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ABSTRACT. Nahm sums are g-series of a special hypergeometric type that appear in char-
acter formulas in Conformal Field Theory, and give rise to elements of the Bloch group,
and have interesting modularity properties. In our paper, we show how Nahm sums arise
naturally in Quantum Knot Theory, namely we prove the stability of the coefficients of
the colored Jones polynomial of an alternating link and present a Nahm sum formula for
the resulting power series, defined in terms of a reduced diagram of the alternating link.
The Nahm sum formula comes with a computer implementation, illustrated in numerous
examples of proven or conjectural identities among g-series.
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1. INTRODUCTION

The colored Jones polynomial of a link is a sequence of Laurent polynomials in one variable
with integer coefficients. We prove in full a conjecture concerning the stability of the colored
Jones polynomial for all alternating links.

A weaker form of stability (0O-stability, defined below) for the colored Jones polynomial
of an alternating knot was conjectured by Dasbach and Lin. The 0-stability is also proven
independently by Armond for all adequate links [Arm13], which include alternating links
and closures of positive braids, see also [Arm14]. The advantage of our approach is that it
proves stability to all orders and gives explicit formulas (in the form of generalized Nahm
sums) for the limiting series, which in particular implies convergence in the open unit disk
in the ¢g-plane and allow for the study of their redial asymptotics.

Stability was observed in some examples by Zagier, and conjectured by the first author
to hold for all knots, assuming that we restrict the sequence of colored Jones polynomials
to suitable arithmetic progressions, dictated by the quasi-polynomial nature of its ¢-degree
[Garllb, Garlla]. Zagier asked about modular and asymptotic properties of the limiting
g-series. In a similar direction, Habiro asked about 0-stability of the cyclotomic function of
alternating links in [Hab10)].

Our generalized Nahm sum formula comes with a computer implementation (using as in-
put a planar diagram of a link), and allows the study of its asymptotics when ¢ approaches
radially a root of unity. Our Nahm sum formula is reminiscent to the cohomological Hall
algebra of motivic Donaldson-Thomas invariants of Kontsevich-Soibelman [KS11], and com-
plement recent work of Witten [Wit12] and Dimofte-Gaiotto-Gukov [DGG].

1.1. Nahm sums. Recall the quantum factorial and quantum Pochhammer symbol defined
by [And76]:

@ = [[A-2d"),  (50) = [[(1 - 2d)

We will abbreviate (x;¢q), by (x),.
In [NRT93] Nahm studied g-hypergeometric series f(q) € Z[[¢]] of the form

Lnt. Antbn

_ qz
fO="3 o om

ni,...,nr>0

where A is a positive definite even integral symmetric matrix and b € Z".

Nahm sums appear in character formulas in Conformal Field Theory, and define analytic
functions in the complex unit disk |¢| < 1 with interesting asymptotics at complex roots
of unity, and with sometimes modular behavior. Examples of Nahm sums are the seven
famous, mysterious ¢-series of Ramanujan that are nearly modular (in modern terms, mock
modular). For a detailed discussion, see [Zag09]. Nahm sums give rise to elements of the
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Bloch group, which governs the leading radial asymptotics of f(q) as g approaches a complex
root of unity. Nahm’s Conjecture concerns the modularity of a Nahm sum f(q), and was
studied extensively by Zagier, Vlasenko-Zwegers and others [VZ11, Zag07].

The limit of the colored Jones function of an alternating link leads us to consider gener-
alized Nahm sums of the form

0 o= ¥ (q)

where C' is a rational polyhedral cone in R", b,a € Z" and A is a symmetric (possibly
indefinite) symmetric matrix. We will say that the generalized Nahm sum (1) is reqular if
the function )

neCNN — §nt-A-n—|—b-n

is proper and bounded below. Regularity ensures that the series (1) is a well-defined element
of the Novikov ring
Z((q)) ={D _ ang" |an =0, n < 0}
nez
of power series in ¢ with integer coefficients and bounded below minimum degree. In the
remaining of the paper, by Nahm sum we will mean a generalized Nahm sum. The paper is
concerned with a new source of Nahm sums that originate in Quantum Knot Theory.

1.2. Stability of a sequence of polynomials. For f(q) = > a;¢’ € Z((¢)) let mindeg, f(q)
denote the smallest j such that a; # 0 and let coeff(f(q),¢’) = a; denote the coefficient of
¢ in f(q).
Definition 1.1. Suppose f,.(q), f(¢q) € Z((¢q)). We write that
Tim f.(q) = f(q)

if

e there exists C' such that mindeg,(f.(¢)) > C for all n, and

e for every j € Z,

(2) lim coeff(f,(q),q’) = coeff(f(q), ¢’).

n—~0o0

Since Equation (2) involves a limit of integers, the above definition implies that for each
J, there exists N; such that

fala) = f(a) € Z[[q]
(and in particular, coeff(f,(q),¢’) = coeff(f(q),¢’)) for all n > Nj.

Remark 1.2. Although for every integer j we have lim,_.. coeff(¢™"", ¢/) = 0, it is not true
that lim,, q_"2 =0.

Definition 1.3. A sequence f,(q) € Z[[g]] is k-stable if there exist ®;(q) € Z((q)) for
j=0,...,k such that

(3) lim ¢+ (fn(Q) > %) ("“)) =0

n—~0o0
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We say that (f,(q)) is stable if it is k-stable for all k. Notice that if f,,(q) is k-stable, then
it is k’-stable for all &’ < k and moreover ®;(q) for j = 0,...,k is uniquely determined by
fn(q). We call ®4(q) the k-limit of (f.(¢)). For a stable sequence (f,(q)), its associated
series is given by

Fy(z,q) = Y ®r(g)a" € Z((q))[[]].-
k=0
It is easy to see that the pointwise sum and product of k-stable sequences are k-stable.

1.3. Stability of the colored Jones function for alternating links. Given a link K,
let Ji..(q) € Z]gT'/?] denote its colored Jones polynomial (see e.g. [Oht02, Tur88]) with
each component colored by the (n + 1)-dimensional irreducible representation of sly and
normalized by

JUnknot,n(q) = (q(n+1)/2 _ q—(n+l)/2)/(q1/2 _ q—1/2) ‘

When K is an alternating link, the lowest degree of Jx ,,(¢) is known and the lowest coefficient
is £1 (see [Lé06, Lic97] and Section 7). We divide Jk ,,(¢) by its lowest monomial to obtain
Jin(q). Although Jx ,.(q) € Z[q"/?], we have Jg..(q) € Z[q]; see [Le00].

Our main results link the colored Jones polynomial and its stability with Nahm sums.
The first part of the result, with proof given in Section 9, is the following.

Theorem 1.4. For every alternating link K, the sequence (Ji.,(q)) is stable and its as-
sociated k-limit g r(q) and series Fr(x,q) can be effectively computed from any reduced,
alternating diagram D of K.

Let us give some remarks regarding Theorem 1.4.

Remark 1.5. If one uses the new normalization where with Jupkmotn(¢) = 1, the above
theorem still holds. The new Fk(x,q) is equal to the old one times (1 —¢)/(1 — z).

Remark 1.6. If K is the mirror image of K, then Jz ,,(¢7") = Jrn(q). If K is alternating,
then so is K. Hence, applying Theorem 1.4 to K, we see that similar stability result holds
for the head of the colored Jones polynomial of alternating link.

Remark 1.7. The weaker 0-stability (conjectured by Dasbach and Lin) is proven indepen-
dently by Armond [Arm14]. In [Arm14], O-stability is proved for all A-adequate links, which
include all alternating links, but no stability in full is proven there, nor any formula for the
0-limit is given. As we will see, the proof of stability in full is more complicated than that
of 0-stability and occupies the more difficult part of our paper, given in Sections 8-10.

Remark 1.8. A sharp estimate regarding the rate of convergence of the stable sequence
Jrn(q) is given in Theorem 1.16.

1.4. Explicit Nahm sum formulas for the 0-limit and 1-limit. Throughout this sub-
section D is a reduced diagram of a non-split alternating link K with ¢ crossings.
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1.4.1. Laplacian of a graph. In this paper a graph is a finite one-dimensional CW-complex. A
plane graphis a graph I" (with loops and multiple edges allowed) together with an embedding
of T into R? € S%. A plane graph I" gives rise to a polygonal complex structure of S?, and
its set of wertices, set of edges, and set of polygons are denoted respectively by V(I'), £(T")
and P(I").

The adjacency matriz Adj(T') is the V(I') x V(I') matrix defined such that Adj(I")(v,v’) is
the number of edges connecting v and v'. Let Deg(G) be the diagonal V(I') x V(I') matrix
such that Deg(I")(v,v) is the degree of the vertex v, i.e. the number of edges incident to v,
with the convention that each loop edge at v is counted twice.

The Laplacian L(T") := — Deg(I") + Adj(I") plays an important role in graph theory.

1.4.2. Graphs associated to a reduced alternating non-split link diagram D. The diagram D
gives rise to a polygonal complex of S? = R?Uoo with ¢ vertices, 2¢c edges, and ¢+ 2 polygons.
Since D is alternating, there is a way to assign a color A or B to each polygon such that
in a neighborhood of each crossing the colors are as in the following figure, see e.g. [Tur87,
p.217].

Figure 1. A checkerboard coloring of alternating planar projections

This is the usual checkerboard coloring of the regions of an alternating link diagram, used
already by Tait. When we rotate the overcrossing arc at a crossing counterclockwise (resp.
clockwise), we swap a A-type (resp. B-type) angle. Note that orientation dose not take part
in the definition of A-angles and B-angles.

Let D* be the dual of the plane graph D. Since D has a checkerboard coloring of its faces,
it follows that D* has a coloring of its vertices by A or B. Thus, V(D*) = V4 U Vg give a
bipartite structure on V where V4 and Vg are the sets of A-colored and B-colored vertices
of V.

Since the degree of each vertex of D is 4, each polygon of D* is a quadrilateral, having
4 vertices, two of which are A-vertices and two are B-vertices. Moreover, the vertices of
each quadrilateral alternate in color. Connect the two B-vertices of each quadrilateral of
D* by a diagonal inside that quadrilateral, and call it a 7-edge. The Tait graph of D is
defined to be the plane graph 7 whose set of vertices is Vg, and whose set of edges is the
set of T-egdes. The plane graph Tait graph totally determines the alternating link K up to
orientation. The graph 7 can be defined for any link diagram, and is studied extensively,
see e.g. [FKP11, Ozall, Thi88].

Note that for a vertex v € Vg, its degrees in D* and in 7 are the same.

1.4.3. The lattice and the cone. Fix an A-vertex of D* and call it vo,. We will focus on
A = Z[V(D")], the Z-lattice of rank ¢ + 2 freely spanned by the vertices of D*. Let Ag =
ZV(D*) \ {vs}], & sublattice of A of rank ¢ + 1.
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For an edge e € £(D*), define the Z-linear map e : A — Z by

1 if v is a vertex of e,
e(v) = .
0 otherwise.

An element z € Ay is admissible if e(x) > 0 for every edge e € £(D*). The set Adm C Aq of

all admissible elements is the intersection of Ay with a rational convex cone in A ® R.
Define the Z-linear map L : A — %Z by

L(’U):{l if v e Vg

QB0 1 if o € Yy

Let Q be the symmetric V(D*) x V(D*) matrix defined by

(4) Q := Deg(D") + Adj(D*) + L(T).

Note that a priori £(7) is a Vg X Vp matrix, and is considered as a V(D*) x V(D*) matrix
in the right hand side of (4) by the trivial extension, i.e. in the extension, any entry outside
the block Vg x Vg is 0.

The symmetric matrix Q defines a symmetric bilinear form Q(z,y) : A ®z A — Z. Let
Q:A— %Z be the corresponding quadratic form, i.e.

Q) = %Q(A, A).

Remark 1.9. Although Q()) and L()) take value in $7Z, we later show that Q(A\)+L(\) € Z.
While @, L depend only on D, the set Adm depends on the choice of an A-vertex v.
Examples that illustrate the above definitions are given in Section 1.6.

1.4.4. Nahm sum for the 0-limit. The next theorem is proven in Section 7.

Theorem 1.10. Suppose D is a reduced alternating diagram of a non-split link K. Fiz any
choice of voo. Then the 0-limit of Jxn(q) is equal to

5 Breo(q) = (95 _py2ey_ T
(5) (q) = () A§m< ) T @

ec&(D*)

g@MIHLR)

The generalized Nahm sum on the right hand side is reqular and belongs to Z|[q]].

A categorification of the above theorem was given recently by Rozansky [Roz12]. Here are
two consequences of this explicit formula. The next corollary is proven in Section 7.4.

Corollary 1.11. For every alternating link K, ®x(q) € Z[[g]] is analytic in the unit disk
lq| < 1.

The next corollary is shown in Section 13.

Corollary 1.12. If the reduced Tait graphs of two alternating links K3, K5 are isomorphic
as abstract graphs, then they have the same 0-limit, @, o(¢) = Pk, 0(q).
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Here the reduced Tait graph 77 is obtained from 7 by replacing every set of parallel edges
by an edge; and two edges are parallel if they connect the same two vertices. This corollary
had been proven by Armond and Dasbach: in [AD11], it is proved that if two alternating
links have the same reduced Tait graph, and the 0-limit of the first link exists, then the
0-limit of the second one exists and is equal to that of the first one. In section 13 we will
derive Corollary 1.12 from the explicit formula of Theorem 1.10.

We end this section with a remark on normalizations.

lA{emark 1.13. The colored Jones polynomial Jg ,(q) (and consequently, its shifted version
Jrn(q) € 14 qZ[q)) is independent of the orientation of the components of a link K [Tur94].
With our normalization we have

q)Unknot,O(q) - jllfqa FUnknot (.flf, Q) = 1 _Z

Pk 0(q) = Pry0(q)Pry0(q)

Priprco0(q) = (1= )Pk, 0(0)Pxs0(q)

where L and f denotes the disjoint union and the connected sum respectively.

1.4.5. The 1-limit. For a quadrilateral p of D* define a Z-linear map p : A — Z by

1 if v is one of the four vertices of p

p(v) = :
0 otherwise.

The next theorem is proven in Section 12.2.

Theorem 1.14. Suppose D is a reduced alternating diagram of a non-split link L. Fiz any
choice of voo. The 1-limit of Jx ,(q) is

(9)5 ary QO —e(n) _ —p(V)
Oea@ = 20| 2 OV e (2 2
AEAdm e€€(D*) \1/eN) \ ceg(pr) peP(D
QN)+L(A)
- w2 UMY |
UEVB Oog AeAdm, HeEE(D*) (Q)e()\)

where Adm,, is the set of all admissible x such that p(x) = 0 for every p € P(D*) incident
to v.

Remark 1.15. The fact that the series (6) is convergent is not obvious. It follows from
the fact that we can separate the sum over admissible states A to those which are not 1-
bounded and those which are 1-bounded. Here, a state A is 1-unbounded if Q(\) + L(\) >
4/3max{p(\) |p € P(D*)}; see Definition 8.1. It is easy to see that the contribution of the
l-unbounded states in (6) forms a convergent series. For the 1-bounded states s, one uses
a decomposition theorem s = msp + s discussed in Example 8.8. Then, the contribution
of such a state to (6) comes with minimum degree Q(s’) + L(s’) + m. This implies that the
contribution of the 1-bounded states in (6) forms a convergent series too.

For an example illustrating Theorems 1.10 and 1.14, see Section 1.6.
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1.5. ¢g-holonomicity. Recall the notion of a ¢g-holonomic sequence sequence and series from
Zei90, PWZ96]. We say that f,(q), belonging to a Z[¢=']-module for n = 1,2,..., is ¢-
holonomic if it satisfies a linear recursion of the form

(7) Z (4" @) frsi(0) = 0,

7=0

for all n € N where ¢;(u,v) € Z[u,v] for all j and ¢4 # 0.

The next theorem (proven in Section 11) shows the g-holonomicity of @k ,(¢) for an
alternating link, and gives a sharp improvement of the rate of convergence in the definition
of stability.

Theorem 1.16. (a) For every alternating link K, ®x ,(q) is g-holonomic.
(b) Moreover, there exist constants C' and C” such that

(8) mindeg, (Px x(q)) > —Ck* -’
for all k& and

(9) ( qu ) A 111

for all k£ when n is suﬂi(nently large (depending on k).

The lowest ¢ exponent in Equation (9) is a quadratic function of k. This result is sharp
when K = 4; knot [GZa, GZb].

Question 1.17. Does Fi ,(x,q) uniquely determine the sequence (Jx.,(¢)) for the case of
knots?

1.6. Applications: g-series identities. In this section we illustrate Theorem 1.10 explic-
itly for the 4; knot. Consider the planar projection D of 4; given in Figure 2. This planar
projection is A-infinite.

) A

Figure 2. A planar projection D of the 4; knot on the left, the dual graph D* in the middle
and the Tait graph 7 on the right.

To compute @y, o(q), proceed as follows:

e Checkerboard color the regions of D with A or B with the unbounded region colored
by A.
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e Assign variables a, b, ¢ to the three B-regions and e, f to the two bounded A-regions,
and assign 0 to the unbounded A-region. Let A\ = (a,b, ¢, d,e)?.

e Color each arc of the diagram D with the sum of the colors of its two neighboring
regions. A is admissible if the color of each arc is a nonnegative integer number, i.e.,
A\ € 7P satisfies

a,b,c,a+d, b+d, c+d,b+e, c+e>0.

e Construct a square matrix (and a corresponding quadratic form Q(\)) which consists
of four blocks: BB-block, AB-block, BA-block and AA block. On the BB, AB and
B A blocks we place the adjacency matrix of the corresponding regions: the adjacency
number between two distinct B-regions is the number of common vertices, whereas
the adjacency number between an A-region and a B-region is the number of common
edges. In the case when two regions share common vertices, the adjacency number
is the number of common vertices. On the AA-block we place the diagonal matrix
whose diagonal entries are the number of sides of each A-region.

e We construct a linear form L(\) in A where the coefficient of each B-variable a, b, ¢
is one, and the coefficient of each A-variable d, e is half the number of the sides of
the corresponding region minus 1.

Explicitly, with the conventions of Figure 2 we have

0111

Q) = %/\T L) =(1,1,1,=,0)\ .

757

O =

=N O

— = o N

O W= =

N Of—= = O
>

Then,
QM)+L(M)

q
C40(0) = (@)% ) (=1)° :
Zm (00 (@p(De(Dara(@pra(@)era(@)pre(@)ere
Alternative formulas for the colored Jones polynomial of 4, lead to identities among g-series.
For instance, the Habiro formula for 4; [Hab08] combined with the above formula for @, ¢(q)
leads to the following identity:

]‘ d
10 Toger = 2= (Y

©  NeAdm (0)a(@)6(D)e(Dara(@)pra(@) erd(@)pre(@ere

gL

The above identity has been proven by Armond-Dasbach. A detailed list of identities for
knots with knots with at most 8 crossings is given in Appendix D.

1.7. Extensions of stability. The methods that prove Theorem 1.4 are general and apply
to several other circumstances of g-holonomic sequences that appear in Quantum Topology.
We will list two results here.

Theorem 1.18. If K is a positive link, then an(q) is stable and the corresponding limit
Fx(x,q) is obtained by a Nahm sum associated to a positive downwards diagram of K.
Moreover, for every k € N we have ®r 1 (q) € Z]g*"].
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The proof of the above theorem is easier than that of Theorem 1.4 since it does not
require to center the states of the R-matrix state sum of a positive link. An example that
illustrates the above theorem is taken from [HLO05, Sec.1.1.4]: for the right handed trefoil 3;,
its associated series is

R =123 at (1-2) (1= 3) e zig i)

k=0 q

Some results related to the O-stability of a class of positive knots are obtained in [CK13].

Next we discuss an extension of Theorem 1.4 to evaluations of quantum spin networks.
For a detailed discussion of those, we refer the reader to [Cosl4, KL94, GvdV12]. Using the
notation of [GvdV12], let v = (a,b, ¢, d, e, f) be an admissible coloring of the edges of the
standard tetrahedron

d
Consider the standard spin network evaluation .J A m(q) € Z[¢*'] [GvdV12, Cosl4].

Theorem 1.19. For every admissible 7y, the sequence jAm(q) is stable, and its limit is

giwen by a Nahm sum.

For example, if v = (2,2,2,2,2,2), then

7 _L - _ kq%k2+é (@ant1-k

JM@—l-qQ VO @i,
and

oo 3k2+ k —k\4
P00 = g o g g, € H@)i)
where z = ¢"*!. In particular,
3k2+ k
® pol@) = 1_q OOZ — a7 € 2l

The proof of the above theorem follows easily from the fact that the quantum 6j-symbol
is given by a 1-dimensional sum of a ¢-proper hypergeometric summand, and the sum is
already centered. The analytic and arithmetic properties of the corresponding Nahm sum
will be discussed in forthcoming work [GZa, GZb].

1.8. Plan of the proof. The strategy to prove Theorems 1.10 and 1.4 is the following.
We begin with the R-matrix state sum for the colored Jones polynomial, reviewed in
Sections 2.2-2.4.
We center the downward diagram, its corresponding states and their weights in Section
4.1.
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We factorize the weights of the centered states as the product of a monomial and an
element of Z, [g] in Section 4.1. The advantage of using centered states is that the lowest g-
degree of their weights is the sum of a quadratic function Q(s) of s with a quadratic function
of n.

Although Q(s) is not a positive definite quadratic form, in Section 5.3 we show that Q(s) is
copositive on the cone of the centered states. The proof uses the combinatorics of alternating
downward diagrams, and their centered states, reminiscent to the Kauffman bracket.

Section 7 we prove the O-stability Theorem 1.10.

If Q(s) were positive definite, then it would be easy to deduce Theorem 1.4. Unfortunately,
Q(s) is never positive definite, and it always has directions of linear growth in the cone of
centered states. In Sections 8 we state a partition of the set of k-bounded states, and prove
stability away from the region of linear growth. In Section 9 deal with stability in the region
of linear growth.

Section 10 is rather technical, and gives a proof of the key Proposition 8.7 that partitions
the set of k-bounded states.

Section 11 deduces the g-holonomicity of the sequence @k (¢q) of an alternating link from
the g-holonomicity of the corresponding colored Jones polynomial. As a result, we obtain
sharp quadratic lower bounds for the minimum degree of ®f x(¢) and sharp bounds for the
convergence of the colored Jones polynomial stated in Theorem 1.16.

In Section 12 we give an algorithm for computing @k ;(¢) from a reduced alternating
planar projection.

In Section 13 we prove that ®x ¢(q) is determined by the reduced Tait graph of an alter-
nating link K.

In Section 14 we give some illustrations of Theorems 1.10 and 1.4.

1.9. Follow-up work. The topic of stability (affectionately called head/tail by Dasbach-
Lin [DLO6]) has recently attracted a lot of attention. After the papearance of our paper on
the arxiv in the late 2011, a number of papers have since been posted. Among them, Hajij
gives a skein-theory proof of 0-stability for alternating links and some quantum spin networks
[Hajl4a, Hajl4b]. Motivated by the g-series of Nahm type, Andrews proves some Rogers-
Ramanujan type identities [And13]. Vuong and the first author give efficient algorithms
to compute the 0-limit of an alternating knot [GV13]. Vuong-Norin and the first author
identify the coefficients of ¢* of the 0-limit for k& = 0,...,3 in terms of graph countings of
induced plane subgraphs of the reduced Tait graph of an alternating link [GNV13]. Norin
and the first author prove that each coefficient of ¢* in the 0-limit is a polynomial of induced
plane subgraphs of the reduced Tait graph of an alternating link [GN14]. Finally, in another
direction, g-series of Nahm type were studied by Beem-Dimofte-Pasquetti and Kashaev and
the first author; see [BDP12, GK].

Acknowledgment. An early version of the paper was presented in talks of the first author
to a Spring School in Geometry and Quantum Topology in the Diablerets 2011, and in the
Mathematische Arbeitstagung in Bonn, 2011. The authors wish to thank the organizers of
the above conferences for their hospitality, C. Armond and O. Dasbach for explaining to us
their beautiful work. The first named author wishes to thank T. Dimofte and D. Zagier for
their interest, encouragement and for the generous sharing of their ideas.
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2. THE R-MATRIX STATE-SUM OF THE COLORED JONES POLYNOMIAL

In this section we review the R-matrix state sum of the colored Jones function, discussed
in detail in [Tur88, Tur94, Oht02]. We will use the following standard notation in ¢-calculus.

(a) = M, for a,b € N;b < a.
b/, (¢ 0)s(q3 @)a—b

2.1. Downward link diagram. Recall that a link diagram D C R? is alternating if walking
along it, the sequence of crossings alternates from overcrossings to undercrossings. A diagram
D is reduced if it is not of the form
D, \/ D,
4

where Dy and Dy are diagrams with at least one crossing.

A downward link diagrams of links is an oriented link diagram in the standard plane in
general position (with its height function) such that at every crossing the orientation of
both strands of the link is downward. A usual link diagram may not satisfy the downward
requirement on the orientation at a crossing. However, it is easy to convert a link diagram
into a downward one by rotating the non-downward crossings as follows:

X%

2.2. Link diagrams and states. Fix a downward link diagram D of an oriented link K
with ¢p crossing. Considering D as a 4-valent graph, it has 2c¢p edges. A state of D is a map

r:{edges of D} — R

such that at every crossing we have
a+b=c+d,

where a, b, c,d are the values of s of the edges incident to the crossing as in the following
figure

) P2 X

a b a b

The set Spr of all states of D is a vector space. For a state r € Spr and a crossing v of D
define

r(v) = sign(v) (a — d),
where as usual the sign of the crossing on the left hand side of (11) is positive and the sign
of the one on the right hand side is negative. For a positive integer n, a state r € Spg is

called n-admissible if the values of r are integers in [0,n] and r(v) > 0 for every crossing v.
Let Sp,, be the set of all n-admissible states.
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Remark 2.1. Later we will prove that dimSpr = cp + 1. By definition, Sp, in 1-1
correspondence with the set nPp N Z*P of lattice points of nPp for a lattice polytope Pp in
R2P where cp is the number of crossings of D.

2.3. Winding number and its local weight. Suppose a is an oriented simple closed
curve in the standard plane. By the winding number W («) we mean the winding number
of a with respect to a point in the region bounded by . Observe that W(«a) = 1 if « is
counterclockwise, —1 if otherwise.

The winding number W (a) can be calculated by a local weight sum as follows. A local
part of a is a small neighborhood of a local maximum or minmum. For a local part X define
W(X)=1/2if X is winding counterclockwise, —1/2 if otherwise. In other words, we have

WA\ =W (NS =120 W (N =W (NS =172,

The next lemma is elementary.

Lemma 2.2. For every simple closed curve «,
(12) W(a) =) W(X)
X

where the sum is over all the local parts of a.

2.4. Local weights, the colored Jones polynomial, and their factorization. Consider
the monoid

Z-[q] =1+ qZlq].

Fix a natural number n > 1 and a downward link diagram D.

A local part of D is a small neighborhood of a crossing or a local extreme of D. There are
six types of local parts of D: two types of crossings (positive or negative) and four types of
local extrema (minima or maxima, oriented clockwise, or counterclockwise):

<1s>/\/\/\//\/\

For an n-admissible state r and a local part X, the weight w(X,r) is defined by
w(X,r) = w(X, rw. (X,r),

where wy (X, r) € {+¢™*|m € Z} is a monomial, w, (X,r) € Z.[q], and wy(X,r) and
w, (X, 7) are given by Table 1.

Table 1. The local weights wy; and w. of a state.
c d c d

a b a b
q(n+nd+nb7ab7dc) 2 (_1)17 cq( n—nb—nd+bd+ac—b+c)/2 q7(2a7n)/4 q7(2a7n) 4 q(2a7n) 4 q(2a7n)/4

Wit
Wi~ (q;q)cfb(zij)q(cib)q (q q b— C(Z c) (d a) 1 1 1 1
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For a local extreme point X with the value of the state a, we have the convenient formula
u}()(7 CL) _ qW(X)(2a—n)/2 ]
Let the weight of a state be defined by

w(r) = Hw(X, r),

where the product is over all the local parts of D. Then the unframed version of the colored
Jones polynomial of the link K, each component of which is colored by the n+ 1-dimensional
slo-module, is given by

(14) Jinl@) = 3 w(r),

T’ESDyn
where Sp,, is the set of all n-admissible states of D. For example, the value of the unknot is
q(n+1)/2 _ q—(n+1)/2
¢\ — g1/
Note that Jx o(q) = 1 for all links and Jx1(¢7")/ Junkmot,1 (¢~ 1) is the Jones polynomial of K

[Jon87]. Since we could not find a reference for the state sum formula (14) in the literature,
we will give a proof in the Appendix.

JUnknot,n(q) - [n + ]-] =

3. ALTERNATING LINK DIAGRAMS AND CENTERED STATES

In this section we will discuss the combinatorics of alternating diagrams.

3.1. Alternating link diagrams and A-infinite type. Recall that a link diagram D
gives rise to a polygonal complex structure of S? = R? U {co}, and if D is alternating and
connected, then the checkerboard coloring with colors A and B at each crossing looks like
Figure 1.

If K is non-split, then D is a connected graph. If K is split, then D has several connected
components. We will say that an alternating diagram D is A-infinite if the point oo € S?
is contained in an A-polygon of every connected subgraph of D. It is clear that by moving
the connected components of D around in S?, we can assume that D is A-infinite. This will
make the colors of different connected components compatible.

We will use the following obvious property of an A-infinite alternating link diagram: all
the B-polygons are finite, i.e. in R? = 52\ {co}.

For example, the left-handed trefoil given by the standard closure of the braid s;* is A-
infinite, whereas the right-handed trefoil given by the standard closure of the braid s} is not.
Here s; is the standard generator of the braid group in two strands.

3.2. The digraph D of an alternating diagram D. Let D be an oriented link diagram.
Recall that we consider D also as a graph whose edges are oriented. We say that an edge of
D is of type O if it begins as an overpass, and of type U if it begins as an underpass. If D is
alternating and one travel along the the link the edges alternate from type U to type O and
vice-versa.
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For a link diagram D let D be the directed graph on R? obtained from the projection of
D on the plane by reversing the orientation of all edges of type O. For example, a planar
projection D and the corresponding digraph D of the 4; knot is shown in Figure 3.

9 &

Figure 3. A planar projection D of the 4; knot on the left and the corresponding digraph D
on the right. If we checkerboard color the faces of D with the unbounded one being white,
then all black faces are oriented counter clockwise and all bounded white faces are oriented
clockwise.

If D is downward alternating, it is easy to see that D is obtained from D by the following
changing of orientations near a crossing point,

\A >1< B / B
B — B B A — A A
A\ A / B B
i.e., if the crossing is a positive one, then the two left edges incident to it get orientation
reversed, and if the crossing is negative, then the two right edges incident to it get orientation
reversed. We will retain the markings A and B for angles and regions of complements of D.
At every vertex of D (or a crossing of D) there are two ways to smoothen the diagram.
Following Kauffman [Kau87b| we call the A-smoothening (resp., B-smoothening) the one

where the two A-regions (resp., B-regions) get connected. See the following figure for two
examples of an A-smoothening.

P~ 00 D

Note that after either type of smoothening, the orientation of the edges of D is still well-
defined.

Remark 3.1. Doing an A-resolution (resp. B-resolution) on a vertex of D is the same
as doing an A-resolution (resp. B-resolution) on the original diagram D in the sense of
Kauffman [Kau87a|. The advantage here, with directed graph D for the case of alternating
links, is that the resulting graph of any resolution is still oriented.
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Part (b) of the following lemma is where A-infinity is used in an essential way.

Lemma 3.2. Suppose D is an alternating link diagram.

(a) To the right of every oriented edge of D is an A-polygon, and to the left of every
oriented edge of Disa B-polygon.

(b) Suppose D is A-infinite, then every circle obtained from D by after doing A-resolution
at every vertex of D bounds a polygonal region of type B. Moreover every such circle is
winding counterclockwise, i.e., it has winding number 1.

(c) If D is reduced, then each circle in (b) does not self-touch, i.e., the two arcs resulting
from the A-resolution at one vertex do not belong to the same circle.

Proof. (a) follows easily by inspecting the directions of the edges and the markings of the
regions at the two types of vertices of D.

(b) The boundaries of the B-polygons are exactly the circles obtained from D after doing
A-resolution at every vertex of D. Since the infinity region is not a B-type region, every
circle does bound a B-type region in the plane R?. From part (a) it follows that each circle,
which is the boundary of a polygonal region of type B, is counterclockwise.

(c) This is a well-known fact. A link diagram having the property that no circle obtained
after doing A-resolution at every crossing has a self-touching point is known as an A-adequate
diagram. In [Lic97, Prop.5.3] it was proved that every reduced alternating link diagram is
A-adequate. O

3.3. Centered states. Fix an alternating downward diagram D with cp crossings and its
directed graph D. Recall that £(D) and V(D) denote respectively the set of oriented edges
of D and the set of vertices of D. .

A centered state of D is a map s : £(D) — R such that at every vertex v, we have
(16) a+d=0b+c,

with the convention that a, b, c,d are the values of s as indicated in the following figure

c d c d
(17)
a b a b
For the above vertex we define
(18) sw)=a+d=b+c,

thus extending s to a map s : £(D) U V(D)) — R.
Let S5 and Sp ) denote the sets of all centered states of D with values respectively in
R and in N. For a fixed positive integer n, define a map
(19) SD,]R — SE,R re T
by
(e) n —r(e) if the edge e is of type O
e) =
r(e) if e is of type U.
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It is easy to see that the map (19) is a vector space isomorphism. If r € Sp,, ie., r is
n-admissible, then 7 is called n-admissible. Let S5 be the set of all n-admissible centered
states. ’
To characterize n-admissible centered states let us introduce the following norm for s €
S BN
|s| = max s(v) = max _ s(u)
veV(D) ueV(D)UE(D)

The following is a reformulation of n-admissibility in terms of centered states.

Lemma 3.3. A centered state s is n-admissible if and only if s € S5y and |s| < n. In other

words,
Spn=15€Spn : Is| <n}

Proof. This follows immediately from the definition, since for any state r and for every vertex
v of D we have r(v) =n — 7(v). O

It follows that if a centered state is n-admissible, then it is (n + 1)-admissible.

4. LOCAL WEIGHTS IN TERMS OF CENTERED STATES

In this section we will give an explicit formula for the weight of a centered state. It turns
out that the state sum of the colored Jones polynomial in terms of centered states has the
important property of separation of variables needed in the proof of the stability. See Remark
4.4.

4.1. Local weights of centered states and their factorization. For an n-admissible
centered state s = 7, let us define w(s) := w(r). From the state sum of w(r) we get the
following state sum for w(s)

(20) w(s) =Y w(X,s),

where the sum is over all the local parts X of D. Here a local parts of Disa neighborhood
of either a vertex or an extreme point of D, and the value of

w(X, s) = w (X, s)w. (X, s)
is obtained by replacing Table (1) with Table (2),

Table 2. The local weights wy; and w,. of centered states

a b a b

11T a c 77L27 nt+ac c
wy ntabted (_1)n—a—dq 2ntactbd bt q—(2a—n)/4 q—(2a—n)/4 q(2a—n)/4 q(2a—n)/4
w. | w (X)2] w, (X)55 1 1 1 1
where

(21) we (X)5h = (6 Dn-a—d <n i;f d)q (n i;i b)q
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Note that w. (X, s) is independent of the sign of the local crossing, and takes the same
value 1 at all local extrema. Hence, we use the notation w. (v, s) for the right hand side of
(21), where v € V is the involved vertex. The following is a convenient way rewrite the value
of we (v, s).

Lemma 4.1. For a vertex v in (17) and z = ¢"™*, we have

NS e (0)
2 “’>< ><> ‘““( ) @) @alal

a

8

Proof. The identity follows from Equation (21), and the following (easy to check) identities

(1), = wws
(q)oo

(Or = (qu)OO-

U

Remark 4.2. The right hand side of Equation (22) can also be written in the following
form:

(@0 Vo @D _ (@ (2q)a(2q*M)y (@ (2q*M)y
(6 oo( 070 (@)al@)s  (@)al@)s (q=*®) (@a(@)y (g

4.2. The functionals Py, P;, Q, Lo, L;. To study the power of ¢ in Table (2), let us introduce
the following functionals Py, P, @Q, Lo, L1 on centered states, defined by local weights as in
Table 3.

(23)

Table 3. The definition of Lg, L1,Q, Py and P;.
d

c d c

a b a b
Ly 0 (b+c¢))2=(a+b+c+d)/4| —a/2 | —a/2 a/2 a/2
Ly 0 a+d=b+c 0 0 0 0
Q | (ab+cd)/2 (ac+bd)/2 0 0 0 0
By 0 n 0 0 0 0
P n/2 —n?/2 —n n/4 n/4 —n/4 | —n/4

If F' is one of the functionals Py, P», ), Lo, L1, and s is a centered state, then we define
=Y F(X,s),
X

where the sum is over all local parts X, with the value of F' at a local part is given in Table
(3). These functionals are introduced so that for a local part X with centered state s we
have

UJ(X, S) — (_1)P0(X,S)+LO(X,S) qP1(X,s)+Q(X,s)+L1(X,s) W, (X, S) )
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From Equation (20) we have
(24) w(s) = (_1)P0(8)+L0(5) qP1(5)+Q(5)+L1(8) ws(s) .

Here w, (s) = [[yw-(X,s), where the product is over all local parts of D. Note that
w, (X, s) € Z.[q]. The functionals Lo, L, are linear forms on S5 and do not depend on n
in the sense that the value of each of Ly, L will be the same if we consider s as an (n + 1)-
admissible centered state instead of an n-state. The functional Q2 = ) + L; is a quadratic
form on Sf),R not depending on n. The two functionals Py, P; depend only on n, i.e., if s, s

are n-admissible centered states, then P;(s) = P;(s’). Hence we will also write P;(n) instead
of P(s), for i =0, 1.

Lemma 4.3. We have

(25) Jicn(q) = (1)@ gm0 N F(g g, 9),

865’5”

where
¢ Tl (2a7°")
Heeg(ﬁ) (q)S(e) Heeé‘(ﬁ) ({L’q_s(e))oo

(26) F(:L’, q, 5) = (q)ﬁé’ (_1)L0(8)

Proof. By (22) we have

c R n+1—s(v)
H ’UJ>_ v, S (q)og HUEV(D) (q )oo c Z}[q]

veV(D) HveV(ﬁ) (@)a(@)s HUEV(E)(Q"H_d)OO (1)

Here a and b (respectively ¢ and d) are the s-values of the two lower (respectively upper)
edges incident to v. When v runs the set V' of vertices, the two lower edges of v run the set
& of all edges, as do the two upper edges of v. Hence

c N n+1l—s
(27) H w, (v, s) (9)s [Loevs) (@),
veV( ) Heeg(ﬁ) (Q)s(e) Heeg(ﬁ) (qn—i-l—s(e))oo

From Equation (24) and Jk ,(q) = >

€S, w(s), we have

Jicalg) = (=110 M0 % 0 (-1)R g2 T w(v,5)
SESf)m veV( )

which is equal to the right hand side of (25) by identity (27) and the definition of F(x,q, s).
U

Remark 4.4. (a) It is important for the stability that there is no mixing between n and
s in the formulas of the functionals Py, P, @), Lo, L. In the states-sum using states in D,
mixing occurs, and this is the reason why we introduce centered states.
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(b) The quadratic form ) has the following simple description. Suppose « is an A-angle

of the digraph D, and the s-values of the two edges of a are a and b. Define Q(«, s) = ab/2.
Then

(28) Q(s) =Y Qa,s),
where the sum is over all A-angles a.

5. POSITIVITY OF QQ AND THE LOWEST DEGREE OF THE COLORED JONES POLYNOMIAL

In this section we prove the copositivity of ()2 := () + L; on the cone S5 and derive a
formula for the lowest degree of the colored Jones polynomial. As before, we fix a reduced,
alternating, A-infinite downward diagram D with cp crossings.

5.1. A Hilbert basis for S5 : elementary centered states. From its very definition,

the set S BN of N-valued centered states of D can be identified with the set of lattice points of
a lattice cone in R??. In general, the set of lattice points of a rational cone is a monoid, and a
generating set is called a Hilbert basis which plays an important role in integer programminyg,
see for instance [Stu96, Sec.13] and also [Sch86, Sec.16.4]. Note that every element of a
finitely generated additive monoid is an N-linear combination of a Hilbert basis. Although
the natural number coefficients are not unique, this is not a problem for applications.

The goal of this section is to describe a useful Hilbert basis for S .

Recall that D is a directed graph. Suppose 7 is a directed cycle of ﬁ, i.e., closed path
consisting of a sequence of distinct edges ey, .. .e, of D such that the ending point of e; is the
starting points of ;41 (index is taken modulo n) and there is no repeated vertex along the
path except for the obvious case where the first vertex is also the last vertex. An example
of a cycle of D is the boundary of a polygon in the complement of D.

Definition 5.1. For a directed cycle v of D let s, be the function on the set of edges of
D which assigns 1 to every edge of v and 0 to every other edge. Such a centered state is
called elementary, and ~ is called its support. Let B denote the (finite set) of all elementary
centered states of D. . .

For a polygon p € P(D) the boundary dp is a directed cycle of D, and we will use the
notation s, := sp,.

From Lemma 3.3 we see that s, is an n-admissible centered state for every n > 1.

Lemma 5.2. B is a Hilbert basis of Sﬁ,N’

Proof. Let s be a N-valued centered state of D. Suppose e is an oriented edge such that
s(e) > 0. At the ending vertex v of e let ¢’ and €” be the two edges which are perpendicular to
e. Inspection of Figure (15) shows that v is the starting vertex for both ¢’ and ¢”. Equation
(16) shows that s(e’) + s(€”) > s(e). Hence one of them, say s(¢’) > 0. This means if e is
an edge with s(e) > 0, we can continue e to another edge €’ for which s(¢’) > 0. Repeating
this process we can construct a cycle v of D such that the value of s is positive on any edge
of 7. This means s — s, is an N-valued centered state. Induction completes the proof of the
lemma. U
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Remark 5.3. It is easy to see that any s € B is not a N-linear combination of the other
elements in B. Thus there is no redundant element in B. Of course B is linearly dependent
over R (or over Z), and we will extract a R-basis from the set B later.

5.2. Values of L; and () on elementary centered states. Suppose 7 is a directed cycle
of D and v is a vertex of ~v. Among the four edges of D incident to v, the two edges of
are not two opposite edges because of the orientation constraint, see (15). In other words,
at each vertex v, 7 is an angle. We say that a vertex v of v is of type A or B according as
the two edges of v at v form an angle of type A or B. Let N, 4 be the number of vertices of
v of type A. The fact that D is reduced is used in the proof of part (b) of the next lemma.

Lemma 5.4. Suppose s = s, € B is an elementary centered state.
(a) We have

1
R
(b) Moreover, Li(s) > 0, and L,(s) = 0 if and only if v is clockwise and has exactly two

vertices of type A.

Proof. (a) For a local part X of D, let vx = vN X. Clearly Li(X,s) = 0if yy = 0. If X
is a small neighborhood of a vertex of D, then vx is two sides of an angle of v, and we will
smoothen ~vx at the corner to get an oriented smoothed arc. See Row 1 and Row 2 of Table
4 for various X and smoothened 7x. In the table, X is a small neighborhood of a vextex.
The two edges incident to the vertex with label 1 belong to . The marking A or B at one
of the angles of X indicates the type of the vertex, which appear in Row 3. In Row 3 we
also indicate the sign of the crossing of X (as it appeared originally in D); this makes the
computation of L, easier.

(29) La(s) = W(y) +

Table 4. The caIcuIation of Iy L Q.

I 0 T 5 /L]0 NENWAE 0 1 0] 0 1
X% KK XK X XK X

1 0 0 0l 17 BNy 10 0|17 4N 0l o 1

wo| ) < N N D) (
vertex type | B,+ B,+ B, — B, — A+ A+ A, — A, —
Ll(X,S,y) 0 0 1/2 1/2 0 0 1/2 1/2
W(vx) 0 0 1/2 1/2 —1/2 —1/2 0 0
Q(X) 0 0 0 0 1/2 1/2 1/2 1/2

We define W (~x) to be its local winding number if vx contains a local extreme point,
0 otherwise. Rows 4 and 5 of Table 4 gives the values of L;(X,s,) and W (yx). From the
table, together with the obvious case when X is a neighborhood of a local extreme point of
5, we have

W(yx) + 3 if X is a vertex of 7 of type A
W(vx) otherwise.

Ll(X, Sfy) = {
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Summing up the above identity over all the local parts X and using (12), we get (29).

(b) Case 1: v is counterclockwise. From (29) we have L,(s) > W (y) =1 > 0. In this case
Ly is strictly positive.

Case 2: v is clockwise. Then L;(s) = =1+ N, 4/2. We will show that N, 4 > 2.

If Ny a4 =0, then v is one of the circles obtained from D by doing A-resolution at every
vertex. By part (b) of Lemma 3.2, v is counterclockwise. Thus N, 4 # 0 if v is clockwise.

Suppose N, 4 = 1, i.e. 7 has exactly one vertex of type A, say v; all other vertices of

are of type B. If one does A-resolution at every vertex of 5, then ~ \ {v} is part of one of
the resulting circles, and this circle has a self-touching point at v. This is impossible if the
diagram D is reduced, see part (¢) of Lemma 3.2. Thus N, 4 # 1.

We have shown that if 7 is clockwise then N, 4 > 2. Hence L;(s) = =14+ N, 4/2 > 0, and
equality happens if and only N, 4 = 2. O

Remark 5.5. We see that for the proof of part (b), we need only the fact that D is A-
adequate.

Lemma 5.6. (a) For all N-valued centered states s and s’ we have

(30) Qs + ') = Q(s) + Q)
(b) Suppose s = s, € B is elementary centered state. Then
(31) Q) = "2

It follows that Q(s) > 0, with equality if and only if -y is the boundary of a polygonal region
of type B.

Proof. (a) Since @ is defined by an expression with positive coefficients, we have Q(s+ s') >

Q(s) + Q(s).
(b) Row 6 of Table 4 shows that every vertex of type A of « contributes 1/2 to the value
of @, while others contribute 0. Hence Q(s) = % O

5.3. Copositivity of )>. Recall that Qy = Q + L;.
Proposition 5.7. (a) For s,s" € Sj, we have
Qa2(s +5') = Q2(s) + Qa2(s).
(b) If s = Zé—:l m;s;, where s; € B and m; € N, then

(32) %szsz

In particular, ()2 is copositive in the cone S5y, Le., for every s € Sz, Q2(s) > 0 and

equality happens if and if only s = 0.

Proof. (a) follows immediately form Lemma 5.6(a), noting that L;(s+s") = Ly(s) + Ly (/).
(b) The second inequality of (32) follows immediately from the definition.

From part (a) one needs only to prove the first inequality of (32) for s € B an elementary
centered state with support 7. By (29) and (31),

Qa(s) = W(y) + N, a.
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In particular, 5(s) is an integer.

By Lemmas 5.4(b) and 5.6(b), we have L;(s)+ Q(s) > 0, and equality happens only when
Li(s) = Q(s) = 0. However, if Li(s) = 0, then by Lemma 5.4(b), N, 4 = 2, and then
Q(s) = N, 4/2 =1 > 0. Thus, we have proved that if s is an elementary centered state,
then Q(s) > 0. Since Q(s) € Z, we have Q(s) > 1. O

Remark 5.8. In general Q(s), L1 (s) € 3Z. In the proof we show that Qa(s) = Q(s)+Li(s) €
Z for any elementary centered state s. One can also show that Qs(s) € Z for all s € § BN
This can be deduced from the fact that J kn(q) € Z]q], see the discussion on fractional powers
of Jg ., in [Le00].

5.4. The lowest degree of the colored Jones polynomial. In the next proposition K
is an alternating link.

Proposition 5.9. (a) The minimal degree of ¢ in of J,(q) is

n n% 4 2n n
Pi(n) = e — —5—c — 3 > W),
M

where the last sum is over all the local extreme points of D.
(b) With F(z,q,s) defined by (26), we have

(33) Jale) = Y F(g",q,9).

SESﬁ,n

Proof. (a) By (25), the minimal degree of ¢ in w(s) is Py(n)+Q2(s). When s # 0, Proposition
5.7 implies that Q2(s) > 0. Hence the smallest degree of Ji ,,(q) is Pi(n). From the values
of P1(X,s) in Table 3 we see that P(n) = Fcy — "2%2"0_ — 5> u WI(M).

(b) follows easily from part (a) and (27). O

The value of P, in Table 4, Equation 25, and Proposition 5.9 imply the following.
Corollary 5.10. We have
(34) Ticn(@) = (=1)" ¢ i a(q).

Remark 5.11. The minimal degree of the colored Jones polynomial Jg ,(¢) of an alternating
link had been calculated using the Kauffman bracket skein module, and is given by Pj(n) :=
5Cy— "22+ “c_ —4s4, where s, is the number of circles obtained from D by doing A-resolution
at every vertex; see [Le06, Proposition 2.1] and keep in mind that the framing of K in [Lé06]
is different from the one in the current paper. Our result implies that P;(n) = P{(n). We
will give a direct proof of this identity in the Appendix. Note also that sy —cy = o+ 1 (see

[Tur87, Mur87]), where o is the signature of the link. Hence the lowest degree of ¢ is given
by —"Se — Lo+ 1),

6. FrROM D TO THE DUAL GRAPH D*

In this section we give a correspondence between the centered states on D with the admis-
sible colorings of the dual graph D*. The main idea is summarized in the following figure.
If a crossing has coloring a, b, ¢, d at the four regions of it counterclockwise, then there is a
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coloring of the four arcs such that the sum of the colors of the two overarcs is equal to the
sum of the colors of the two underarcs:

c+d b+c

a+d a+b

Figure 4. From a coloring of the regions to a coloring of the arcs.

An example of this correspondence for the 4; knot is shown in Figure 5.

0 a
L B

b ¢ b c
/AR e

b e c

Figure 5. An admissible coloring of D* on the left, the coloring of the polygons of D in the
middle and the corresponding centered state on D on the right for the 4; knot.

Recall from Section 1.4 that D* is the dual graph of 5, considered as an unoriented
graph. We have defined the Tait graph 7, the lattice Ay with its subsets Adm, Adm(n), and
functions L, Q) on Ag. Note that one does not need to bring D to a downward position by
twisting in small neighborhood of crossing points in order to construct D*.

For A € Ay let 7(\) : £(D) — R be the linear map defined by

T(M(e) = e (V)
where e* € £(A”) is the dual edge of e. Then 7: Ag @ R — S5 is a R-linear map.

Proposition 6.1. (a) The map 7: Ag ® R — S, is vector space isomorphism.
(b) 7 maps Adm and Adm(n) isomorphically onto respectively Sj and S5 ..
c) We have

(
(35) Li(r(N)) = L(A)
(36) Q(r(A) = Q)

(d) For every centered state s, we have

(37) Lo(7(s)) = 2L(s) (mod 2).
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Proof. (a) Fix s € S5 . We will show that the equation
(38) T(A) =5

has one and exactly one solution A € Ay. This will prove the bijectivity of 7.
With the basis b := V(D*) \ {v} of Ag, every A € Ay has a unique presentation \ =
ZUEV(D*) k,v with k, = 0 for v = v,,. We need to solve for k,,v € b from Equation (38).
Equation (38) is the same as the following linear system of 2cp equations: For every edge
e* € £(D*) whose end points are v and v/,

(39) ky + ky = s(e) .

If k, is known, and v’ is connected to v by an edge, then there is only one possible value for
k., namely k, = s(e) — k,. We call such k, the extension of the value k, at v along the
edge e*. Since the graph D* is connected, and k, = 0, we see that there is at most one
solution A € Ay of (38).

Now let us look at the existence of solution of (38). Given v € V(D*), a € R, and a path
a of the graph A* connecting v to v' € V(A*), there is only one way to extend k, = a at
v to v along the path . Denote by A, ,(v') the value at v" of this extension. When « is a
closed path, i.e. v/ = v, let A(a,a) = A o(v') —a. We will show that A(w,a) = 0 for any
closed path «. This will prove the existence of the solution.

On R?, the closed path « encloses a region R. When the region is just a polygon of D*
(which must be a quadrilateral), the fact that A(a,a) = 0 follows easily from (16). For
general closed path «, since A(a, a) is the sum of A, ,;, where a;’s are the boundaries of
all the polygons of D* in R, we also have A(«a,a) = 0.

The above fact shows that if we begin with k, = 0, we can uniquely extend k, to all
vertices of D*, and obtain in this way an inverse of s.

The proof actually shows that 7 is a Z-isomorphism between Ay and S5,

(b) Because 7(\)(e) = A(e*), this follows easily from the definitions.

(¢) To prove (35), it is enough to consider the case A = v € b = V(D*) \ {v}, a basis
vector. Let p = v* € P(D) be the dual polygon. From the definition we have 7(v) = s,
where s, is the elementary centered state with support the boundary of p. Now the identity
Ly(7(v)) = L(v) follows from the value of L; given in Lemma 5.4 and the definition of L.
Actually, the definition of L was built so that (35) holds.

Let us turn to (36). To show that two quadratic forms on a vector space are the same it
is enough to show that they agree on the set v + v’, where v, v’ are elements in a basis of
the vector space. A basis of Ay is V(D*) \ {v}. Hence we need to check that if vy, vy €

V(D) \ {veo },
(40) Q(T(v1 +v2)) = Q(v1 + v2) .

There are three cases to consider: both vy, v9 are A-vertices, both are B-vertices, and exactly
one of them is an A-vertex. In each case, the identity (40) can be verified easily. Actually,
the matrix Q in Equation (4) was defined so that Equation (40) holds.

(d) We only need to check (37) for s = 7(v),v € b. Let p = v* € V(D) be the dual
polygon. We already saw that 7(v) = s,. From the definition of Ly given by Table 3, we



NAHM SUMS, STABILITY AND THE COLORED JONES POLYNOMIAL 27

have that Ly(s,) is the number of negative vertices of p. Here a vertex is negative if it is
negative as a crossing of the link diagram D.

There are two cases.

Case 1: p is a B-polygon. Suppose or is an arbitrary orientation on edges of p. A vertex
v of p is or-incompatible if the orientations of the two edges incident to v are incompatible,
i.e. the two incident edges are both going out from v or both coming in to v. Let f(or) be
the number of all or-incompatible vertices. It is easy to see that if or’ is obtained from or by
changing the orientation at exactly one edge, then f(or) = f(or’) (mod 2). It follows that
f(or) = 0 (mod 2) for any orientation or, since if we orient all the edges counterclockwise
then f = 0.

Let the orientation of D on the edges of p be denoted by orp. By inspection of Figure (15)
one sees that a vertex v of p is a negative crossing if and only v is orp-incompatible. Thus
Ly(s,) = f(orp), which is even by the above argument. On the other hand, 2L,(s,) = 2 by
Lemma 5.4.

Case 2: pis an A-polygon. By inspection of Figure (15) one sees that a vertex v of p is a
positive crossing if and only v is orp-incompatible. This means Lo(s,) = deg(v) — f(orp) =
deg(v) (mod 2), where deg(v) is the number of vertices of p, which is equal to the degree of
v in the graph D*. By Lemma 5.4, 2L;(s,) = —2 + deg(v). Hence we also have (37). O

Example 6.2. As an illustration of Equation (36), consider the coloring on D* and the
corresponding state on D from Figure 5. We have

Q) = =

QN ==((ba+ac+cb)+ ((a+d)(b+d)+ (b+d)(c+d)+ (c+d)(a+d))
+((b+e)(ct+e)+ (c+e)(b+e)))

(3d® + 2¢* 4 ab + ac 4 2bc + ad + bd + be + cd + ce)

N — Do

The reader can vefiry the equaility (36).

Corollary 6.3. The dimension of Spr (or Sj ) is cp+¢, where £ is the number of connected
components of the graph D.

Remark 6.4. One can show that the integer-valued admissible colorings of D* are the lattice
points in a 2¢p dimensional cone with 2c¢p independent rays.

7. O-STABILITY

In this section we give a proof of the O-stability of the colored Jones polynomial of an
alternating link and Theorem 1.10, which describes the 0-limit as a generalized Nahm sum.

7.1. Expansion of F' and adequate series.

Definition 7.1. We say that a series G(z,q) = >~ _an(q)z™ € Z((q))[[z]] is a-adequate

of order <t if G(zq', q) € Z[[¢]][[x]], i.e. for every m, we have

mindeg, (a,,(q)) > —mt.
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Lemma 7.2. (a) For every t € N, the set of z-adequate series of order < ¢ is a subring of

Z((q))[[x]]-

(b) If G(z,q) is z-adequate of order < ¢, then it is z-adequate of order < ¢’ for any t’ > t.
(c) If G(z,q) is x-adequate of order < ¢, then the series f,(¢) = G(q",q) converges in the
g-adic topology and defines an element in Z[[¢|] for every n > t.

(d) The sequence (f,(g)) is stable and its associated series Fy(x,q) satisfies Fy(z,q) =

G(z,q).

Proof. Parts (a), (b) and (c) follow easily from the definition of an x-adequate series.
For (d), let G(z,q) =Y am(q)z™ € Z((q))[[z]] and define @4 (q) = ax(q) for all k € N.
Then, we have for n > ¢+ 1

k 00
q—k(n—l—l ( Z(I)J (n+1); )Iq—k(n+1) Z am(q)q(n—l-l)m
j=

m=k+1
The minimum degree of the summand is bounded below by
f(m)=—k(n+1)—mt+ (n+1)m

Since f(m) is a linear function of m and the coefficient of m in f(m)isn+1—1t > 0, it
follows that

fm)>f(1)=n+1—-tk+1).
Thus,
g Hm (fn(q) — > (q)g"t ) € ¢ IZ][g])

=0

which implies (d). O
Recall that for a centered state s, F'(z,q, s) defined by (26), satisfies

F(r,q,5) = q¥CF(z,q,s)

(D" (@2 ev) (#47").
Hees(ﬁ) (@)s(e) Heeg(ﬁ) (2q=®)
Using the well-known identities (see e.g [KC02])

(41) F(z,q,)

o (1) g(3) 0 i
(42) (x)mzz<1(>7?$y7 %:Z—

~ T)oo = (9);

we can expand F' into power series in x,

(13) Pz, Zam 0. )™ € Z((g))[[]].

The negative powers of ¢ in am(q, ) come from the negative powers ¢~**), ¢=*(¢) that appear
in the expression of F. Since |s| > max(s(v), s(e)), we have the following.
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Lemma 7.3. For every s € Spy, F(,q,s) is z-adequate of order < [s].

7.2. Proof of 0O-stability. Now we show that JAKvn(q) is O-stable, and identify its O-limit.
Recall F(x,q,s) given by (26) or (41). By (33)

jK,n(Q) - Z F($7Q>S)}x:qn+1 :

SES

D,n
Hence we expect that the 0-limit is
(44) Do(q) = Y F(0,q,s).
SESE N
We have
Q2(s)
(45) F(0,q,5) = ()% (—1)%) =

[Leces) (@se)
Part (b) of Proposition 5.7 shows that the right hand side of (44) is regular, and defines
an element in Z[[g]]. We will show that

(46) Jrcan(q) = @olq) € "7 Z[q)]

for all n. This certainly implies that the O-limit of Jx ,(¢) exists and is equal to ®(g). We
have

(47) Jen(@) = ®olg) = > [F(@"™ q.8) = F(0.q,9)] = Y F(0,q,s).

s:s|<n sm<|s|

By part (b) of Proposition 5.7, Q2(s) > |s|. Then (45) implies that F(0,q,s) € ¢*Z[[q]],
and hence the second sum on the right hand side of (47) is in ¢"™'Z[[q]].
Let us look at the first term. Using the expansion (43), we have

F(q"™,q,5) = F(0,4,5) = ¢¥**) Y " am(q, )¢+
m=1

o0

(48) = lam(g,s) "] ¢/,

m=1
where f(m) = Qa(s) +m(n+1) —m|s| = m(n+1—|s|) + Q2(s), which is linear in m. Since
n > |s|, f(m) achieves minimum when m = 1:
f(m) > f(1)=n+1—|s|+ Qa(s) >n+ 1.

By Lemma 7.3, a,,(q, s) ¢"'*! has only non-negative powers of ¢. It follows that the right
hand side of (48) belongs to ¢"*'Z[[g]]. This completes the proof of Equation (46). O

Remark 7.4. Equation (46) is stronger than 0-stability, and implies that for every m € N,
the coefficient of ¢ in Jk ,,(¢) is independent of n for all n > m.
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7.3. End of the proof of Theorem 1.10. To complete the proof of Theorem 1.10, it
remains to prove that the right hand side of (44) is equal to that of (5). This follows from
Proposition 6.1. 0

Remark 7.5. The fact that D is reduced is used only in the proof of Lemma 5.4. As seen
in Remark 5.5, Lemma 5.4 holds if D is A-adequate, hence Theorem 1.10 holds if D is not
necessarily reduced, but A-adequate.

7.4. Proof of Corollary 1.11. Fix a complex number ¢ with |¢g| = a < 1. We only need
to show that the sum on the right hand side of (44) is absolutely convergent.
Choose 0 < € < 1 — a such that

(49) a < (a+¢e)*.

This is possible by continuity since if € = 1 — a, the right hand side of the above inequality
is 1 and a < 1. Since lim; (1 — ¢)7 = 1, it follows that |1 — ¢/| > a + ¢ for j big enough.
Thus, there is constant C'; > 0 such that for every n,

(50) [(@)n] > Cia+e)".

Since Q5(s) > |s| > s(e) for every e € (D), we have

(51) D sle) < 2ep Qu(s).

ec&(D)
We have
Q2(s) Q2(s)

q a

< by (50)
‘ Heeé' 3(3 Heeé' Cl (a + 6)8(6)
9 aQ2(s)
—2¢p,
< (Cl) (a+5)2CDQ2(5) by (51)
Q2(s)
a
= ()% [ ——— .
(@) (m+fP@)
Thus,

Q2(S

< (C)) % Z (m)ws)

SESEN

—2cp
(52) Cl Zg ( a—|—€ 2CD) )

where g(m) is the number of s € S5 such that Qa(s) = m. Because Qs(s) is quadratic and
co-positive in S5y, g(m) is bounded above by a quadratic function of m for large enough
m. From Equation (49) it follows that the right hand side of (52) is absolutely convergent.
This completes the proof of Corollary 1.11.

‘Heegw Do
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8. LINEARLY BOUNDED STATES

In this section we will introduce a partition of the set of linearly bounded centered states,
which will be key to the k-stability of the colored Jones polynomial. Throughout this sec-
tion we fix a reduced, alternating, A-infinite downward alternating link diagram D with cp
crossings. Let § := 55 . Recall that for a polygon p € 73(5), sp is the elementary centered
state with support the boundary of p.

If Q:S5r — R were positive definite, it would be easy to prove the stability of J rn(q)-
Unfortunatély, (@ is not positive definite, and the summation cone S B,[0,00) always contains
directions where Q2(s) = Q(s) + L1(s) grows linearly, and not quadratically. For instance,
if p is a B-polygon, then (3(ns,) = n is a linear function of n.

Definition 8.1. We say that a centered state s € S is k-bounded for a natural number £ if
Q2(s) < (k+1/3)]s]
For a subset M C S let M®*) denote the set of k-bounded centered states in M.

8.1. Balanced states at B-polygons. Suppose e is an edge of a B-polygon p. In this
section we always use the orientation on e coming from the directed graph D. The orientation
of e is counterclockwise with respect to the interior of p. Incident to the ending vertex of e
are four edges of ﬁ, and let € be the one opposite to e, i.e. in a small neighborhood of the
vertex, D looks like a cross, and e and € are on a line as in the following figure

€

Suppose s € S is a centered state. Recall that s is a function on the set of edges of D and
that we already extended s to the vertices of D; see Equation (18). Now we further extend
s to the set of B-polygons of D. Suppose p is a B-polygon of D. Let

(53) s(p) = s().

e€&(p)

Definition 8.2. We will say that a state s € S is balanced at a B-polygon p if s(v) < s(p)
for every vertex v of p, and equality holds for at least one vertex.

8.2. Seeds. In this section we introduce seeds, their partial ordering, and relative seeds.

We say that two B-polygons are disjoint if they do not have a common vertex. Suppose
IT is a collection of disjoint B-polygons. Let nbd(II) be the set of all edges of D incident to
a vertex of a polygon in II. Observe that every edge of a polygon in II is in nbd(IT).

Definition 8.3. (a) A seed § = (II,0) consists of a collection II of disjoint B-polygons
and a map o : nbd(II) — N such that o can be extended to a centered state s € S which
is balanced at every polygon in II. Such s is called an extension of o, and the set of all
extensions of ¢ is denoted by Sy. If o is a seed and s an extension of it, then for all polygons
p in II and vertices v of p we can define o(v) = s(v) and o(p) = s(p) independent of s. In
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particular, o is balanced at all polygons of II.
(b) The B-norm |05 of 6 is the number of B-polygons in II.

Note that for the empty seed 6 = (), we have Sy = S. Next we define a partial order on
the set of seeds.

Definition 8.4. Suppose 6 = (II,0) and 6’ = (I', ¢’) are seeds. Then 6 < ¢ if IT C II" and
o is the restriction of ¢’. We write # < ¢ if § < 6 and 0 # ¢'.

Observe that () < € for any seed 0. Moreover, if 8 < ¢, then || < |¢'|s. Since the
number of B-polygons is finite, we have the following simple but important fact.

Lemma 8.5. Every strictly increasing sequence of seeds is finite.
We now introduce relative seeds.

Definition 8.6. Suppose 6 = (II, o) and 0" = (II', 0’) are seeds with 6 < ¢'.

(a) Let |0\ 0] := max,ennn o' (p) = maxyeparmy o' (v), where the last equality follows from
the fact that seeds are balanced.

(b) Let Sy—¢r be the set of all s € Sy of the form

(54) s=s+ Y (m—d()s,
pe(IV\II)

where

(55) s'e Sy and |s| <m.

8.3. A partition of the set of k-bounded states. In this section we give a partition of

the set of k-bounded states S*) = Sék) and more generally, the set Se(k) of k-bounded states
with seed #. The next proposition will be proven in Section 10.

Proposition 8.7. For every non-negative integer k and every seed 6 there exists a constant
C > 0 such that if |s| > Ck? and s € Se(k), then s € Syo¢ for a unique seed 0’ > 6 with
10"\ 0] < k. In other words, up to elements s with |s| < Ck?, we have the following finite

partition of the set Sg(k) of k-bounded states:

k k
S(g = |_| S(g<)9"
0'>0,|0'\0|<k

Example 8.8. Observe that if # = () and |6'| < 1 then ¢ = 0. Proposition 8.7 implies that
if s is a 1-bounded state of sufficiently large |s|, then

s=msp+ s

where m = |s| > ||, P is a B-polygon and the support of s is disjoint from P.

On the other hand, if |#'| = 1 then the restriction of ¢ on P looks like Figure 6. In other
words, the support of ¢ is an incoming edge of P, followed by a counterclockwise path along
P and finally by an outgoing edge of P. Proposition 8.7 implies that if s is a 2-bounded
state of sufficiently large |s|, then either

s =msp, +msp, + &
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where m = |s| > |§|, P, P» are disjoint B-polygon and the support of s’ is disjoint from
Pl U PQ, or

s=(m—1)sp+s
where m = |s| > |¢/|, P is a B-polygon as in Figure 6 and s’ is balanced on P.

Figure 6. A seed 0" with |0'| = 1.

When 6 is maximal Proposition 8.7 implies the following.

Corollary 8.9. For every non-negative integer k£ and every maximal seed 6, Sg(k) is a finite
set.

The next proposition will also be proven in Section 10.

Proposition 8.10. (a) Suppose s € Sy—g with presentation (54) as in Definition 8.6. One
has |s| = m and
(56) Qa(s) = Qa(s) = Y (m—oa(p)(o(p) +1),

pe(INIT)
(57) Lo(s) = Lo(s') (mod 2).
(b) Fixing 6 < &', the presentation of s € Sy given by Equation (54), with (m, ') satisfying
(55) is unique. In other words, the map (m, s’) — s given by (54) is a bijection between the
set of pairs (m, s’) satisfying (55) and Sp—¢.

8.4. The weight of k-bounded states. In this section we express F(z,q,s) in terms of
F(x,q,s") for centered states s, s’ related by Equation (54).

Definition 8.11. We say that a series G(z,y,9) = >.75_Gi;(9)z'y’ € Z((q))[[x,y]] is
weakly r-adequate of order less < t if G(xq',y,q) € ¢ “Z[[q]][[x,y]] for some constant C
depending on G, i.e.

mindeg, (G ;(q)) > —ti — C
for every 7,7 > 0.

The next lemma is elementary.

Lemma 8.12. (a) If G(z,y,q) is weakly x-adequate of order < ¢, then G(¢*, ¢!, q) € Z((q))
forevery k>t +1,1>0.
(b) If G(x,y,q) € ¢ “Z[[q]][[z,y]] is weakly z-adequate of order < t, then for every [ € N,
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¢ “G(z, ¢, q) € Z][q]][[z]] is z-adequate of order .

(c) The set of weakly z-adequate series of order less < ¢ is closed under addition and multi-
plication, i.e. it is a Z-subalgebra of Z((q))[[z, y]]-

(d) If G(x,y, q) is weakly z-adequate of order < ¢, then it is weakly z-adequate of order < ¢/
for every t' > t.

The next lemma uses the notation of Definition 8.6.

Lemma 8.13. Given s € Sy—¢ with presentation (54) and let ¢ = 0’| — |0| 5. Then there
exists a weakly z-adequate series Go—g/ (7, v, q) € y*Z((q))[[x,y]] of order < |¢"\ 0] such that
for n > |s| we have

F(qn+1> q, 3) - G9<9’(qn+17 q‘8|7 q) F(qn+l> q, S,)'
Moreover, Go—g(¢"*, ¢¥1, q) € Z[[q]].

Proof. Let x = ¢"*! and y = ¢I*l. By Proposition 8.10, m = |s|. For convenience we write
0"\ 0 for IT" \ I, and o for o(6’). We have the following relations, followed directly from the
definition.

(58) o(v) =o(e) + o(é)
(59) olp)= Y o)
e€&(p)
(60) s(e) =m —o(p)+o(e)
(61) s(v) =m —o(p)+ o(v).

Here e is an edge and v is a vertex of a B-polygon p in §’\ 0, and € is defined as in Section 8.1.
Besides, in (58), v is the ending vertex of the edge e. Besides, each of o(p),o(v) = o(e)+0(€)
is bounded from above by |6’ \ 6|, by definition.

From the definition (26) and Proposition 8.10, we have

n+1 —o(e) v
M — qZpew/\o)(m-a(p))(a(p)ﬂ) H (q)a(e) (:Eq_s(e))oo H %
) c€E('\0) (@)ste) (@471 VeV (6'\0) (2q77) oo

- 11 -2 11 [ (0ot } l(yqde)ﬂ—o(p))w}
B (p) s s L
peene) | ecem) (zq )o(e) (9)oo

a(€) o
( Yy ) (q (p)xq—a(e)—a(é))
qU(P) Y (&)

where the second identity follows from a simplification of ¢-factorial using relations (58)—(61).
Let us look at the factors in square brackets.
Since o(e)+o(€) < |60\ 0], the first square bracket factor is z-adequate with order < |6\ 6.
The second square bracket factor is in ¢~ Z[[q]][[y]], where C' = |0"\ 0](|¢' \ 6] + 1) /2.
The third square bracket factor is a polynomial in z,y with coefficients in Z[¢*!], and it
is x-adequate with order < [0\ 6. O
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8.5. Stability away from the region of linear growth. In this section we show the
stability for the k-unbounded centered states.

Proposition 8.14. Fix k,l € N. Suppose 0 < ¢ are seeds and G(z,vy,s) € Z((q))[[z,v]] is
weakly z-adequate of order <[+ (6" \ 6| . Then

Bu(q) = > F(¢"™, q,5) G(¢"™, ¢, q)

s:[s|<n—1,5€85 9 \SI,,

is k-stable.
Proof. Recall F (x,q,s) from Equation (43). Expand

F(z,q,5)G(z,q".q) = anlq,s)x
m=0

into a power series in x and define
E q a] q,s
s:5¢S (k)

for j < k. The weak z-adequate condition on G and adequate condition on F' (from Lemma
7.3) imply that for all but finitely many s and for j < k we have

Qa(s) — mindeg,(a;(q,s)) > (k +1/3)|s| — mindeg,(a;(g, s)) > [s[/3 = C,

where C' € Z is such that G(x,y,s) € ¢ “Z[[q)][[z,y]]. It follows that ®;(q) € Z((q)) is
convergent. Let f,(q) = D . sj<p sgst F(q™*,q,s). We now follow the proof of part (d) of
Lemma 7.2. We have:

k
(fn(Q) -y <I>j(q)qj("+”> IR I V'

=0
where
Y, = Z Z qu(s) aj(q,s)q(j_k)(”“)
s:|s|<n,sgS*k) j=k+1
k
Yon = Z Zqu(s> a;j(g, s)qUu=Pe+D

s:|s|>n,sgS(*) =0
For ¥, we use the z-adequacy of order < |s| to obtain
Q2(s) + mindeg,(a;(q,s)) + (j — k)(n + 1) = Qa(s) — jls| + (j — k)(n +1)

Since the coefficient of j in the above expression is n+1—|s| > 0, it follows that its minimum
as a function of j is attained at j =k + 1, i.e.,

Qa2(s) = jls|+ (F —k)(n+1) = Q2(s) = (k+ 1)[s| +n +1
Since s ¢ S®) and |s| < n it follows
Q2(s) — (E+D|s|+n+1>(k+1/3)|s| —(k+1)|s|+n+1=-2|s|/3+n+1>n/3.
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For ¥, ,, since |s| > n we the fact that s is not k-bounded to obtain

Q2(s) — jls[ + (j = k)(n + 1) = Qa(s) — k[s| = [s|/3>n/3.

Thus,
k
(fn(Q) _ Z (I)j (q)qy(n+1)> q—k(n+1) c qn/3ZHqH )
5=0
This completes the proof of the proposition. O

9. STABILITY IN THE REGION OF LINEAR GROWTH

Theorem 9.1. Suppose 0 is a seed and G(x,y,q) € Z((q))[|x,y]] is weakly x-adequate of
order < || + 1, where l € N. Then the sequence

Hiqg)= > F(g"". q.5)G(q"". ¢, q)

s:]s|<n—1,s€Sy
s stable.

Remark 9.2. In particular, the above theorem holds when 0=0,l=0and G =1. In
that case, Proposition 5.9 implies that H,(¢) = Jx.n(q) and we conclude the stability of the
colored Jones polynomial of an alternating link K.

Proof. Fix a natural number k. We will prove that H,(q) is k-stable. Subtracting the
k-unbounded part from H,(q) and using Proposition 8.14, it is enough to show that

Hiq)= >,  Fulgs)

s: |s\§n—l,s€$§k)

is k-stable. We proceed by downwards induction, starting from the case when 6 is maximal.
This case follows from Corollary 8.9, which states that Sék) is a finite set, and Lemma 9.3.
Assume that the statement holds for all #" strictly greater than #. We will show that the
statement holds for §. Then Lemma 8.5 implies that the statement holds for any seed 6.
Using the partition of Sg(k) described in Proposition 8.7, and n sufficiently large, we obtain
that

(62) Yo Fules) = > > Fu(g,s) | + Err,

s ]s|<n—lI 78€Sék) 0'>6,|6\0|<k \ .. ls|<n—1 78€Sék<)9,

where Err is a finite alternating sum of terms of the form F,(q,s) for some s € Sy. By
Lemma 9.3, Err is stable. Because the outer sum on the right hand side of (62) is finite, it
is enough to prove k-stability for each inner sum

Hy(q) = Yo Falgs).

k
s:|s|<n—I ,sESégg,
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Adding back the k-unbounded part (using Proposition 8.14), it is enough to show that
H'(q) = >  Falag.s

s:]s|<n—1,5€8y g
is k-stable. Using the decomposition of Lemma 8.13, we have

Fulg,s) = G(@™,q™, q) Gocor (", q™, q) F(q",q, 8)
(63) = G'(¢",q"q) F(¢"",q,5),

where G'(z,y,q) = G(x,y,q) Go<g(x,y,q), and s € Sp. G(x,y,q) is weakly x-adequate of
order < |0| + 1 and |0| +1 < |0' +[|. Moreover, Gyg—¢/(x,y, q) is weakly x-adequate of order
< |0'\0| and |6\ 0| < |¢'| < |0'|+1. Lemma 8.12 implies that G’(z,y, ¢) is weakly z-adequate
of order < |0'| + 1.

By part (b) of Proposition 8.10, Sy is parametrized by pairs (m, s’) with s € Sy with
|s'| < m. We have

H'(q)= Y.  Fulgs)

s:]s|<n—1,5€Sy gr

n—l
=Y G g > Flg",qs)
m=1 s'|s’|<m ,s' €Sy
n—l
= > F(¢"",q,5) Y G(d"™.q".q)

si|s|<n—I—1,s€Sy m=|s|+1

— > F(@"g.8)G"(¢" 4", q),

s:|s|<n—1—1,s€Sy

where the second identity follows from (63) and the above mentioned parametrization of
Sy, the third identity follows by changing notation s’ to s and exchanging the two sum-
mations, and the fourth identity follows from Lemma 9.4 below, with G”(z,y,q) a weakly
x-adequate series of order < |#'| + [. By induction hypothesis, the last sum of the above
identity is k-stable. This completes the proof of Theorem 9.1. O

Lemma 9.3. For a fixed s € S, and G(z, y, ¢) weakly z-adequate of order < ¢, the sequence
Fala,s) = F(q"™,q,5) Gq™1, ¢, q) is stable.

Proof. Lemma 8.12 implies that ¢~“G(z, ¢!, q) is 2-adequate and part (a) of Lemma 7.2
implies that ¢~ F(z,q, s)G(z, ¢!, q) is 2-adequate, too. The result follows from part (d) of
Lemma 7.2. U

The next lemma is reminiscent to the notion of a ¢g-Laplace transform.

Lemma 9.4. Suppose [,t € N, and G(x,y,q) € ¢ °Z[[q]][[x,y]] is weakly z-adequate of
order < [ +t. Then there exists a weakly z-adequate series H(x,y,q) € ¢~ °Z[[q]][[x,y]] of
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order <[+ t, such that for every a,n e Nwithn>[l+t+1landn>1l+a+1,

n—I

(64) > Gl g™ q) =H(g" " q).

m=a-+1

Proof. Let G(z,y,q) = > Gij(Q)x'y? € Z((q))[[x,y]]. We have:

jla+1) _ (n+1-1)j

q Yo —alq Y
1 — q] o 1 — q] m:anrl’y:qa

(63 Y =t

m=a-+1
Hence if we define
R
H(z,y,q) = Z Gijlq)z 1——q3 ,
N

then (64) holds. It is easy to see that H is weakly z-adequate of order <[+ t¢. O

10. PARTITION OF THE SET OF k-BOUNDED STATES

In this section, we will prove Propositions 8.7 and Proposition 8.10. We will fix an A-
infinite alternating, diagram D with cp crossings. We assume that D represent a non-trivial
link, hence cp > 2.

10.1. Some lemmas regarding k-centered states. Suppose p is a B-polygon of D. Recall
that the orientation of every edge of p is counterclockwise. Incident to the ending vertex of

en edge e € E(p) there are two edges of D no belonging to p; one of them is € defined in
Section 8.1, and let € be the other edge as in Figure 7.

Figure 7. A vertex of a B-polygon p and its neighboring edges.

Adding up Equations (16) for all vertices of p, and using the definition of s(p) from
Equation (53) it follows that

(66) sp)= ) s@ =) 3.

e€&(p) e€&(p)

Note that if we think of s as a flow on ﬁ, then a B-polygon p is oriented counterclockwise
and s(p) measures the amount that flows towards p. Equation (66) states that s(p) also
equals to the amount that flows away from p. The next lemma motivates the definition of

s(p)-
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Lemma 10.1. Suppose p € 77(5) is a B-polygon, s’ is a centered state, [ € N, and
s=1ls,+5".
Then
Q2(s) = Qa(s') +1(s'(p) + 1)

Proof. Recall that for a centered state s,

(67) Qls) = 5 > ab

«

where the sum is over all angles « of type A, and a and b are the s-values of the two edges
forming the angle a.
Note that s(e) = s'(e) except when e is an edge of p. Hence

1

(68) Qs) — Q) = 5 Y (s(e)s(f) = s'(e)s'(f)) .

o

where the sum is over all A-angles o whose vertex is a vertex of p. Each vertex v has two
A-angles, and each such A-angle has one edge in p, denoted by e in (68), and one edge not
belonging to p, denoted by f in (68). Then s(f) = s'(f) and s(e) — s'(s) = [, hence from
(68)

Qs) = Q) =1Y s (f)/2=1s().

Since L, is linear we have have Ly(s) — Ly(s") = Li(ls,) = [, where the last identity comes
from (29). Hence

(69) Qa(s) — Qa(8") = Q(s) — Q2(s") + Li(s) — Ly(s") = (s (p) +1).
O

Lemma 10.2. Suppose p is a B-polygon, s a centered state, and m = max,cy(p) s(v). Then
for s(e) > m — s(p) for every e € E(p).

Proof. Suppose m = s(v), where v is the ending vertex of the edge e;. Assume that
€1, 6, ...e are all edges of p, counting clockwise, as in Figure 7. By identity (16) at the
ending vertex of e;, we have s(e;) — s(e;_1) = s(€;) — s(€;). Hence

(70) s(ej) —s(ej-1) > —s(&;) .

Summing the above inequalities with j from 2 to n, together with the identity s(e;) =
m — s(é1), we have
s(en) > m = (&) >m—s(p).

j=1
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10.2. A decomposition of k-bounded states.

Definition 10.3. For a centered state s and a positive integer k, a polygon p € 77(13) is
(k,s)-big if s achieves the maximal value |s| at one of the the vertices of p and s(p) < k.

It is obvious that every centered state s has some B-polygons such that s achieves the
maximum value at a vertex of those polygons. On the other hand, is it not true that every
state s has (k, s)-big polygons (for some k), which are always B-polygons and always disjoint.
However, this is true for k-bounded states. This is the content of the following lemma. Its
proof reveals a close connection between the notions of a k-bounded state (given in Definition
8.1) and balanced polygons of B-type (given in Definition 8.2).

Lemma 10.4. Suppose s is a k-bounded centered state satisfying
(71) |s| > 12k(2k + 1)cp.

(a) Any (k, s)-big polygon is a B-polygon and any two (k, s)-big polygons are disjoint.
(b) Suppose s achieves maximum at a vertex v, i.e. s(v) = |s|. Then exactly one of the two
B-polygons incident to v is (k, s)-big.

Proof. (a) If two edges e, f € (D) form an A-angle, then from (67) we have Q(s) >
s(e)s(f)/2. Hence if s is k-bounded we have

(72) (k+1/3)s] > XPU).

If p is an A-polygon, then any two consecutive edges of p form an A-angle. Suppose p is
(k,s)-big. Then s(p) < k, and by Lemma 10.2, s(e) > |s| — k for every edge e of p. Also,
from (71) it is clear that k£ < |s|/2. It follows from (72) that

(73) (k+1/3)[s| = (Is| — k)*/2 > |s[*/8.

Hence |s| < 8(k + 1/3), which contradicts (71).

Now suppose two (k, s)-big polygons share a common vertex v. Then for any A-angle at
v the s-value of any edge is > |s| — k. We again lead to (73), which is a contradiction.

(b) To prove part (b) we first prove a few claims.

Claim 1. Suppose p is a B-polygon of D. Assume that s(e) > |s| — 4kcp for an edge e
of p. Then s(€’) > s(e) — 2k for any edge €’ of p incident to e.

Proof of Claim 1. Assume the contrary that s(e’) < s(e) — 2k. Suppose v is the common
vertex of e,e and f, f' are the two remaining edges incident to v such that f is opposite to
e as in the following Figure 8.

fr

/
€
v €

P

Figure 8. A vertex v of B-polygon and its neighboring edges.
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Since s(f') — s(f) = s(e) — s(€¢/) > 2k, we have s(f’) > 2k + 1. Since the angle between e
and f’is of type A,

Qa(s) > s(e)s(f)/2 > (2k + 1)(|s| — 4kep) /2 > |s|(k +1/3),

where the last inequality follows from (71). The above inequality contradicts the assumption
that s is k-bounded. O

Let v be a vertex of D where s(v) = |s|. One of the four edges incident to v, say e, has

s-value > |s|/2. Let p be the unique B-polygon of D having e as an edge on the boundary.
We will prove that p is (k, s)-big. For this, we need to show that s(p) < k.
Claim 2. The s-value of every edge of p is at least |s| — 4kcp.

Proof of Claim 2. Besides e, suppose €’ is the other edge incident to v which is also an edge
of p, and f, f’ are the other two edges which are not edges of p, as in Figure (8). Note that

the number of edges of p is less than 2¢p, the total number of edges of D.
By (72) and s(e) > |s|/2, we have

(k+1/3)[s] = s(e)s(f')/2 = |s|s(f')/4.
It follows that s(f") < 4(k + 1/3) < 4k + 2, and hence by Equations (16) we have s(e’) >
|s| — 4k — 2.
If g is an edge of p, then there is a path from €’ to g consisting of at most c¢p — 1 edges.
It follows from Claim 1 that

s(g) > s(€') — 2k(cp — 1) > |s| — 4k — 2 — 2k(cp — 1) = |s| — (2k + 2 + 2kcp) > |s| — dkep.
In the last inequality we used the fact that £ > 1 and ¢p > 2. O

Now we can finish the proof of part (b) of Lemma 10.4. It remains to prove that s(p) < k.
Assume the contrary, i.e., that s(p) > k. Let s’ = s — (|s| — 4kcp)s,. By Claim 1, s’ takes

non-negative value at every edge of D, hence ' is a centered state, and Q2(s") > 0. Moreover,
s(p) = §'(p), since s and s’ agree on any edge not belonging to p. Since s = s'+(|s| —4kcp)s,,
Lemma 10.1 implies that

Qa(s) = Q2(s") + (|s| — 4kep)(s(p) + 1) = (Is| — 4kep)(k +1) > (k+1/2)[s],
which contradicts the k-boundedness of s. This completes the proof of Lemma 10.4. U

k)

10.3. Proof of Proposition 8.10. Part (a). Suppose s € Sé<9,

(74) s=s+ Z (m — s(p))s,

pe(IT\II)

has the presentation (54)

with § € Sy and |s'| < m. The §'(e) = s(e) for every edge e outside II" \ II. Hence if v is is
not a vertex of any p € (I \ II), then s(v) = s'(v) < m.
On the other hand if v is a vertex of p € (II" \ II), then

s(v) = ¢'(v) + (m = 5'(p)) <m,
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where the inequality follows from the fact that s’ is balanced at p. But there is a vertex of p
such that §'(v) = §'(p), and for which s(v) = m. It follows that the maximum of s(v) is m,
or |s| =m.

Identity (56) follows right away from Lemma 10.1. Identity (57) follows that the fact that
Ly is a linear map, Ly(s,) == 2L,(s,) =2 (mod 2), by Lemmas 6.1 and 5.4.

Part(b). We have to show that s’ and m are uniquely determined by s. In fact, by part
(a), m = |s|. Then (74) shows that s’ is determined by s and m. This completes the proof
of Proposition 8.10. U

10.4. Proof of Proposition 8.7. Suppose 6§ = (II,0) is a seed and consider a k-bounded
centered state s € Se(k). Recall that 0| = max,cyqm) o(v). Assume that

(75) |s| > max(12k(2k + 1)cp, |0 + k).

Will show that if s € Sg(k) satisfying the lower bound (75), then there is a unique 6’ > 6 with

|0'\ 0] < k such that s € 89(12)9,. This will prove Proposition 8.7.

Uniqueness. Assume that s € Séi)g, with |6\ 0] < k. Then s has a presentation given
by (74). By Proposition 8.10(a), m = |s| is uniquely determined by s. In the proof of
Proposition 8.10(a) in Section 10.3 we showed that if p € (II' \ II) then there is a vertex v
of p such that s(v) = |s|. We also have that s(p) < [’ \ 0] < k. Thus every p € II' \ Il is
(k, s)-big.

Conversely, suppose p is a (k, s)-big polygon. Then there is a vertex v of p such that
s(v) = |s|. The proof of Proposition 8.10(a) showed that v is a vertex of a polygon p’ € IT'\ 1.
Both p and p’ are incident to v and both are (k, s)-big. By Proposition 10.4(a), p = p'.

Thus II" \ II is the set of all (k, s)-big polygons. This determines II" uniquely. Then (74)
shows that s’ is uniquely determined by s, and hence ¢, which is the restriction of s’ on
nbd(I1") is uniquely determined by s. This completes the proof of uniqueness.

Existence. The proof of the uniqueness already shows us how to construct a presentation
(74) for s € SI.

Let W be the set of all (k, s)-big polygons. If p is (k, s)-big, then by Lemma 10.2 and (75),
s(v) > |s| — k > |0] for every vertex v € V(p). This implies if p is disjoint from any polygon
in II. In particular, INW = (. Let II' = 11U V.

By Lemma 10.2, for any edge e of a B-polygon p € U, s(e) > |[s| — o(p). Then

(76) $=5- (lol—s(p)s,

pew

takes non-negative integer value at every edge of D, and hence is a centered state. Note that
s(p) = §'(p) for any p € W since s and s’ agree on any edge outside ¥. We will show that
(76) gives us the presentation (74).

If v is any vertex of D for which s(v) = |s|, then Lemma 10.4(b) shows that v is a vertex
of some polygon p € W. Hence s'(v) = s(v) — (|s| — s(p)) < s(v). This means |s'| < |s|.

If v is vertex of p € U, then

§'(v) = s(v) = (Is| = s(p)) = (s(v) = [s]) = s(p) < s(p) = 5'(p) -
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On the other hand, if v is a vertex of p € ¥ for which s(v) = |s|, then the above identity
shows that s'(v) = s'(p). This means s is balanced at every p € ¥. Since s’ = ¢ in nbd(II),
it is balanced at every p € II. Thus s’ is balanced at every p € II' = 11U .
Let o’ be the restriction of s’ on nbd(Il") and 6" = (I', 0’). Then s’ € Sy, and (76) gives
us the presentation (74), and we have s € 89(]29,.
Let us estimate |6’ \ 6|. By definition 8.6,
o'\ 0= '"(v) = "(p) < k.
0] = max o) = max ')
Thus we conclude that every s € S(Sk) satisfying (75) is an element of 85’29, for some ¢’ > 0
with |0"\ 8] < k. This concludes the proof of the existence, and whence Proposition 8.7. [

11. PROOF OF THEOREM 1.16

In this section we prove Theorem 1.16. It is well-known that pointwise sums and products
of g-holonomic sequences are g-holonomic (see [PWZ96, Zei90]). Moreover, the colored Jones
polynomial (Jx »(q)) of every link is g-holonomic [GLO5]. Using (34) we deduce that (Jx.,(q))
is ¢-holonomic for every alternating link K. Using a recursion relation (7) for f,(¢) = Jx..(q)
and the stability Theorem 1.4, and collecting powers of ¢ and ¢", it follows that ® x(q) is
g-holonomic.

Using a linear recursion for @ (q), it is easy to see that mindeg, (®x x(g)) is bounded
below by a quadratic function of k; see for example [GL11, Thm.10.3]. A stronger statement
is known [Garlla], namely mindeg, (®x x(q)) is a quadratic quasi-polynomial of k. This
proves Equation (8).

Equation (9) follows from Equation (8) using Lemma 11.1 below. This concludes the proof
of Theorem 1.16. U

Lemma 11.1. Fix f,(q) € Z((q)) and ®x(q) € Z((q)) and let

k
Rin(q) = <fn(Q) -3 q)k(q)qj(n-i-l)) g
j=0

Assume that lim,, .., Ry ,(q) = 0 for all k. Then the following are equivalent:
(a) mindeg,(®x(q)) > —C1k* — C, for all k.
(b) mindeg,(Ryn(q)) > n+1—Cy(k+1)*> = C; for all k and all n large enough.

Proof. Let v = mindeg,. The assumption on Ry ,(g) implies that
(77) lim mindeg, (R, (q)) = +o0.

n—oo

It is easy to see that for all £ and n we have

(78) Di(q) = Ren(q) — ¢ " Ri-1n(q) -

It follows that

(79) —n— 14+ v(Rk-1,(q)) = min{v(Rin(q)), v(Pe(g))}
and

(80) 0(®r(q)) = min{o(Ren(q)), —n — 1+ v(Re-1n(q))}
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Now, (a) implies (b) by Equations (77) and (80) and (b) implies (a) by Equations (77) and
(79). O

12. AN ALGORITHM FOR THE COMPUTATION OF P 1(q)

12.1. A parametrization of 1-bounded states. In this section we will compute explicitly
the series @ 1(q) of an alternating knot in terms of a planar projection as in Theorems 1.10
and 1.14. We begin with a corollary of Proposition 8.7 for k = 1 and € = (). See also Example
8.8.

Corollary 12.1. Suppose that s is a 1-bounded centered state and |s| > 6. Then, there
exists a B-polygon p and a state s’ such that

(81) s=|s|sp+¢

and s(e) = 0 if e is an edge of D which contains a vertex of p. Moreover, (P, s') are uniquely
determined by s.

12.2. The computation of ®x ;(¢) in terms of a planar diagram. We start with the

state-sum of Jx ,(q) over the set of states s with |s| < n and separate it in two different
sums: (Q2(s) > 4|s|/3 or Q2(s) < 4]s|/3. Then we have

Jan(a) = £) + £P(a)

where

V() = > F(¢"q,s), [P0 = >, F(g",q,5).

s [s|<n ,Qa(s)>4lsl/3 5:[s]<n,Qa(s)<Als]/3
We will show that f,(f) (q) are 1-stable for i = 1,2 and compute their 1-stable limit. For the
. 1) .
stability of fn’(q), write

F(z,q,5) = ¢¥"> " ay(q, s)z" |

k=0
where ax(q, s) € Z((q)) satisfy mindeg,(ax(q,s)) > —k|s|. Define
e ()= Y ¢*alq,s)

5:Q2(s)>4]s[/3
for k =0, 1. Using Equation (43) we see that

_ (—1)ko
wls) = DS Heec‘?(Q)s(e

Lo(s)
ai(s) = 5 1 " Heeg) (Z g — Z q_s(v)>

5(6 ecE veY

where V and £ are the vertices and the edges of D.
The series <I>§€1)(q) for k = 0,1 are convergent since QQ5(s) — k|s| > 4|s|/3 — k|s| > |s|/3 for
k = 0,1. Moreover,

(f(q) — @ () — "M (0)g ™ = Sin(g) — San(a) s
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where

Sialg) = > Py, <Z ar(q, s)xk_1>
k=2

Q2(s)>4|s|/3,|s|<n

1
Yonlq) = Z ¢ ®ev, (Zak(q, s)xk_1> )
k=0

Q2(s)>4|s|/3,|s|>n
Here, ev,,(f(z)) = f(¢"™). For the first sum, it suffices to consider k¥ = 2 and then
Qa2(s) +n+1—2[s| >4]s|/3+n+1-2[s| =s|/3+n+1—]|s|

Now,

|n‘11n(\s\/3+n+1— Is]) = (|s|/34+n+1—1s])|jsj=n =n/3+1

thus lim 3 ,,(¢) = 0. For the second sum, we have:
Q2(s) —n—1>4|s|/3—n—-1>4n/3—n—-1>n/3 -1
thus lim 35 ,,(¢) = 0.

For the 1-stability of f.” (q), use Corollary 12.1 to write s = msp + s’ where |s| = m and

p is a B-polygon with k(P) edges. It follows that
qm(qm+1)’;ép)

. /
F(x7Q7S> - (q)gép) F(x7Q75)’

It follows that
@)= >  F(0.q5)

5:Q2(s)<4]s|/3
exists and lim,, f,(lz)(q) = fcg)(q). Moreover,
¢ ") - fD(g) = ¢ Y > F(0,q,5) + en(q),
s:]s|>n,Q2(s)<4|s|/3
where lim,, . €,(¢) = 0. Since |s| = m > n, we change variables to m =n + 1 + [. Then,

n+2+l)“(P) qu(s)

—(n+1) (2) e = (q)” Lo(s (q 00
¢TI (2 (g) — F2(q)) — en EZEZ T Tl )

It follows that the limit is obtained by setting ¢ = 0 in the above expression and summing
over [, we obtain that

lim ¢~V £ (q) = &P (q)

n—oo

where
qu (5)

o (g 1)kt .
- 2= ZZ m M (0

OO

Setting @32)(q) = 2 , it follows that
Tim (£ (q) — @7 (q) — "' (g))g ™"~ = 0.
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Using Section 6 we can convert the above formula for @ ;(¢) in terms of the Tait graph of
an alternating planar projection of K. This concludes the proof of Theorem 1.14. 0

The above algorithm can be used to give a formula for ®f x(q) as follows. Separate the
state-sum of Equation (33) in two regions:

e s is not k-bounded.
e s is k-bounded.

In the first region, use Proposition 8.14 to compute the k-stable limit. In the second region,
use Proposition 8.7 to write

t
s =s0 44 s= Z(m — kj)sp

Observe that t < k. If ¢ = k we stop. Else, replace (s, k) by (s',k —t) in the above step and
and run it again. Keep going. Since each step requires at least one new polygon of B-type
which is vertex-disjoint from the previous ones, this algorithm terminates in finitely many
steps.

Remark 12.2. Using the parametrization of 2-bounded states from Example 8.8 and the
above algorithm, the reader may obtain a formula for ®x »(q).

13. ®; IS DETERMINED BY THE REDUCED TAIT GRAPH

In this Section we prove Corollary 1.12. Throughout we use the following convention on
graphs: a graph is a finite 1-dimensional CW-complex without loop edge.

Recall that a plane graph is a pair v = (T, f), where I' is a finite connected planar graph
and f:7 — R? C S? is an embedding. For example, if D is an alternating nonsplit link
diagram, then the Tait graph v(D) = (7, f) is a plane graph. One can recover K from 7
up to orientation.

13.1. From plane graph to non-oriented alternating link. For a plane graph v = (T, f)
with f(I') C R? define an alternating A-infinite link diagram D(v) as follows. If we replace
f(I") by a small normal neighborhood in R2 and twist each edge as indicated below, then
the boundary of the resulting surface is D(vy

)\A
—~

Note that D(7) is a non-oriented alternating A-infinite link diagram. The resulting D(7),
although alternating, maybe reducible. If D is an alternating link diagram, and 7 be its
Tait graph, then D(7) = D.

Exercise 13.1. Show that D(7) is reducible if and only if I contains a cut edge, i.e. an
edge e such that removing in interior of e make I' disconnected.
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For a plane graph «y let K (v) be the non-oriented alternating link whose diagram is D(~y).
Even when D(v) is reducible, it is still A-adequate. Hence we can use D(7v) to calculate
P (4,0, as in Theorem 1.10, see Remark 7.5. This means

(82) ®,0(q0) = Pry),0(a),

where @, ( is given by the the right hand side of (5) with D = D(v),7 =17.

The dual D*(v) (in S?) of D(v) can be constructed directly from v as follows: in each
region p of v choose a point u, and connect u, to all the vertices of p by edges inside the
region p so that the edges do not intersect except at w,. Then D*(v) is the plane graph
whose vertex set is {u,, p € P(v)}UV(y) and whose edges are all the edges just constructed.
The edges of v are not edges of D*.

13.2. k-edge-connected graphs. Recall that a vertex v of a graph I' is a cut vertex if I is
the union of two proper subgraphs I'; and I'y so that I'y NI’y = {v}. A graph is 2-connected
if it is connected and has no cut vertex.

A pair (u,v) of vertices of I" is a cut pair if I' is the union of two proper subgraphs I'y and
[y, neither of which is an edge, so that I'y N T’y = {u, v}.

Suppose u, v are a cut pair for a 2-connected plane graph v. A Whitney flip is the operation
that replaces a plane graph v by a plane graph +' as follows

From the definition it is clear that K (+') is then obtained from K(7) by a Conway muta-
tion, described in the following figure:

| | | |
R —> A
| |

By Whitney’s theorem [Whi33], two planar embeddings of a 2-connected planar graph
are related by a sequence of Whitney flips, composed with a homeomorphism of S%. Since
Conway mutation does not change the colored Jones polynomial [MT88], from (82) we have
the following.

Lemma 13.2. If 7; and v, are two planar embeddings of the same 2-connected graph, then
D0 = Doy p0-

13.3. Planar collapsing of a bigon. Suppose v = (T, f) is a plane graph, and among the
regions of R?\ f(I') there is a bigon u with vertices v1, v, and edges e, e;. Let 3 be the
plane graph obtained from ~ by squeezing the bigon into one edge, called e, so that the bigon
disappears and both e; and ey becomes e. We call v — ( a planar collapsing.

Lemma 13.3. If v — 3 is a planar collapsing, then ®, = &/ .
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Proof. The bigon contributes an A-vertex v, to the set of vertices of D*(y). Then deg(v,) =
2, and hence L(v,) = 0. By isolating the factors in the formula (5) of ®,, involving the
vertex v, we have

a+b1)(a+b2)

(
q
(b'y,O - (I)B,O (q)oo Z

aa+b120,a+b220 (q)a+b1 (q)a+b2

Here a, by, by are the coordinates of A\ at respectively v, vy, v9; and b; and by are fixed in the
sum. By the well-known Durfee’s identity (see [And71, Eqn.2.6]), the factor in the square
bracket is equal to 1. O

Remark 13.4. Suppose K; and K, are alternating links such that after several planar
collapsings from 7 (K;) and and 7 (K5) one gets the same plane graph, then the above
lemma says that ®x, o = @k, 0. This was proved in [AD11] by another method.

13.4. Abstract collapsing. Suppose I'; is an abstract graph with a pair of parallel edges
e1, €. Removing the interior of eq, from I'y we get a graph I's. We say that the move I'y — Iy
a collapsing. Note that if I'y is 2-connected then I'y is also 2-connected.

Lemma 13.5. Suppose 71 = (I'y, f1) is a plane graph, and I'y is obtained from I'y by
collapsing a pair of parallel edges e;,es. Then there is a planar embedding 5 of 'y, 75 =
(F2> .f2)> such that q)'y1,0 = q>’yz70'

Proof. In the planar embedding f;(I'1) C R?, ¢; and ey, bound a region which may contain
a subgraph I'g of I';. Note that the common vertices v; and vy of e and ey form a cut pair
for T';. By flipping fi(e2) U fo(Tg) through v; and vy, from 7, we get a new plane graph
v3 = (T'1, f3) in which f3(e;) and f3(e2) form a bigon, and the result of planar collapsing this
bigon is denoted by 7,. By Lemmas 13.3 and 13.2, we have ®,, o = ®,, o = ©., o. U

13.5. Proof of Corollary 1.12. We will first prove the following statement.

Lemma 13.6. Suppose v; = (I';, f;) for i = 1,2 are 2-connected graphs such that I} = I,
as abstract graphs. Then ®,, o= ®., .

Proof. Case 1: both I'y and I'y do not have multiple edges. Then I, = I';, hence I'y = I's,
and v, and v, are planar embeddings of the same 2-connect graph. Lemma 13.2 tells us that
P10 = Pos0-

Case 2: General case. This case is reduced to Case 1 by induction on the number of
total pairs of parallel edges in I'y and I'y. If there is no pair of parallel edges, this is Case
1. Suppose I'; has a pair of parallel edges, and let I'3 be the result of abstract collapsing
this pair of parallel edges. By Lemma 13.5, there is a planar embedding 3 of I'3 such that
¢, 0= P, 0. Note that I'; = I'} = I';. By induction, we have ®., o = ®., . This proves
D0 = Pos0- O

Let us proceed to the proof of Corollary 1.12. Suppose K; and K are alternating links such
that 7 (k) is isomorphic to 7 (K3) as abstract graphs. We can assume that both K; and K,
are non-split. Fori = 1,2let v; = (7(D;), f;) be the plane Tait graph of a reduced A-infinite
alternating link diagram of K;. Note that 7 (D;) is connected since K; is non-split. Moreover
7T (D;) does not have a cut vertex since D; is reduced. That is, 7 (D;) is 2-connected. From
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Lemma 13.6 and Theorem 1.10 we have ® g, o = P, o. This completes the proof of Corollary
1.12.

14. EXAMPLES

In this section we give a formula for the g-series @ o(gq) for all twist knots and their
mirrors, taken from unpublished work of the first author and D. Zagier. In some caes,
similar formulas have also been obtained by Armond-Dasbach. Recall the family of twist
knots K, for an integer p depicted as follows:

Z)
~_)

The planar projection of K, has 2|p| + 2 crossings, 2|p| of which come from the full twists,
and 2 come from the negative clasp. For small p, the twist knots appear in Rolfsen’s table
[Rol90] as follows:

where +1| = X = X

Twist knot K_4 K_3 K_2 K_1 Kl K2 K3 K4
Rolfsen notation 101 81 61 41 31 52 72 92

Recall that sgn(n) = +1,0,—1 when n < 0,n = 0,n > 0 respectively.

Theorem 14.1. For p < 0 we have:

(a;9)

(83) (I)KP,O(Q) = (¢:9), (I)—KP,O(Q) = (¢2; q2|p|+1)(q3;q2\p\+1) o (q2\p\—1; q2|p|+1) :

For p >0 we have

(84) (I)KP,O((]) — Z qP”2+(Il’—1)” _ Z q:lm2+(fl7+1)n+1 — 14+ Z Sgn(n)qpn2+(p—l)n
n=0 n=0 nez
(85) D_i,0(0) = (@:0).

Equation (83) implies that for p < 0, ®1x, 0(¢) are modular forms [BvdGHZ08]. On the
other hand, when p > 1, @, o(q) is not modular of any weight, according to K. Ono. This
disproves any conjectured modularity properties of ®4(q), even for 55. On the other hand,
D1k, 0(q) is a false theta series of Rogers.

The modular form ®x, o(q) for p > 0 is a beautiful theta series, with a factorization

2b+1 n24 20=1
(86> 2b 1 q q2b+1 _Z s

nel

for all natural numbers b. It was pointed out to us by D. Zagier that the above identity follows
immediately from the Jacobi triple product identity, discussed in detail in [BvdGHZ08S|.
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APPENDIX A. PROOF OF THE STATE-SUM FORMULA FOR THE COLORED JONES
FUNCTION

In this section we give a proof of Equation (14) which we could not find in the literature.
We begin by recalling the definition of the colored Jones polynomial using R-matrix.

A.1. Link invariant associated to a ribbon algebra. Quantum link invariants can be
defined using a ribbon Hopf algebra. We recall the formula for the invariant here. For further
details, see [RT90] or [Oht02].

A ribbon Hopf algebra U over a ground field F has an R-matrix R € U QU and a group-like
element g € U satisfying

S*(x) = gzg™' Vrecl,

where S' is the antipode of the U.
Suppose V' is a U-module, and K is a framed link with a downward planar diagram D,
where the framing is the blackboard framing. The dual space VV* has a natural structure of

a U-module. Fix a basis {e;} of V and a dual basis {e}} of V*.

The quantum invariant .J (V) is defined through tangle operator invariants as follows.

The six tangle diagrams in Figure (13) are called elementary tangle diagrams. An extension
of an elementary tangle diagram is the result of adding some (maybe none) vertical lines to
the left and to the right of an elementary tangle diagram, with arbitrary orientations on the
added lines, as in the following figure

AN
X

Suppose D is a downward link diagram which is in general position. Using horizontal
lines we cut D into tangles, each is an extension of an elementary tangle diagram. Let T be
one of the resulting tangles. On the bottom boundary of 7" assign V to each endpoint of T’
where T’ is oriented down, and the dual object V* to each endpoint where T is oriented up.
Tensoring from left to right, this gives the boundary object 0_T. One defines similarly 0,7,
using the top boundary endpoints instead of the bottom boundary ones. By convention, the
empty product is the the ground field F. It is clear that if 7" is the tangle right above T
then 0_(7T") = 0, (T'). For example, for the tangle T" of Figure (87) we have

0T =0T=V"VeaVeVaV' eV eV
For each tangle T" as above we will define an operator
Jp:0_T — 0,T

as follows. First if T is one of the elementary tangles, then Jr is given by
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(88) T:Y Jr VeV VeV gvenby Jr=b:=0R

N

S . R R
(89) :/ Jr:VeV-VeV given by Jr=b" =R 0o
(90) T=,"\ Jr: VeV = F given by for— f(x)
(91) T=,""\ Jr: VoV —F given by r® f— f(gr)
(92) T=\_" Jp F—=VeV given by 1—>Zej®e;

J

93) T=X_/ Jr:F->V®V

given by 1— Z e ® g ' (ej).
J

Here 0 : V ® V is the permutation, o(x ® y) = y ® x. If T is an extension of an elementary
tangle F, say T is the result of adding m vertical lines to the left and n vertical lines to right
of E, then define

Jr =id®*" @ Jp ®id®".
Finally, if 17, ...,T,, are the tangles in the decomposition of the downward diagram D of
the link K, counting from top to bottom, then

jK = jT1 . ij,
is an element of Homy, (F, F) which one identifies with F.

A.2. The case U = Up(sly). The colored Jones polynomial is the quantum link invariant
corresponding to the ribbon Hopf algebra U := Uy, (sl), the quantized enveloping algebra of
sly. There are two versions of U in the literature, we will use here the version used in [Kas95,
Oht02], which has the opposite co-product structure of the one used in [Jan96, Lus93]. The
ground ring is Q[[h]] is not a field, but the theory carries over without changes.

Recall that U = Uy (sly) is the h-adically completed Q[[h]]-algebra generated by H, E, F'
subject to the relations

K—-K!

HE=FE(H+2), HF=F(H-2), EF—FE= —.

v—v~
where
v=exp(h/2) = ¢
and K = exp(hH/2). The group like element is ¢ = K. Recall the balanced quantum
integer, and the corresponding balanced quantum factorials and binomials defined by

a)t = T

k=1

v* — ¢

[a] = o1

| = e

for a € N

for a,b € N,b < a.
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The R-matrix is an element of U&U, the completed tensor product of I/ and U, given by
0 Uk(k—l)/2 (U _ U—l)k

R=D), [k]!

k=0
where D = exp(hH ® H/4), which is called the diagonal part.
The inverse of R is

X 1\k,,—k(k—1)/2 _ —1\k
R—l — (Z ( ]‘) v [k]' (,U v ) En ® Fn> D—l
k=0 ’

E"® F"

For each positive integer n there is a unique n + 1-dimensional A-module V;, such that there
is an element ey € V,, satisfying

H(eg) = ney, FE(ey) =0
The module V;, is freely spanned by F’(eg),j = 0,1,...,n. The basis
{uj = F(eo)/[j]!1j =0,....n}

is known as the canonical b§181s of V,,.
For a framed link K let Jk , be the invariant of K with color V,,. It is known that if one
increases the framing of a component of K by one, then Jk, gets multiplied by U("2+2")/ 2

Define JKn in the same way as in the definition of JKn, with b replaced by b := U‘T_”b
and b~ replaced by b~!. Then J, K.n is an invariant of unframed links. Since J Kn = q" J Ko
for some a € iZ, when dividing by the smallest monomial, both J Kn and J K. are the same.

A.3. R-matrix in the canonical basis. In this section we calculate the matrix of b in the

product of the canonical basis. The action of H, E¥ and F* on the canonical basis is given
by

la + ]! n+k—a ,

Fk(ua) = W Uatks Ek(ua) = W Ug—k,  H(uj) = (n—2j)e;

where we assume u; = 0 if 7 < 0 or j > n. From here one can easily calculate the formula
of b and b7,

~ o B
(94) b(ua X ub) — Z U—n—na—nb+2ab+2ak—2kb—w{k}! {n + k CL:| |ib + k
k

k k :| Up+k ® Uq—k

[n+k: b} [a+k

(95) B—l(ua Q Ub) _ Z(_l)kvn+nb+na—2ab ( ){k}l I :| Up—_f  Ug ik

k

Let us denote by BZZ the matrix entry of b, i.e.,

b(ug @ uy) Zbcbuc®ud

Then BZ‘Z — 0 and (b™! )a , = 0 unless the numbers a, b, ¢, d form an n-admissible state for
the crossing, i.e., a +b=c+d, e(C)(a —d) > 0 and a,b,c,d € [0,n] NZ. Here ¢(C) is the
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sign of the crossing C. If a, b, ¢, d form an n-admissible state for the crossing, then from (94)
and (95) we have

- —d c
B)ed — —n—nd—nbtabtde( —1. ,—1 n
(96) ( )a,b v (q 4 )k <CL —d - c—b -

- — d
(97> (b—1>z,z _ (_1)kvn+nb+nd—bd—ac+b—c (q—l; q_l)k n—«c¢
’ b — C q,l d qfl

—Qa

Choose the following basis {fo, ..., fu} for the dual V;* such that f; = v=""%)/2¢*. Then

(98) T = /\ Jr VeV, —-F given by f, @ e, — Ogu~ "720)/2
(99) T=,""\ Jr:V, @V —=F  given by e, @ fy — S0 20/
(100) T = \/ Jr  F =V, ® % given by 1 — Zv("_Q“)/2ea ® fa
(101) T=X_/ Jr:F-V;aV, givenbyl—)» v "?f ge,

J

From Equations (96)—(101) we see that

Trn(q) = Jrenlq™),

where Jg , is the given in section 2.4.

APPENDIX B. THE LOWEST DEGREE OF THE COLORED JONES POLYNOMIAL OF AN
ALTERNATING LINK

We fix an A-infinite, reduced, alternating, downward diagram D of a link K. Corollary
5.9 shows that the minimal degree of the colored Jones polynomial Jg , is given by P;(n) =
— @0_ —5 > W(M), where the sum is over all the local extreme points of D. On the
other hand, the Kauffman bracket approach gives the minimal degree as §c, — "22+ teo— 58,
see [Tur87] and also [Lé06, Garllb]. Here we show that the two results agree. Recall that
s4 is the number of circles obtained from D after doing A-smoothenings at every vertex

crossing of D. If D is a connected graph, then s, is the number of A-vertices of A*.

n
26+

Lemma B.1. We have

(102) co=sa— Y W(M)
M
Consequently,
n n?+n n
(103) Pi(n) = 5+ = T C- = 554
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Remark B.2. If D is not A-infinite, Equation (102) fails. For example, it fails for for the
following diagram of the right handed trefoil

%

D — |  —
D )
we have ¢ = 0, s, = 2, and there are two clockwise local extrema and two counterclockwise

local extrema giving Y ,e(P) = 0.

Proof. (of Lemma B.1) Suppose D’ is the result of doing A-type resolution at every crossing
of D. Since all crossings of D are downward, an A-type resolution at a positive crossing of
D creates no local extreme point, while an A-type resolution at a negative crossing created
2 local extreme points, each has winding weight 1/2.

It follows that

By Lemma 3.2(b), D’ consists of s 4 circles, each having winding number 1. Hence ), ., W(M) =
sa, and we get c_ + Yo p W(M) = 54. O

APPENDIX C. REGULARITY OF NAHM SUMS

In this section we will give a necessary and sufficient criterion for regularity of a Nahm
sum. This section is logically independent from the proof of Theorems 1.10 and 1.4, but we
include it for completeness. Fix a pointed cone C' in the Euclidean space (R”,| - |3) with
apex the origin that intersects the orthant [0,00)? other than in the origin and consider a
polynomial function of degree d

[AR— R, f(s) =3 fils)

where f; are homogeneous polynomials of degree ¢ and f; not identically zero. Assume that
f(Z) CZ. Let X =CNNY Xg=CNQ?and Xg =CNI0,00)".

Proposition C.1. The following are equivalent.

(a) f: X — Z is proper (i.e., the preimage of a finite set is finite) and bounded below.
(b) For s € X there exists i such that f;(s) = 0 for all ¢ < ig and f;,(s) > 0.
(¢) There exists ¢ > 0 such that F(s) > c|s|, for all but finitely many s € C' N N¢
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Proof. (a) = (b) Fix s € C N N% By properness, it follows that the sequence f(ns) is
unbounded thus it has a subsequence that goes to infinity. Suppose that f;(s) = 0 for i < ig
and f;,(s) # 0. Then, f(ns) =n'f; (s)+O(n"~') goes to infinity. It follows that f;, (s) > 0.

(b) = (c) Indeed, (b) implies that for all s € X we have fy(s) > 0, and if fy(s) =0
then (without loss of generality) we assume that f;_;(s) > 0. Since f; is homogeneous, it
follows that for all s € Xg we have fy4(s) > 0, and if fu(s) = 0 then f;_;(s) > 0. Since
fi is continuous, it follows that for all s € Xg we have f4(s) > 0, and if f4(s) = 0 then
fa—1(s) > 0. Let S denote the unit sphere in the Euclidean space R” with the Euclidean
norm | - |o. Then, f; : [0,00)" NS — [0,00), and if Z; = {z € [0,00)" N S| fa(s) = 0},
then f4-1(Z4) > 0. By continuity, choose an open neighborhood U, of Z; in [0,00)" N S
with closure Z; such that fy1(Z4) C (0,00). Then, f4(([0,00)" NS)\ Z4) C (0,00) and by
compactness it follows that there exists ¢ > 0 such that f;(([0,00)"NS)\ Zy) € [¢/,00) and
fa1(Zy) C [¢,00). Tt follows that (fs + fa_1)([0,00)" N'S) C [/, 0), and by homogeneity
this implies that for all s € Xg, we have (fy + fs_1)(s) > c|s|3 . On the other hand, by
homogeneity, we have fi(s) < ¢’|s|; for i < r —1. Since dz"~! — "2"2 > cx for some ¢ > 0
and for all z sufficiently large, (c) follows.

(¢) = (a) is immediate. O

For example, the function ()5 in Section 5 is proper and bounded from below. Actually,
(2 > 0 on the cone S5 .

APPENDIX D. EXPERIMENTAL FORMULAS FOR KNOTS WITH A LOW NUMBER OF
CROSSINGS

Theorem 1.4 gives an explicit Nahm sum formula for an alternating knot K. The first
author programmed the above formula with input an alternating, reduced, A-infinite down-
ward diagram of a knot, and with the help of D. Zagier computed the first 50 terms of the
corresponding g-series for several examples, and then guessed the answer (in all but the case
of 85 knot below). Every such guess is a g-series identity, whose proof is unknown to us. We
thank D. Zagier for guidance and stimulating conversations. For an alternating knot K, let

W(K) = (C+7C—7U)

denote the triple of positive crossings, negative crossings and the signature of K. K has
¢ = ¢4 + c_ crossings, and writhe w = ¢t — ¢~. Let dj(n) and dx(n) denote the minimum
and maximum degree of the colored Jones polynomial Jk ,(q). Note that 05 (n) and dx(n)
are determined by v(K) by:
ey nn+1) o n ~ nn+1l) o n

05 (n) =—c— o g, 5K(n)—C+T—§n+§
Let ®% o(q) € Z[[q]] and Pk (q) € Z][g]] denote the stable limit of the colored Jones polyno-
mial from the left and from the right. The involution K — —K given by the mirror image
acts as follows:

Ct > C, o —0, O — —0", 0" — =9, D — O O — O
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The formulas for ®4(q) presented below agree to the first 8 values with the KnotAtlas
table of Bar-Natan, and also to 50 values with the Nahm sum formula of Theorem 1.4. The
formulas are proven only for 3; and 4; knot, and remain conjectural for all others.

K, is the pth twist knot obtained by —1/p surgery on the Whitehead link for an integer p
and T'(a,b) is the left-handed (a, b) torus knot. The results below are expressed in terms of
the following series for a positive natural number b:

(104) ho(q) = Z(—l)"qb"("+1)/2_", hi(q) = Z E(n)qbn(n—i-l)/Z—n
nez nez
Observe that
hi(g) =0,  hy(@) =1,  hs(q) = (@)
| K [ T er o [Pkol@) ][ Pro(d) ]
| 31=—K; | 3 | 0 |2 |hg |1 |
Y T N PR N T
91 5 0 4 | hs 1
5y = Ky 0 bt —2 | h} hs
61 =K o 4 2 0 | hs s
02 4 2 2 | hghj hs
63 3 3 0 |h3 h?
7 7 0 6 | hy 1
Ty = K 0 7 | =2|h h3
73 0 7 —4 | h} I
(£ 0 7 —2 | (hy)* hs
75 7 0 4 | hy h
76 5 2 2 | hghj h?
77 3 4 0 | A3 h?
8 = K_3 6 2 0 [hs h,
82 6 2 4 | hshi | hs
83 4 4 0 | hs s
8 4 1 |2 [hihs | hs
85 2 6 —4 | hs 777
K,,p>0 0 2p+ 1| =21 h3, hs
Kp,p<0 | 2p| 2 [0 |hs hajpl+1
T2,p),p>0[2p+1] 0 [2p|hgp |1

For 85, we have computed the first 100 terms using an 8-dim Nahm sum. The result
slightly simplifies when divided by hs(q):

(1)85<q)/h3(q) — 1_q+q2_q4+q5+q6_q8+2q10+q11+q12_q13_2q14+2q16+3q17+2q18+
q19—3q21—2q22+q23+4q24+4q25+5q26+3q27+q28—2q29—3q30—3q31+5q33+8q34+8q35+8q36+
6q37+3q38_2q39_5q40_6q41_q42+2q43+9q44+13q45+17q46_|_16q47+14q48+9q49+4q50_
3q51—8q52—8q53—5q54+3q55+14q56+21q57+27q58+32q59+33q60+28q61+21q62+11q63+
q64—9q65—11q66—11q67—2q68+9q69+27q70+40q71+56q72+60q73+65q74+62q75+54q76+
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39q77+23q78+4q79—9q80—16q81—14q82—3q83+16q84+40q85+67q86+92q87+114q88+129q89+
135¢%° +127¢" +115¢%% +92¢” + 664! 4 35¢% + 9¢%° — 12¢°7 — 14¢%® —11¢* +13¢'° + O(¢)'™
Let us summarize some observations.

o Oy o(g) is not determined by y(K) alone: see for instance (73, 74) and (73, —75).

e In all knots above except 85, ®x(q) is a finite product of the form [, h% (h} )<
where b;, c; € N.

e The modularity properties of ®g, (¢q) are completely unknown, and so is its behavior
at ¢ = 1 or at any complex root of unity.
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