than a finite collection of 3D indices.

It is known that every two combinatorial ideal triangulations of a 3-manifold are
related by a sequence of 2-3 moves [17,18,22]. Thus, topological invariance of the
3D index follows from invariance under 2-3 moves.

Consider two ideal triangulations 7 and 7 with N and N + 1 tetrahedra related by
a 2-3 move as shown in Fig. 3.

Proposition 2.13 [If T admits a strict angle structure, so does T and I5 = I.
For the next proposition, a special index structure on 7 is given in Definition 6.2.

Proposition 2.14 If 7 admits a special strict angle structure, then T admits a strict
angle structure and 15 = I7.

Remark 2.15 The asymmetry in Propositions 2.13 and 2.13 is curious, but also nec-
essary. The origin of this asymmetry is the fact that 3-2 moves always preserve strict
angle structures but 2-3 moves sometimes do not. If 2-3 moves always preserved strict
angle structures, then all ideal triangulations of a fixed manifold would admit strict
angle structures as long as one of them does. On the other hand, an ideal triangulation
that contains an edge which belongs to exactly one (or two) ideal tetrahedron(a) does
not admit a strict angle structure since the angle equations around that edge should
add to 2. Such triangulations are easy to construct, even for hyperbolic 3-manifolds
(e.g., the 41 knot).
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The 3D index of an ideal triangulation and angle structures 581

3 Axioms for the tetrahedron index

In this section, we discuss an axiomatic approach to the tetrahedron index. Let
Z((qg'7?)) (resp., Z[[g"/*1]) denote the ring of series of the form

f@) =D anq"

1
nes7Z

where there exists ng = ng(f) such that a, = 0 for all n < ng (resp., n < 0). For
f(q) € Z((q"/ 2y), its degree 8( f (g)) is the largest half-integer (or infinity) such that
(@) € ¢?D7Z[[g"/?1]. We will say that f(q) € Z((g'/?)) is g-positive if §(f(q)) >
0.

Definition 3.1 A retrahedron index is a function f : Z* —> Z((g'/?)) that satisfies
the equations

q2fm+1,e)+q 2 f(me+1)— f(m,e) =0, (3.1a)
g fm—1,e)+q 2 f(me—1)— f(m,e) =0 (3.1b)
for all integers m, e, together with the parity condition f(m,e) € q%Z((q)) for all

m and e. Let V denote the set of all tetrahedron indices and V. denote the set of all
q-positive tetrahedron indices.

Theorem 3.2 (a) V is a free g-holonomic Z.((q))-module of rank 2.
(b) V4 is afree g-holonomic Z[[q]]-module of rank 1.
(c) If f € V, then it satisfies the equation

fm,e)q) = (—q2) " fe, —e —m)(q) (32)
= (=q?)" f(—e —m,m)(q)

for all integers m and e.
(d) If f €V, then it satisfies the equations

+m _m

fn e+ D+ (g% —q7% —q?) fm,0)+ fm,e—1) =0,  (3.32)
fm+1,e)+(q I g7 —q%)f(m,e)+f(m—1,e)=0 (3.3b)

for all integers m, e.
(e) If f € V, then it satisfies the equation

fim, e) = f(—e, —m) (34

for all integers m, e.
Question 3.3 What is a basis for V?

Remark 3.4 The proof of part (a) of Theorem 3.2 implies that if f(m, e) is a tetra-
hedron index, then f(m, e) is a unique Z[qil/ 2)-linear combination of A and B
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582 S. Garoufalidis

where (f(0,0), f(0,1)) = (A, B). For example, if C = (f(m, e))—2<m.e<2, then
C =MsA+ MpB, where

1—L 4 1 1 _,21_ -1 _1 141
IR ‘f .y
1— 5+ —= 0 ——= ——
q* g NG NG, q
My = 1—3 1 1 0 -1 ,
1 1
1 ’ 11 \{5 1 1 qlq 1 2
q%—q%—%+q+2q2—q3l—$+2q—q2 2—¢q —l+ql q%—%
1 2 1 1 1
—1+{7—]5+q ~ =tV 1 % -1+
Mp = -2+1 -1 0 1 2-¢
1—¢q -Jq -1 —ﬁ+\/ﬁ 17$+2q7q2
2g —¢° l—gq —2+%—l+q%—%+qq%—q%—£+q+242—q3

Remark 3.5 The proof of part (b) of Theorem 3.2 implies that if f(m, e) is a tetra-
hedron index, then f(m,e) is uniquely determined by f(0,0) = > 7°)anq". In
particular, if f(0,1) = ZZO:O b,q", then b, are Z-linear combinations of a; for
k < n. For example, we have

by = ag

b1 = ag + ay

by = 2ap+ay; +ay

b3y = 4ag +2ay1 +ax + a3

by = 9ag + 4ay +2ar + a3z +ay

bs = 20ag + 9ay + 4ar + 2a3 + aq + as

be = 46ay + 20a1 + 9ay + 4az + 2a4 + as + ag

b7 = 105ag + 46a1 + 20ar + 9a3 + 4ay + 2as + ag + ay

bg = 242ap + 105a1 + 46a + 20a3 + 9a4 + 4as + 2ae + a7 + ag
by = 557ag + 242a1 + 105ay + 46a3 + 20a4 + 9as + 4ag + 2a7 + ag + ag
b1o = 1285ag + 557ay + 242ar + 105a3 + 46a4 + 20as + 9ag + 4a7 + 2ag + ag + ajg
b11 = 2964aq + 1285a1 + 557ap + 242a3 4 105a4 + 46as5 + 20ag + 9a7 + 4ag + 2ag + ajg + ay

b1y = 6842aq + 2964a1 + 1285ay + 557a3 + 242a4 + 105as5 + 46a¢ + 20a7 + 9ag + 4ag + 2ajg
+ay; +ajpp.

In fact, it appears that b, is a N-linear combination of g for k < n, although we
do not know how to show this, nor do we know of a geometric significance of this
experimental fact.

The next lemma computes the degree of the tetrahedron index.

Lemma 3.6 The degree 5(m, e) of In(m, e)(q) is given by

1
§(m, e) = §(m+(m o)y + (—m)req + (=€) (—e—m)y (3.5)
+ max{0, m, —e}).
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The 3D index of an ideal triangulation and angle structures 583

Fig. 4 The degree of the
tetrahedron index

e+m=20

It follows that §(m, e) is a piece-wise quadratic polynomial as given in Fig. 4.
The next theorem gives an axiomatic characterization of the tetrahedron index /x.

Theorem 3.7 I, is uniquely characterized by the following equations:

(@) In € V4, IA(0,0)(0) #0
(b) Ia satisfies the pentagon identity

In(my — ez, e1)In(m2 — ey, e2) (3.6)
= Z g Ia(my, e + e3)In(ma, ez + e3)In(my + mo, e3)
e3el

for all integers m1, ma, ey, 3.

Remark 3.8 The unique part of Theorem 3.7 uses only the facts that I € V,
8(Ia(0,e)) = 0 for all e and I satisfy the special pentagon

Ia(0,0)° = D" 1a(0,€)’¢° .
eel

4 Properties of a tetrahedron index
4.1 Part (d) of Theorem 3.2

Consider a function f(m,e) of two discrete integer variables e, m which satisfies
Egs. (3.1a) and (3.1b). An application of the HolonomicFunctions .m computer
algebra package [15] implies that f(m, e) also satisfies Egs. (3.3a) and (3.3b).

4.2 The rank of V: part (a) of Theorem 3.2

An application of the HolonomicFunctions.m computer algebra package [15]
implies that the linear g-difference operators corresponding to the recursions of
Egs. (3.1a) and (3.1b) is a Grobner basis and the corresponding module has rank 2.
Said differently, f(m, e) is a unique Z[g*'/?]-linear combination of A and B where
A= f(0,0)and B = f(0, 1).
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584 S. Garoufalidis

4.3 The rank of V. : part (b) of Theorem 3.2

Consider a function f(m,e) of two discrete integer variables e, m which satisfies
Egs. (3.1a) and (3.1b). Section 4.1 implies that f (0, e) satisfies the 3-term recursion

0,00 = (2=g ) f0,e=1)+ f(0,e—=2)=0 4.1

for all integers e. It follows that for every integer e, £(0, ¢) is a Z[¢T!]-linear combi-
nation of A and B where f(0,0) = A and f(0, 1) = B. An induction on e < 0 using
the recursion relation (4.1) shows that for all ¢ < 0 we have

f0,6) =q~ 772 (p1(e)A + pa(e)B),

where pi(e), pa(e) € Z[q] are polynomials of maximum g-degree ¢%/2 + ¢/2 and
constant term (—1)¢~! and (—1)¢, respectively. For example, we have

fO,-1)=A-B,
qf(0,-2) = A(—=1+¢q) + B(1 —2¢g),
P10.-3 = A(1-9-2¢7+¢) + B (-1+29+2¢* - =3¢%),

a%f0,-4) = A (—1 +q+2¢° +q¢° — —2¢* = 3¢° + 616)
+8 (1 -2 247 +4° +49" +3¢° — 4¢°).
q'°f0,-5 =4 (1 —q—2¢° — > +5¢° +3¢° +¢" - 3¢% —4¢° +q10)

+B (—l +2¢+2¢° —q> — —2¢* —7¢° +3¢" +64% + 4¢° — Sqlo).

Let us write

o0 [o/0]
A:Zanq", B:Zb,,q".
n=0 n=0

If we assume that f(0, e) € Z[[q]], this imposes a system of linear equations on the
coefficients a, and b,, of A and B. In fact, for fixed e < 0, the system of equations
coeff(f(0,e),q/) = 0 for j = —e?/2 —e/2,...,—2, —1 is a triangular system of
linear equations with unknowns b; for j =0, 1, ..., e? /2—e/2—1 where all diagonal
entries of the coefficient matrix are 1. For example, we have

1 0 0 0 0O bo —agp
-21 0 0 00 by ap — ap
-2-21 0 00 by | _ 2a0 + a1 — ap

1 -2-21 00 by | ap +2a1 +a — a3

4 1 -2-210 by —2a0 + ay +2ax + az — ay

3 4 1 -2-21 bs —3ag — 2a1 + ay + 2a3 + a4 — as
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The 3D index of an ideal triangulation and angle structures 585

It follows that b,, is a Z-linear combination of a; for k < n. This proves that the rank
of the Z[[g]]-module V. is at most 1. Since In € V, (as follows from the proof
of Theorem 3.7), it follows that the rank of the Z[[g]]-module V. is exactly 1. This
proves part (b) of Theorem 3.2. O

Corollary 4.1 The above proof implies that f € V. is uniquely determined by its
initial condition f(0,0) € Z[lq]ll. It follows that if f, g € V4, then

8(0,0)f(m,e) = f(0,0)g(m, e) (4.2)

for all integers m and e.

4.4 Proof of triality: part (c) of Theorem 3.2

In this section, we prove part (c) of Theorem 3.2. Equation (3.2) concerns the following
Z/3-actionon V.

Definition 4.2 Consider the action f — Sf on a function f : Z?> — Z((q'/?))
given by

1.—
Sf(m,e)=(—q2) “fe,—e —m). 4.3)
Proposition 4.3 (a) We have S° = Id.
() If f € V, then Sf = f, and of course, also S*f = f.
Part (c) of Theorem 3.2 follows from part (b) of the above proposition.

Proof (of Proposition 4.3) Part (a) is elementary. For part (b), assume that f satisfies
Eq. (3.1a) for all (m, e). Replace (m, e) by (¢, —1 — e — m) in (3.1a) and we obtain
that

—fle,~1—e—m)+q~%f(e, —e —m) (4.4)

m

Now, replace f by Sf on the left-hand side of Eq. (3.1a), and the result is given by

(=D (= fle,~l—e—m)+q 7 fle, —e —m)

The above vanishes from Eq. (4.4).
Likewise, assume that f satisfies Eq. (3.1b) for all (m, ). Replace (m, e) by (e, 1 —
e —m) in (3.1b) and we obtain that

m

q:2 3 2f(—l+e,l—e—m)—l—q*%f(e,—e—m)—f(e,l—e—m)=0.
4.5)
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Now, replace f by Sf on the left-hand side of Eq. (3.1b), and the result is given by

m

(—1)et! (q%—%—ff(—l fel—e—m+qtfle,—e—m)— fle,] —e— m)).

It follows that if f € V, then the above vanishes from Eq.(4.5). In other words, if
f € V,then Sf € V. To conclude that f = Sf, it suffices to show (by part (a) of
Theorem 3.2) that f(0,0) = (Sf)(0,0). If f(0,0) = A and f(0,1) = B, using
Remark 3.4, we have

(5/)(0,0) = £(0,0) = 4,
(SHO, 1) = fO,)+g 2 f(1,—1) =B +q 2 (— Bq*) =0.

This concludes the proof of Proposition 4.3. O

4.5 I, is a tetrahedron index

Observe that by its definition

In(m, e) = ZS(m,e,n)

ecl

is given by a one-dimensional sum of a proper q-hypergeometric term [21,27]

q%n(n+1)—(n+%e)m
S(m,e,n) = (="

(@Dn(@n+e

It follows from [27] that I (m, e) is g-holonomic in both variables m and e. Moreover,
recursion relations for I (m, e) can be found by the creative telescoping method of
[27]. For instance, S satisfies the recursion

q2Sm—1,e,n) +q 2Sm,e—1,n) — S(m, e,n) =0 (4.6)

which implies that 75 satisfies Eq.(3.1b). To prove Eq. (4.6), divide it by S(m, e, n)
and use the fact that

q%S(m—l,e,n)z etn _%S(mﬂe—l,n)_l_qew_

S@m, e, n) S(m, e, n)

The proof of Eq. (3.1a) is similar. For an alternative proof, using the quantum diloga-
rithm, see Sect. 1.
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4.6 The degree of I

Proof (of Lemma 3.6) Consider the fan F of R? with rays (1, 0), (0, 1), and (1, —1).
Observe that the linear transformation (m, e) +— (e, —e — m) (which appears in
Definition 4.2) rotates the three cones of the fan F and preserves the piece-wise
quadratic polynomial that appears in Lemma 3.6. Since Ip € V (by Sect.4.5) and
V is pointwise invariant under S (by Proposition 4.3), it suffices to compute 6 (m, e)
when (m, e) lies in the cone m < 0, e > 0. In that case, Eq. (1.2) gives

00 lrz(rz—i—l)—(n—i—%e)m
nd’
In(m,e) = > (~1
: (m e) IZ(:)( ) (Q)n (Q)n+e

If §(m, e, n) denotes the degree of the summand, using m < 0,n > 0 we get
1 em
Mmam=§ww+D%-n+—emZ——n

with equality achieved uniquely at n = 0. It follows that the degree of I (m, ¢) in this
cone is given by —em /2. O

4.7 Proof of Theorem 3.7

First we show that /A satisfies the required equations:

(a) In € V from Sect.4.5. Lemma 3.6 and Eq.(3.5) manifestly imply that
8(Ia(m, e)) > 0 for all integers m and e. Thus, Ix € V4. Moreover, /A (0,0) =
14+ O(g).

(b) I, satisfies the pentagon identity from Sect. 1.

Itremains to show the unique partin Theorem 3.7. Suppose f € V. satisfies the pen-
tagon and £ (0, 0)(0) # 0. Corollary 4.1 implies that f (m, e)(q) = C(g)Ia(e, m)(q)
for some C(g) € Q((q)). Consider the special pentagon for f and Ia:

£0,07 =" 10, ", 1a(0,0)* = D" In(0,€)’¢".

eel el

It follows that C(q)2 = C(q)3, and since C(g) # 0, we get C(q) = 1. This concludes
the uniqueness part of Theorem 3.7. O

5 Convergence of the 3D index
5.1 Proof of Theorem 2.4

In this section, we prove Theorem 2.4. We begin by a well-known lemma due to Farkas
[30].
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Lemma 5.1 Fix finite collections A = {ay, ...,a,} and B = {by, ..., bs} of vectors
in RN, The following are equivalent:
(@) there does not exist v # 0 such thata; -v > Ofori =1,...,randb; -v =20
forj=1,...,s.

(b) AU B spans RN and there exist a; > Ofori =1,....,r and y; € R for
j:1,...,ssuchthat0=zia,~ai—i—zjyjbj.

Proof (a) is equivalent to

(c) there does not exist v # O such thata; -v > Ofori =1,...,r,b;-v > 0 for
j=1,...,s,and (=bj)-v=>0forj=1,...,5.

(c) implies (b). Let C denote the cone spanned by A U B U —B. (¢) states that C is
not contained in any half-space through the origin. By Farkas’ lemma [30], it follows
that C = RV. Thus, AU B U —B spans R and — >, ai € C. (b) follows.

(b) implies (c): consider v such thatg; - v > 0 and b; - v = 0 for all 7, j. We know
there existe; > 0 and y; real suchthat0 = > a;a; +2_ ; y;b;. Taking inner product
with v, it follows that 0 = Zi o;a; -v. Since o; > 0 and g; - v > 0 for all i, it follows
that a¢; - v = 0 for all i. Thus, v is perpendicular to .4 U 3 which is assumed to span
RY. Thus v = 0 and (c) follows. O

The next lemma concerns super-linear polynomial functions on a cone.

Lemma 5.2 Suppose C is a closed cone in R" and p : C — R is a polynomial that
satisfies p(nx) > cyn forn > 0, x € C\ {0}, and cy > 0. Then, there exist c > 0 and
¢’ > 0 such that p(x) > c|x| for all x € C with |x| > ¢

Proof Let S = {x € R"| |x| = 1} denote the unit sphere and let p = Zfzo Pr(x)
denote the decomposition of p into homogeneous polynomials py of degree k. Since
plnx) = >, n* pr(x), it follows that for every x € SN C there exists i such that
pj(x) =0for j >iand p;(x) > 0. In particular, pg : § N C — [0, 00).

Case1: p;(SNC) C (0, 00). By compactness, pg(x) > co > 0forx € SNC and
|pk(x)| < exforx € SNCandk = 1,...,d—1.Thus p(x) > colx|4=392) |x|Fex >
c|x| for some ¢ > 0.

Case 2: There exists x € S N C such that p;(x) = 0 and pg—(x) > 0. Argue as
above using the complement of a neighborhood of x where p is strictly positive, and
conclude the proof by induction on the depth of a point. O

Consider the restriction
,
Igym, e)(g) = > q 2" [ [ Ia(mi — nbi - ko, e; + naj - ko) (5.1)
neN i=1

of the sum that defines Iyf on aray p = Nk for kg € Z", kg # 0. Consider the union
R of the 3 rays in R? as shown in Fig. 5.

If p = Nko is a fixed ray, let x = BTkg = (x1,...,x,) and y = ATkg =
155 Ys)-
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Fig. 5 The degree of the P1
tetrahedron index
P3
P2
(52 61
z(z+y)
y=0 y=0
z+y=0 r4+y=0

Fig. 6 Piece-wise quadratic and linear functions 8, and &
Lemma 5.3 (a) If (—x;, yi) ¢ R forsomei =1,...,s, then Ilcl(m, e) converges for

all m, e.
®) If (—xi,yi) € Rforalli = 1,...,s. Then, there exists Q € {1,...,s} —
{1,2,3} such that (—x;,yi) € poa foralli = 1,...,s. Then 1161 does not
converge if and only if all of the following inequalities hold:

bi - ko =0, a; - ko >0, (=v)-ko <0 if QG)=1,
(5.22)

(@i — b;) - ko =0, (=bj) ko =0, (=v+b)-ko<0 if Q@) =2,
(5.2b)

(—aj)-ko=0, (—a;+b;) -ko>0, (—v+a;)-ko=<0 if Q@) =3.
(5.2¢0)

Proof (a) Without loss of generality, let us assume m = e = 0. In that case, the degree
of the summand in Eq. (5.1) is given by

N N
n
n? E 0 (=x;i,y)+n E 51(—xl',yl')+5v~ko,
i—1 i=1

where 81 and §, are piece-wise quadratic and linear functions as given in Fig. 6.
If (—x;i,yi) ¢ Rforsomei =1, ...,s, it follows that the degree of the summand
is a quadratic function of n with nonvanishing leading term, and thus Ilcl converges.
(b) The above computation shows that 1161 (0, 0) divergesif and only if 82 (—x;, y;) =
Oforalli =1, ..., s and in addition the coefficient of x is less than or equal to zero.
The first condition is equivalent to (—x;, y;) € R forall i, and together with the second
one, they are equivalent to the inequalities (5.2). O

Proof (of Theorem 2.4) Lemma 5.2 implies that Iy converges if and only if Iﬁ
converges for all rays p. This is true since the degree of the summand of Iy is a piece-
wise quadratic polynomial. Lemma 5.3 gives necessary and sufficient conditions for
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the convergence of 1161. It remains to match these conditions with the definition of an
index structure on M using Lemma 5.1.

The above discussion implies that Iy is convergent if and only if for every
0:{1,...,s} = {1, 2,3}, there does not exist ko # 0 such that Eq.(5.2) holds.
Assume for simplicity that s = 1.

Case 1: If Q(1) = 1, Inequality (5.2) and Lemma 5.1 imply that there exist oy > 0
and yp real such that v = ajaj + y1b1. Define 81 = 1 — o1 — y1.

Case 2: If (1) = 2, Inequality (5.2) and Lemma 5.1 imply that there exist a} > 0
and y| real such that v — by = a|(=b1) + y{(a1 — by). Letting («1, B1, 1) =
(y{» @}, =y, — o} + 1), it follows that

v=oaiar +yib1, p1>0.

Case 3: If (1) = 3, Inequality (5.2) and Lemma 5.1 imply that there exist a} > 0
and yl’ real such that v — a; = o/l(—al + by) + yl’(—al). Letting (o1, B1, y1) =
(1 —ay —y{,y{,a)), it follows that

v=oajal + yi1b1, y1 > 0.

It follows that M admits an index structure.

The general case of s follows as above. Indeed foreach Q : {1, ..., s} — {1, 2, 3},
assume (—x;,y;) € pog) fori = 1,...,s. Then IICI convergences if and only if
there exists («, 8, ) that satisfies Eq. (2.1) and inequalities (2.2). This completes the
convergence proof of Theorem 2.4. g-holonomicity follows from the main theorem of
Wilf-Zeilberger [27], using the fact that Iy (m, e) is a 2r-dimensional sum of a proper
q-hypergeometric summand. O

5.2 An independent proof of convergence for strict index structures

Theorem 2.4 implies that Iy converges when M admits a strict index structure. In this
section, we give an independent proof of this fact without using the restriction of the
summand of the index to a ray.

Proposition 5.4 [fM supports a strict index structure, then Iyi(m, €)(q) € Z((qg'/?))
is convergent for all m, e € 7°.

The proof of proposition 5.4 requires some lemmas.

Lemma 5.5 Fix positive real numbers a, 8 > 0 with o + 8 < 1/2 and let y =
min{e, 8, 1/2 — a — B}. Then for all integers m, e we have

S(Ia(m, e)qg P9y > max{|m|, |e|, |m + el} .

Proof (of Lemma 5.5) Let L (m, e) = max{|m|, |e|, |m + e|}. L+(m, e) is a piece-
wise linear function as given in Fig.7.
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Fig. 7 A piece-wise linear
function L

With the notation of Lemma 3.6, we need to show that
d(m,e) — pm +ae > yLi(m,e). (5.3)

First, consider the three rays of §(m, e):

Ray Left-hand side of (5.3)  Right-hand side of (5.3)
m=0,e>0 «e ye

e=0m<0 —Bm —ym

m=—e>0 m(l/2 —a —pB) ym

This proves inequality (5.3) in the three rays and shows that the choice of y is
optimal. Now, in the interior of each of the 6 cones of linearity of Ly, §(m, ) — Bm+ae
is given by a quadratic polynomial of m, e. The degree 2 (resp. 1) part of this polynomial
is always greater than or equal to 1/2L (m, e) (resp. (1/2 — y)L4+(m, e)) by a case
computation. For example, in the cone m > 0,e < 0, e +m > 0 with rays R, (1, 0)
and R4 (1, —1), we have §(m,e) = m(m +e)/2 +m/2 and Ly (m, e) = m and

m(e+m) m
8(m,e)—,3m+ae=T+E—,Bm+ae

m m
> —+ - —Bm+ae

-2 2
={0-B—a)ym+a(im+e)
>2(-B—a)ym=>=(0—-B—a)Li(m,e).

The other cases are similar. |

The next lemma is well known [30].

Lemma 5.6 Consider the convex polytope P in R" defined by

P={xeR|vy-x<c¢ i=1,...5},

wherev; € R"andc; € Rfori =1, ...,s. Then P is compact if and only if the linear
span of the set {vi|i = 1,...,s}is R" and 0 is a R>o-linear combination of elements
of {vili =1,...,s}
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Proof (of Proposition 5.4) Leta; and b; fori = 1, ..., s denote the columns of (A|B).
If M admits a strict index structure, then there exist «;, y; > 0 that satisfy a; +y; < 1
for all i such that

N
> aiai +yipi=v.
i=1
It follows that

N
Bip k% g..
Iv(m,e)(qg) = Z Hl(mi —bi -k,ej +a;- k)(q)qu"k"' 5 ai-k _
keZr i=1

Applying Lemma 5.5, it follows that for every k € Z¢, the degree of the summand is
bounded below by

A )
D (Bimi —aie) +v' D (| = mi+bi k| +lei +ai - k).

i=1 i=1
Now, Lemma 5.6 and admissibility imply that for fixed Ny, there are finitely many
k € Z such that the above degree is less than Ny. Proposition 5.4 follows. O
6 Invariance of the 3D index under 2 < 3 moves and 2 < 0 moves
6.1 Invariance under the 3 — 2 move
Consider two ideal triangulations 7" and 7 with N and N + 1 tetrahedra, respectively,
related by a 2-3 move as shown in Fig. 8.

The above figure matches the conventions of [5, Sec. 3.6]. For a variable, matrix,
or vector f associated to 7, we will denote by f the corresponding variable, matrix,

"
wy

wy

Fig.8 A 2-3 move
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or vector associated to T . Let us use variables (Z, Z’, Z") and (Z, Z', Z") to denote
the angles of 7" and 7, respectively, where

Z = (X1, X2, Z3, ., ZN),  Z = (Wi, Wa, W3, Z3, ..., ZN) . (6.1)

We fix a quad type assigning these variables to 7 and T asin Fig. 3. When calculating
the Neumann—Zagier matrices, we will assume that we keep the edge equation which
comes from the internal edge of the 2—-3 bipyramid.

There are nine linear relations among the shapes of the tetrahedra involved in
the move—three come from adding dihedral angles on the equatorial edges of the
bipyramid:

Wi=Xi1+X2, Wy=X1+X,, Wy=X/+X,, (6.2)
and six from the longitudinal edges:

Xi=Wat+ W), X,=Wi+W/, X/=W+Wy,

Xo=W/4+W;, X,=W'+Wo, Xj=Wj+W. 6.3)

Moreover, due to the central edge of the bipyramid, there is an extra gluing constraint
in7:

Wi+ W, + W; =2mi . (6.4)
Let GA(7) and A(7) denote, respectively, the sets of generalized and strict angle
structures of 7.

Lemma 6.1 Consider the map
pi=2: GAT) — GA(T), 22,22 =(2.2.2")  (65)
defined by Eq. (6.3). It induces a map
w2t AD) — A(T).

Proof To check that 13,7 is well defined, we need to show that X; + X! 4+ X' =1
is satisfied for / = 1,2, assuming that Eq.(6.4) holds and W; + W/ + W/ = 1 for
i = 1,2, 3. This is easy to check. If (Z,2,7") € Ri(NH) (where R is the set of
positive real numbers), it is evident from the definition that (Z, Z’, Z") € ]RiN .In
other words, p3—.o sends strict angle structures on 7 to those on 7. O

This proves the first part of Proposition 2.13. To prove the remaining part, we study
how the gluing equation matrices of 7 and 7 are related. Let (A|B|C) denote the
matrix of exponents of the gluing equations of 7. We will use column notation and
write

A= (a1, a, a), B= (b, by, b)), C= (1, &, &),
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where a; signifies (as, a4, ..., ay) and similarly for b; and &;. Eliminating the Z’
variables, we obtain

A=A-B, B=C-B.

In other words,

(a1, a2, a;) = (@ — by, @ — b, a; — by), (6.6)

(b1,ba, b;) = (¢1 — b1, ¢ — by, & — by).

To compute the corresponding matrices of T, use

2=a1Xi +@Xs+aiZi + b1 X\ + b2 Xy + b Z] + &1 X{ + &2 X5 + G Z]
=a1(Wa + W) +ar(Wy + W3) +a; Z;
+ b1 (W3 + W) + ba(W{' + Wa) + b Z]
+ 1 (Wi + Wy) + ea(W5 + W) + 6 Z

Collecting the coefficients of Z.7'. 7", it follows that the matrix of exponents of the
gluing equations of 7 is given by

X_ 0 0_ O_ 0 E_ 1119
T \a+oat+bya+bia)’ “\000b5; )"
E_ . ()_ 0 0 0

T \bi+bhar+cia+ac)

. . . 1 0\ .
Using a row operation via P = (51 4 b I)’ it follows that

N 0 0 0 0 = 1 1 1 0
PA= - - - = - = - PB: el - - - - - -
(C] +c2ay+byax+ by ai)’ (b] + by by +by by + by b,-)’
= 0 0 0 0
PC={- - _ o R
C (b1 +byay+cypar+ e ci>

Since A = A — ﬁ and B = E — B, the above inequalities combined with Eq.(6.6)
imply that

- ~1 -1-10 < (-1 -1 -1 0
PA = PB = : 7
(b1 +bya; ar ai)’ (0 ax + by ar + by bi) ©7

Since the 3D index is invariant under row operations (see Remark 2.8), Eq.(6.7) and
the pentagon identity (3.6) conclude that I3 = I7. O
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6.2 Invariance under the 2 — 3 move

In this section, we will define what is a special angle structure on 7 and show the
partial invariance of the 3D index under a2 — 3 move. We will use the same notation
as in Sect.6.1. To define a map (Z,Z',Z") — (Z, Z',Z"), we need to solve for
Wi, W/, W/ fori = 1,2, 3 in terms of X;, X;, X/ for i = 1,2 using Eqgs. (6.2) and
(6.3). The answer involves one free variable (say, Wi) and it is given by

(Wi, Wo, W3) = (W, Wi + X1+ X204+ X) — LW+ X1+ X2+ X] - 1), (6.8a)

W, Wy, W) =X+ X2, X] —Xo— XJ+ 1, X — X| + X5+ 1), (6.8b)
W, Wy, W)= (=Wy +1—X| —Xo, =W — X1 — X, +1,—-W; — Xo — X5+ 1).
(6.8¢)

If (Z,272',7") is a strict angle structure on 7, then (Z,Z',Z") is a strict angle
structure if and only if Eq.(6.8) has a strictly positive solution. It is easy to see that
this is equivalent to the following condition:

Xi+Xa<1, X/+X,<1, X\ +Xj<I. (6.9)

These conditions are precisely equivalent to the conditions W{ , WZ/, Wé < 1, as follows
in Eq.(6.2). In other words, a special strict angle structure is an angle structure such
that all angles of the bipyramid are less than 1.

Definition 6.2 We will say that (Z, Z’, Z") is a special strict angle structure on T if
the inequality (6.9) is satisfied.

Let ASP(7) denote the set of special strict angle structures on 7. Then, we have a
map (more precisely, a section of ©3_,2)

poss: AT — AT),  p3(2,2,2")=(2,2',7").

The conclusion is that if 7 admits a special strict angle structure, then so does 7.In
that case, /7 and I5 both exist. An application of the pentagon identity as in Sect. 6.1
implies that I7 = I5. O
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6.3 An ideal triangulation of m136

Let 7 denote the ideal triangulation [11, Ex. 7.7] of the 1-cusped census manifold
m136 using 7 tetrahedra. Its gluing equation matrices around the edges are given by

1000111 0001001 1001011
0001010 1000100 0000110
0010000 0111110 1201000
A=|0100000], B=]1000001|, C=]0010000
1000000 0100000 0010100
0111001 0000000 0000000
0000100 0010010 0000001

A generalized angle structure is a solution to Eq.(2.7). In our example, the set of
generalized angle structures GA(7) is an affine 8-dimensional subspace of R?! and
the intersection SA(7) = GA(7)N]JO0, oo)21 is the polytope of semi-angle structures.
Regina [2] gives that SA(7) is the convex hull of the following set of 11 points

(a1, BL. V1. ... a7, B7, y7) in R?L:

0 o1l1 0 olo o 1|1 0 o000 1[010[0 0O 1
o0 100 1 olo o 1|1 0o ofl10o0010[1 0 O
1 oof1 0 0[O0 1 0|1 0 0[0oO0T1[010[0 1 0
1 oof1 o0 ol0 0 1|1 0 o0 100100 0O 1
1/21/20{1 0 o |0 1/21/2[1/21/2 0|0 0 1 |010[1/2 0 1/2
1/21/20{1 0 0]0 1/21/2[1/2 0 1/2[ 0 0 1 [010[1/2 0 1/2
121201 0 o0 [1/2 0 1/2[1/21/2 0|0 0 1[010[0 O 1
121201 0 o0 [1/2 0 1/2[1/2 0 1/2{0 0 1[010[0 0O 1
1/21/20[1/2 0 1/2l0 0 1|1 0 o0 [1/201/2[010[1/2 0 1/2
1/21/20{1/21/2 0 |1/2 0 1/2| 1 0 0 [1/201/2[010] 0 1/21/2
2/31/30[2/3 0 1/3[1/3 0 2/3| 1 0 o0 [1/302/3[010] 0 1/32/3

A computation shows that if («, 8, y) € SA(7), then (ag¢, be, cg) = (¢, 1, —t) for
some ¢ € R which explains why 7 has no strict angle structure. On the other hand,
Hodgson et al. [11, Example 7.7] mention that 7 has a solution

. o3 1. 1 2. 1 1.
(z1,...,26) = 21,—1+2l,§+§l,—1,§+§l,2,§+§l

of the gluing equations which recover the complete hyperbolic structure on m136.
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6.4 An ideal triangulation of m064

There is an explicit triangulation of m064 that uses 7 ideal tetrahedra, communicated
to us by Henry Segerman. Its gluing equation matrices are given by

2010000 0200001 1001110
0000000 2001000 0010000
0001000 0010001 1000000

A=|0211110], B=|0000110|, C=]0100001
0000000 0000110 0100110
0000001 0010000 0011001
0000111 0001000 0000000

This triangulation has no semi-angle structure, and its gluing equations have the
following numerical shape solution:

(1.60 + 0.34i, 0.74 4- 0.40i, 0.86 — 0.337, 1.68 4- 0.39i, 0.51 4 0.54i, 0.51 + 0.54i, —0.61 4 1.25i)

which gives rise to the discrete faithful representation of m064. An explicit computa-
tion shows that this triangulation admits an index structure.

6.5 An ideal triangulation with no index structure

Consider an ideal triangulation 7" which contains an edge e and a tetrahedron A that
goes around e five times with shapes Z, Z’, Z’', Z”, and Z”. Suppose that no other
tetrahedron touches e. Then the equation for a generalized angle structure around e
reads

oa+28+2y =2, a+pB+y=1.

This forces o = 0, so no generalized angle structure has « > 0. Note that the corre-
sponding gluing equations around the edge e read

=1, i =-1, {=01-2)"

which forces z = 1. Thus the gluing equations have no nondegenerate solution, i.e.,
no solution with shapes in C \ {0, 1}.

More complicated examples can be arranged using special configurations of two
or more edges and tetrahedra. In all examples that we could generate with no index
structure, the triangulation is degenerate.

Of course, the argument of a shape solution to the gluing equations is a generalized
angle structure. The latter, however, need not be an index structure if some of the
shapes are real, or have negative imaginary part; see for instance the triangulation of
m064 in Sect. 6.4.
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6.6 Invariance under the 2 < (0 move

The next lemma implies the invariance of the index of an ideal triangulation under a
2 <> 0 move. Such a move is also known as a pillowcase move, described in detail in
[[9]Sec.6].

Lemma 6.3 For integers m, e, ¢, we have

D Ia(m.e)Ia(m. e+ c)g° = bc0.
e
Proof Equations (6.14) and (6.15) imply that

ZIA(m, e)x’ =

(@ *x D
(qi%x)oo
Since

@ D @ @) e

(@700 @7 (gx oo

9

it follows that

ZIA(’"v O)x“Ia(m, e)g"x™ =1,

e,
Therefore,

> Ia(m.e)ia(m.€)g” = 5.

e e e—e'=c
This implies that

S Ian €+ Olatm, ¢)g¢ =500,

e/

The result follows. O
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initiated during a Clay Conference in Oxford, UK. The author wishes to thank the Clay Institute and Oxford
University for their hospitality.

Appendix A: I, satisfies the pentagon identity

There are several proofs of the key pentagon identity of the tetrahedron index /4. The
proofs may use an integral representation of the quantum dilogarithm, or ¢g-holonomic
recursion relations, or algebraic identities of generating series of g-series of Nahm type
[10].
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A generating series proof of the pentagon identity

In this section, we will prove that /A satisfies the pentagon identity using generating
series. We will abbreviate the Pochhammer symbol

oo
(X @)oo = H(l —xq™)
n=0
by (*)oc = (x; ¢)oo. The proof

e starts from an associativity identity

@) 17 D07 o

(@Doo(z)o0  (x11227 25 ' @)oo
_ @' 25 @iz
(Z1oo (2o (1122725 ' Do

that uses four additional variables {xi, x», 71, z2} in addition to the other four
variables {m, my, e, ez},

e extracts coefficients with respect to (z1, z2), and

e specializes (x1, x2) = (¢~ ™!, ¢~™2). This last part is not algebraic and required
to show convergence. The latter follows from Corollary 2.7.

Let us now give the details. Consider

)n q %n(n+l)xn

Felw) = D (=1 (oo

€ Zllx, qll. (6.10)
(@Dnte

Here and below, summation is over the set of integers, with the understanding that
1/(g)n =0forn < 0.
We will show that

4% Foy (q2x1) Foy (9 x2) = D (X1X29)® Fey o3 (¥1) Fey o3 (¥2) Foy (x1x2)
€3
(6.11)
in the ring Z((x1, x2, ¢)). Since

Foq™™) =q7 In(m,e),

the substitution (x1, x) = (g™, ¢~™2) (which converges by Corollary 2.7) implies
the pentagon identity of Eq.3.6.
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Lemma 6.4 For |q| < 1, we have

(x>oo = Z @, =t
nq%n(n+1)xn
oo = -1 s
(xq) ;( =
(Y)oo o (Wnx" xl <1
(x)OO B n (Q)n ' ’
(Weo 5~ 47X Kl <1, |yl <1
WoeMoo = (@)’ s
1 2,1
(xq)oo(YQ)oo r+sq§(r—s) +§(r+s)xrys
1 9
G Z( ) (@)r(q)s

lxygq| < 1.

Proof The first three identities are well known and appear in [29, Prop. 2]. The last
two follow from the first three:

g x"y’ x" (@"y)" _ x 1
~(Dr(q)s Z,: @) Zs: @s Z,: @)r (@"Y)oo
_ 1 (y)rx" _ (*¥)oo

B (Moo Z (@)r B (X o0 (¥)oo ,

q % (r—s)2+%(r+s)xrys

r

(_l)rq%rz—&-%rxr

(—1)' gz +35 (g~ y)s

Z(_l)r+s

(@)r(q)s

=2 2

- (@r . (@)s
1.2,1
—Dg2" +5r,.r
= Z—( ) ?;) @ Ve
B O™ YD) (@)oo (Yoo
= (oo Y, T

r

Remark 6.5 The identities of Lemma 6.4 also hold in the ring Z((x, y, q)).

Observe that F,(x) is an analytic function of (x, g) when |¢| < 1 and x € C. With
lg] < 1 and|y| < 1, Lemma 6.4 gives

Z Fo(x)y© = Z

(_1)nq%n2+%nxn ye
(@n (@Pn+e
(—1)"6] %n2+%n (xy—l)n

_ '

" Moo
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Thus, the generating function of the left-hand side of Eq.(6.11) is

Z g Fe (g x1) Fe, (QEIXZ)Z?ZSZ

er.e
_ Z (_1)n1+n2q%nf-&-%ng—k%nﬁ%nzx;llxgz gerertmertmen €102
ny (Q)nl(Q)nz o1 (Q)n1+el(‘1)n2+e2
(2122)00 e TR T W Y
T (@200 mz;nz @y (@ns
_ @iz2)ee (xlzl_lq)oo(xzzz_lmoo
B (21)00(22) 00 (xlxzzl_lzz_lq)oo ‘

Likewise, the generating function of the right-hand side of Eq. (6.11) is the same

> (Z(xlxzq)“ Feytes(X1) Feyes (X2) Foy (x1x2>)z?z§2

er,ez €3

= (Z Fel (-xl)zil ) (Z ng(xz)z?) (Z F‘e3 (xl_xz)(xl)(;zzllzzlq)e?:)
el ) €3

_ G De 05 'De @122
(2100 (Do (122725 ' Do

The above identities for each side of Eq.(6.11) hold when |g| < 1, |z1] < 1,
|z2] < 1, and |x1x2zflz;]q| < 1. Remark 6.5 implies that they also hold in the ring
Z((x1, x2, 21, 22, q)). Extracting the coefficient of z‘f‘zgz from the above concludes

the proof of Eq.(6.11). O

A second proof of the pentagon identity

In this section, we give a second proof of the pentagon identity using

1 B qrt
@Dm(@n FZS; (Dr(@)s(@):
i

1.2 1.2 1
g™ (—1)5g25 28 (—=1)5g25 2%
B S— ~ 771 = . 6.12
D@ = 2 @@ = oma@, 2

r+s=m
s+t=n

The first identity is well known [29, Eqn. (13)], and the second follows from the first
by replacing ¢ with ¢~! and multiplying both sides by (—1)’”+”q_%(’"—")2_%(”’+").
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Using these equations, we will show here that

1 1 1 1
(_ 1)n1+n2q jn%Jrjn%Jrjn]+zn2+ezn1+e|n2
ejez

(Dn1 @Dny (@ny+e1 (@ny+es

(_ 1)}’1+r2+r3q%rlz—i-%r%+%r32+%r1+%r2+%r3+63

= Z . (6.13)

3,03 (Q)m (Q)m +e1+e3 (Q)rz (‘I)r2+e2+E3 (Q)r3 (Q)r3+23

ri+ritez=ni
ry+r3+e3=ny

The sum on the right actually only has a finite number of nonzero terms, so there

is no issue with convergence. If we multiply both sides by x| x5? and sum over all n;

and n,, then we again find

4 For (q2x1) Fey (%' x2) = D~ (¥1629) Foy e (x1) Fey oy (¥2) Fey (X1%2) .

e3
To prove (6.13), we use Eq. (6.12) which gives

q(m +e1)(n2+e2)

(Q)nl (‘I)nz (Q)nH—el (Q)nz-i-ez
z (_l)rgq%rg—%r3+r1r2
ri,r2,r3,e3

ritesy=nj
ra+e3=ny

(Q)rl (q)rz (q)n1+61—r3 (q)n2+€2—r3 (Q)r3 (Q)e3 ’

Replacing e3 by e3 + r3 in this sum, we get

q(n|+€1)(nz+ez)

(Q)m (‘Z)nz (Q)m +eq (Q)n2+ez

r1,12,r3,€3

ri+rytes=ni
ra+r3te3=ny

ry,r2,r3,e3

ri+r3t+e3=n;
r2tr3te3=ny

1.2 1
r3 ,5Fs —~5F3+r1r
(_1)3q23 23 Trir

(Q)rl (Q)rz (C])n1+e1 —r3 (q)I12+€2—r3 (q)r3 (Q)r3+eg

1.2 1
73, 5r3—53+r1r
(=D)3g2ri—artnn

(Q)rl (Q)rz (Q)rl +e1+e3 (Q)r2+e2+e3 (CI)r3 (Q)r3 +e3 ’

Now multiplying both sides by (—1)"11"24 S0m=n)*+5mi+5m gives Eq. (6.13).

Appendix B: The tetrahedron index and the quantum dilogarithm

Gukov—Gaiotto—Dimofte came up with the beautiful formula (1.2) for the tetrahedron
index from a Fourier transform of the quantum dilogarithm. For completeness, we
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include this relation here, taken from [6]. The quantum dilogarithm of Faddeev and
Kashaev is a fundamental building block of quantum topology [8,13, 14]. The g-series
version of this analytic function is given by

T+l —1)

Limx.g) = L2 )% cgiig" 2. (6.14)
(61 2X) oo
We claim that
Z I(m, e)(¢)x¢ = L(m, x, q). (6.15)

To prove this, use the definition of I (m, e), shift e to e — n, and use the first two
identities of Lemma 6.4. We get

%n(rH—l)—(n—Q—%e)mxe

> 1o (gx¢ = > (-1 Y

(@Dn(@nte
- 1 nq%n(n-&-l) (q_%x—l)" (q_%x)e
N %:(— ) @n(@)e
_ @ e

(@77 X)oc

Each of the recursion relations (3.1a), (3.1b), (3.3a), and (3.3b) is equivalent to the
corresponding relations (6.16a—6.16d) for the generating series L(m, x, q):

n

(_1+C]—%x_1)L(mvx»C])+L(m+l,q%X,q)20, (6163)
(1—¢ %x YLon,x,q)+Lm—1,q%x,q) =0, (6.16b)
(14+x2—(q% +q 2))L(m, x,q) +xq2L(m, qgx,q) =0, (6.16¢)

Lon—2.x,q)— (Lm—1,97x.q) + L(m — 1,4 " 2x,q)  (6.16d)
—q""Lm —1,477x,9)) + L(m, x,q) =0

Equations (6.16a—6.16d) are easy to verify using the fact that L(m, ¢, x) is a proper
hypergeometric function of (m, ¢). This gives an alternative proof of part (a) of The-
orem 3.7.

Observe finally that the recursions (3.1a) and (3.1b) have a solution space of rank
2. On the other hand, the recursions (6.16a) and (6.16b) have a solution space of
rank 1.
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