FINITE TYPE INVARIANTS OF CYCLIC BRANCHED COVERS

STAVROS GAROUFALIDIS AND ANDREW KRICKER

ABSTRACT. Given a knot in an integer homology sphere, one can construct a family of closed 3-manifolds
(parametrized by the positive integers), namely the cyclic branched coverings of the knot. In this paper we
give a formula for the the Casson-Walker invariants of these 3-manifolds in terms of residues of a rational
function (which measures the 2-loop part of the Kontsevich integral of a knot) and the signature function
of the knot. Our main result actually computes the LMO invariant of cyclic branched covers in terms of a
rational invariant of the knot and its signature function.
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1. INTRODUCTION

1.1. History. One of the best known integer-valued concordance invariants of a knot K in an integer
homology sphere M is its (suitably normalized) oignature function o(M, K) : S — Z defined for all complex
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numbers of absolute value 1, see for example [Ka]. The oignature function and its values at complex roots
of unity are closely related to a sequence (indexed by a natural number p, not necessarily prime) of closed
3-manifolds, the p-fold cyclic branched coverings E?M’K), associated to the pair (M, K) and play a key role
in the approach to knot theory via surgery theory.

It is an old problem to find a formula for the Casson-Walker invariant of cyclic branched covers of a knot.
For two-fold branched covers, Mullins used skein theory of the Jones polynomial to show that for all knots K
in S® such that 2%33, K) is a rational homology 3-sphere, there is a linear relation between the Casson-Walker
invariant (see [Wa) )‘(E%S?’, K))> o_1(53,K) and the logarithmic derivative of the Jones polynomial of K at
—1, [Mu]. A different approach was taken by the first author in [Ga], where the above mentioned linear
relation was deduced and explained from the wider context of finite type invariants of knots and 3-manifolds.

For p > 2, Hoste, Davidow and Ishibe studied a partial case of the above problem for Whitehead doubles
of knots, [Da, Ho, I].

However, a general formula was missing for p > 2. Since the map (M, K) — )\(Ei’ M, K)) is not a concor-
dance invariant of (M, K), it follows that a formula for the Casson invariant of cyclic branched coverings
should involve more than just the total p-oignature o}, (that is, > ,_; 0u).

In [GR], a conjecture for the Casson invariant of cyclic branched coverings was formulated. The conjecture
involved the total signature and the sums over complex roots of unity, of a rational function associated to a
knot. The rational function in question was the 2-loop part of a rational lift Z™' of the Kontsevich integral
of a knot.

In [GK2] the authors constructed this rational lift, combining the so-called surgery view of knots (see
[GK1]) with the full aparatus of perturbative field theory, formulated by the Aarhus integral and its function-
theory properties.

The goal of the present paper is to prove the missing formula of the Casson invariant of cyclic branched
coverings, under the mild assumption that these are rational homology spheres. In fact, our methods will
give a formula for the LMO invariant of cyclic branched coverings in terms of the ogignature function and
residues of the Z™ invariant.

Our main Theorem 1 will follow from a formal calculation, presented in Section 2.3. This illustrates the
relation between the formal properties of the Z™' invariant and the geometry of the cyclic branched coverings
of a knot.

1.2. Statement of the results. Let us call a knot (M, K) p-regular iff ZfMK) is a rational homology
3-sphere. We will call a knot regular iff it is p-regular for all p. It is well-known that (M, K) is p-regular iff
its Alexander polynomial A(M, K) has no complex pth roots of unity.

Let Z denote the LMO invariant of a knot (reviewed in Section Section 2.1), and let 7" denote the the
twisting map of Definition 4.5 and Lift, denote the lifting map of Section 5.1.

Theorem 1. For all p and p-regular pairs (M, K) we have
Z(50y o)) = €7 MRIONOLfe, o 71 0 77 (M, K) € A(9).

where o, = v~ P~Y/P ¢ A(®), v = Z(S%, unknot).

The proof of Theorem 1 is a formal computation, given in Section 2, that involves the rational invariant
Z" and its function-theory properties, phrased in terms of operations (such as twisting and lifting) on
diagrams. In a sense, the Z*@' invariant is defined by using properties of the universal abelian cover of
knot complements. Since the universal abelian cover maps onto every cyclic branched cover, it is not too
surprising that the Z'® invariant appears in a formula for the LMO invariant of cyclic branched covers. The
presence of the signature function is a framing defect of the branched covers. It arises because we need to
normalize the 3-manifold invariants by their values at a £1-framed unknot. These values are some universal
constants, whose ratio (for positively versus negatively unit framed unknot) is given by the signature term.
We do not know of a physics explanation of the above formula in terms of anomalies.

Remark 1.1. Twisting and lifting are important operations on diagrams with beads that commute with the
operation of integration, see Propositions 4.11 and 5.8. For properties of the twisting operation, see Lemma
4.8 in Section 4. For a relation between our notion of twisting and the notion of wheeling (introduced in [AQ]
and studied in [BLT, BL]), see Section 7. For properties of the lifting operation, see Section 5. Twisting and
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Lifting are closely related to the Magic Formula for the Kontsevich integral of a Long Hopf Link [BLT], and
to rational framings, [BL].

The next corollary gives a precise answer for the value of the Casson-Walker invariant of cyclic branched
covers as well as its growth rate (as plim oo), in terms of the 2-loop part of the Kontsevich integral and the
oignature function. In a sense, the cignature function and the 2-loop part of the Kontsevich integral are
generating function for the values of the Casson-Walker invariant of cyclic branched covers.

Corollary 1.2. (a) For all p and (M, K) and p-regular, we have

1 1
) = 3 Resi "% Q(M, K)(ty, t2, t3) + 3 op(M, K).

Note the difference between the normalization of Res, of [GR, Section 1.5] and that of Section 5.2.
(b) For all regular pairs (M, K), we have

A(Z{’M’K)

. /\(EIE)M,K)) 1 1
Jim =002 QLK) s + 5 [ o (ML K)dus)

where du is the Haar measure.

In other words, the Casson invariant of cyclic branched coverings grows linearly with respect to the
degree of the covering, and the growth rate is given by the average of the @ function on a torus and the
total oignature of the knot (i.e., the term [ o4(M, K)du(s) above). The reader may compare this with the
following theorem of Fox-Milnor, [FM] which computes the torsion of the first homology of cyclic branched
covers in terms of the Alexander polynomial, and the growth rate of it in terms of the Mahler measure of
the Alexander polynomial:

Theorem 2. [FM] (a) Let 5,(M, K) denote the order of the torsion subgroup of Hy (EfMK), Z). Assuming
that (M, K) is p-regular, we have that:

Bp(M, 1) = T 1AM, K)(w)].
wpP=1
(b) If (M, K) is regular, it follows that
im log 6p(M, K)

Jim 2L :LymMMmeW@

In case (M, K) is not regular, (b) still holds, as was shown by Silver and Williams, [SW].

1.3. Plan of the proof. In Section 2, we review the definition of Z*®*, and we reduce Theorem 1 to Theorem
3 (which concerns signatures of surgery presentations of knots) and Theorem 4 (which concerns the behavior
of the Z'% invariant under coverings of knots in solic tori).
Section 3 consists entirely of topological facts about the surgery view of knots, and shows Theorem 3.
Sections 4 and 5 introduce the notion of twisting and lifting of diagrams, and study how they interact
with the formal diagrammatic properties of the Z*®® invariant. As a result, we give a proof of Theorem 4.
In Section 5.3 we prove Corollary 1.2.
Finally, we give two alternative versions of Theorem 1: in Section 6 in terms of an invariant of branched

covers that remembers a lift of the knot, and in Section 7 in terms of the wheeled rational invariant Z rat, [

1.4. Recommended reading. The present paper uses at several points a simplified version of the notation
and the results of [GK2] presented for knots rather than boundary links. Therefore, it is a good idea to have
a copy of [GK2] available.

1.5. Acknowledgement. We wish to thank L. Rozansky and D. Thurston and especially J. Levine and T.
Ohtsuki for stimulating conversations and their support. The first author was supported by an Israel-US
BSF grant and the second author was supported by a JSPS Fellowship.

2. A REDUCTION OF THEOREM 1

In this section we will reduce Theorem 1 to two theorems; one involving properties of the invariant Z*a
under lifting and integrating, and another involving properties of the gignature function. Each will be dealt
with in a subsequent section.
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2.1. A brief review of the rational invariant Z*#'. In this section we briefly explain where the rational
invariant takes values and how it is defined. The invariant Z"'(M, K) is closely related to the surgery view
of pairs (M, K) and is defined in several steps explained in [GK1] and below, with some simplifications since
we will be dealing exclusively with knots and not with boundary links, [GK2, Remark 1.6]. In that case, the
rational invariant Z™' takes values in the subset

ABPO(Ajoe) = B x AP (Ajoc) of A (Ajoe) = B x A(Aoc)

where

o Ay = Z[Z] = Z[t*], A = Q[Z] = Q[t*!] and A = {p(t)/q(t),p, ¢ € Q[t*'],q(1) = £1}, the localization
of A with respect to the multiplicative set of all Laurent polynomials of ¢ that evaluate to 1 at t = 1. For
future reference, A and Ao are rings with involution ¢ « ¢!, selected group of units {¢" |n € Z} and ring
homomorphisms to Z given by evaluation at ¢t = 1.

e Herm(Az — Z) is the set of Hermitian matrices A over Az, invertible over Z, and B(Az — Z) (abbreviated
by B) denote the quotient of Herm(Az — Z) modulo the equivalence relation generated by the move: A ~ B
ifft A® E; = P*(B @ E»)P, where E; are diagonal matrices with £1 on the diagonal and P is either an
elementary matrix (i.e., one that differs from the diagonal at a single nondiagonal entry) or a diagonal matrix
with monomials in ¢ in the diagonal.

o A(Ajoc) is the (completed) graded algebra over Q spanned by trivalent graphs (with vertex and edge
orientations) whose edges are labeled by elements in Ajoc, modulo the AS, THX relations and the Multilinear
and Vertex Invariance relations of [GK2, Figures 3,4, Section 3]. The degree of a graph is the number of its
trivalent vertices and the multiplication of graphs is given by their disjoint union. A8P(Aj..) is the set of
group-like elements of A(Ajc), that is elements of the form exp(c) for a series ¢ of connected graphs.

So far, we have explained where Z*' takes values. In order to recall the definition of Z™*, we need to
consider unitrivalent graphs as well and a resulting set A®P(®x, A) explained in detail in Section 4. Then,
we proceed as follows:

e Choose a surgery presentation L for (M, K), that is a null homotopic framed link L (in the sense that
each component of L is a null homotopic curve in ST) in a standard solid torus ST C S® such that its
linking matrix is invertible over Z and such that ST}, can be identified with the complement of a tubular
neighborhood of K in M.

e Define an invariant Z™t(L) with values in AP (®x, A) where X is a set in 1-1 correspondence with the
components of L.

e Define an integration [ X AP (®x, A) — APO(A),.) as follows. Consider an integrable element s,
that is one of the form

zj
(1) 5 = expy, %Z ;Mij UR,
,J T

with R a series of X-substantial diagrams (i.e., diagrams that do not contain a strut component). Notice
that M, the covariance matriz of s, and R, the X-substantial part of s, are uniquely determined by s, and

define
rat Zj
1 -1
/ dX(s) = M,<expu —§§ ;Mij ,R>

4,J  Ti x

In words, [ rat—integration is gluing the legs of the X-substantial graphs in X using the negative inverse
covariance matrix.
e Finally, define

[rax zr(L)

) 7]

(2) 7'M, K) = € AP0 (Ape),

where cy = [dU Z (83,U4) are some universal constants of the unit-framed unknot Us.
The following list of frequently asked questions may motivate a bit the construction of Z*2%:
Question: Why is Z™'(M, K) an invariant of (M, K) rather than of L?
Answer: Because for fixed (M, K) any two choices for L are related by a sequence of Kirby moves, as shown
by the authors in [GK1, Theorem 1]. Even though Z™(L) € A®P(®x,A) is not invariant under Kirby
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moves, it becomes so after f rat—in‘uegm‘cion.
Question: Why do we need to introduce the [ rat—integration?
Answer: To make L — Z"*(L) invariant under Kirby moves on L.
Question: Why do we need to consider diagrams with beads in Ajp.?
Answer: Because [ rat—in‘cegration glues struts by inverting the covariance matrix W. If W is a Hermitian
matrix over A which is invertible over Z, after [ rat—integration appear diagrams with beads entries of W1,
a matrix defined over Ajqc.
Remark 2.1. Z stands for the Kontsevich integral of framed links in S3, extended to an invariant of links in
3-manifolds by Le-Murakami-Ohtsuki, [LMO], and identified with the Aarhus integral in the case of links in
rational homology 3-spheres, [A, Part III]. In this paper we will use exclusively the Aarhus integral [ and its
rational generalization | mt, whose properties are closely related to function-theoretic properties of functions
on Lie groups and Lie algebras.

By convention, Z' contains no wheels and no € terms. That is, Z'(S%,U) = 1. On the other hand,
Z(S%,U) = Q. Note that Z**(L) equals to the connect sum of copies of Q (one to each component of L) to
Zrat (L)

2.2. Surgery presentations of cyclic branched covers. Fix a surgery presentation L of a pair (M, K).
We begin by giving a surgery presentation of Z'(D M.K)" Let L®) denote the preimage of L under the p-fold
cover ST — ST. Tt is well-known that L(®) can be given a suitable framing so that E’(’ M, x) Can be identified
with §% ), see [CG].

It turns out that the total p-oignature can be calculated from the the linking matrix of the link L),
In order to state the result, we need some preliminary definitions. For a symmetric matrix A over R,
let 04 (A),0-(A) denote the number of positive and negative eigenvalues of A, and let o(A), u(A) denote
the signature and size of A. Obviously, for nonsingular A, we have 0(A) = 04(A4) —0_(A) and pu(A) =
o4 (A) +o_(A).

Let B (resp. BP) denote the linking matrix of the framed link L (resp. L)) in S3. We will show later
that

Theorem 3. (Proof in Section 3.2) With the above notation, we have

op(M,K) = o(B®) —po(B) and u(BP) = pu(B).

2.3. A formal calculation. Assuming the existence of a suitable maps Lift, and 7, take residues of
Equation (2). We obtain that

rat Zrat
. rat rat — 013 rat f dX 2 (L)
Lifty 0 7™ 0 Z™H(M, K) = Lifty, 0 73" <W

rat ~
dx rat Zrat L
= Lift, <f To ( )> by Theorem 4.11

CT(B)C[:’ (B)

| Lift, ( [t ax rrat Zrat(L))

T*(B)c’f‘ (B)

by Remark 5.2
c

 Lift, ( [ ax T;athat(L))

(VE) (e

Adding to the above the term corresponding to the total p-oignature o, (M, K) of (M, K), and using the
identity c; /c_ = e~ 9/8 (see [BL, Equation (19), Section 3.4]) it follows that
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Lift,, o 752 0 Z™(M, K )e7r (M FON16 = Lift,, o 752 0 2 (M, K)) ( &

C_

) 70’P(M7K)

Lift, ( ST dx e th(L))

= (\/%)U(B(M) (\/C_‘_T)H(B(p))

Lif, (/™ dX mi2zm4(L))

ij(B(p))ci,(B(P))

by Theorem 3

fd)((p) Z(L(p))
T o1 (B®) o (B®) by Theorem 4
. ol

= Z(E{’M,K)). by Z’s definition.

Theorem 4. (Proof in Section 5.1) For ay, = v we have

rat
Lift,, < / dX T;jtzrat(L)> = / dx®) z(LW),

This reduces Theorem 1 to Theorems 3 and 4, for a suitable Lift, map, and moreover, it shows that the
presence of the gignature function in Theorem 1 is due to the normalization factors c4 of Z™t,
The rest of the paper is devoted to the proof of Theorems 3 and 4 for a suitable residue map Lift,,.

3. THREE VIEWS OF KNOTS

This section consists entirely of a classical topology view of knots and their abelian invariants such as
oignatures, Alexander polynomials and Blanchfield pairings. There is some overlap of this section with
[GK1]; however for the benefit of the reader we will try to present this section as self-contained as possible.

3.1. The surgery and the Seifert surface view of knots. In this section we discuss two views of knots
K in integral homology 3-spheres M: the surgery view, and the Seifert surface view.

We begin with the surgery view of knots. Given a surgery presentation L for a pair (M, K), let W denote
the equivariant linking matrix of L, i.e., the linking matrix of a lift L of L to the universal cover ST of ST. It
is not hard to see that W is a Hermitian matrix, well-defined. Recall the quotient B of the set of Hermitian
matrices, from Section 2.1. In [GK2, Section 2] it was shown that W € B depends only on the pair (M, K)
and not on the choice of a surgery presentation of it. In addition, W determines the Blanchfield pairing of
(M, K). Thus, the natural map Knots — BP (where BP stands for the set of Blanchfield pairings) factors
through an (onto) map Knots — B.

We now discuss the Seifert surface view of knots. A more traditional way of looking at the set BP of
knots is via Seifert surfaces and their associated Seifert matrices. There is an onto map Knots — Sei, where
Sei is the set of matrices A with integer entries satisfying det(A — A’) = 1, considered modulo an equivalence
relation called S-equivalence, [Le]. It is known that the sets Sei and BP are in 1-1 correspondence, see for
example [Le] and [Tr]. Thus, we have a commutative diagram

Knots — B

oy

Sei — BP
It is well-known how to define abelian invariants of knots, such as the cignature and the Alexander
polynomial A, using Seifert surfaces. Lesser known is a definition of these invariants using equivariant
linking martices, which we now give.
Definition 3.1. Let
§:Herm(Az — Z) — Az
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denote the (normalized) determinant given by (W) = det(W)det(W (1))~! (for all W € Herm(Az — Z))
and let

s : Herm(Az — Z) — Maps(S*, Z)
denote the function given by ¢,(W) = o(W(z)) — o(W(1)). For a natural number p, let

sp:Herm(Az — Z) — Z
be given by > ., s (W).
It is easy to see that § and ¢ descend to functions on B. Furthermore, we have that

(W) = a(W(TP)) —po(W (1)),

where T(?) is a p-cycle p by p matrix, given by example for p = 4:

0100

@w_ |00 10

®) =100 01
100 0

3.2. The clover view of knots. It seems hard to give an explicit algebraic map Sei — B although both
sets may well be in 1-1 correspondence. Instead, we will give a third view of knots, the clover view of knots,
which enables us to prove Theorem 3.

Consider a standard Seifert surface ¥ of genus ¢ in S3, which we think of as an embedded disk with pairs
of bands attached in an alternating way along the disk:

‘ some string-link ‘

(JUUULJUUUH

Consider an additional link L’ in S \. ¥, such that its linking matrix C satisfies det(C) = &1 and such that
the linking number between the cores of the bands and L’ vanishes. With respect to a suitable orientation
of the 1-cycles corresponding to the cores of the bands, a Seifert matrix of X is given by

Tx Ty
A:{L L }7

Ly® — 1 LYY
where

LTz [rY

Lve LYY

is the linking matrix of the closure of the above string-link in the basis {x1,...,24,y1,...,y4}. Let (M, K)
denote the pair obtained from (S3,9%) after surgery on L’. With the notation
A0
rem=[ 40
we claim that

Theorem 5. Given (X, L) as above, there exists a 2g component link L in the complement of L' such that:
(a) LUL' C ST is a surgery presentation of (M, K) in the sense of Section 2.2.
(b) The equivariant linking matriz of LU L' is represented by W (t) & C where
| L (1—t=HL*v — T
wit) = [ (1—t)L¥* —1 (1—t—t"L+1)Lw
(¢c) Every pair (M, K) comes from some (%, L') as above.
We will call such surgery presentations the clover view of knots.
Proof. (a) We will construct L using the calculus of clovers with two leaves introduced independently by

Goussarov and Habiro [Gu, Ha|; see also [GGP, Section 3]. Clovers with two leaves is a shorthand notation
(on the left) for framed links shown on the right of the following figure:

O-Cr =
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Since clovers can be thought of as framed links, surgery on clovers makes sense. Two clovers are equivalent
(denoted by ~ in the figures) if after surgery, they represent the same 3-manifold. By calculus on clovers (a
variant of Kirby’s calculus on framed links) we mean a set of moves that result to equivalent clovers. For an
example of calculus on clovers, we refer the reader to [Gu, Ha] and also [GGP, Sections 2,3].

In figures involving clovers, L is constructed as follows:

Notice that at the end of this construction, L U L’ C ST is a surgery presentation for (M, K).

(b) Using the discussion of [Kr2, Section 3.4], it is easy to see that the equivariant linking matrix of (a based
representative of) L U L’ is given as stated.

(c) Finally, we show that every pair (M, K) arises this way. Indeed, choose a Seifert surface ¥ for K in M
and a link L'’ C M such that My, = S®. The link L’ may intersect ¥’, and it may have nontrivial linking
number with the cores of the bands of ¥'. However, by a small isotopy of L’ in M (which preserves the
condition M, = S®) we can arrange that L’ be disjoint from ¥’ and that its linking number with the cores
of the bands vanishes. Viewed from S (i.e., reversing the surgery), this gives rise to (X, L’) as needed. [J

The next theorem identifies the Alexander polynomial and the signature function of a knot with the
functions § and ¢ of Definition 3.1.

Theorem 6. The maps composition of the maps § and ¢ with the natural map Knots — B is given by the
Alexander polynomial and the oignature function, respectively.

Proof. There are several ways to prove this result, including an algebraic one, which is a computation of
appropriate Witt groups, and an analytic one, which identifies the invariants with U(1) p-invariants. None
of these proofs appear in the literature. We will give instead a proof using the ideas already developed.

Fix a surgery presentation LU L’ for (M, K), with equivariant linking matrix W (t) & C as in Theorem 5.

Letting P = [ (()1 —tI ? } @ I, it follows that
PW(t) & C)P* = ({ gl‘t 1 ) } @1) W(t) &) ({ gl_t_lﬂ ! } @1)
_ [ (L=t)+ (1 —t))L*" (=) + (1=t DL = (1 =t)I ] ©C
(=) + A=t = (1=t (1 =t)+ (1 —t71)Lw

= (-t HA+(1-nA)aC.
Taking signatures for any ¢t € S*, t # 1, it follows that

oc(W(t)+o(C) = oW(it)eC)
— o((1— A+ (1-nA) & C)
= o((1-tHA+(1-1A))+0(C)
= o(M,K)+0(C),
where the last equality follows from the definition of the cignature, see [Ka, p. 289] and [Rf]. Thus,
o(W(t)) = o¢(M, K). Since W (1) is a metabolic matrix, it follows that o(WW (1)) = 0, from which it follows

that ¢(M, K) = o(M, K). Taking determinants rather than signatures in the above discussion, it follows
that 6(M, K) = A(M, K). O

Proof. (of Theorem 3) Fix a surgery presentation LUL' for (M, K), with equivariant linking matrix W (t)®C
as in Theorem 5. Then the linking matrix B and B® of LU L’ and L® UL ®) are given by W (1) ® C and
W(T(p)) @® C ® I with an appropriate choice of basis. The result follows using Definition 3.1 and Theorem
6. 0
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Remark 3.2. An alternative proof of Theorem 3 can be obtained using the G-signature theorem to the
4-manifold N obtained by gluing two 4-manifolds N;, No with Z, actions along their common boundary

ON, = ONy = Zi’ ML) Here N; is the branched cover of D* branched along D? (obtained from adding the

handles of L to D*) and Ns is a 4-manifold obtained from a Seifert surface construction of E’(’ M.K)"
Remark 3.3. An alternative proof of Theorem 5 can be obtained as follows. Start from a surgery presentation
of (M, K) in terms of clovers with three leaves, as was explained in [GGP, Section 6.4] and summarized in

the following figure:
,; DA

7:) _

Surgery on a clover with three leaves can be described in terms of surgery on a six component link L. Tt
was observed by the second author in [Kr3, Figure 3.1] that L" can be simplified via Kirby moves to a four
component link L”. Tt is a pleasant exercise (left to the reader) to further simplify L using Kirby moves to
the two component link L that appears in Theorem 5.

Remark 3.4. Though we will not make use of this, we should mention that the clover presentation L of
(83, K) appears in work of M. Freedman [Fr, Lemma 1]. Freedman starts with a knot of Arf invariant zero
together with a Seifert surface and constructs a spin 4-manifold Wy with boundary S?(,o (zero-surgery on
K) by adding suitable 1-handles and 2-handles in the 4-ball. The intersection form of Wi, as Freedman
computes in [Fr, Lemma 1] coincides with the equivariant linking matrix of L of our Theorem 5. This is
not a coincidence, in fact the clover view of knots, interpreted in a 4-dimensional way as addition of 1 and
2 handles to the 4-ball, gives precisely Freedman’s 4-manifold.

4. TWISTING

In this section we define a notion of twisting 7, : A®P(xxyk) — A®P(*xuk) and its rational cousin
T ABP (kx, Ajoc) — ABP(xx, Aloe). Twisting (by elements of A(x)) is an operation on diagrams with
beads which is analogous to the “differential operator” action of A(%) on A(x) defined in terms of gluing all
legs of the differential operator to some of the legs of a diagram.

A special case of twisting is the operation of wheeling on diagrams, studied by [A0, BLT, BL]. For a
further discussion on the relation of twisting and wheeling, see Section 7.

4.1. Various kinds of diagrams. Manipulating the invariant Z*#* involves calculations that take values
in vector spaces spanned by diagrams, modulo subspaces of relations. The notation is as follows: given a
ring R with a distinguished group of units U, and (possibly empty sets) X, Y UT, D(1x,*yur, R,U) is the
set of
e Uni-trivalent diagrams with skeleton T x, with symmetric univalent vertices labeled by Y U T
e The diagrams have oriented edges and skeleton and each edge is labeled by an element of R, such
that the edges that are part of the skeleton are labeled only by U. Moreover, the product of the
labels along each component of the skeleton is 1. Labels on edges or part of the skeleton will be
called beads.

A(Tx,*y,®p, R,U) is the quotient of the free vector space over Q on D(x,*yur, R,U), modulo the
relations of

o AS, THX, multilinearity on the beads shown in [GK2, Figure 3].
e The Vertex Invariance Relation shown in [GK2, Figure 4].
e The T-flavored basing relations of [GK2, Appendix D].

Empty sets will be omitted from the notation, and so will U, the selected group of units of R. For ex-
ample, A(xy, R), A(R) and A(¢) stands for A(T¢, *y, ®e, R, U), A(T4, *¢, ®e, R, U) and A(T4, *¢, ¢, Z, 1)
respectively. Univalent vertices of diagrams will often be called legs. Diagrams will sometimes be referred to
as graphs. Special diagrams, called struts, labeled by a, ¢ with bead b are drawn as follows

;b.

c
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oriented from bottom to top.

To further simplify notation, we will write A(x), A(T) and A(S!) instead of A(xg), A(Tg) and A(SL)
where F is a set of one element.

A technical variant of the vector space A(]x,*y,®r, R,U) of diagrams is the set ASP(1x,*y,®7, R, U)
which is the quotient of the set of group-like elements in A(] x, *xy, ®7, R, U) (that is, exponential of a power
series of connected diagrams) modulo the group-like basing relation described in [GK2, Section 3.3].

There is a natural map

Agp(TX; *y, P, R7 U) — 'A(TX7*Y5 ®T, R7 U)
Finally, A8P:% and A° stand for B x A% and B x 48P respectively.

4.2. A review of Wheels and Wheeling. Twisting is closely related to the Wheels and Wheeling Con-
jectures introduced in [AQ0] and subsequently proven by [BLT]; see also [Th]. The Wheels and Wheeling
Conjectures are a good tool to study structural properties of the Aarhus integral, as was explained in [BL].
In our paper, they play a key role in understanding twisting. In this section, we briefly review what Wheels
and Wheeling is all about.

To warm up, recall that given an element o € A(x) (such that o does not contain a diagram one of whose
components is a strut 1) we can turn it into an operator (i.e., linear map):

a: A(x) — A(*)

such that « acts on an element = by gluing all legs of « to some of the legs of x. It is easy to see that

—

alf=ao ﬁ , which implies that if the constant term of « is nonzero, then the operator « is invertible with
inverse ! = a1

Of particular interest is the following element

Q=exp (Z ban Q2n> € A(%)

n=1
where Ty, is a wheel with 2n legs and

o0 .
1, sinhz/2
bonx®" = = log —— "~
nz::l D D)

The corresponding linear maps

QL0 A — A

are called respectively the Wheeling and the Unwheeling maps and are denoted by = — % and 2 — 29 '
respectively. Due to historical reasons dating back to the days in Aarhus (where Wheeling was discovered)
and also due to Lie algebra reasons, wheeling was defined to be Q-1 and not Q.

Recall the symmetrization map x : A(x) — A(T) which sends an element z € A(x) to the average of the
diagrams that arise by ordering the legs of = on a line. x is a vector space isomorphism (with inverse o) and
can be used to transport the natural multiplication on A(7) (defined by joining two skeleton components of
diagrams — o — one next to the other to obtain a diagram on a skeleton component —) to a multiplication
on A(%) which we denote by #. There is an additional multiplication LI on A(x), defined using the disjoint
union of graphs.

The Wheeling Conjecture states that the Unwheeling Isomorphism Q : (A(®3), 1) — (A(®}), #) interpo-
lates the two multiplications on A(®y). Namely, that for all z,y € A(®y), we have

QzUy) = Q) # Q(y).

The Wheels Conjecture states that
Z(S®, unknot) = x(Q).
The Long Hopf Link Formula states that

Z <S3, kg%) = Q(k) i e* € A(Ts ®%).
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Here and below, if € A(x), then z(h) € A(*p) denotes the diagram obtained from x by replacing the color
of the legs of x by h.

It can be shown that the Wheels and Wheeling Conjectures are equivalent to the Long Hopf Link Formula.
In [BLT] the Wheels and Wheeling Conjectures and the Long Hopf Link Formula were all proven. The identity
1+ 1 =2 (that is, doubling the unknot component of the Long Hopf Link is a tangle isotopic to connecting
sum twice the Long Hopf Link along the vertical strand), together with the Long Hopf Link Formula imply

the following Magic Formula
x

@ QB2 2 = k1) et € Al i)

Before we end this section, we should mention that for o € A(%), the operator @ can be defined for
diagrams whose legs are colored by X U {k} (abbreviated by X U k), where k € X, by gluing all legs of « to
some of the k-colored legs of a diagram. Furthermore, & preserves Y-flavored basing relations for Y € X Uk.
In addition, if « is group-like, then @ sends group-like elements to group-like elements. Note finally that
A(x) = A(®); thus the operator & can be defined for o € A(®).

4.3. Twisting. Throughout this section, X denotes a (possibly empty) set disjoint from the two-element
set {k, h}. Recall that given € X and two diagrams «, § € A(*x) with k and ! z-colored legs respectively,
the notation
<a7ﬁ>{x} € -A(*Xf{z})
means either zero (if k # 1) or the sum of diagrams obtained by gluing all z-colored legs of « with the -
colored legs of 3. This definition can be extended to linear combination of diagrams, as a bilinear symmetric
operation, and can be further extended to an operation of gluing Y-colored legs, for any Y C X.
Remark 4.1. We will often write
(aly), By))y

for the above operation, to emphasize the Y-colored legs of the diagrams. Warning: In [A0, GK2], the
authors used the alternative notation («(dy), B(y))y for the above operation.

Given a diagram s € A(xxug), the diagram ¢r_p+n(s) € A(*xuk,n) denotes the sum of relabelings of
legs of s marked by k by either k£ or h.

Definition 4.2. For a group-like element o € A(%), we define a map
T+ Alxxur) — Alxxuk)
by
Ta(8) = (Pr—kn ()Q(R) 1, a(h)n.
It is easy to see that 7, maps group-like elements to group-like elements and maps Y-flavored basing

relations to Y-flavored basing relations for Y C X U k; the latter follows from a “sweeping argument”.
The following lemma summarizes the elementary tricks about the operators & that are very useful:

Lemma 4.3. The operation (-,-)x of gluing X -colored legs of diagrams satisfies the following identities:
(A(x), B(x) U C(2))x = (BA(),C(2))x = (Alz + '), B(z) UC(&)) x,x
where X' is a set in 1-1 correspondence with the set X.

In fact, twisting can be expressed in terms of the above action:
Lemma 4.4. We have that:

To = Q7a)
Ta©Tp = Ta#s

Proof. Recall that a(y) = (a(h),y(k + h))n = (y(k + h),a(h))n. For the first part, we have:

z(k+h), (7 (a)(h)n by Lemma 4.3

= Q1(a)(x) by above discussion.
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For the second part, we have

T 073 = Q2-1(a) 0 Q-1(B)

Q-1
=Q- (a#ﬁ) by Wheeling
= Ta#p-

We now define a rational version

G pen - AP (xx, Aloc) — ABP (xxUh; Aloc)

of the map ¢r_kyrn- The idea is that we substitute te? for t (where ¢t and h do not commute) and then
replace e by an exponential of h-colored legs. This was explained in [GK2, Section 3.1] using the notion of
the Cohn localization of the free group in two generators. We will not repeat the explanation of [GK2] here,
but instead use the substitution map freely. The reader may either refer to the above mentioned reference
for a complete definition of the ¢;_,;.» map, or may compromise with the following property of the ¢;_,;.»
map:

¢>Heh<$ ) > §t/a0(a) = atteP) o)

where p, ¢ € Q[tT1] and ¢(1) = £1.

Definition 4.5. For a group-like element o € AP (%), we define a map
7o AP (xx, Apoe) — AP0 (xx, Moc)
by
o (M s) = (M, ((M(te")M(8) 1) ¢y yen (s), (), )

where
P(A) = exp (—% trlog(A)) .

Remark 4.6. Here and below, we will be using the notation ¢,_.«(s) and s(t — €*) to denote the substitution

t — ek,

The motivation for this rather strange definition comes from the proof of Lemma 4.9 and Theorem 4.11
below.

Lemma 4.7. 75" descends to a map:

Agp,0(®X7 Aloc) - -Agp’o(@X; Aloc)

Proof. We need to show that the group-like basing relations are preserved. With the notation and conventions
of [GK2, Section 3], there are two group-like basing relations 4" and 55" on diagrams. It is easy to see that

gp
the ¥ basing relation is preserved. The 35" relation (denoted by % ) is generated in terms of a move of
pushing ¢ on all legs (of some fixed color z) of a diagram. Given a diagram s(z) with some z-colored legs,
let s(xt) denote the result of pushing ¢ on every z-colored leg of s(z). In order to show that the 55 relation

gp
is preserved, we need to show that 722*(M, s(xt)) 5 T (M, s(z)).
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Ignoring the matrix part (i.e., setting M the empty matrix), we can compute as follows:

7o (8(2t)) = (Pr—ten () (Prten (x1)), a(h))n
= (pen (s) (wte” ) alh+h))hn by Lemma 4.3

(
)(we" ), alh+1))nne
)
(

&P

~ <¢t—>teh (S

C (braien (5)(@), alh + )y

= (Dr—en () (@), (),
= 7o (s(2))
The same calculation can be performed when we include the matrix part, to conclude that 722*(M, s(xt)) =
o (M, 5(x)). O
The next lemma about 7% should be compared with Lemma 4.4 about 7:
Lemma 4.8. We have

rat rat __ __rat

Ta °Tp = Ta#p

«

Proof. Observe that
() (e, a(h) U (W )nw = x(@)#x(8) = (", o (x()#x(8)))n-

In [GK2, Section 3], it was shown that the “determinant” function ¢ is multiplicative, in the sense that (for
suitable matrices A, B) we have:

(6) V(AB) = ¥ (A)Y(B).
Let us define pr : AP0 — AP to be the projection (M,s) — s. It suffices to show that pro 77 o TE‘“ =
pro T‘"at We compute this as follows:

proa(M,s) = (Y(M(te")M(t)™") frien (5), (a#3) ()
= (M (e )M () ™1) Gy yeron (5), o) U B ) by (5)
= ((W(M (te"e" )M (te" )~ (M (te" )M (1))
Gy stener (8), a(h))n, B(R'))w by (6)

= (WM (te" )M (£) )0y _err (WM (te") M (1)) Gt (5), (b)), (A )
= (WM (te" )M(£) ™)y _yenr 0 DL o T (M, 5), B(W )
= pro 7 (7 (M, 5)).
Since a# 6 = #a, the result follows. O
Our next task is to relate the two notions 7, 7%2* of twisting. In order to do so, recall the map
Hairy, : A®P(®x, Aloc) — AP (®xuk)
of [GK2, Section 7.1] defined by the substitution

— 1
E_ -labeled 1
;tH Bps n h-labeled legs

and extended to a map
Hair{? : A%P0(@x, Ajoe) — AP (® x0Uk)
by
Hair{} (M, s) = (M ()M (1)) U Hairy (s) U Q(E).
Then,
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Lemma 4.9. The following diagram commutes:
ABP (%) x Agp’0(®X,A10c) AN Agpﬁ(@X,Aloc)

IdxHair} Hair$

A8P (%) x A(®xuk) A(®xuk)

Proof. For a € A%P(x) and (M, s) € AP0 (®x, Ajoc), we have:
7 (Hairy (M, z)) = (Hairg, (M, )27 (h), a(h))n
= (Qk + R) (M (MM (1)) a(t — ") Q7 (R), a(h)n
= (Qk -+ h)p(M ()M (1)) a(t — F1), Q27 a) ()
= (Qk) Q(h) $(M (" ") M(1) ™) a(t — e"e™), Q1 (a) ()
= (k) Y(M (" ") M(1) 7Y a(t — e*eh), (RQT)(a) (M)
= (Q(k) w(M (" e")M (1)) z(t — e*e"), a(h))n
= Q(k) (M ()M (1)) pper (W(M (") M (1)) 2(t — te"), a(h))n
= Q(k) (M (") M (1)71) ¢y crpr 0 T3 (M, 7)
= Hair (5 (s))

The above lemma among other things explains the rather strange definition of 772,

Corollary 4.10. For all o € A8P (%) we have
Hair? o 772 0 Z" (M, K) = 7 0 Z(M, K) € A®P(%).
Proof. 1t follows from the above lemma, together with the fact that
Hair? o 2™ (M, K) = Z(M, K) € A®P (%),
shown in [GK2, Theorem 1.3].
The next proposition states that 773

Proposition 4.11. For all X’ C X and o € A8P(x), the following diagram commutes:

rat dX/
AP O(®X; Aloc) [—) AEP O(®X X’Aloc)

rat rat
Ta ‘/ ‘/Tu

gp,0 [ ax gp,0 A
AP (@ 5 () AP P (@ x _ xrAloe)

with the understanding that frat is partially defined for X'-integrable elements.

Proof. This is proven in [GK2, Appendix E] and repeated in Appendix A.

5. LIFTING

5.1. The definition of the Lift,

by Lemma 4.3

by Lemma 4.3

by definition of 7"

intertwines (i.e., commutes with) the integration map [ '

map. The goal of this section is to define the map Lift, and prove

Theorem 4. We begin with a somewhat general situation. Consider a diagram D with skeleton Tx, whose
edges are labeled by elements of A. For convenience, we express this by a diagram where there is a separate

bead for each t*+!.

D consists of a solid part Tx and a dashed part, that each have beads on them. The

skeleton X ®) is defined by replacing each solid edge of Tx by a parallel of p solid edges. The skeleton X (P)
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has beads t*! and the connected components of X®) — (beads) are labeled by Z, according to the figure

shown below (for p = 4)
1234

tittt

There is a projection map 7, : X® — X A lift of a diagram D on X is a diagram on X ®) whose dashed
part is an isomorphic copy of the dashed part of D, where the location on X of each univalent vertex
maps under 7, to the location of the corresponding univalent vertex on X. A Z,-labeling of a diagram is an
assignment of an element of Z,, to each of the dashed or solid edges that remain once we remove the beads of
a diagram. A Z,-labeling of a diagram on X (P) is called p-admissible if (after inserting the beads) it locally
looks like

~a+1

.

a ., a La La

Now, we define Lift, (D) to be the sum of all diagrams on X (P) that arise, when all the labels and beads are
forgotten, from all p-admissible labelings of all lifts of D. As usual, the sum over the empty set is equal to
Zero.

Remark 5.1. Here is an alternative description of Lift, (D, «) for a labeling « of the edges of D by monomials
in t. Place a copy of (D,«) in ST in such a way that a bead ¢ corresponds to an edge going around the
hole of ST, as in [Krl, Section 2.1]. Look at the p-fold cover m, : ST — ST, and consider the preimage
7p(D,a) C ST C S? as an abstract linear combination of diagrams without beads. This linear combination
of diagrams equals to Lift, (D, a).

Remark 5.2. Notice that in case D has no skeleton, b connected components, and all the beads of its edges
are 1, then Lift, (D) = p°D.

Lemma 5.3. The above construction gives a well-defined map

Lift, : A(Tx,A) — A(Txw»)

Proof. We need to show that the Vertex Invariance Relations [GK2, Figure 4] are preserved. There are two
possibilities: the case that all three edges in a Vertex Invariance Relation are dashed, and the case that two
are part of the skeleton and the remaining is dashed.

In the first case, the Vertex Invariance Relation is preserved because there is an obvious correspondence
between lifts that admit an admissible labeling.

In the second case, the skeleton looks like (for p = 4, with the convention that £ = ¢~1)

1234 1234 1234 1234
WRes o wEes o dies o wRes
)40 P [ (D3
t {t{ 'Ef ;? t {tf tf B t {t{ 'Ef ;? t {t{ 'Ef ;?

1234 1234 1234 1234

and again there is a correspondence between p-admissible labelings of lifts of the two sides of the equation. [

There is a symmetrized version
Axx,A) — Alxxm)
of the Lift, map, defined as follows: a lift of a diagram D € A(xx,A) is a diagram in A(xx ) ,A) which
consists of the same dashed part as D, with each univalent vertex labeled by one of the p copies of the label
of the univalent vertex of D that it corresponds to. There is an obvious notion of an admissible labeling of
a diagram in A(x y @, A), which is a labeling satisfying the conditions above, and also
a €7,
- (a)

i
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Then, Lift, (D) is defined to be the sum of all diagrams on X () that arise, when all the labels and beads
are forgotten, from p-admissible labelings of lifts of D.

Lemma 5.4. (a) Lift, sends group-like elements to group-like elements and induces maps that fit in the
commutative diagram

ASP(1x,A) = AR (kx, A) — AP (@, A)

Lift,, l lLiftP lLiftP

AR (T ) —2> AR (hy () — ABP(® ).

b) Lift, can be extended to a map ASP ®X,A(p) — A8P(® ), where AP s the subring of A that
p X

loc loc
consists of all rational functions whose denominators do not vanish at the complex p-th root of unity.

Proof. (a) Let us call an element of A(]x,A) special if the beads of its skeleton equal to 1. Using the Vertex
Invariance Relations, it follows that A(7x,A) is spanned by special elements.

It is easy to see that Lift, maps group-like elements of A(xx,A) to group-like elements, and special
group-like elements in A(Tx,A) to group-like elements in A(7Tx,A). Further, it is easy to show that the
diagram

A(Tx,A) 2z Alxx, A)
Liftpl lLiftp
A(Txwm) = Alxm)

commutes when evaluated at special elements of A(Tx,A). From this, it follows that the left square diagram
of the Lemma commutes.
For the right square, we need to show that the X-flavored basing relations in AP (xx, A) are mapped to

X (P)_flavored basing relations in A% (% y(» ). There are two kinds of X-flavored basing relations, denoted by
gp

P and 35" in [GK2, Section 3]. First we consider 85°. Take two elements sy, s2 such that s; = S2; we may
assume that so is obtained from pushing ¢ to each of the z-colored legs of s1, for some x € X. Corresponding
to a diagram D, appearing in si, there exists a diagram Do of so obtained by pushing ¢ onto each of the
z-colored legs of Dy. For example,

There is a 1-1 correspondence between admissible p-colorings of m,!(D;) and those of 7, '(Ds) (if we

cyclically permute at the same time the labels (9, ... z(P=1)) shown as follows:
> .
T s 4 " St
r—1 s—1
x(r) x(s) x(rfl)x(‘sfl)

Applying 57 basing relations, the two results agree. In other words, Lift, (D) % Lift, (D").
Now, consider the case of 5i°, (in the formulation of [GK2, Section 3]). Given s; . g, there exists an
element s € A8P(*xyan, A) with some legs labeled by Oh, such that

s1 = congp(s)

so = congpy(s(z — ze™))
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for some x € X, where conyyy is the operation that contracts all dh legs of a diagram to all h legs of it. Now
observe that
Lift,(s2) = Lifty(congyy(s(z — zel)))

= CONgpO),  pr-1} O Lift,(s(z — xeh))

CONLf(0) . p(p-1)} © Lift,s(z® — x(o)eh(o), LY S D x(p_l)eh(pfl))

51%1)
A

Lift,(s(h — 0))

= Lift,(s1).
(b) Notice first that Lift, can be defined when beads are labeled by elements of C[t]/(t* — 1). There is an
isomorphism Al(fz /(P — 1) = C[t]/(t? — 1) over C which gives rise (after composition with the projection
AL = AR/ = 1)) o a map

(7) chy, : AP ]/ (7 - 1).
Using this map, we can define Lift,, as before and check that the relations are preserved. O
Remark 5.5. Lift, can also be extended to a map

Lift, : AP0 (@x, AP)) — AP (@)

loc
by forgetting the matrix part, i.e., by Lift,(M, s) = Lift,(s).
Let L be a surgery presentation of a pair (M, K) as in Section 2.2 and let L) be the lift of L to the
p-fold cover of the solid torus, regarded as a link in S®. The following proposition is a key point.

Proposition 5.6. With the above notation, we have:
Z(LW)) = Lift, o 32" 0 Z™(L).

Proof. We begin by recalling first how Z'#(L) is defined, following [GK2, Section 4]. The definition is
given by representing L in terms of objects called sliced crossed links in a solid torus. Sliced crossed links
are planar tangles of a specific shape that can be obtained from a generic height function of a link L in a
standard solid torus ST. Each component of their corresponding link in ST is marked by a cross (x). Given
a null homotopic link L in ST, choose a sliced crossed link representative (Tp, T1,T>) where Ty consists of
local minima, T, consists of local maxima and 77, thought of as a tangle in I x I, equals to I, Ll-y. Here w,
the gluing site, is a sequence in 1 and |, and @ is the reverse sequence (where the reverse of 17 is |[17).

For example, for w =1, we may have the following presentation of a knot in ST

where v = @

(and where the sliced crossed link is a tangle in an annulus). For typographical reasons, we will often say
that (Tp, Th,T3) is the closure of the tangle .

Consider a representation of a null homotopic link L in ST by (Tp,T1,T2) as above. Recall that the
fractional powers of v in the algebra (A(®),#) are defined as follows: for integers n,m, v™/™ € A(®) is the
unique element whose constant term is 1 that satisfies (/™)™ = ™.

Then, Z™(L) is defined as the element of AP (®x, A) obtained by composition of

(Z(T0), Io(1) ® A (v'/?), I5(1) @ Lu(t), I5(1) ® Z(7), Lo (1) ® Ay (v'/?), Z(T3))

where I,,(a) means a skeleton component that consists of solid arcs with orientations according to the arrows
in w, with a (resp. @) placed on each T (resp. |), and A,, is the commultiplication obtained by replacing a

T

Ty

To

QP
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solid segment 1 by a w-parallel of it. After cutting the sliced crossed link at the crosses (x), we consider the
resulting composition of diagrams as an element of A8P(®x,A). We claim that

Lemma 5.7. 772" o Z™(L) € A%P(®x,A) equals to the element obtained by composition of
(Z(T0), Is(1) @ Aw (/?), 15 (1) ® Ay (@), In(1) @ Ly (t), In(1) @ Z(7), Is(1) @ Ay (v'/?), Z(T2))

Proof. This follows easily from the definition of the 7' using the fact that the beads of the diagrams in
7" (L) appear only at the gluing site. O

In short, we will say that 72" o Z***(L) is obtained by the closure of the following sequence
(Aw (V1/2>a Ay (), Ln(t), Z(7), Aw (V1/2))a

which we will draw schematically as follows:

Going back to the proof of Proposition 5.6, using o, = v~(=1/P and the group-like basing relations on
AP (®x, A), it follows that we can slide and cancel the powers of v. Thus the closure of the above sequence

for a = ayp, equals to the following sequence:
Z(v)
oi Pt
A(l/l/p)

Now we calculate Lift, of the above sequence. Observe that both Z(y) and v1/P are exponentials of series
of connected diagrams with symmetric legs whose dashed graphs are not marked by any nontrivial beads.
Thus, one can check that Lift, is the closure of the following diagram (there are p copies displayed):

The proposition follows for Z. The extension to the stated normalization Z is trivial. O
The next proposition states that Lift, intertwines the integration maps | ™ and /:

Proposition 5.8. The following diagram commutes:

Agp (®X7 Aloc) f—d)i Agp (Aloc)

Lift,, Lift,,

I ax®
ASP(® x ) )

AP ()
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Since [ rat, J and Lift, are partially defined maps (defined for X-integrable elements and for diagrams
with nonsingular beads when evaluated that complex pth roots of unity), the maps in the above diagram
should be restricted to the domain of definition of the maps, and the diagram then commutes, as the proof
shows.

Proof. Consider a pair (M, s) where s is given by

s =exp %Z ;I/Vij(t) UR.

If we write
1 p—1p—1 x;b)
Lift,(s) = exp 5 Z (T) (Z T) G | U R,

3,7 r=0s5=0 x;

then, observe that

@ p=1lp=1 g
: _ (»)
Lift, [ § Wis(t) | = > I Wi
T r=0s=0 z;
Lift,(R) = R.
Recall the map ch,, : loc — CJt]/(#? — 1) of Equation (7). It follows from the above that for any r we
have
p—1
— (p) s—r
chy (Wis(£) = D Wil t™™"
s=0
We wish to determine ch,(W;;(t)~!), which we write as
p—1
-1\ __ ( )/ s—r
chy (Wi (8) 1) =Y WL ot
s=0

(»)’ . (») :
Since ;5 = Y Wi Wk we can solve for W(i,r)7(j,s) in terms of W(im),(j,s) and obtain that

p—1p—1 ()

Lift,, 3. Wit = > T (Wt

x
r=0 s= O:CET)

)
(l T) (d:8)°

Observe further the following consequence of the “state-sum” definition of Lift,: for diagrams D, D3 in
A(xx, Aloc), we have that
Lift, ((D1, D2)x) = (Lift,(Dy), Lift,(D2)) x» € A(J).

Now, we can finish the proof of the proposition as follows:

Lift,, < /rath (s)) = Lift, <exp —%Zx;iwl;l(t) ,R>

] Zj X

<L1ftp exp ——Z; L) ,Liftp(R)>

X ®)

p—1lp— 1;c()
- <exp __ZZZT W) . ’Rl>

i,j r=0s= OI X

/dX Lift, (s).
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Proof. (of Theorem 4) It follows immediately from Propositions 5.6 and 5.8. ]

5.2. The connection of Lift, with mod p residues. Rozansky in [R] considered the following vector space
AP to lift the Kontsevich integral,

'A (@FAF loc * ) /(AS, IHX)
where the sum is over trivalent graphs I' with oriented vertices and edges, and where

Af 1o = (Qlexp(H' (T, Z))]1oc)"

is the T-invariant subring of the (Cohn) localization of the group-ring Q[exp(H'(T',Z))] with respect to the
ideal of elements that augment to +1. We will think of AIE’IOC as the coefficients by which a graph T' is
multiplied.

Note that Q[exp(H*(T',Z))] can be identified with the ring of Laurrent polynomials in b;(T") variables,
where b1 (T") is the first betti number of I'. Thus Ar joc can be identified with the ring of rational functions
p(s)/q(s) in by (T') variables {s} for polynomials p and ¢ such that ¢(1) = £1. Let A%’?foc denote the subring
of Ar 1oc that consists of functions p(s)/q(s) as above such that ¢, evaluated at any complex p-th roots of
unity is nonzero. In [GR] (see also [Kr2|) the authors considered a map:

Res, : Ap ’IE)’)C) —C
defined by
f (8)) r f(w)
Res (_ N A C))
avs 2@
where the sum is over all by(I')-tuples (w1, ..., wy, (ry) of complex pth root of unity and where x(I') is the
Euler characteristic of T'. This gives rise to a map Res, : A% — A(¢).
Similarly, we have that
A(Ajoc) = (BrAr(Aioe) - T') /(Relations)
where Ap(Ajoc) is the I-invariant subspace of the vector space spanned by « : Edge(I') — Ajoe modulo the

Relations of [GK2, Figures 2,3] which include the AS,ITHX relations, multilinearity on the beads of the edges
and the Vertex Invariance Relation. An important difference between A and A(Aj,.) is the fact that Aff’? loc

is an algebra whereas Ar(Aioc) is only a vector space. Nevertheless, there is a map ¢rr @ Ar(Ajoc) — AIE’IOC

defined by
Aut Z H %elto(e))

aEAut(F) ecEdge(T)

where a = (ae(t)) : Edge(T') — Ajoc. The maps ¢ assemble together to define a map ¢p : A(Ajoe) — AE.
For example, consider the trivalent graph © whose edges are labeled by «, 8,7 € Ajoc as shown below

dr,r()

with automorphism group Aut(©) = Sym, x Sym, that acts on the algebra of rational functions in three
variables by permuting the variables and by inverting all variables simultaneously. Then, we have

1
drela,B,7) = 2 > altow)Blto)V(te) € Qtr, b2, ts).
oc€Aut(©)
We finish by giving a promised relation between Lift,, and Res, for p-regular rational functions:

Theorem 7. The following diagram commutes

¢r
A(AP))

A9)

AR

Sp
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Proof. Using the properties of Lift, and Res, it suffices to consider only trivalent graphs I' with edges
decorated by elements in A, and in fact only those graphs whose edges are decorated by powers of t.
Moreover, since both Lift, and Res, satisfy the push relations, it suffices to consider graphs whose edges
along any forest are labeled by 1.

Fix a trivalent graph I" with ordered edges e; decorated by o = (t™1,...,t™3"). We begin by giving a
description of the algebra Ag joc in terms of local coordinates as follows. Choose a maximal forest 7" and
assume, without loss of generality, that the edges of I' \ T are eq,...,e, where b = b1(I"). Each edge e;
corresponds to a l-cocycle z; € CY(T',Q). Since HY(T',Z) = Ker(CY(I',Z) — C°(T',Z)), it follows that
HYT,Z) is a (free) abelian group with generators z1,...,z3, and relations > j: veoe, G = 0 for all
vertices v of I' and for appropriate local orientation signs €;, = 1. It follows that

Q... 5!

QIH (T, Q)] = Ut -t — Qi ),
(Hj: veoe, b =1 for v € vertex(I‘))

where t; = ¢**. This implies that AIE’IOC is a T-invariant subalgebra of Q(t1,. .., ).

Now, ¢r () is obtained by symmetrizing over I'-automorphisms of the monomial t"* ...#;"*. We may
assume that m; € {0,...,p — 1} for all 4. Thus,

bo (T
Res, (17" ...t)") = P Z : Z Wit | Z W | = pM5, 0. o
P wh= r=1
On the other hand, an admissible p-coloring of (', &) necessarily assigns the same color to each connected
component of I and then the consistency relations along the edges e; for i =1, ..., b show that an admissible
coloring exists only if m; = 0, for ¢ = 1,...,b, and in that case there is are p admissible colorings for each
connected component of I'. Thus, the number of admissible p-colorings is p4(T).
After symmetrization over I', the result follows. O

The reader is encouraged to compare the above proof with [Kr2, Lemmas 3.4.1, 3.4.2].

5.3. The degree 2 part of Z*', In this section we prove Corollary 1.2. The following lemma reformulates
where QQ = Z5** takes values. Consider the vector space

A@ = ®3Aloc/ ((fvgv h) = (tfa tgath)v Aut(@))

Aut(0©) = Symg x Sym, acts on ®2Ajee by permuting the three factors and by applying the involution of
Ajoe simultaneously to all three factors.

Lemma 5.9. Q takes values in Ag - ©

Proof. There are two trivalent graphs of degree 2, namely © and G-O. Label the three oriented edges of
OO ¢; for i = 1,2,3 where ey is the label in the middle (nonloop) edge of O-O. For f,g,h € Ajye, let
aoo(f,9,h) € ago(Alec) - OO denote the corresponding element.

For p,q € A, f,h € Ao, we write g =), art® and compute

acolfip,h) = alf, (/). 1)
- Z alf, (p/q)art®, h) by Multilinearity
k

= Z acf,p/q, apt"ht=F) by the Vertex Invariance Relation
k

=a(f,p/q,q(1)h)

Thus, ag.g(Aloc) is spanned by a(f,p, h) for f,p, h as above. Applying the above reasoning once again,
it follows that ano(Alec) is spanned by a(f, 1,h) for f, h as above.
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f f f f

h h h h h
it follows that the natural map Ag — Aa(Ajoc) is onto. It is easy to see that it is also 1-1, thus a vector
space isomorphism. O

Applying the IHX relation
f

Remark 5.10. In fact, one can show that @) takes values in the abelian subgroup Ag z of Ag generated by
®3Az.

Proof. (of Corollary 1.2) Consider the degree 2 part in the Equation of Theorem 1. On the one hand, we
have Z; = 1/2X- O (see [LMO, Section 5.2]) and on the other hand, it follows by definition and Lemma 5.9
that Z32* = 1/6Q - ©. Theorem 7 which compares liftings and residues concludes first part of the corollary.
For the second part, observe that Q is a rational function on S! x S!, which is regular when evaluated at
complex roots of unity. Furthermore, by definition of Res,, it follows that
%Res;}’”’tSQ(M, K) = ]% S QUM K)(wr,wn, (wiwn) )

P_, ,P_
wi=wy=1

is the average of Q(M, K) on S! x S1 (evaluated at pairs of complex pth roots of unity) and converges to
Js1 g1 @M, K)(s)dp(s). This concludes the proof of Corollary 1.2. O

6. REMEMBERING THE KNOT

In this section we will briefly discuss an extension of Theorem 1 for invariants of cyclic branched covers
in the presence of the lift of the branch locus.

We begin by noting that the rational invariant Z* can be extended to an invariant of pairs (M, K) of
null homologous knots K in rational homology 3-spheres M, [GK2]. The extended invariant (which we will
denote by the same name), takes values in A2PC(Aje) = B(Az — Q) x A2P(Ajoc). In this section, we will
work in this generality.

Consider a pair (M, K) of a null homologous knot K in a rational homology 3-sphere M, and the cor-
responding cyclic branched covers E{’ M.K)" The preimage of K in Zf M.K) is a knot Ky, which we claim is
null homologous. Indeed, we can construct the branched coverings by cutting M — K along a Seifert surface
of K and gluing several copies side by side. This implies that a Seifert surface of K in M lifts to a Seifert
surface of Ky, in E{’MK).

If we wish, we may think of Ky, as a O-framed knot in E{’ M.K) (where a 0-framing is obtained by a parallel
of Ky, along a Seifert surface, and is independent of the Seifert surface chosen).

We now consider the rational invariant Z*at (E’()M’K), Ky,) of a p-regular pair (M, K), that is a pair such

that M and E’(’ M,K) are rational homology 3-spheres and K is null homologous in M. For the rational version
of the lift map

Lift;at s ABPO(A) — ABPO(A,,).
defined below, we have the following improved version of Theorem 1:

Theorem 8. For all p and p-regular pairs (M, K), we have

Zrat (E€M7K)’

Kyy) = T MROTISTjfprat o 7xat o Zrat (A K) € ABPO(Aje).
where o, = v~ P~Y/P = 7(S3 unknot).

The meaning of multiplying elements (M, s) € A8P0(A},.) by elements a € A(¢) is as follows: a- (M, s) =
(M,als).
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Remark 6.1. Evaluating A2P°(Aj.) — A®P(¢) at t = 1 corresponds to forgetting the knot Ky, thus the
above theorem is an improved version of Theorem 1.
The proof of Theorem 8, which is left as an exercise, follows the same lines as the proof of Theorem 1

using properties of the Lift;;at map rather than properties of the Lift, map.

In the remaining section, we introduce the map Lift
5. We start by defining a map

rat

» Which is an enhancement of the map Lift), of Section

Lift," : A(Tx, A) = A(T xw, A).

This map is defined in exactly the same way as the map Lift,, of Lemma 5.3, except that instead of forgetting
all labels as the last step, we do the following replacement:

Ta+1 A A
ft - or 't
' a

depending on a #p—1 or a =p — 1. As in Section 5.1, this leads to a well-defined map
Lift!** : A% (®x,A) — A (®x 0, A).

The next step is to extend this to a map of diagrams with rational beads in Al(fz. The following lemma

considers elements of the ring Al(fz.

Lemma 6.2. Every r(t) € A"

loc

can be written in the form r(t) = p(t)/q(t?) where p(t),q(t) € A® C.

Proof. Using a partial fraction expansion of the denominator of r(¢), it suffices to assume that r(t) = 1/(t—a)"

for some k > 1. In that case, we have

I Hf;ll (t — aw?)
t—a tP — aP

where w = exp(27i/p). O

Now, we can introduce the definition of Lift;at for diagrams with labels in Al(f():. Consider such a diagram
D, and replace each bead r(t) by a product of beads p(t) 1/q(t?) using Lemma 6.2. Now, consider the
diagrams obtained by p-admissible colorings of the lift 7 L(D), that is colorings of the lift that satisfy the
following conditions:

) tatl  ta
.t ¢ 1/4(t7)

¢: ¢ a a a

Finally forget the beads of the edges, as follows:

rat+l 7 70 ? o ?
R R E— N o 1l/q() . e1/q(t)
atp-1 IS 5 |

Lift;)at (D) is defined to be the resulting combination of diagrams. We leave as an exercise to show that this
is well-defined, independent of the quotient used in Lemma 6.2 above.

Remark 6.3. The map Lift," : Agp(®X,A(p)

oe) — AP (®x, Aloc) is an algebra map, using thr disjoint union
multiplication.

Finally, we define

Lift;at : Agp’o(@)x,Affz) — ABP0(® x (3, Atoc)
by

Lift™ (M (t), s) = (M(t — TP)), Lift™ (s)),
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where Tt(p ) is the p by p matrix (given by example for p = 4)

0 1 00

@ _ |10 0 10

(8) L= 0 0 01
t 00 0

The substitution of Equation (8) is motivated from the combinatorics of lifting struts (the analogue of
Proposition 5.8 for the Lift;at map), but also from the following lemma from algebraic topology, that was
communicated to us by J. Levine, and improved our understanding;:

Lemma 6.4. Consider a null homotopic link L in a standard solid torus ST, with equivariant linking matrix
A(t) and its lift LP) in ST under the p-fold covering map mp 1 ST — ST. Then, L®) s null homotopic in

ST with equivariant linking matriz given by A(t — Tt(p )).
Proof. Consider the commutative diagram

ST —— ST

™
\wp

ST

where 7 and 7’ are universal covering maps. Since m, is 1-1 on fundamental groups, it follows that L) is

null homotopic in ST. Choose representatives L of the components L; of L in the universal cover ST , for
i=1,...,] where [ is the number of components of L. Then,

Zlk L, t* L)t

On the other hand, {t"L}} is a choice of representatives of the lifts of L®) to Sﬁ“, forr=0,...,p—1, and
[ =1,...,1. Furthermore, if (B;;s(t)) is the equivariant linking matrix of L), we have

)ijrs( Zlk (t"L; "I L))k

It follows that if we collect all powers of ¢ modulo p in Laurrent polymomials a;;; such that

" SA’L] § Qij,rs, k

(for r,s =0,...,p— 1), then
Bijrs(t) = aijrso-

Writing this in matrix form, gives the result. O

We end this section with a comment regarding the commutativity of 7" and Lif‘c;at as endomorphisms
of A=P(AP)):
Lemma 6.5. For o € A8P(x), we have

speprat rat __ __rat spprat
Lift," o 7" = 7535 o Lift,".

7. THE WHEELED INVARIANTS

The goal of this independent section is to discuss the relation between twisting and wheeling of diagrams
and, as an application, to give an alternative version of Theorem 1 in terms of the wheeled rational invariant
7t introduced below.

Recall the Wheeling and Unwheeling maps from Section 4.2.
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Lemma 7.1. For xz € A(x), we have

role) = (@) A7
To-1(z) = (Q,Q)JCQ

#
where the notation Q;l means the inverse of Q € A(x) using the # multiplication (rather than the disjoint
union multiplication).

Note that x(Q2) = v", for all r € Q, by notation.

Proof. The first identity follows from Lemma 4.4(a) using the identity
Q1(Q) = (0,9)7'Q

of [BL, Proposition 3.3 and Corollary 3.5].
The second identity follows from the first, after inverting the operators involved. Specifically, Lemma
4.4(b) implies that

y = 7i(y)
= T, (1a(y))

= o (29T
= @O )

ot 0]

Setting z =y , we have that y = 2™~ and the above implies that

27 = (0,0 T (@)
O

The wheeled invariant Z is defined by wheeling the Z invariant of each of the component of a link.
Although 79 is an invariant of links equivalent to the Z invariant, in many cases the 7 invariant behaves

in a more natural way, as was explained in [BL]. Similarly, we define the wheeled rational invariant Zrat

by
zat (6 K = I 0 27 (M, K) € AP0 (Ajoc).
#

Zrat,ﬁ

The naming of is justified by the following equation

Hair o 27 (M, K) = (Q,Q) Z7(M, K) € A(x)
which follows from Corollary 4.10 (with a = Q;l) and Lemma 7.1.

The rational wheeled invariant Z'%~ behaves in some ways more naturally than the Z'% invariant. A
support of this belief is the following version of Theorem 8&:

Theorem 9. For all p and p-regular pairs (M, K) we have

Zrat,Q(E;EJM K)var) _ eap(M,K)@/IG Liftp ° Zrat,fl(‘]\47 K) c AgP,O(AIOC).

The proof uses the same formal calculation that proves Theorem 1, together with the following version of
Theorem 4:

Theorem 10. With the notation of Theorem 4, we have

rat
Lift, ( / dx Zrat»Q(L)> - / dx® 79w,

The proof of Theorem 10 follows from the proof of Proposition 5.6.
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APPENDIX A. DIAGRAMMATIC CALCULUS

In this section we finish the proof of Theorem 4.11 using the identities and using the notation of [GK2,
Appendices A-E]. The rest of the proof uses the function-theory properties of the [ rat—integration [GK2,
Appendix A-E]. These properties are expressed in terms of the combinatorics of gluings of legs of diagrams.
Ik rat—in‘cegration is a diagrammatic Formal Gaussian Integration that mimics closely the Feynman diagram
expansion of perturbative quantum field theory. Keep this in mind particularly with manipulations below
called the “0-function trick”, “integration by parts lemma” and “completing the square”. The uninitiated
reader may consult [A, Part I,II] for examples and motivation of the combinatorial calculus and also [GK2,
BLT, BL]. We will follow the notation of [A, GK2] here.

We focus on the term fmt dX ((p(Zrat(L))) . Let us assume that the canonical decomposition of Z**(L)
is

Zrat —exp( Z ;I/V”>|JR

suppressing summation indices. We perform a standard move (the “d-function trick”) to write this as:

<R(y) exp(lz §Wi+ ;>>Y

where Y is a set in 1-1 correspondence with X. Continuing,

/rath(QD(Zrat(L))) _ <¢(R(y))7/rat <exp< Z¢<EWM>+ y£>>> .

The “integration by parts lemma” [GK2] implies that

[rasmleme(in) 1))
[ra(meli)))mlize(in) - 1)

“Completing the square” implies that the above equals to:

oo (b)) [ (o3 ()

Returning to the expression in question:

["ax ez = [T <p< Z¢<;W>>>
U<s0(R(y))aexp <%Z¢<Z{Wﬁl>>>y~

The second factor equals to ¢ (2 (M, K)). The first factor contains only sums of disjoint union of wheels.
We can repeat the arguments which lead to the proof of the of the Wheels Identity in this case, [GK2,
Appendix EJ.
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rat 1 Zj
/ dX | exp 3 Z %) $ Wi;
rat 1 b Zj T T
= / dX | exp 3 Z $ Wi+ | ¢ ; Wij | = $ Wi
= exp 3 Z $ ng , €Xp 5 © ; Wi | — $ Wi
x; x; T X
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