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THE THURSTON NORM, FIBERED MANIFOLDS AND TWISTED

ALEXANDER POLYNOMIALS
STEFAN FRIEDL AND TAEHEE KIM

ABSTRACT. Every element in the first cohomology group of a 3—manifold is dual to
embedded surfaces. The Thurston norm measures the minimal ‘complexity’ of such
surfaces. For instance the Thurston norm of a knot complement determines the
genus of the knot in the 3—sphere. We show that the degrees of twisted Alexander
polynomials give lower bounds on the Thurston norm, generalizing work of Mc-
Mullen and Turaev. Our bounds attain their most elegant form when interpreted
as the degrees of the Reidemeister torsion of a certain twisted chain complex. Us-
ing these lower bounds we confirm the genus of all knots with 12 crossings or less,
including the Conway knot and the Kinoshita—Terasaka knot which have trivial
Alexander polynomial.

We also give obstructions to fibering 3—manifolds using twisted Alexander poly-
nomials and detect all knots with 12 crossings or less that are not fibered. For some
of these it was unknown whether or not they are fibered. Our work also extends
the fibering obstructions of Cha to the case of closed manifolds.
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1.1. Definitions and history. Let M be a 3-manifold. Throughout the paper
we will assume that all 3—manifolds are compact, orientable and connected. Let
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¢ € H'(M) (integral coefficients are understood). The Thurston norm of ¢ is defined
as

|||z := min{3F  max{—x(S;),0}| S;U---US; C M properly embedded,
dual to ¢, S; connected for i =1,... k}.

Thurston [Th86] showed that this defines a seminorm on H'(M) which can be ex-

tended to a seminorm on H'(M;R). As an example consider X(K) := S*\ vK,

where K C S? is a knot and vK denotes an open tubular neighborhood of K in S3.

Let ¢ € H'(X(K)) be a generator, then it is easy to see that ||¢||r = 2 genus(K) — 1.
It is a classical result of Alexander that

2genus(K) > deg(Ak(t)),

where Ak (t) denotes the Alexander polynomial of a knot K. In recent years this
was greatly generalized. Let M be a 3—manifold whose boundary is empty or consists
of tori. Let ¢ € H'(M) = Hom(H;(M),Z) be primitive, i.e., the corresponding
homomorphism ¢ : Hy (M) — Z is surjective. Then McMullen [Mc02] showed that if
the Alexander polynomial A;(t) € Q[t*!] of (M, ¢) is non-—zero, then

¢l = deg (Aq(t)) — (1 4 bs(M)).

This result has been reproved for closed manifolds by Vidussi [Vi99, Vi03] using
results in Seiberg—Witten theory of Kronheimer—-Mrowka [KM97] and Meng—Taubes
[IMT96]. We refer to [Kr98, Kr99] for more on the connection between the Thurston
norm, Seiberg—Witten theory and 4—dimensional geometry.

Cochran [Co04] in the knot complement case and Harvey [Ha05] and Turaev [Tu02a,
Tu02b] in the general case generalized McMullen’s inequality. They studied maps
Zlmi(M)] — K[t*!] where K is a skew field and K[t*!] is a skew Laurent polyno-
mial ring. They showed that the degrees of corresponding higher-order Alexander
polynomials give lower bounds on the Thurston norm.

We will show how the degrees of twisted Alexander polynomials give lower bounds
on the Thurston norm. These bounds are easy to compute and remarkably strong.

1.2. Twisted Alexander polynomials and Reidemeister torsion. In the fol-
lowing let F be a commutative field. Let ¢ € H'(M) = Hom(m (M),Z) and
a: m(M) — GL(F, k) a representation. Then a ® ¢ induces an action of (M)
on F* @p F[t*!] =: F¥[t*!] and we can therefore consider the twisted homology F[t*!]-
module H®(M;F*[t£1]). We define A%(t) € F[t*!] to be its order; it is called the i-th
twisted Alexander polynomial of (M, ¢, ) and well-defined up to multiplication by a
unit in F[t*]. We refer to Section 2 for more details.

The twisted Alexander polynomial of a knot was introduced by Lin [Lin01] in 1990
who used it to distinguish knots with the same Alexander polynomial. In this paper
we use the above homological definition of Kirk and Livingston [KL99al.

If OM is empty or consists of tori and if A¢(¢) # 0, then HX(M;FF[t*!] @ppeyy
F(t)) = 0 for all i (see Corollary 4.3). Therefore the Reidemeister torsion 7(M, ¢, o) €
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F(t) is defined (cf. [Tu01] for a definition) and (cf. [Tu01, p. 20])

2
(M, ¢,0) = [JAs )" € F().
=0

The equality holds up to multiplication by a unit in F[t*!]. We will use this equal-
ity as a definition for 7(M, ¢, ). For f(t)/g(t) € F(t) we define deg(f(t)/g(t)) :=
deg(f(t))—deg(g(t)) for f(t),g(t) € F[tF]. This allows us to consider deg(7(M, ¢, @)).
In Section 3 we will point out that the Alexander polynomials and Reidemeister tor-
sion can be computed efficiently using Fox calculus.

1.3. Lower bounds on the Thurston norm. The following is one of our main
results.

Theorem 3.1 (Main Theorem 1). Let M be a 3-manifold whose boundary is
empty or consists of tori. Let ¢ € H' (M) be non—trivial and o : m (M) — GL(F, k)
a representation such that A§(t) # 0. Then

lollr > 1 des(r(M, 6,0)).

Equivalently,

o1l >  (des (AF(5) — des (A5(1)) — des (A3(1))).

The proof of Theorem 3.1 is partly based on ideas of McMullen [Mc02] and Turaev
[Tu02b]. In Section 3 we will show that Theorem 3.1 generalizes McMullen’s theorem
[Mc02] and Turaev’s abelian invariants in [Tu02a).

In Theorem 5.1 we show that the condition A{(¢) # 0 can sometimes be dropped.
In [FO5b] we will prove a version of Theorem 3.1 over skew fields, which combines
our lower bounds from Theorem 3.1 with the lower bounds of Cochran, Harvey and

Turaev [Co04, Ha05, Tu02b].

1.4. Fibered manifolds. Let ¢ € H'(M) be non-trivial. We say (M, ¢) fibers over
St if the homotopy class of maps M — S* induced by ¢ : 7 (M) — H (M) — Z
contains a representative that is a fiber bundle over S'. If K is a fibered knot, i.e., if
X (K) fibers, then it is a classical result of Neuwirth that 2 genus(K) = deg(Ag(t))
and that Ak (t) € Z[t*!] is monic, i.e., its top coefficient is +1 or —1.

Theorem 6.1 (Main Theorem 2). Assume that (M, @) fibers over S* and that
M # S'x D2 M # S' x S?. Let a : m (M) — GL(F, k) be a representation. Then
A (t) # 0 and

lollr = 1 deg(r(M, 6, ).
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This result clearly generalizes the first classical condition on fibered knots. Mec-
Mullen, Cochran, Harvey and Turaev prove corresponding theorems in their respec-
tive papers [Mc02, Co04, Ha05, Tu02b].

Let R be a Noetherian unique factorization domain (henceforth UFD), for example
R = Z or a field. Given a representation m(M) — GL(R, k) Cha [Ch03] defined
a twisted Alexander polynomial Af(¢) € R[t*'], which is well-defined up to multi-
plication by a unit in R[t*!]. This is a generalization of the Alexander polynomial
Ak (t) € Z[t*'] and coincides with the first twisted Alexander polynomial defined in
Section 2 in the case that R is a field. We say a polynomial A%(t) € R[t*!] is monic,
if its top coefficient is a unit in R. Cha showed that for a fibered knot the polynomials
Af{(t) are monic [Ch03]. Using Theorem 6.1 we get the following theorem.

Theorem 6.4. Let M be a 3-manifold. Let ¢ € HY (M) be non—trivial such that
(M, ¢) fibers over S* and such that M # S1x D? M # S*'xS?. Let R be a Noetherian
UFD and let o : m (M) — GL(R,k) be a representation. Then A$(t) € R[t*'] is
monic and

o1l = ;- dea(r(M, 6, ).

In fact in Proposition 6.3 we show that if the fibering obstruction of Theorem 6.1
vanishes, then the conclusion of Theorem 6.4 holds. This shows the somewhat surpris-
ing fact that the obstructions of Theorem 6.1 contain Neuwirths’s and Cha’s [Ch03]
obstructions for fibered knots. Note that Theorem 6.4 generalizes Cha’s obstructions
to closed 3-manifolds.

Goda, Kitano and Morifuji [GKMO05] use the Reidemeister torsion corresponding
to representations m (X (K)) — SL(F, k), F a field, to give fibering obstructions for
a knot K. The precise relationship to our obstructions is not known. It would be
interesting to generalize their obstructions to closed manifolds as well.

1.5. Examples. We give two main examples and more: we confirm the genus of
knots with up to 12 crossings and detect all of non—fibered 12—crossing knots. To our
knowledge, some of the examples of non—fibered 12—crossing knots are new. These
examples and more are given in Section 7.

Consider the Conway knot K = 11401 (knotscape notation, cf. [HT]). Gabai [Ga84]
proved that the genus of K is 3 using geometric methods. We confirm this easily
using Theorem 3.1. Note that for this knot Ag(t) = 1, therefore the genus bounds of
McMullen, Turaev, Cochran and Harvey vanish. The diagram is given in Figure 1. We
found a representation « : m (X (K)) — GL(F13,4) such that deg (7(M, ¢, a)) = 14.
These computations and all the following computations were done using the program
KnotTwister [F05]. It follows from Theorem 3.1 that

14
2 genus(K) — 1= [|6llr = —
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FiGURE 1. The Conway knot 114, and a Seifert surface of genus 3
(from [Ga84]).

Hence genus(K) > & = 2.25. Since genus(K) is an integer we get genus(K) > 3.
Since there exists a Seifert surface of genus 3 for K (cf. Figure 1) it follows that the
genus of the Conway knot is 3.

We went over all knots with up to 12 crossings such that 2 genus(K') # deg(Ax(%)).
In all cases we found representations « : w1 (X (K)) — GL(F;3, k) which give the right
genus bounds. Using KnotTwister this process just takes a few seconds. We also
investigated the closed manifolds which are the result of O—framed surgery along
these knots. Again in all cases we found representations such that twisted Alexander
polynomials give the right bound on the Thurston norm. In fact experience suggests
that if b;(M) = 1 then in most cases taking only a few non—trivial representations
will give the correct bound on the Thurston norm, regardless of whether M is closed
or not.

The situation for links is more complex. On the one hand in many interesting
cases twisted Alexander polynomials give the correct bound. For example in Section
7.5 we reprove results of Harvey on the ropelength of a certain link [Ha05]. We also
successfully apply our theory in Section 7.4. On the other hand boundary links have
mostly vanishing twisted Alexander polynomials and therefore our lower bounds do
not apply in general. But in Section 5 we show that in some cases we can still extract
lower bounds from the degrees of twisted Alexander polynomials corresponding to the
F[t*!]-torsion submodule of H®(X (L);F*[t*']) where X (L) is the link complement
in the 3-sphere (cf. Theorem 5.1).

It is known that a knot K with 11 or fewer crossings is fibered if and only if K
satisfies

(1) Ak (t) is monic and deg(Ag(t)) = 2 genus(K).

Hirasawa and Stoimenow had started a program to find all non—fibered 12—crossing
knots. Using methods of Gabai they showed that except for thirteen knots a 12—
crossing knot is fibered if and only if it satisfies condition (1). Furthermore they
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showed that among these 13 knots the knots 121495, 121502, 121546 and 121759 are not
fibered even though they satisfy condition (1).

Using Theorem 6.1 we confirmed the non—fiberedness of these 4 knots and we
showed that the remaining 9 knots are not fibered either. These 9 knots are:

121345, 121567, 121670, 121682, 121771, 121823, 121938, 129089, 122103-

This result completes the classification of all fibered 12—crossing knots. Jacob Ras-
mussen confirmed our results using knot Floer homology which gives a fibering ob-
struction as well (cf. [0S02, Section 3]).

As we pointed out our fibering obstructions work for closed manifolds as well. If
K is one of the 13 12—crossing knots in the previous paragraph, then we can easily
show using Theorem 6.1 and KnotTwister that the zero surgery on K in S is not
fibered. (See Section 7.2.)

1.6. The twisted Alexander norm. McMullen [Mc02] also defined a (semi) norm
|| = ||a on H'(M;R) called the Alezander norm, and showed that if by (M) > 1 then

l|ol|lr > ||®]|a

for all € H'(M;R). This norm is closely related to the degrees of the untwisted
Alexander polynomials: McMullen shows that ||¢]|a > deg(Aq(t)) — 1 — bs(M) for
all primitive ¢ € H*(M), and equality holds for almost all primitive ¢ € H'(M). In
[FKO05] the authors will introduce twisted Alexander norms which give lower bounds
on the Thurston norm, extending the work of McMullen and work of Turaev [Tu02a).
The (twisted) Alexander norm can often be used to completely determine the Thurston
norm ball of a link complement.

1.7. Conjectures and symplectic manifolds. It follows from Stallings’ theorem
[St62] together with the Poincaré conjecture that m (M) contains enough information
to decide whether M is fibered or not. We therefore conjecture that a converse to
Theorem 6.4 holds. In fact we believe that representations corresponding to finite
groups and their group rings suffice.

Conjecture 1.1. Let M be a closed 3-manifold and ¢ € HY(M) non—trivial. Then
(M, ¢) fibers over S* if and only if for all representations of the form « : m (M) —
G — Z|G], G a finite group, the twisted Alexander polynomial AS(t) € Z[t*!] is
monic and )

|Gl

In a forthcoming paper of the first author and Stefano Vidussi [FV05] we will
give further evidence for this conjecture. Furthermore based on work of Taubes
[Ta94, Ta95] we will show in [FV05] that Conjecture 1.1 implies Taubes conjecture
which states that if M is a closed 3—manifold and if S* x M is symplectic then (M, ¢)
fibers over S for some ¢ € H*(M).

|llr = = deg(T(M, ¢, a)).



THURSTON NORM, FIBERED MANIFOLDS AND TWISTED ALEXANDER POLYNOMIALS 7

1.8. Outline of the paper. In Section 2 we give a definition of twisted Alexander
polynomials. In Section 3 we state Theorem 3.1 (Main Theorem 1) and discuss re-
lated theorems. We give a proof of Theorem 3.1 in Section 4. In Section 5 we show
how in many important cases we can drop the assumption that Af(¢) # 0 in Theorem
3.1 and still get lower bounds on the Thurston norm. In Section 6 we consider fibered
manifolds and give a proof of Theorems 6.1 (Main Theorem 2) and 6.4. We discuss a
wealth of examples in Section 7.

Notations and conventions: We assume that all 3-manifolds are compact, ori-
ented and connected. All homology groups and all cohomology groups are with re-
spect to Z—coefficients, unless it specifically says otherwise. For a knot K in S3, we
denote the result of zero framed surgery along K by M. For a link L in S3 X (L)
denotes the exterior of L in S3. (That is, X(L) = S\ vL where vL is an open
tubular neighborhood of L in S?). An arbitrary (commutative) field is denoted by
F. We identify the group ring F[Z] with F[t*!]. We denote the permutation group
of order k by Sj. For a 3-—manifold M we use the canonical isomorphisms to iden-
tify H'(M) = Hom(H,(M),Z) = Hom(w(M),Z). Hence sometimes ¢ € H'(M) is
regarded as a homomorphism ¢ : (M) — Z (or ¢ : Hi(M) — Z) depending on the
context.

Acknowledgments: The authors would like to thank Alexander Stoimenow for
providing braid descriptions for the examples and Stefano Vidussi for pointing out the
advantages of using Reidemeister torsion. The first author would also like to thank
Jerry Levine for helpful discussions and he is indebted to Alexander Stoimenow for
important feedback on the program KnotTwister.

2. THE TWISTED ALEXANDER POLYNOMIALS

Let M be a 3-manifold and ¢ € H'(M). Let o : m (M) — GL(F, k) be a represen-
tation. We can now define a left Z[m; (M)]-module structure on FF@pF[t*!] =: FF[t!]
via a ® ¢ as follows:

g-(w®@p) = (alg) v)®(d(g) p) = (alg) - v) ® (t*9p)

where g € m (M), v ® p € F¥ @p F[t*!] = FF[t£1].

Denote by M the universal cover of M. Then the chain groups C,(M) are in
a natural way right Z[m(M)]-modules. Therefore we can form the tensor product
C.. (M) @z, (ary F*[t*1]. Now we define the ith twisted Alezander module of (M, ¢, @)
to be

HESS (M M) = H(CL(M) @z, FH ).
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Usually we drop the notation ¢ and write H*(M;F*[t*1]). Note that H®(M; F*[t+1])
is a finitely generated module over the PID F[t*!]. Therefore there exists an isomor-

phism
k

HY (M FH) 2 Fie) & @F[tﬂ]/(pi(t))

for pi(t),...,pr(t) € F[t*']. We define

ae o L ITLw®), iff=0

Myn - 0, if f>0.
This is called the i—th twisted Alexander polynomial of (M, ¢, ). We furthermore de-
fine Ag, 4, == Hle pi(t) regardless of f. In most cases we drop the notations M and

¢ and write A%(t) and A%(t). It follows from the structure theorem of finitely gener-
ated modules over a PID that these polynomials are well-defined up to multiplication
by a unit in F[t*!].

Remark. The twisted Alexander polynomial of a knot was introduced by Lin [Lin01]
in 1990. Various versions of twisted Alexander polynomials have been successfully
used in many situations to provide more information than can be extracted from the
untwisted Alexander polynomial [JW93, Wa94, Kit96, KL99a, K1.99b, Ch03, HLN04].
In particular we note that Kirk and Livingston [KL99a] first introduced the above
homological definition of twisted Alexander polynomials for a finite complex. We
refer to [KL99a, Section 4] for the relationship between our definition and the other
definitions of twisted Alexander polynomials.

For an oriented knot K we always assume that ¢ denotes the generator of H'(X (K))
given by the orientation. If a : m (X (K)) — GL(Q,1) is the trivial representa-
tion then the Alexander polynomial A$(t) equals the classical Alexander polynomial
Ak(t) € Q[t*] of the knot K.

If f = 0 then we write deg(f) = oo, otherwise, for f = Y_" a;t* € F[t*'] with
A # 0, a, # 0 we define deg(f) = n—m. Note that deg (A¢(t)) is well-defined. The
following observation follows immediately from the classification theorem of finitely

generated modules over a PID.

Lemma 2.1. HX(M;F*[t*]) is a finite-dimensional F—vector space if and only if
AX(t) #0. If AX(t) # 0, then
deg (Af(t)) = dimg (HP(M;F*[tH1])) .
Furthermore deg(A%(t)) = dimp (Torgy (He (M FF[t51]))).
If OM is empty or consists of tori and if A (¢) # 0, then A% (¢) # 0 for all 7 and hence
H(M;F*[t*] @ppary F(t)) = 0 for all i (see Corollary 4.3). Furthermore, A§(t) = 1

(see Lemma 4.1). Therefore the Reidemeister torsion 7(M, ¢, ) € F(t)*/{rt!|r €
F*, 1l € Z} is defined. We refer to [Tu01] for an excellent introduction into the theory
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of Reidemeister torsion. We will mostly use 7(M, ¢, a) as a convenient way to store
information.

Lemma 2.2. (c¢f. [Tu01, p. 20]) If Ao‘(t) # 0, then 7(M, ¢, &) is defined and
(M, 6, a HA“ )T e F().

3. MAIN THEOREM 1: LOWER BOUNDS ON THE THURSTON NORM

Our first main theorem gives a lower bound for the Thurston norm of a non—trivial
element ¢ € H'(M).

Theorem 3.1 (Main Theorem 1). Let M be a 3-manifold whose boundary is
empty or consists of tori. Let ¢ € H' (M) be non—trivial and o : m (M) — GL(F, k)
a representation such that A$(t) # 0. Then

lollr >  deg(r(M, 6, ).

Equivalently,

|ollr = (deg (AT (1)) — deg (Af(t)) — deg (AZ(1)) ).

The proof of the above theorem is given in Section 4.

Remark. Given a presentation for (M) the polynomials A$(t) and A§(t) can be
computed efficiently using Fox calculus (cf. e.g. [CF77, p. 98], [KL99a]). We point
out that because we view C,(M) as a right module over Z[m;(M)] we need a slightly
different definition of Fox derivatives. We refer to [Ha05, Section 6] for details. Propo-
sition 4.13 allows us to compute AJ(¢) using the algorithm for computing the 0-th
twisted Alexander polynomial. This shows that the lower bounds of Theorem 3.1 can
be computed efficiently.

Remark. Not only does Reidemeister torsion give the most elegant formulation of our
lower bounds on the Thurston norm. The functoriality of Reidemeister torsion also
allows us to prove results in [FKO05], [F05b] and Theorem 6.4 which would be much
harder to prove if we only used Alexander polynomials.

Remark. Our restriction to closed manifolds or manifolds whose boundary consists of
tori is not a significant restriction. Indeed, if 9M has a spherical boundary component,
then gluing in a 3-ball does not change the Thurston norm. Furthermore manifolds
with a boundary component of genus greater than 1 have in most cases vanishing
twisted Alexander polynomials.

Combining Theorem 3.1 with Proposition 4.13 we get the following important spe-
cial case of Theorem 3.1:
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Theorem 3.2. Let M be a 3—manifold whose boundary is empty or consists of tori.
Let ¢ € HY(M) be non—trivial. Let o : m (M) — GL(F, k) be a representation which
is unitary with respect to any hermitian form on F*. If AY(t) # 0, then

1611z > - (des (AT(6) — (1 + ba(M)) g (A5(1) ).

The following lemma shows that in most cases we can determine for a given ¢ €
H'(M) whether ||¢||7 is even or odd. This means that we can ‘round up’ the lower
bounds from Theorem 3.1 to an even or odd number, depending on the parity of ||¢||7.
Recall that for a non—trivial ¢ € H'(M) the divisibility of ¢ equals the maximum
natural number n such that ¢ € H'(M).

Lemma 3.3. Let ¢ € H'(M) be primitive. If M is closed, then ||||r is even. Assume
that OM consists of a non—empty collection of tori Ny U---UN;. If ¢|g,(n,) = 0 then
let n; := 0, otherwise define n; to be the divisibility of ¢|u,(n,). Then

6|7 = (Zn) mod 2.

i=1
Proof. Let S be a Thurston norm minimizing surface dual to ¢. If M is closed then
S is closed, hence x(S) is even. Now assume that 0M is a collection of tori. Then

X—(S) = by(0S) mod 2.

This follows from the observation that adding a 2-disk to each component of 05
gives a closed surface, which has even Euler characteristic. Now consider N;. Clearly
SN N; is Poincaré dual to ¢|g, (x,). It follows from a standard argument that, modulo
2, 0S N N; has n; components. O

In Section 7.2 we will see that Theorem 3.1 can be very successfully used to deter-
mine the genus of knots and the Thurston norm of closed manifolds. In particular we
give many examples where the degrees of twisted Alexander polynomials give better
bounds on the Thurston norm than the degree of the untwisted Alexander polyno-
mial. But this is not always the case; there are situations when for a given manifold
the degree of the twisted Alexander polynomial for some representation gives a worse
bound than the degree of the untwisted Alexander polynomial. This should be com-
pared to the situation of [Co04, Ha06, FO5b]: Cochran’s and Harvey’s sequence of
higher order Alexander polynomials gives a never decreasing sequence of lower bounds
on the Thurston norm.

Remark. Let K; and K5 be knots and assume there exists an epimorphism ¢ :
m (X (K1) — m(X(Ky)). Simon asked (cf. question 1.12 (b) on Kirby’s problem
list [Kir97]) whether this implies that genus(K7;) > genus(K3). Let o : m (X (K3)) —
GL(F, k) be a representation. By [KSW04] A%, ,(t) divides A% (¢). Together with
Lemma 4.8 this shows that the genus bounds from Theorem 3.1 for K; are greater
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than or equal to the bounds for K5. Thus our results suggest an affirmative answer
to Simon’s question. This should also be compared to the results in [Ha06].

For one-dimensional representations it is easy to determine A§(¢) and AS(t) (cf.
Proposition 4.13). We immediately get the following theorem which contains Mc-
Mullen’s theorem [Mc02, Proposition 6.1] and results of Turaev [Tu02a].

Theorem 3.4. Let M be a 3—manifold whose boundary is empty or consists of tori,
¢ € HY(M) primitive, and o : m (M) — H(M) — GL(F,1) a one-dimensional
representation such that AY(t) # 0. If « is trivial on Ker(¢), then

16]lr > deg (AT () — (1+ bs(M)).

If v is non—trivial on Ker(¢), then

¢l = deg (AT(2)) .

This simple abelian version of Theorem 3.1 can already be very useful. Using results
of [FK05] one can show that for primitive ¢ € H'(M)

1914 = max{deg (AT (#)) la : m (M) — Hy(M)/Tor(H,(M)) — GL(C, 1)
non-trivial on Ker(¢)},

where ||¢||a denotes McMullen’s Alexander norm. Harvey [Ha05, Proposition 3.12]
showed that the invariant dy(¢) in [Ha05] equals ||¢||a. This shows that Alexan-
der polynomials corresponding to one—dimensional representations contain all known
lower bounds on the Thurston norm coming from abelian covers.

4. PROOF OF MAIN THEOREM 1

4.1. Twisted Alexander polynomials of (M, ¢).

Lemma 4.1. Let ¢ € H'(M) be non—trivial and « : m (M) — GL(F,k) a repre-
sentation. Then H$(M;F[tH]) = 0 and HY(M;F*[tE)) is finite dimensional as a
F—vector space.

Proof. Both statements follow from an easy argument using a cell decomposition of
M as in the proof of Proposition 6.3. Note also that Kirk and Livingston showed the
second statement in [KL99a, Proposition 3.5]. O

Lemma 4.2. Assume that OM is empty or consists of tori and ¢ € H'(M) is
non—trivial. Let o : m (M) — GL(F, k) be a representation. If A$(t) # 0, then
HS (M;F*[tE)) is F[tE ) ~torsion. In particular AS(t) # 0.

Proof. We know that A%(t) # 0 for ¢ = 0, 1,3 by assumption and by Lemma 4.1. Tt
follows from the long exact homology sequence for (M,0M) and from duality that
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X(M) = 1x(0M). Hence x(M) = 0 in our case. It follows from Lemma 4.4 below
(applied to the field F(¢)) that
3

> (=1)'dimgg) (HP (M;FHt] @y F(t))) = k- x(M) = 0.

i=0
Note that H(M;F*[t*H] @ppery F(t)) = HE(M;FF[tE]) Qpper) F(¢) since F(t) is
flat over F[¢t*']. By assumption H(M;F*[t*]) Qppzy F(t) = 0 for ¢ # 2, hence
HY(M;FF[t+') Qppen) F(t) = 0 as well. O

We get the following corollary immediately from Lemmas 4.1 and 4.2.

Corollary 4.3. Let M be a 3-manifold whose boundary is empty or consists of tori.
Let ¢ € HY(M) be non-trivial and « : m (M) — GL(F,k) a representation. If
A (t) # 0 then AY(t) # 0 for all i, and Ag(t) = 1.

A standard argument shows the following important lemma.

Lemma 4.4. Let X be an n—manifold, K a field, and o : m(X) — GL(K,k) a
representation. Then

D (1) dimc (H2 (X5 KF)) = kx(X).

i=0
4.2. Main argument. In this section we prove Theorem 3.1. Before beginning the
proof we give relevant propositions and lemmas. We also need a delicate duality
argument which we separately explain in detail in Section 4.3

Let M be a 3-manifold and « : m (M) — GL(F, k) a representation. We will endow

any subset X C M with the representation given by 7 (X) — 7 (M) % GL(F, k).
Note that because of base point issues this induced homomorphism is only defined up
to conjugacy. But the homology groups H(X;F¥) are isomorphic, and their dimen-
sions over [ are well-defined. We will therefore suppress base points and the choice
of paths connecting base points in our notation. Let b%(X) := dimp(H2(X;F¥)) for
n > 0.

Proposition 4.5. Let ¢ € H (M) and S a properly embedded surface dual to ¢.
Then

by (S) > dimp (Torgy=y (HY(M;FF[EF)))
In particular if AS(t) # 0, then b$(S) > deg (A (t)).

Proof. Denote the components of S by Si,...,5;. Denote by N the result of cutting
M along S. Denote by i, and i_ the two inclusions of S into N induced by taking
the positive and the negative inclusions of S into N. We use the same notations i,
and i_ for the induced homomorphisms on homology groups. Note that ¢ vanishes
on m(N) and on every m(S;). Indeed, every curve in S; can be pushed off into
N, where ¢ vanishes. It follows that H®(N;F[t+]) =2 H¥(N;F*) @ F[t*!] and
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HE(S;FR[tEY]) = HE(S; FF) @p F[t*!]. Therefore we have a commutative diagram of
exact sequences
(2)

- HP(S;FEE) HY(N;FHE]) - — HP(MGEMEE) —

| o | |=

— HXS:F9) @ F¥) =5 H(N;FY) @ FiE) — HP(MFH ). —
Note that Ker{ H&(S; F*[t*']) — H&(N;F*[tE)} € HS(S; F*)@pF[t*!] is a (possibly
trivial) free F[t*!]-module F. Therefore we get an exact sequence

HY(S:F*) @p FItHY] =5 HE(N;FY) @ F[t*'] — H(M;FFEY]) S F — 0.

Since F[t*!] is a PID the map O splits, i.e., H¥(M;F*[t+]) = Ker(9) & F. Using
appropriate bases the map ti_ — i, , which represents the module Ker(0), is presented
by a matrix of size dimg (H{(N;F*)) x dimg (H{(S;F*)) of the form At + B, A, B
matrices over F. It follows from an easy argument (cf. e.g. [Ha05, Proposition 9.1]
in the harder non—commutative case) that

dimy (Torgy:1)(Ker(0))) < min{dimy (H(N;F¥)), dimg (H3(S;F¥))}.
Combining with the above we get
dimp (Torgys) (H(M; F*[t£1])))

ti_—ig
—_—

dimp (TOI'F[til] (Ker(@)))

dimp (H{(S;F"))

bs(S).

The last part of this proposition is obvious by Lemma 2.1. O

A

A weighted surface S in M is a collection of pairs (Si,w;),i=1,... kwhere S; C M
are properly embedded, oriented, disjoint surfaces in M and w; are positive integers.
We denote the union (J, S; € M by |S|.

Every weighted surface S defines an element ¢g := S w; - PD([S]) € H'(M)
where PD(f) € H'(M) denotes the Poincaré dual of an element f € Hy(M,0M).
By taking w; parallel copies of S; we get an (unweighted) properly embedded oriented
surface S# such that b5 = PD(5#). An example of a the surface S# for a weighted
surface S is given in Figure 2.

We need the following proposition proved by Turaev in [Tu02b).

Proposition 4.6. Let ¢ € H'(M). Then there exists a weighted surface S with
(1) ég = o,

(2) x-(5%) = |¢lIr,
(3) M\ |S| connected,

Proposition 4.7. Let ¢ € HY(M) be primitive. Let S denote the weighted surface
as in Proposition 4.6. Assume AS(t) # 0. Then S := S¥# is either connected or
b§(S;) =0 for any component S; of S.
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(S,.2) (S,.3)

FIGURE 2. Weighted surface in a handlebody.

Proof. Denote by N the result of cutting M along S. Consider the Mayer—Vietoris
sequence (2) in Proposition 4.5
—  HY(M;FE[])
— H(S;F*) @ Ft#] = H(N:F¥) @ Flr!] —  HP (M F+1]) — 0.
From A$¢(t) # 0 it follows that H®(M;F*[t*!]) is F[t*!]-torsion. By Lemma 4.1

HE(M;F*[t*1]) is a finite-dimensional F—vector space, hence F[t*!]-torsion. If we
now consider the above exact sequence with F(t)—coefficients it follows that

(3) Hy(S; Fk) = Ho(N; Fk)
Since we can arrange w; parallel copies of S; inside v(S;) in M, we see that N =
~ I w;—1
(M\v|S))u U U Six[—1,1]. Therefore we have the following isomorphisms
i=1 j=1

l l
HE(S;FY) = @ Hg(S;FY) & @ Hg(S;Fr)»

(4) i=1 i=1
HE(N;F*) = Hg(M\v|SIFY) & € Hg(S;Fh) !

i=1

~ |l

wi;—1
where Hg(S;FF)=! = @ Hg(S;F*). Note that the maps iy,i_ : m(S;) —
7 (M) % GL(F, k) factor through (M \ v|S|). Therefore
(5) b5 (Si) > by (M A\ v|S),i=1,...,1

by Lemma 4.8 below. )
First consider the case b (M \ v|S|) = 0. In that case it follows from the isomor-

I
phisms in (3) and (4) that @ Hy(S;; F*) = 0, hence b5(S;) =0 foralli =1,...,1.
i=1

Now assume that b3 (M \ v|S|) > 0. It follows immediately from the isomorphisms
in (3) and (4) and from the inequality (5) that { = 1. But since ¢ is primitive it also
follows that wy; = 1, i.e., S is connected. O
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We will make use of the following lemma several times.

Lemma 4.8. Let V' be an F-vector space. Let A be a group and o : A — GL(V) a
representation. If ¢ : B — A is a homomorphism, then Hy*?(B;V) — HE(A; V) is
surjective. Furthermore if ¢ is an epimorphism, then Hy°?(B; V) — H{(A; V) is an
1somorphism.

Proof. The lemma follows immediately from the commutative diagram of exact se-
quences

0 — {alp®)v—vbeBveV} — V — Hy(B;V) — 0

| | |
0 — A{ala)v—vjaecAveV} — V — Hy(AV) — 0

and the observation that the vertical map on the left is injective (respectively an
isomorphism). O

Proposition 4.9. Let ¢ € H'(M) be primitive and A% (t) # 0. Let S := S# denote
the same surface as in Proposition 4.6. Then
1) = des (A3(1)).

Proof. Let N be M cut along S. Since A¢(t) # 0, we have H(S;F*) = HS(N;F*) as
F-vector spaces (see (2) in the proof of Proposition 4.7). First assume that 0§ (.S;) =0
for every component S; of S. Then HS(S;F*) = H§(N;F*) = 0. This implies that
HE(M;F*[t*1]) = 0 from the exact sequence (2) in the proof of Proposition 4.5, hence
AG(t) =1

Now assume that b5 (S;) # 0 for some i. By Proposition 4.7 S is connected. Hence
N is connected. It follows from Lemma 4.8 that the maps iy, i_ : H§(S;F*) —
H§(N;F*) are surjective. Since H(S;F¥) = H§(N;F*) it follows that i, and i_
induce isomorphisms on Hg (S;F*). Note that this argument uses that S is connected.

Let b := b3(S) = b3 (N). Picking appropriate bases for Hg(S;F*) and Hg(N;F*)
the sequence (2) becomes

F* @p Flt¥] 2920 B @p F[tFY] — HS(M; FF[tEY]) — 0,

where J : F®* — F® is an isomorphism. It follows that Hg(M;FF[t!]) = F° =
H(S;F*). The lemma now follows from Lemma 2.1. O

We note that from Propositions 4.7 and 4.9 we immediately get the following useful
corollary:

Corollary 4.10. If A§(t) # 1 and A{(t) # 0, then there exists a Thurston norm
minimizing surface which is connected.

Proposition 4.11. Assume that OM is empty or consists of tori. Let ¢ € H*(M)
be primitive and A(t) # 0. Let S = S# denote the same surface as in Proposition
4.6. Then

b3 (S) = deg (A3 (1))
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Proposition 4.6. Let N be M cut along S = S#. Let I' := {i € {1,...,1}|S; closed}
and I” = {i € {1,...,l}|5; has non—empty boundary}. Denote the union of wj
parallel copies of S;,i € I', by S” C S. Clearly b3(S) = b5(S5").

Note that we can write ON = 5/ U S~ U W for some surface W where S’ and
S!. are the images of the two canonical inclusion maps of S — N. It follows from
Lemmas 4.1 and 4.2 that the long exact sequence (2) becomes

0 — HX(S:F*) @p FIHY] 22225 HO(N;FF) @p FiY] — HY(M; FE[H1]) — 0.

Clearly we are done once we show that i_, i, : HY(S";F*) — H$(N;F*) are isomor-
phisms. Considering the sequence with F(t)—coefficients it follows that H$(S’; F¥) and
H$(N;F*) have the same dimension as F-vector spaces. It is therefore enough to show
that i_ and i, are injections, or equivalently that the maps H$(S’,; F*) — H$(N;F*)
are injections.

Consider the short exact sequence

Hg'(N, Sy F*) — H5 (S} F*) — Hy (N;F*).
By Poincaré duality and by Lemma 4.12 in Section 4.3 we have
H$(N, S ;F*) = HY(N,S” UW;F") = Homp(HJ (N, S” UW;F") F).

Here @ is the adjoint representation of o which is defined in the first paragraph of
Section 4.3.

Claim.
HF(N,S" UW;F*F) =o.

Recall that

w;—1 w;—1
N=M\vSlu ] sSixo1u ] [ Sixo1]
iel’ j=1 iel” j=1

which equals the decomposition of N into connected components. Clearly there exists
a surjective map

¢ : {components of S UW} — {components of N},

such that Sy C 9(¢(Sp)) for every component Sy of S” UW. Therefore it follows from
Lemma 4.8 that HF(S” UW;F8[t]) — HF(N;F*[t*1]) is surjective. The claim now
follows from the long exact homology sequence. O

Now we can conclude the proof of Theorem 3.1.

Proof of Theorem 3.1. Without loss of generality we can assume that ¢ is primi-
tive since the Thurston norm and the degrees of twisted Alexander polynomials are
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homogeneous. Let S be the weighted surface from Proposition 4.6. Let S := S#. By
Lemma 4.4 we have

l[¢]lr max{0, by () — (bo(S) + b2(5)) }
> bi(S) = (bo(S) + ba2(5))

= L(b3(S) — (b(S) + b5 (S))) -

The theorem now follows immediately from Propositions 4.5, 4.1, 4.9, 4.11 and Lemma
2.2.
O

4.3. Duality arguments. In this section we clarify a delicate duality argument.
Since this is perhaps of independent interest, and since we need it in [F05b] we will
explain this in the non—commutative setting.

In this section let R be a (possibly non—-commutative) ring with involution r +— 7
such that ab = b-@. Let V be a right R-module together with a map 3 : 7 (M) —
GL(V, R). This representation 3 can be used to define a left Z[m (M )]-module struc-
ture on V which commutes with the R-module structure. Pick a non-singular R-
sesquilinear inner product (, ) : V x V — R. This means that for all v,w € V and
r € R we have

(vr,w) = (v,w)r, (v, wr) =7(v,w)

and (, ) induces via v — (w — (v,w)) an R—module isomorphism V = Homg(V, R).
Here we view Hompg(V, R) as right R—module homomorphisms where R gets the right
R-module structure given by involuted left multiplication. Furthermore consider
Hompg(V, R) as a right R—module via right multiplication in the target R.

There exists a unique representation 3 : 7 (M) — GL(V, R) such that

(B(g~ v, w) = (v, B(g)w)

for all v,w € V, g € m(M). Note that 3 induces a left Z[m; (M)]-module structure on
V' (which is possibly different from that induced from 3) which commutes with the R—
module structure. To clarify which Z[m (M )]-module structure we use, we sometimes
denote V with the Z[m; (M)]-module structure induced from 3 (respectively 3) by

V(B) (respectively V(8)). Note that they are the same viewed as R—modules.

Lemma 4.12. [KL99a, p. 638] Let X be an n-manifold, V an R-module and (3 :
m(X) — GL(V) a representation. Let (, ) :V xV — R be a non—singular sesquilin-
ear inner product as above. If R is a PID then

HP_(X;V(8)) = Homp(H}(X,0X;V(5)), R) ® Extg(H.(X,0X;V (7)), R)

as R—modules.
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Here we equip H,.(—, V), H*(—, V) with the right R—module structures given on V.
Also for a right R—module H we view Hompg(H, R) as a right R—module homomor-
phisms where R gets the right R—module structure given by involuted left multipli-
cation. We consider Hompg(H, R) as a right R—module via right multiplication in the
target R.

Proof. Let m := m(X). Let V(8) = V(B) as R—modules equipped with the right
Z[m (M))}-module structure given by v - g := 3(g~')v for v € V(3) and g € 7. By
Poincaré duality

H,_{(X;V(8)) = H'(X,0X;V(8)') == H;(Homy (C.(X,0X), V(5))),
where X denotes the universal cover of X. Using the inner product we get a map

Homy (C.(X,0X),V(8)) — Hompg(Cu(X,0X) @z V(5), R)
fo= ((c@w)— (f(c),w)).

Note that this map is well-defined since (3(g~')v, w) = (v, B(g)w). It is now easy to

see that this defines in fact an isomorphism of right R-module chain complexes.
Now we can apply the universal coefficient theorem for chain complexes over the

PID R to C,(X,0X) ®zix V(B). The lemma is now immediate. O

Now assume that the field F has a (possibly trivial) involution. We equip F* with
a hermitian inner product, denoted by (, ).

Proposition 4.13. Let M be a 3—manifold whose boundary is empty or consists of
tori and let ¢ € H' (M) be non—trivial. Let a: m (M) — GL(F, k) be a representation
such that A$(t) # 0.

(1) If M is closed, then

AS(t) = AG(t™).

(2) If M has non—empty boundary, then AS(t) = 1.
In particular deg (A3(t)) = bs(M)deg (AF(t)). Furthermore, if a is unitary, i.e.
a = a, then deg (Ag(t)) = bs(M) deg (A§(1)).
Proof. We extend the involution on F to F[t*!] by taking ¢ — ¢~1. Now equip F¥[t*!]
with the hermitian inner product defined by (vt!, wt/) := (v, w)t't=7 for all v,w € F*.
To simplify the notation we denote F*[t*!'](a @ ¢) and F*[t*'](ax @ ¢) just by FF[t*!].
The Z[m, (M)]-module structure on F¥[t*1] will always be clear from the context.

Note that F[t*!] is a PID. We apply Lemma 4.12 with R = F[t*1], V = F*[t*!] and

0 =a® ¢, and get

HE™ (M) = Homggen (HYP(M, OM; FH[1]), F[t])
@ Extypey (HS®? (M, OM; FF[t+), F[t+1))

as F[t*']-modules. Since A%(t) # 0, HS®?(M;F*[t*']) is F[t*'] torsion by Lemma
4.2. Hence the first summand on the right hand side is zero.
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By Lemma 4.1 HE®?(M; F*[#*1)) is F[t£'] torsion. From the long exact homology
sequence of the pair (M, M) it follows that Ho®?(M, dM; FF[t£1]) is also F[t+1]-
torsion. Since HI®?(M, OM;F*[t*1]) is a finitely generated F[t+!]-torsion module and
F[+'] is a PID, Extepey (HO2°(M, OM; FH[t1]), F[£1]) & Ho (M, OM; FF[F1)).

If M is closed then we get HS(M; FE[t51]) &2 HO® (M F*[t+!]). Note that a @ ¢ =
a ® (—¢). Therefore we deduce that Ag(t) = AF(¢t™1).

If OM # 0, then by Lemma 4.8 the map H@(@M;Fk[til]) — HS”W(M; Fr[t£1)
is surjective, hence HS®?(M, OM;F*[t*1]) = 0. This shows that HS(M;F*[#£!])) = 0
and hence A§(t) = 1. O

5. THE CASE OF VANISHING ALEXANDER POLYNOMIALS

Let L be a boundary link (for example a split link). It is well-known that the mul-
tivariable Alexander polynomial of L has to vanish (cf. [Hi02]). Most of the twisted
multivariable and twisted one-variable Alexander polynomials vanish as well. (See
[FKO05] for the definition of twisted multivariable Alexander polynomials.) Therefore
Theorem 3.1 can in most cases not be applied to get lower bounds on the Thurston
norm.

It follows clearly from Propositions 4.5 and 4.11 that the condition A{(t) # 0 is
only needed to ensure that there exists a surface S dual to ¢ with b5(S) = deg (A§(?))
and 05 (S) = deg (A$(¢)). The following theorem can often be applied in the case of
link complements.

Theorem 5.1. Let M be a 3-manifold such that H'(M) = HY(OM) is an injection
where ©* is the inclusion—induced homomorphism. Let N be a torus component of
OM and ¢ € H'(N) N Im(*) primitive, and o : 71(M) — GL(F, k) a representation.
Then

1) (O)llras > 7 des(Ag () — 1

It is not hard to show that we can find a Thurston norm minimizing surface dual
to (i*)7'(¢) which is connected and has boundary (cf. e.g. [Ha05, Corollary 10.4] or
Turaev [Tu02b, p. 14]). The theorem now follows from the proof of Theorem 3.1.

We will apply this theorem later to the complement of a link L =L, U---UL,, C
S3. In this case we can take ¢ to be dual to the meridian of the " component
L;. Then it follows from the proof of Theorem 5.1 and a standard argument that
I|1(*)"Y(P)||lr = 2genus(L;) — 1, where genus(L;) denotes the minimal genus of a
surface in X (L) bounding a parallel copy of L;. Similar results were obtained by
Turaev [Tu02b, p. 14] and Harvey [Ha05, Corollary 10.4].

The following observation will show that in more complicated cases there is no
immediate way to determine by(S): if L = Ly U Ly is a split oriented link, and
¢ : Hi(X(L)) — Z given by sending the meridians to 1, then a Thurston norm
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minimizing surface S dual to ¢ is easily seen to be the disjoint union of the Seifert
surfaces of Ly and Ls. In particular by(S) = 2. On the other hand if L; and Ly are
parallel copies of a knot with opposite orientations and ¢ : Hy(X (L)) — Z is again
given by sending the meridians to 1, then the annulus S between L; and L, is dual
to ¢ with Euler characteristic zero. In particular it is connected, hence by(S) = 1.
Summarizing, we have two situations in which the first twisted Alexander polynomials
vanish, ¢ is of the same type, but by(S) differs.

6. MAIN THEOREM 2: OBSTRUCTIONS TO FIBEREDNESS

Theorem 6.1 (Main Theorem 2). Let M be a 3-manifold and ¢ € H*(M) such
that (M, @) fibers over S* and such that M # S* x D>, M # S' x S2. If a : m (M) —
GL(F, k) is a representation, then AY(t) # 0 and

Igllr = 5 deg(r(M, ¢, a))
= 3 (deg(A7(t)) — deg (A§(t)) — deg (A3(2))).

If o is unitary, then also

ollr = (deg(A“( )) = (1+bs(M)) deg (AG(1)) ).

Proof. Let S be a fiber of the fiber bundle M — S'. Clearly S is dual to ¢ €
H'(M) and it is well known that S is Thurston norm minimizing. Denote by M
the infinite cyclic cover of M corresponding to ¢. Then an easy argument shows
that H®(M;FF[t=1]) = H*(M;F*) (cf. also [KL99a, Theorem 2.1]). In particular
H (M FF[ER]) = HP (S; FY).

By assumption S # D? and S # S2. Therefore by Lemmas 4.4 and 2.1 we get

lollr = x-(5)
= b1(S) = bo(S) — b2(S)

= 3 (07(8) = b5 (9) — b3(9))
= % (dlm]F(Hl (M; FR [+ )) dim]F(Hg(M;Fk[tﬂ])) - dim]F(Hg(M;Fk[tﬂ])))
= 7 (deg (AF(t)) — deg (AG(t)) — deg (A5(1)))
= deg(7(M, ¢, )).
The unitary case follows now immediately from Proposition 4.13. U

Since ||¢||7 might be unknown for a given example the following corollary gives a
more practical fibering obstruction.

Corollary 6.2. Let M be a 3-manifold and ¢ € H' (M) such that (M, ¢) fibers over
SY and such that M # S*' x D?>. M # S' x S%. Let F and F’ be fields. Consider the
untwisted Alezander polynomial Ay(t) € F[tE]. For any representation o : (M) —
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GL(F', k) we have

deg(Ay(t)) — (1 +b5(M)) = l(Oleg (AT (t)) — deg (AG(t)) — deg (A5(1)) ).

k
Proof. The corollary follows immediately from applying Theorem 6.1 to the trivial
representation m (M) — GL(F, 1) and to the representation o. O

Let o : m (M) — GL(R, k) be a representation where R is a Noetherian UFD,
for example R = Z or a field F. Recall that in this situation Cha [ChO03] defined
the twisted Alexander polynomial A¢(t) € R[t*!] which is well-defined up to mul-
tiplication by a unit in R[t*!]. Given a prime ideal p C R we denote the quo-
tient field of R/p by F,. Furthermore we denote by «, the representation 7, (M) <
GL(R, k) — GL(F,, k) where GL(R, k) — GL(IFy, k) is induced from the canonical
map 7, : R — R/p — F,.

Proposition 6.3. Let M be a 3—manifold whose boundary is empty or consists of
tori and let R be a Noetherian UFD. Let ¢ € H' (M) be non—trivial and o : (M) —
GL(R, k) a representation. Then A" (t) is non—trivial and

o1l = ;- dea(r(M, 6, )

for all prime ideals p if and only if AY(t) € R[t*!] is monic and

161l = ;- dea(r(M, 6.0))

We will prove Proposition 6.3 at the end of this section. By combining Theorem 6.1
and Proposition 6.3 we immediately get the following theorem.

Theorem 6.4. Let M be a 3-manifold. Let ¢ € HY (M) be non—trivial such that
(M, @) fibers over S' and such that M # S' x D> M # S' x S%. Let R be a
Noetherian UFD and o : (M) — GL(R, k) a representation. Then A (t) € R[t*!]
s monic and

oIl = 1 des(r(M, 9, a).

Remark. (1) Theorem 6.4 shows that the fibering obstructions from Theorem 6.1
contain Neuwirth’s theorem that Ax(t) € Z[t*!] is monic for a fibered knot.
(2) Cha’s methods in [Ch03] can be used to show that if (M, ¢) fibers over S,
OM # () and if o : m (M) — GL(R, k), R a Noetherian UFD, is a represen-
tation factoring through a finite group G, then the corresponding Alexander
polynomial A¢(¢) € R[t*!] is monic. Thus Theorems 6.1 and 6.4 generalize
Cha’s results.
(3) The main significance of our results lies in the fact that they also give fibering
obstructions for closed manifolds.
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(4) Our approach in Theorem 6.1 also have advantages from a computational
point of view since it is easier to compute Alexander polynomials over several
PID’s F,[t*!] than over the ring Z[t*!].

Proof of Proposition 6.3. We only prove this proposition in the case that M is closed.
The case that 0M is a non—empty collection of tori is very similar. Note that in either
case x(M) = 0.

We first make use of an argument in the proof of [Mc02, Theorem 5.1]. Choose
a triangulation 7 of M. Let T be a maximal tree in the 1-skeleton of 7 and let T”
be a maximal tree in the dual 1-skeleton. We collapse T" to form a single 0-cell and
join the 3-simplices of 7" to form a single 3-cell. Denote the number of 1-cells by n.
It follows from M closed that x (M) = 0, hence there are n 2-cells. From the CW
structure we obtain a chain complex C, (M) of the following form

0 — C3(M) 2 Co(31) 2 Oy (M) 25 Co(N) — 0
where Cy(M) = Z[r(M)] for i = 0,3 and Cy(M) = Z[rx,(M)]" for i = 1,2. Let
A; i =0,...,3 over Z[m (M)] be the matrices corresponding to the boundary maps

0; : C; — C;_1 with respect to the bases given by the lifts of the cells of M to M. We
can arrange the lifts such that

A3 = (1_9171_927"'a1_gn)t7

Ay = (1—=hy,1—hgy...;1—hy),
where {g1,...,9,} and {hi,..., h,} are generating sets for m (M). Since ¢ is non—
trivial there exist 7, s such that ¢(g,) # 0 and ¢(hs) # 0. Let Bs be the r-th row of
As. Let By be the result of deleting the r-th column and the s—th row from A,. Let
By be the s—th column of A;. Note that

det((a ® ¢)(B3)) = det(id — (a ® ¢)(g,)) = det(id — ¢(g-)a(gr)) # 0
since ¢(g,) # 0. Similarly det((ow ® ¢)(B1)) # 0 and det((oy, ® ¢)(B;)) # 0,1 = 1,3
for any prime ideal p. We need the following theorem which can be found in [Tu01].

Theorem 6.5. [Tu01, Theorem 2.2, Lemma 2.5, Theorem 4.7] Let S be a Noetherian
UFD. Let 3 : (M) — GL(S, k) be a representation and p € H'(M).
(1) Ifdet((B® ) (By)) # 0 fori=1,2,3, then H’(M; S*[t='])) is S[t='] torsion
for all 1.
(2) If HP(M; S*[t*1)) is S[t*']torsion for all i, and if det((8 ® ¢)(B;)) # 0 for
i =1,3, then det((8 ® ¢)(B2)) # 0 and

1)i+1

Hdet (6®¢)(B e ﬁ( ) =7(M,p,[).

1=0
First assume that A7 ( ) # 0 and

ol =+ (deg (AT7 () — deg (Ag" () — deg (45" (1))
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for all prime ideals p. By Corollary 4.3 we get A*(t) # 0 for all 4, in particular
H;" (M;FE[t1]) is Fp[t=']-torsion for all 7 and all prime ideals p. It follows from
Theorem 6.5 that det((a, ® ¢)(Bs)) # 0. Clearly this also implies that det((a ®
®)(Bsy)) # 0. Since we already know that det((aw ® ¢)(B;)) # 0 for i = 1,3 it follows
from Theorem 6.5 that H*(M; RF[t*!]) is R[t*!]-torsion for all i.

It follows from [Tu01, Lemma 4.11] that A§(¢) divides det((a® ¢)(By)) = det(id —
& (hs)a(hs)) which is a monic polynomial in R[t*!] since ¢(h,) # 0 and since det(a(h,))
is a unit. But then A§(¢) is monic as well. The same argument (again using
[Tu01, Lemma 4.11]) shows that A$(¢) is monic. It follows from Lemma 4.1 that
H$(M; RF[t*']) = 0, hence Ag(t) =1

Denote the map R — R/p — F, by m,. We also denote the induced map R[t*!] —
F,[t*!] by mp. It follows from Theorem 6.5 that

[ (800 = [Tm (el 0)(5))
_ Hdet((ap®¢)( )

Z

i+1

- H A (£
for all prime ideals p. By assumption we get
3
(3 « 1 (3
l{;z )"+t deg (my (AF( EZ ) deg (AT (1) = o]
=0

for all p. Since A?(t) is monic for ¢ = 0,2, 3 it follows that

deg (my (A7(t)) ) = deg (mq (AT(2)))
for all prime ideals p and g. Since R is a UFD it follows that A{(¢) is monic. Hence
deg (mp, (AL (t))) = deg (A‘?‘( )) for all ¢ and all prime ideals p and clearly

lollr = (deg (AT (#)) — deg (AG(t)) — deg (AS(2)) ).

Now assume that Ag(t ) € R[t*'] is monic and

lollr = —(deg (AT (#)) — deg (AG(t)) — deg (AS(2)) ).

The same argument as above shows that A%(t), ¢ = 0,2, 3, are monic as well. Recall
that det(a ® ¢)(B;), i = 1,3, are monic polynomials. It follows from Theorem 6.5

that
3

det(a ® ¢)(By) = det(a ® ¢)(B;) det(a ® ¢)(B3) H (A?(t))(_l)iﬂ
i=0
is a quotient of monic non-zero polynomials. In particular det(a,®¢)(By) = mp(det(a®
¢)(Bz)) # 0. It now follows immediately from Theorem 6.5 that H;* (M;F}[t¥'])) is
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FF,[t!]-torsion for all 7. In particular AJ?(¢) # 0. Using arguments as above we now
see that

deg(T(M,¢,0,)) = 1 (deg (A" () — deg (Ag* () — deg (A3 (1))
5 2 (=1) deg (AT (1))

e

@
Il
=)

I
=
e

(—=1)"*" deg (m (A(1)))

(—1)""" deg (A7(t))

0

-
Il

]

1
k

0
|7

S5

O

Remark. Let o : m (M) — GL(Z, k) be a representation. Then it is in general not
true that AJ” () = m,(A%(¢)) € F,[t*!] (we use the notation of Proposition 6.3), not
even if (M, ¢) fibers over S'. Indeed, let K be the trefoil knot and ¢ : m (X (K)) — S3
the unique epimorphism. Consider the representation a(y) : m (X (K)) — GL(Z,2)
as in Section 7.1. Then deg (m3(A$(t))) = 2, but deg (AT?(t)) = 3.

7. EXAMPLES

We applied our results to many explicit situations. In all reasonable situations we
found the correct Thurston norm bounds and we found whether a manifold fibers or
not.

7.1. Representations of 3—manifold groups. In our applications we first find
homomorphisms 71 (M) — Sk, and then find a representation of Si. The first choice
of a representation for Sy that comes to mind is S — GL(IF, k) where Sy acts by
permuting the coordinates. But Sy, leaves the subspace {(v,v,...,v)jv € F} C F*
invariant, hence this representation is ‘not completely non—trivial’. To avoid this we
prefer to work with a slightly different representation of Si. If ¢ : m (M) — Sk is a
homomorphism then we consider

a(p) : m (M) 5 Sk — GL(V,—1(F)),

where
I+1

Vi(F) == {(v1,...,vi41) € FHD 0y =0}
=1

Clearly dimp(V;(FF)) =1 and S;4; acts on it by permutation. Since a(yp) is a subrep-
resentation of a unitary representation, a(y) is unitary itself. These representations
are easy to find and remarkably useful for our purposes.

We point out that the fundamental groups of 3—manifolds for which the geometriza-
tion conjecture holds are residually finite (cf. [Th82] and [He87]). In particular most
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(or perhaps all) 3-manifolds have many homomorphisms to finite groups, and in
particular they have many interesting finite representations.

7.2. Knots with up to 12 crossings: genus bounds and fiberedness. In this
section we confirm bounds on the genus of all knots with 12 crossings or less. Also
we detect all non—fibered knots with 12 crossings or less, some of which are new dis-
coveries to our knowledge.

I. Knot genus:

There are 36 knots with 12 crossings or less for which genus(K) > 3 deg Ax(t).
The most famous and interesting examples are K = 11491 (the Conway knot) and
11409 (the Kinoshita—Terasaka knot). Here we use the knotscape notation. We will
show that in all cases the correct genus is detected by twisted Alexander polynomials.

Using geometric methods Gabai [Ga84] showed that the genus of the Conway knot
is 3 and that the genus of the Kinoshita—Terasaka knot is two. The computation of
the genus for all 11—crossing knots was done by Jacob Rasmussen, using a computer
assisted computation of the Oszvath-Szabé knot Floer homology (cf. also [OS04a]
and [OS04b)).

We first consider the Conway knot K = 1149 whose diagram is given in Figure
3. This knot has Alexander polynomial one, i.e., the degree of Ak (t) equals zero.
Furthermore this implies that m; (X (K))) is perfect, i.e., 7 (X (K))™ = 7 (X (K))®
for any n > 1. (For a group G, G™ is defined inductively as follows; G©) := G and
G = [G™, G™].) Therefore the genus bounds of Cochran [Co04] and Harvey
[Ha05] vanish as well. The fundamental group (X (K)) is generated by the meridians

F1GURE 3. The Conway knot 1149; and the Kinoshita—Terasaka knot 1149.

a,b, ..., k of the segments in the knot diagram of Figure 3. The relations are
a = jbj=t, b = fefTl, ¢ = gldg, d = k7lek,
e = h7'fh, f = igi7', g = ethe, h = c lic,
i = aja”t, j = ikil, k = e lae.
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Using the program KnotTwister [F05] we found the homomorphism ¢ : m (X (K)) —
S5 given by

A = (142), B = (451), C = (451), D (453)
E = (453), F = (351), G = (351), H = (431),
I = (351), J = (352), K = (321),

where we use cycle notation. The generators of m (X (K)) are sent to the element
in S5 given by the cycle with the corresponding capital letter. We then consider
a = alp) : m(X(K)) % S5 — GL(Vy(Fy)). Using KnotTwister we compute
deg (Ag(t)) = 0 and we compute the twisted Alexander polynomial to be

AY(t) = 146t + 9t + 126° +° 4+ 3¢5 + 17+ 3¢5+ + 12¢M + 912 4 61 + 14 € Fya[t™].

Note that « is unitary and we can therefore apply Theorem 3.2 which says that if
A$(t) # 0, then

(deg (A5(1)) — deg (AS (1)) + 3.

1
>
genus(K) > % 5

Therefore in our case we get

- 14 1:§:2.25.
2 8

Since genus(K) is an integer we get genus(K) > 3. Since there exists a Seifert surface
of genus 3 for K (cf. [Ga84] and Figure 1) it follows that the genus of the Conway
knot is 3.

For the Kinoshita—Terasaka knot K we found a map ¢ : m (X (K)) — S5 such that
A% (1) € Fi5[t*!] has degree 12 and deg (Ag(@(t)) = 0. Tt follows from Theorem
3.2 that genus(K) > ¢ -12+ 3 = 2. A Seifert surface of genus two is given in [Ga84].
Note that in this case our inequality becomes equality, hence ‘rounding up’ is not
necessary. Our table below shows that this is surprisingly often the case.

Table 1 gives all knots with 12 crossings or less for which deg(Ax(t)) < 2 genus(K).
We obtained the list of these knots from Alexander Stoimenow’s knot page [Sto]. One
can also find the genus of all these knots on his knot page. We compute twisted
Alexander polynomials using KnotTwister and 4-dimensional representations of the
form a(p) : m (X (K)) 2 S5 — GL(V4(Fy3)). Our genus bounds from Theorem 3.2
give (by rounding up if necessary) the correct genus in each case.

Using KnotTwister it takes only a few seconds to find such representations and to
compute the twisted Alexander polynomial.

genus(K) >

|~

II. Fiberedness:

Consider the knot K = 12;345. Its Alexander polynomial equals Ak (t) =1 — 2t +
3t? — 213 + t* and its genus equals two, therefore K satisfies condition (1). It follows
from Corollary 6.2 that if K were fibered, then for any field F and any representation
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Knotscape name 11401 11409 11412 11434 11440 11464

genus bound from Ag(t)| 0 0 2 1 2 1
genus bound from A§(¢) | 2.25 | 2.00 | 3.00 | 2.00 | 3.00 | 2.00
Knotscape name | 11519 | 121311 | 121316 | 121319 | 121339 | 121344

genus bound from Ag(t) | 2 1 2 1 1 2
genus bound from A (¢) | 3.00 | 2.00 | 2.50 | 3.00 | 2.00 | 3.00
Knotscape name | 121351 | 121375 | 121412 | 121417 | 121420 | 121500

genus bound from Ag(t) 2 2 1 1 2 2
genus bound from A () | 3.00 | 3.00 | 2.00 | 3.00 | 3.00 | 3.00
Knotscape name | 121519 | 121544 | 121545 | 121552 | 121555 | 121556

genus bound from Ag(t) 2 2 2 2 2 1
genus bound from A (¢) | 3.00 | 3.00 | 3.00 | 3.00 | 3.00 | 2.00
Knotscape name | 121581 | 121601 | 121600 | 121609 | 121718 | 121745

genus bound from Ag(t) | 1 0 1 1 0 1
genus bound from A (¢) | 2.00 | 1.25 | 2.00 | 2.00 | 2.00 | 2.00
Knotscape name | 121807 | 121953 | 122038 | 122006 | 122100 | 122118

genus bound from Ag(t)| 1 2 2 2 2 2

genus bound from A (¢) | 2.00 | 3.00 | 3.00 | 3.00 | 3.00 | 3.00

TABLE 1. Computation of degrees of twisted Alexander polynomials.

a:m (M) — GL(F, k) the following would hold:

dog(Arc(t)) = 1 (deg (A7 (1)) — deg (A5(1))) + 1.

We found a representation o : 7r1( (K)) — Sy such that for the canonical represen-
tation a : m (X (K)) — Sy — GL(F3,4) given by permuting the coordinates, we get
deg(A¢(t)) = 7 and deg (A§(t)) = 1. We compute

Jdeg (AF(1) — §deg (A4(0)) +1 = = #4 = deg(Ax().

Hence K is not fibered.

Now consider a : m (X (K)) — Sy — GL(Z, 4), the second map being the canonical
representation induced from permutation on the basis elements. Then according to
Proposition 6.3 our computation can also be interpreted as saying that AY(t) € Z[t*!]
is not monic.

Similarly we found altogether 13 12—crossings knots which satisfy condition (1) but
which are not fibered; we list them in Table 2. As we mentioned in the introduction,
Stoimenow and Hirasawa showed that the remaining 12—crossing knots are fibered if
and only if they satisfy condition (1). Corollary 6.2 completes the classification of all
fibered 12—crossing knots.
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Knotscape name | 121345 | 121498 | 121502 | 121546 | 121567 | 121670 | 121682
Order of permutation group k 4 5 5 3 5 5 4
Order p of finite field 3 2 11 2 3 2 3
Knotscape name | 121752 | 121771 | 121803 | 121938 | 122089 | 122103
Order of permutation group k 3 3 5 5 5 4
Order p of finite field 2 7 7 11 2 3

TABLE 2. Alexander polynomials of non—fibered knots

7.3. Closed manifolds. In this short section we intend to show that twisted Alexan-
der polynomials are also very useful for studying closed manifolds.

Let K C S® be a non-trivial knot and ¢ a generator of H'(X (K)). Since H*(X(K)) =
H'(Mf) we will denote the corresponding generator of H'(My) by ¢ as well. Let S
be a minimal Seifert surface for K. Adding a disk to S along the boundary clearly
gives a closed surface S dual to ¢ € H' (M), hence ||¢|| 7.0, < |o|7,x(x)—1. Gabai

[Ga87, Theorem 8.8] showed that S is in fact norm minimizing. In particular for a
non-trivial knot K

o700 = ||Pl| 7 x () — 1 = 2 genus(K) — 2.

If K fibers, then clearly (M, ¢) fibers over S as well. Gabai [Ga87] showed the
converse; a knot K is fibered if and only if M is fibered.

We confirm Gabai’s results for some cases. We applied our theory together with
KnotTwister to Mg where K is one of the 36 knots with 12 crossings or less with
genus(K) > 3 deg(Ak(t)). In each case we found the correct Thurston norm bound
for M. Furthermore, if K is one of the 13 non—fibered knots with 12 crossings with
monic Alexander polynomial and deg(Ax(t)) = 2genus(K), then using Corollary
6.2 and KnotTwister we could show that twisted Alexander polynomials detect that
these manifolds are not fibered.

7.4. Satellite knots. We will show how to find lower bounds for the genus of satellite
knots. We will see that even though we are interested in the genus of a knot we
sometimes have to study the Thurston norm of a link complement.

Let K and C be knots in S3. Let A C S%\ K be a simple closed curve, unknotted
in S3. Then X(A) is a solid torus. Let ¥ : 9X(A) — 0X(C) be a diffeomorphism
which sends a meridian of A to a longitude of C, and a longitude of A to a meridian
of C. The space

X(A4) Uy X(C)
is a 3-sphere and the image of K is denoted by S := S(K,C, A). We say S is the

satellite knot with companion C, orbit K and axis A. Note that we replaced a tubular
neighborhood of C' by a knot in a solid torus, namely K C X (A).
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In [FT05] the first author and Peter Teichner study examples where K is the knot
61, C is an arbitrary knot, and A is a knot as in Figure 4. In [F'T05] they show that

FIGURE 4. Knot 6; with choice of A and considered as a knot in the
solid torus X (A).

|

all these knots are topologically slice, but it is not known whether they are smoothly
slice or not. Chuck Livingston asked what the genus of these satellite knots equals.

Proposition 7.1. Let K C S? be a non—trivial knot, and A C X (K) a simple closed
curve such that [A] = 0 € H{(X(K)), which is unknotted if considered as a knot in
S3. Let C be another knot. Now let S := S(K,C, A) be the satellite knot. Then

genus(8) = 5 (I8l + 1)

where X 1= S3\ (VK UvA) and ¢ : H(X) — Z is given by sending the meridian of
K to one, and the meridian of A to zero.

Proof. For convenience let us identify 0X with K x S'U A x S1. We also identify K
with K x {x} C 0X. It follows from [Sc53], [BZ03, p. 21] that (F" denotes a surface)

genus(.S) = min{genus(F')|F C X properly embedded and 0F = K}

since the linking number of A and K equals zero. This also implies that ¢ : Hq(A X
SY — Hy(X) 2. 7 is the zero map. Similar to the proof that for a knot K we have
o] x (k) = 2 genus(K) — 1 we can now show that
l|6|lr = min{2genus(F) — 1|F C X properly embedded and K C OF, F' dual to ¢}
= min{2genus(F') — 1|/F C X properly embedded and 0F = K}
= 2genus(S) — 1.
U

Hence in order to determine the genus of S(K,C, A) for any knot C' we have to
determine the Thurston norm of ||¢||7,x. For X, we compute that the untwisted
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Alexander polynomial A;(t) = 0. Hence we need twisted coefficients to get non—
trivial bounds.

Now consider the representation « : m(X) — GL(Fy3,1) given by a(ux) = 6 and
apa) = 2, where pg (respectively p4) denotes the meridian of K (respectively A).
For X we compute A$(t) = 1+ 2t +2t> + 413 € Fy3[t*!]. Tt follows from Theorem 3.4
that |[¢||rx > 3.

Consider Figure 5. It shows the link K UA and a Seifert surface of genus one for K.
The knot A intersects this Seifert surface twice. Therefore adding a hollow 1-handle
gives a Seifert surface of genus two for K which does not intersect A. Therefore
||6]|r,x < 3. Hence ||¢||r.x = 3 and by Proposition 7.1 we get genus(S) = 2.

FIGURE 5. Seifert surface for K € S*\ K U A.

7.5. Ropelength. Using work of Freedman and He [FH91] Cantarella, Kusner and
Sullivan [CKS02, Corollary 22] showed that the Thurston norm can be used to give
lower bounds on the ropelength of a link component. They formulated a conjecture for
a certain link. This conjecture was proved by Harvey [Ha05, Section 8] using higher—
order Alexander polynomials. Using one—dimensional representations together with
Theorem 5.1 and Lemma 3.3 we can reprove this conjecture.

7.6. Dunfield’s link. We will show that our invariants also detect subtle examples
of pairs (X (L), ¢) where L is a link in S® and ¢ € H'(X (L)), which do not fiber over
St. Consider the link L in Figure 6 from [Du01]. Denote the knotted component
by L; and the unknotted component by Ls. Let x,y € H;(X (L)) be the elements
represented by a meridian of L; respectively Lo. Then the multivariable Alexander
polynomial equals

Axipy =vy —x—y+1€ZH (X(L))] = Zz=", y*].

The Alexander norm ball (cf. [Mc02] for a definition) and the Thurston norm ball
(which is determined in [FKO05]) are given in Figure 7. Dunfield [Du01] showed that
(X(L), ) fibers over S for all ¢ € H'(M) in the cone on the two open faces with

vertices (—3,1),(0,1) respectively (0,—1), (3, —3). He also showed that (X(L), ¢)
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F1GURE 7. Alexander norm ball and Thurston norm ball for Dunfield’s link.

does not fiber over S* for any ¢ € H'(X (L)) lying outside the cone. Later in [FK05]
the authors completely determined the Thurston norm of X (L).

Now let ¢ be the homomorphism given by ¢(x) = 1, ¢(y) = —1. In that case ¢ is
inside the cone on an open face of the Alexander norm ball and A, (t) = 1 —3t+3t* —
t3 € Z[t*'] is monic. Hence the abelian invariants are inconclusive whether (X (L), ¢)
is fibered or not. On the other hand we found a representation m(X (L)) — S3 —
GL(Fy, 3) such that A¢(¢) = 0 € Fo[t*!]. Therefore (X (L), ) does not fiber over S*
by Theorem 6.1.

Note that the fact that (X (L), ¢) does not fiber over S! also follows from the fact
that ¢ is not in the cone on a top—dimensional open face of the Thurston norm ball
(cf. [Th86] and [Oe86]). But in this case, we do need to know the Thurston norm ball
for Dunfield’s link found in [FKO05|. In general completely determining the Thurston
norm ball is much harder than computing twisted Alexander polynomials.

REFERENCES

[BZ03] G. Burde and H. Zieschang, Knots, second edition, de Gruyter Studies in Mathematics, 5.
Walter de Gruyter & Co. , Berlin, 2003.

[CKS02] J. Cantarella, R. B. Kusner and J. M. Sullivan, On the Minimum Ropelength of Knots and
Links, Invent. Math. 150 (2002), no. 2, 257-286.

[Ch03] J. Cha, Fibred knots and twisted Alezander invariants, Trans. Amer. Math. Soc. 355 (2003),
no. 10, 4187-4200 (electronic).

[Co04] T. Cochran, Noncommutative knot theory, Algebr. Geom. Topol. 4 (2004), 347-398.



32 STEFAN FRIEDL AND TAEHEE KIM

[CF77] R. Crowell and R. Fox, Introduction to knot theory, reprint of the 1963 original. Graduate
Texts in Mathematics, No. 57. Springer-Verlag, New York-Heidelberg, 1977.

[Du01] N. Dunfield, Alezander and Thurston norms of fibered 3—manifolds, Pacific J. Math. 200
(2001), no. 1, 43-58.

[FH91] M. H. Freedman and Z. He, Divergence—free fields: Energy and asymptotic crossing number,
Ann. of Math. (2) 134 (1991), no. 1, 189-229.

[FO5] S. Friedl, KnotTwister, http://math.rice.edu/~ friedl/index.html (2005).

[FO5Db] S. Friedl, Reidemeister torsion, the Thurston norm and Harvey’s invariants, preprint (2005)

[FKO05] S. Friedl and T. Kim, Twisted Alexander norms give lower bounds on the Thurston norm,
preprint (2005).

[FT05] S. Friedl and P. Teichner, New topologically slice knots, preprint (2005)

[FVO05] S. Friedl and S. Vidussi, Twisted Alexzander polynomials and symplectic structures, in prepa-
ration (2005)

[Ga84] D. Gabai, Foliations and genera of links, Topology 23 (1984), no. 4, 381-394.

[Ga87] D. Gabai, Foliations and the topology of 3-manifolds. III, J. Differential Geom. 26 (1987),
no. 3, 479-536.

[GKMO05] H. Goda, T. Kitano and T. Morifuji, Reidemeister torsion, twisted Alexander polynomials
and fibered knots, Comment. Math. Helv. 80 (2005), no. 1, 51-61.

[Ha05] S. Harvey, Higher—order polynomial invariants of 3-manifolds giving lower bounds for the
Thurston norm, Topology 44 (2005), 895-945.

[Ha06] S. Harvey, Monotonicity of degrees of generalized Alexander polynomials of groups and 35—
manifolds, preprint arXiv:math. GT /0501190, to appear in Math. Proc. Camb. Phil. Soc. (2006)

[He87] J. Hempel, Residual finiteness for 3-manifolds, Combinatorial group theory and topology
(Alta, Utah, 1984), 379-396, Ann. of Math. Stud., 111, Princeton Univ. Press, Princeton, NJ,
1987.

[Hi02] J. Hillman, Algebraic invariants of links, Series on Knots and Everything, 32. World Scientific
Publishing Co., Inc., River Edge, NJ, 2002.

[HLNO04] J. A. Hillman, C. Livingston and S. Naik, Twisted Alezander polynomials of periodic knots,
preprint (2004) arXiv:math. GT/0412380.

[HT] J. Hoste and M. Thistlethwaite, Knotscape,  http://www.math.utk.edu/"~
morwen/knotscape.html

[JW93] B. Jiang and S. Wang, Twisted topological invariants associated with representations, Topics
in knot theory (Erzurum, 1992), 211-227, NATO Adv. Sci. Inst. Ser. C Math. Phys. Sci., 399,
Kluwer Acad. Publ., Dordrecht, 1993.

[Kir97] R. Kirby, Problems in low—dimensional topology, edited by Rob Kirby. AMS/IP Stud. Adv.
Math., 2.2, Geometric topology (Athens, GA, 1993), 35473, Amer. Math. Soc., Providence,
RI, 1997.

[KL99a] P.Kirk and C. Livingston, Twisted Alezander invariants, Reidemeister torsion and Casson—
Gordon invariants, Topology 38 (1999), no. 3, 635-661.

[KL99b] P. Kirk and C. Livingston, Twisted knot polynomials: inversion, mutation and concordan,
Topology 38 (1999), no. 3, 663-671.

[Kit96] T. Kitano, Twisted Alexander polynomials and Reidemeister torsion, Pacific J. Math. 174
(1996), no. 2, 431-442.

[KSW04] T. Kitano, M. Suzuki and M. Wada, Twisted Alexander polynomial and surjectivity of a
group homomorphism, University of Tokyo, Mathematical Sciences Publication 2004-36 (2004).

[Kr98] P. Kronheimer, Embedded surfaces and gauge theory in three and four dimensions, Surveys in
differential geometry, Vol. IIT (Cambridge, MA, 1996), 243-298, Int. Press, Boston, MA, 1998.

[Kr99] P. Kronheimer, Minimal genus in S* x M3, Invent. Math. 135 (1999), no. 1, 45-61.



THURSTON NORM, FIBERED MANIFOLDS AND TWISTED ALEXANDER POLYNOMIALS 33

[KM97] P. Kronheimer and T. Mrowka, Scalar curvature and the Thurston norm, Math. Res. Lett.
4 (1997), no. 6, 931-937.

[Lin01] X. S. Lin, Representations of knot groups and twisted Alexzander polynomials, Acta Math.
Sin. (Engl. Ser.) 17 (2001), no. 3, 361-380.

[Mc02] C. T. McMullen, The Alezander polynomial of a 3-manifold and the Thurston norm on
cohomology, Ann. Sci. Ecole Norm. Sup. (4) 35 (2002), no. 2, 153-171.

[MT96] G. Meng, C. H. Taubes, SW = Milnor torsion, Math. Res. Lett. 3 (1996), no. 5, 661-674.

[0e86] U. Oertel, Homology branched surfaces: Thurston’s norm on Ha(M?3), Low-dimensional
topology and Kleinian groups (Coventry/Durham, 1984), 253-272, London Math. Soc. Lec-
ture Note Ser., 112, Cambridge Univ. Press, Cambridge, 1986.

[0S02] P. Ozsvéth and Z. Szabd, Heegaard Floer homologies and contact structures, preprint (2002)
arXiv:math. SG/0210127.

[0S04a] P. Ozsvath and Z. Szabd, Holomorphic disks and genus bounds, Geom. Topol. 8 (2004),
311-334 (electronic).

[0S04b] P. Ozsvath and Z. Szabd, Knot Floer homology, genus bounds, and mutation, Topology
Appl. 141 (2004), no. 1-3, 59-85.

[Sc53] H. Schubert, Knoten und Vollringe, Acta Math. 90 (1953), 131-286.

[St62] J. Stallings, On fibering certain 3—manifolds, 1962 Topology of 3—manifolds and related topics
(Proc. The Univ. of Georgia Institute, 1961) pp. 95-100 Prentice-Hall, Englewood Cliffs, N.J.

[Sto] A. Stoimenow, http://www.ms.u-tokyo.ac.jp/~ stoimeno/ptab/index.html

[Ta94] C. Taubes, The Seiberg—Witten invariants and symplectic forms, Math. Res. Lett. 1 (1994),
809-822.

[Ta95] C. Taubes, More constraints on symplectic forms from Seiberg—Witten invariants, Math. Res.
Lett., 2, (1995), 9-13.

[Th82] W. P. Thurston, Three dimensional manifolds, Kleinian groups and hyperbolic geometry,
Bull. Amer. Math. Soc. (N.S.) 6 (1982), no. 3, 357-381.

[Th86] W. P. Thurston, A norm for the homology of 8—manifolds, Mem. Amer. Math. Soc. 59 (1986),
no. 339, i-vi and 99-130.

[Tu01] V. Turaev, Introduction to Combinatorial Torsions, Lectures in Mathematics, ETH Ziirich
(2001)

[Tu02a] V. Turaev, Torsions of 3-manifolds, Progress in Mathematics, 208. Birkhauser Verlag,
Basel, 2002.

[Tu02b] V. Turaev, A homological estimate for the Thurston norm, preprint (2002),
arXiv:math. GT /0207267

[Vi99] S. Vidussi, The Alexander norm is smaller than the Thurston norm; a Seiberg—Witten proof,
Prepublication Ecole Polytechnique 6 (1999).

[Vi03] S. Vidussi, Norms on the cohomology of a 3-manifold and SW theory, Pacific J. Math. 208
(2003), no. 1, 169-186.

[Wa94] M. Wada, Twisted Alexander polynomial for finitely presentable groups, Topology 33 (1994),
no. 2, 241-256.

RicE UNIVERSITY, HOUSTON, TEXAS, 77005-1892
FE-mail address: friedl@math.rice.edu, tkim@math.rice.edu



