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Abstract

In this paper we explore conditions for a curve in a smooth projective surface to have a free
product of cyclic groups as the fundamental group of its complement. It is known that if
the surface is 2, then such curves must be of fiber type, i.e. a finite union of fibers of an
admissible map onto a complex curve. In this setting, we exhibit an infinite family of Zariski
pairs of fiber-type curves, that is, pairs of plane projective fiber-type curves whose tubular
neighborhoods are homeomorphic, but whose embeddings in P? are not. This includes a
Zariski pair of curves in C? with only nodes as singularities (and the same singularities at
infinity) whose complements have non-isomorphic fundamental groups, one of them being
free. Our examples show that the position of nodes also affects the topology of the embedding
of projective curves. Twisted Alexander polynomials with respect to finite SU(2) represen-
tations show to be useful for this purpose, since all their abelian invariants are the same for
both fundamental groups.
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1 Introduction

In a series of recent papers by different authors [2, 7, 8, 10] there is a growing interest in
studying the connection between the geometric properties of a smooth connected complex
quasi-projective surface U and its fundamental group. This paper continues [10], which deals
with the case where 71 (U) is a free product of cyclic groups.

One of the main results by the authors in this direction is [10, Theorem 1.3], which gives
geometric necessary conditions for a curve inside of a smooth projective surface to have a
free product of cyclic groups as the fundamental group of its complement. The flavor of this
result can be summarized as follows: if X is a smooth connected complex projective surface
and D C X isacurve such that (X \ D) is a free product of cyclic groups, then there exists
a smooth projective curve S and an admissible (see Definition 2.1) map F : X \ B — §
inducing an isomorphism 71 (X \ D) — nfrb(S), where B is a finite set of points in D and
rrfrb(S ) is the orbifold fundamental group for some orbifold structure on S induced by the
multiplicity of the fibers of F|x\p. Moreover, D is the closure of a finite union of fibers of F
and of special null-homology horizontal components. In the particular case where X = P2,
the curve D is the closure of a finite union of fibers of F', which we refer to as a fiber-type
curve. See Theorem 2.14 in section 2.3 for the precise statement when X = P2.

The question of whether or not, or to what extent, this is a sufficient condition arises.
For instance, if X = P2, U := X \ D, and D contains only generic fibers of an admissible
map (satisfying Condition 2.3 in section 2.1), then 71 (U) is a free product of cyclic groups
(see [10, Theorem 1.2]). However on the other end, if D contains all atypical fibers of an
admissible map, then 1 (U) tends to not be a free product of cyclic groups, but rather a
semidirect product of the fundamental groups of two smooth quasi-projective curves [10,
Lemma 2.18, Corollary 2.19]. Thus, it is natural to ask if it is possible to formulate sufficient
conditions for the fundamental group of a curve complement to be a free product of cyclic
groups in terms of the topology of the fibers contained in D in the case when some of these
fibers contain only mild singularities (for example nodes).

In section 3, we describe this problem in more precise terms. Given an admissible map
F : X\ B — Sand Br C S the set of atypical values of F, we define 7r C P(BF) the
family of subsets 7" of Bf such that F, induces an isomorphism of fundamental groups when
restricted to X \ F~!(T'). The set of all maximal elements of 75 with respect to the inclusion
is called the threshold of atypical values. If X = P?, this set 7z completely describes the
remarkable phenomenon of 71 (X \ D) being a free product of cyclic groups for curves D
which are the closure of two or more fibers of F' (see Proposition 3.6). A good understanding
of the threshold set of atypical values can provide a source of Zariski pairs of fiber-type
curves, where the fundamental group of one of them is a free product of cyclic groups.

The main result of this paper is shown in section 4 where we explore whether or not
the “free product of cyclic groups” condition for 71 (X \ D) could be determined by any
topological information provided by the atypical fibers of F which lie in D. To answer this
question in the negative, we give in section 4.1 a special example of a Zariski pair of curves,
both of which consist of two homeomorphic fibers in C2 of the same polynomial map, plus
the line at infinity. A Zariski pair (see [3]) refers to two algebraic curves Cy, C, C P2
with homeomorphic regular neighborhoods, but non-homeomorphic embeddings, that is,
(P2, Cy) 2 (P2, Cy). In particular, both curves have the same combinatorial type (see the
discussion after Definition 2 in [5]) which includes the same degree and the same local
types of singularities. Analogously, if Dy, D, C C? are two affine curves and one identifies
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C? = P? \ Lo where Lo denotes the line at infinity, then the curves D and D, form an
affine Zariski pair if D1 U Ly, and Dy U Lo, form a Zariski pair in P2,

The example can be described as follows: consider the family of polynomials f; (x, y) =
x% 4+ y% 4 6xy — A. One can construct two curves D| = {f4 - f_4 = 0} C C? and
Dy = {f4- fai = 0} C C2. Note that each D; is a union of two disjoint irreducible nodal
affine sextics with six nodes each. One obtains the following in Theorem 4.1.

Theorem 1.1 The affine nodal curves Dy and D> form an affine Zariski pair. Moreover,
71 (C? \ Dy) 2 71 (C2 \ Dy) = ¥, the free group of rank 2.

This exhibits two fiber-type curves as unions of two fibers of the polynomial map f :
C? — C defined by f(x,y) = x® + y® 4 6xy. Each fiber is a sextic with six nodes. The
main result shows that the particular choice of the two fibers given in D (resp. D;) produces
a non-free (resp. a free) group.

As a word of caution between the affine and projective cases, it is known that the comple-
ment of a nodal projective curve has an abelian fundamental group (cf. [12, 13]). Moreover,
the family of projective nodal curves such that, for each irreducible component, both the
degree and the number of nodes are fixed is irreducible (cf. [14]) and hence there cannot be
a Zariski pair of projective nodal curves.

One can also consider the closure of D; and D, in P2. This is done in section 4.2, were
we prove that the union of the two sextics for both of these curves yields two projective
curves of degree 12 which also form a Zariski pair. In particular, consider F; (X, Y, Z) the
homogenization of f; (x, y) and the projective curves C; = {F4 - F_4 = 0} C P? and
Cy = {Fy- Fsyi =0} C P2. We prove the following in Theorem 4.6.

Theorem 1.2 The projective curves Cy and Cy form a Zariski pair. Moreover, 1| (PZ \Cy) =
Z % Ze 2 w1 (P2 \ C)).

Note that other examples of Zariski pairs where there is a connection between the topology
of their complement and the position of singular points (including nodes) have been exhibited
before (see [6, 19]). However, the remarkable aspect of the present family of examples stands
for the fact that the only special position of singularities is given by the nodes.

In section 4.3 we classify all possible fundamental groups of complements of fiber-type
curves obtained from fibers of the rational map F : P> --» P! introduced above. This
completely characterizes all the (infinitely many) Zariski pairs whose irreducible components
are fibers of this morphism, and such that the fundamental groups of their complements satisfy
that one of them is a free product of cyclic groups (see Theorem 4.9).

Theorem 1.3 Let F : U — P! be given by F = [x+y0+6xyz* : 20], where U = P>\ {[x :
y : 0] | x® + y® = 0}. Let Bp C P! be the set of atypical values of F. For every finite set
ACPlletCy = F1(A) C P~

Then, the following is a complete list of all Zariski pairs of curves (Ca, C4) such that
the fundamental group of the complement of C 4 in P? is a free product of cyclic groups:

where B, B’ C P!\ By are finite, r := #B = #B’, ¢1, &> € {£1}, and @ € {1, i}.

Finally, in section 5 we present a discussion on the (twisted) Alexander-type invariants of
the affine Zariski pair. In particular, it is shown that both curve complements have the same
Alexander invariants. Note that the difference between D; and D> is only the position of
their nodes (Lemma 4.3). The position of nodes is known not to have an effect on Alexander
polynomials or characteristic varieties [16]. However, twisted Alexander polynomials with
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7 (P2 \ Ch) A Al

Fry1 % Zg {14, e24i}UB {4a, —4a} U B’

Fri2 {e14, e24i, 00} U B {4, —4at, 00} U B’
Fyi + Zg (0, €14, £24i} U B {0, 4ar, —4a} U B
F,43 (0, £14, £24i, 00} U B {0, 4ar, —4ar, 00} U B’

respect to unitary representations in SU(2) for these groups are different. To our knowledge,
this is the first example in the literature of a Zariski pair of curves whose complements
have the same characteristic varieties and whose fundamental groups have different twisted
Alexander polynomials.

2 Preliminaries
2.1 Admissible maps

The following definition is found in Arapura [1].

Definition 2.1 A surjective morphism F : U — S from a smooth quasi-projective surface U
toa smooth projective curve S is adm1551ble if it admits a surjective holomorphic enlargement
F : U — S with connected fibers, where U is a smooth compactification of U.

Remark 2.2 Let F : U — S be a surjective morphism from a smooth quasi-projective surface
to a smooth projective curve. Then F is admissible if and only if F has connected generic
fibers. Indeed, if F : U — S is admissible and £ : U — Sisa holomorphic enlargement
with connected fibers, the generic fiber of F is smooth by generic smoothness on the target.
Hence, the generic fiber of F is a Zariski open subset of a smooth connected compact curve,
which is connected. For the other implication, suppose that F:U— Sisa holomorphic
enlargement of F, where U is a smooth compactification of U. Then, Stein factorization
implies that F factors as a map with connected fibers G : X — S’ and a surjective finite
morphism & : § — S, where S’ can be taken to be a smooth projective curve. Since F has
connected generic fibers, and F also factors through £, the latter must be a branched cover
of degree d = 1, so h is a homeomorphism and thus F has connected fibers.

Most of the maps that will appear in this paper will be dominant rational morphisms
F : P2 ——» P! such that the restriction to its maximal domain of definition is an admissible
map. Any dominant rational morphism F can be expressed by a surjective morphism F = [ f :
gl:U — P! when restricted to its maximal domain of definition U, where f,g€Clx,y,z]
are homogeneous polynomials of the same degree with no non-constant common factors, and
U = P2\ B, where B is the finite set V(f) N V(g). In particular, most of the maps that will
appear in this paper will be of the form described below:

Condition2.3 F =[f; : fi1: U — P! is such that

® p,q € Ly, withged(p, q) =1,

o fp. fy € Clx, y, z] are homogeneous polynomials of degrees p and q respectively, with
no non-constant common factors,

o neither f, nor f, is a k-th power of another polynomial in C|x, y, z] for any k > 2,

o U =2\ B, where B is the finite set V (f,) N V(f,) € P?,
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e The map F has no multiple fibers outside {[0 : 1], [1 : 0]}.

The last point in Condition 2.3 is necessary (up to change of coordinates in P!) for F to
be admissible, as shown in the following remark.

Remark2.4 Let F : U — P! be the restriction to its maximal domain of definition of a
dominant rational map F : P> -—-» P If F : U — P! is admissible, [11, Proposition
2.8] implies that the number of multiple fibers of F' does not exceed 2, so, after a change
of coordinates in P!, we may assume that the multiple fibers of F lie over a subset of

{10: 11,11 : 0]).

Remark 2.5 Let f : C> — C be a non-constant polynomial map with connected generic
fibers. Then, f extends to an admissible map F = [f(x,y,z) : z¢] : P2\ B — P!,
where f is the homogenization of f with respect to the variable z, d is the degree of f, and
B=V(f(x,y,2)NV(2).

It is easy to construct admissible maps satisfying Condition 2.3, as exemplified by the
following result.

Lemma2.6 Let F = [f,j; : f,jlp] :U =P\ (V(fig) NV (fip)) — P! such that k € 7=,
ged(p,q) = 1, and fiy, fip € Clx,y, z] are irreducible homogeneous polynomials of
degree kq and kp respectively that are not constant multiples of one another. Then, F is an
admissible map. Moreover, if k = 1, then F also satisfies Condition 2.3.

Proof Let F : X — P! be a resolution of indeterminacies of the pencil F : P -——»> P!. In
particular, X is a smooth simply connected projective surface Usmg Stein factorization and
the fact that X is simply connected, F factors as H o G, where G : X — P! has connected
fibers and H : P! — P! is finite, generically d : 1. Our goal is to show that d = 1. Let
G := G|U : U — P!, which is an admissible map by construction.

The map H (resp. G) is of the form [h1(x, y) : ha(x, ¥)] (resp. [f(x,y,2) : g(x, ¥, 2],
where hy, hy € Clx, y] (resp. f, g € C[x, y, z]) are homogeneous polynomials of the same
degree with no non-constant common factors. Hence,

fy=mf.9). fil,=h(f.9.

Since fi4 and fy, are irreducible and every homogeneous polynomial in C[x, y] decomposes
as a product of linear forms, we have that there exist [a : b], [c : d] € P! and m, [ € /S|
such that

hi(x,y) = (bx —ay)", m|p, ha(x,y) =(dx —cy), 1l|q,

and since 1 and A have the same degree, m = [. The condition that gcd(p, ¢) = 1 implies
that m = [ = 1. Hence, H is a change of coordinates in P!, which concludes the proof of
the fact that F' is admissible. By Remark 2.4, if k = 1, F also satisfies Condition 2.3, since
the existence of a multiple fiber over a point not in {[0 : 1], [1 : 0]} would imply that F' does
not have connected generic fibers. O

Example 2.7 The result of Lemma 2.6 is no longer true if the irreducibility assumption is
dropped. For example, if f, = x” — y? and f;, = x9 + y? and p is odd, then [f;,] : fqp]
P2\ {[0: 0 : 1]} — P! is not an admissible map, since the closure of any of its fibers is a
union of lines in P? going through the point [0 : 0 : 1].
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2.2 Orbifold fundamental groups and morphisms

Let S be a smooth projective curve of genus g. We may endow it with an orbifold structure
by choosing ¢ : S — Zx¢ such that ¢(P) # 1 only for a finite number of points. Let
Y = XU X4 C S be the points for which ¢(P) = 0if P € Xg and (Q) = mg > 1
if 0 € X;. We will call this an orbifold structure on S and denote it by S¢,+1,7), where
n+1=#Xg, and m is a (#X, )-tuple whose entries are the corresponding m’s.

As a word of caution for the following definitions, the term orbifold might be misleading:
we do not need to develop any theory of orbifolds or V-manifolds in this context, but rather
use the orbifold structures to highlight the existence of multiple fibers of an admissible map.
This will become clear throughout the section.

Definition 2.8 (Orbifold fundamental group of a smooth projective curve). Let Sq,1,m) be a
smooth projective curve endowed with an orbifold structure. The orbifold fundamental group
of Su+1,m) is defined by

TP (Surt ) == T (S\D)/ (9D, P e %),

where p p is a meridian in '\ ¥ around P € X, and (uﬁ(m , P € X) is the normal subgroup
generated by the ,u‘f,(P)’s.

Note that if S has genus g, then the orbifold fundamental group n{“b(S(nJr 1,m)) is hence
generated by {a;, b;}i=1,...s U {1tp} pex and presented by the relations

.....

wpt =1, forPexy, and [[ur= [] la.bil. 1)
Pex i=1,...g

In particular, if o # ¢, the identity (1) shows that n{’rb(S(,H 1,m)) 1s a free product of cyclic
groups as follows

TP (S 1) = 71 (S\ o) * < * <

)) =T, %Ly % % Ly,
PeX,

mpZ
wherer =2g —1+#%0 =2g+n,s =#X,andm = (my, ..., myg). Note that any finitely
generated free product of cyclic groups can be realized as an orbifold fundamental group of
a smooth projective curve in this way.

Definition 2.9 (Orbifold morphism). Let U be a smooth algebraic variety. A dominant alge-
braic morphism F : U — S(,41,7) defines an orbifold morphism if for all P € § such that
@(P) > 0, then F*(P) is a ¢(P)-multiple divisor.

Definition 2.10 (Maximal orbifold structures). Let F : U — S(,+1,m) be an orbifold mor-
phism. The orbifold S(,41,7) is said to be maximal (with respect to F) if F(U) = S\ Xg
and for all P € F(U) the divisor F*(P) is not an n-multiple for any n > ¢(P).

The following result is well known (see [4, Prop. 1.4], for example)

Remark 2.11 Let F : U — S(;,+1,m) be an orbifold morphism. Then, F induces a morphism
F,:mU) — nfrb(S(nH,,;l)). Moreover, if the generic fiber of F is connected, then F is
surjective.

We end this section with important conventions that will be used throughout the rest of
the paper:
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e Whenever we refer to a dominant algebraic morphism F : U — S as an orbifold
morphism, we will assume that S is endowed with the orbifold structure that turns F into
an orbifold morphism in such a way that the orbifold structure is maximal.

e The only orbifold structures that will appear are the maximal ones.

e In particular, if ¥ : U — S is surjective and B C S, the notation F
T (U \ F_I(B)) — rrfrb(S \ B) will refer to the morphism endowed by Fi;\ p-1(p) :
U\ F7'(B) — S on (orbifold) fundamental groups, where S is endowed with the
maximal orbifold structure with respect to F|iy\ -1y (Which has £o = B).

2.3 Fiber-type curves

Definition 2.12 (Fiber-type curve). Let X be a smooth projective surface, and let C be a curve
in X. We say that C is a fiber-type curve if, for some open subset U of X, the complement of
a finite number of points, there exists an admissible map F : U — § to a smooth projective
curve S such that C is the closure in X of a finite number of fibers of F.

Remark 2.13 Let f : C> — C be a non-constant polynomial map with connected generic
fibers. We will also refer to the union C of a finite number of fibers of f as an affine fiber-
type curve. Indeed, both points of view agree if we want to study the topology of their
complements: f extends to an admissible map F : P2 \B=[f(x,v,2): 7291 — P! asin
Remark 2.5. The complement in P2 of the union of C and the line at infinity (which is the
closure in P2 of the fiber of F over [1 : 0]) coincides with C2 \ C.

As mentioned in the introduction, the curves in a smooth projective surface X whose com-
plements have a fundamental group which is a free product of cyclic groups are (essentially)
fiber-type curves (with perhaps some extra null-homotopic irreducible components). In fact,
if X = P2, the curves must actually be fiber-type curves, as exemplified by the following
result:

Theorem 2.14 (Main Theorem for curves in P2 [10, Cor. 3.14]). Let D be a curve in P2,
Suppose that 7 (P* \ D) is a free product of cyclic groups. Then, there exists r > 0 and
my > my > 1 with gcd(my, ma) = 1 such that 711(IF”2 \ D) =, % Zp, * Ly,. Moreover,
there exists F = [fqp : f;,’] : U = P2\ B — P! an admissible map as in Condition 2.3 such
that:

(1) F induces an orbifold morphism

) 1
F i PA\D — Py iy

where Pgr L) is maximal with respect to F\, and m takes the following value: (my, m>)
ifmy >2, (my) ifmy >2and my = 1, and it is empty if my = mp = 1.

(i) F,:m P2\ D) — nl"rb(]}bérﬂﬁl)) is an isomorphism.
(i) D = F~1(Zg) C P? is a fiber-type curve which is the closure of the union of r + 1
irreducible fibers of F.

More concretely,

1. Ifmy > my > 1, then p = my, ¢ = my and the pencil F = [ fu, : fin?] has exactly
two multiple fibers corresponding to [0 : 1],[1 : 0] ¢ Zo.

2. Ifmy > my =1, then p = my, [1 : 0] € 2o, and the pencil F = [f;"" : fin 1 has at
least one multiple fiber corresponding to [0 : 1] ¢ Xo.
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3. Ifmy =my=1,then F = [fqp : f;,’] has at most two multiple fibers corresponding to
[0:1],[1:0] € 2.

Remark 2.15 This result implies that, if an affine curve satisfies that the fundamental group of
its complement in C? is a free product of cyclic groups, then it is a free group, and moreover,
the affine curve must consist of a finite union of irreducible fibers of a polynomial map
f:C?2 = C.

The goal of Sect. 4 is to find Zariski pairs in this setting, where the irreducible components
of both curves will be closures of fibers of the same admissible map.
We introduce the following notation.

Notation 2.16 Let U be a smooth quasi-projective surface and let S be a smooth projective
curve. If F : U — S is an admissible map and B C § is a finite set, we let Up be

Ug = U\F~'(B).

Remark2.17 Let F = [f : g] : U = P2\ B — P! be an admissible map, where f, g €
Clx, y, z] are homogeneous polynomials of degree d > 1 with no non-constant common
factors,and B = V (f)NV (g). Let B be anon-empty finite subset of P!,andlet D = F~1(B).
Then Up = P?\ D.

The following result can be found in [10, Thm. 1.4, Cor. 4.9].

Theorem 2.18 (Addition-Deletion Lemma). Let U be a smooth quasi-projective surface and

let F : U — S be an admissible map to a smooth projective curve S. Assume B C S, where

#B =n > 1,andlet P € S\ (Br U B), where Bp is the (finite) set of atypical values of F.
Then the following are equivalent:

1. Fy:m(Up) — wP™(S\ B) is an isomorphism,
2. Fy:m(Upuipy) — rrfrb (S\ (B U{PY})) is an isomorphism,

and in that case,
m1(Upuipy) = Z * m1(Up).

Moreover, the implication (2)=>(1) also holds if P € Br \ B.

Remark 2.19 We will refer to (1)=-(2) as the Addition Lemma (which is true for generic
fibers) and to (2)=(1) as the Deletion Lemma (which is true for all fibers).

3 Threshold of atypical values

Let U be a smooth quasi-projective surface and let S be a smooth projective curve. Let
F : U — S be an admissible map and let B C § be a finite set of points. The goal of
this section is to study how the presence of atypical values of F in B relates to the induced
morphism Fy : 71(Ug) — ni’rb(S \ B) being an isomorphism. Recall that BF C S denotes
the (finite) subset of atypical values of F in S.

To study this problem, we start by defining the following family of subsets

Fy i m(Uipyur) — 7™ (S\ ({P}UT)) }

Tr = {T C Br is an isomorphism

where P € S\ Br. The following result summarizes some of the properties of 7F.
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Lemma 3.1 Let U be a smooth quasi-projective surface and let S be a smooth projective
curve. Let F : U — S be an admissible map, let BF C S be its set of atypical values, and
let P € S\ Bf. The following hold:

1. The set Tf is independent of the choice of P € S\ BF.
2. IfT € Trand T'is suchthat T' C T C B, then T’ € Tf.
3. Tr # W ifand only if F, : m;(Up) — nf’rb(S \ {P}) is an isomorphism.

Proof Let P, Q € S\ BF,let T C Bp and suppose that T € 7, that is,
F. :m(Uipyur) — nfrb (S\({P}UT)) isanisomorphism.

By the Addition Lemma (Theorem 2.18), one can add the generic fiber of F at Q, that is,
Fy : m(Uip,gur) — nfrb(S \ {P, Q} UT) is an isomorphism. Using now the Deletion
Lemma, the fiber at P can be removed and Fy : w1 (Ujgyur) — Jrfrb(S \{Q}UT)is
an isomorphism. This proves part (1). Part (2) follows directly from the Deletion Lemma.
Part (2) implies that 75 # @ if and only if # € 7, which implies part (3). O

The previous result suggests the following definition.

Definition 3.2 Let U be a smooth quasi-projective surface, let S be a smooth projective curve.
Let F : U — S be an admissible map and let Br C S be its set of atypical values. We say
that a set T C B is a threshold set of (atypical) values for F if it is a maximal set of 7¢
(with respect to the inclusion of sets).

Remark 3.3 [Non-empty 7, projective case] Let F = [ fqp : fg 1:U =P? \B— P! be an
admissible map satisfying Condition 2.3.If P € P!\ Bp, then F, : 71 (Up) — n'frb S\{P}
is an isomorphism by [10, Theorem 1.2], hence, Lemma 3.1(3) implies 75 # @.

Example 3.4 (Empty Tr). Consider B = V (hy) NV (hy), where hy is an irreducible homo-
geneous polynomial in C[x, y, z] of degree d for d = 2, 4. Define U = P2 \B, S = P!, and
F : U — Sisdescribedas FF = [h% : h4]. By Lemma 2.6, F is an admissible map, however
F,: Gy :=m(Up) — n{’rb(S \ {P}) =: G is not an isomorphism for any P ¢ Bp, since
the abelianizations G/ G’l = 74, G2 /G, = Z, are not isomorphic. Hence, Lemma 3.1(3)
implies 7p = .

The purpose of 7 is to characterize the property that F, : 71 (Up) — nf’rb(S \ B) defines
an isomorphism, regardless of whether or not B contains a generic fiber, as the following
result shows.

Proposition 3.5 Let U be a smooth quasi-projective surface, S a smooth projective curve
and F : U — S be an admissible map. Consider B C S a finite non-empty set. Then the
following are equivalent:

1. F,:m(Up) — n{’rb(S \ B) is an isomorphism.
2. There exists T € Tp suchthat BN B C T.
3. BN Br € Tf.

Proof Note that (2) < (3) follows immediately from Lemma 3.1(2).
To show (1) < (3) note that the Addition-Deletion Lemma (Theorem 2.18) implies that

Fy 1 m1(Up) — 77 (S\B)
is an isomorphism if and only if

Fy : mi(Ungpuipy) — 7™ (S\ (B N BF) U{P}))

is an isomorphism for any P € S\ (Br U B), which is true iff BN Br € 7TF. O
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In this paper, we will compute the threshold sets of atypical values in cases which fall
under the realm of Remark 3.3. In these cases, the threshold sets of atypical values contain
more information about the fundamental groups of the complements of the fiber-type curves
that arise from F than the definition of a threshold set of atypical values may suggest, as
exemplified by the following result, which may be used in combination with Proposition 3.5.

Proposition3.6 Let F = [f : gl : U = P>\ B — P! be an admissible map, where
f,g € Clx,y, z] are homogeneous polynomials of degree d > 1 with no non-constant
common factors, and B = V(f) N V(g). Let B C P! be such that #B > 2. Then, the
following are equivalent:

1. w1 (Up) is a free product of cyclic groups.

2. F satisfies ()—(iii) of Theorem 2.14 for D = F~1(B), so in particular,

F. :mUp) = m (]P’Z\F*I(B)> — n{)rb([P’l\B) is an isomorphism.

Moreover, possibly after a change of coordinates in P, F also satisfies Condition 2.3.

Proof The implication (2) = (1) is trivial. Let us now see the implication (1) = (2). Assume
that 1 (Up) is a free product of cyclic groups. By Theorem 2.14 there exists a pencil G =
[g, : g4 satisfying Condition 2.3 and (i)—(iii) of Theorem 2.14. In particular, every curve of

the form F~1(P) c P2 for P € B is the union of the closure of finitely many irreducible
fibers of G. Let [«] : B1], [z : B2] be distinct points in B. Then,

k3
Bif —aig =gl gl [ [(bigh — aigi)",
i=1

ke
Bof —ang = gial [](djeh —cigi)™,
j=l1
forsomekj S Zzo,j =1,...,6withk; +ky+ k3 > 1, ks + ks +ke >1,1; € Zzl for
alli =1,...,ks,mj € Z>y forall j =1, ..., ke, and [a; : b;], [c; : d;] distinct points in

PA{[1:0],[0:1]}fori=1,....,ksand j =1,..., ke.

Note that, since G satisfies (iii) of Theorem 2.14 and Condition 2.3, b; g} — a;g% and
djg) — cjgy are irreducible polynomials for all i = 1,...,k3 and forall j = 1, ..., ke.
Looking at the degrees of the homogeneous polynomials in the previous two equations, we

obtain that
k3 ke

d =kiu+ kv +ulei = kqu +k5v+uvai.
i=1 j=1

Since u and v are coprime, the last equality implies that v | (k1 — k4) and u | (ko — ks).
Note that, since different fibers of F' do not have any irreducible components in common, at
least one element of the sets {ki, k4} and {k;, ks} is 0, so v | k1, k4 and v | k», k5. Hence,
there exist homogeneous polynomials /4j, h, € Cl[x, y] of the same degree d’ such that
f =hi(g), gs) and g = ha(g), g%). In other words, F' factors as the composition of G
and [y : hy] : P! — PL Since F is admissible, then d’ = 1, and hence [k : h2] is a
change of coordinates in P!. In particular, F satisfies Condition 2.3 (after possibly a change
of coordinates in P!), and also (i)—(iii) of Theorem 2.14, including the fact that

Fy :m(Ug) — 7™ (P'\B)

is an isomorphism. O
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In other words, Propositions 3.5 and 3.6 show that finding all the threshold sets of atypical
values for an admissible map F' amounts to completely characterizing when the fundamental
group of Up = P>\ F~1(B) is a free product of cyclic groups for all finite B C P! such that
#B > 2.

Remark 3.7 If #B = 1 and B C P? \ BF, the result of Proposition 3.6 holds by [10, Theo-
rem 1.2].

However, it #B = 1 and B C BF, the result is no longer true:

Example 3.8 Let f>, f3 € C[x, y, z] be irreducible homogeneous polynomials of degrees 2
and 3 respectively. By Lemma 2.6, [ f23 : f32] restricted to its maximal domain of definition
is an admissible map. By [10, Theorem 1.2], 711 (P> \ V (f3 + A f$)) = Zy x Z3 for » € C
generic. In particular, f23 + A f32 is an irreducible degree 6 homogeneous polynomial. Let
f5 € C[x, y, z] be an irreducible degree 5 homogeneous polynomial. By Lemma 2.6, the
restriction of the pencil F = [( f23 + A f32)5 : f56] to its maximal domain of definition is an
admissible map. For this F, if B = {[0 : 1]} we have that m1 (Up) = Z; *Z3 is a free product
of cyclic groups, but
Fy i 11 (Up) — n{™(P\B) = Zs

is not an isomorphism.

4 Zariski pairs of fiber-type curves

Consider F : P2 --» P! the rational morphism defined as [ f (x, y, z) : z°], where f(x, y) =
x0 4+ y0 4+ 6xyand f(x,y,z) = x® + y° + 6xyz*. This rational map is not well defined on
the base points B = {[x : y : 0] € P?> | x0 + y® = 0}. The generic fiber of the resulting
admissible map F : U — P!, where U = P? \ B, is a smooth sextic (with six points
removed). The set of atypical values of F is B = {0, oo, 4, £4i} C P! = C U {o0}.
The fiber F~!(c0) is the only multiple fiber and it has multiplicity six. The fiber F 1) is
a singular sextic with one node. The remaining atypical fibers are irreducible sextics with
six nodes. In particular, F' is an admissible map satisfying Condition 2.3. For any finite set

B C P! we will denote C := F~1(B). The purpose of this section is to study m;(Up) for
Ug = P? \ Cp for different choices of B. In particular, we will exhibit a Zariski pair of
affine nodal curves and another Zariski pair of projective sextics of fiber-type.

4.1 A Zariski pair of affine nodal curves

Using the notation presented above, we consider the curve Cp, (resp. Cp,) for the set By =
{4, —4, 00} (resp. By = {4, 4i, oo}). Using the identification P? \ {z = 0} = P? \ Co, = C?
we can consider Up; as the complement in C? of the affine curves D ; defined as a union of
the two fibers over B; \ {00} of the polynomial map (x, y) — f(x,y) = x0 4+ 0 + 6xy,
for j = 1, 2. In this context one has the following.

Theorem 4.1 The curves (D1, D;) described above form a Zariski pair of affine nodal curves
of degree 12. Moreover, w1 (Up,) = F2 whereas

m(Up) = (x,y,u,v:[u,x]=[v,y] = Lu=[v,x],v=[u,yl) (@)
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fits in the following free-by-free extension
1 = ZuxZv — m(Up) — Zx xZy — 1 3)

and is not free.

Proof Since the coefficients of the equations of the curves can be given in a number field
such as Q(i), one can obtain presentations of the fundamental groups accurately using the
package Sirocco in the computer software SageMath! [18].

In order to give a comprehensive proof of this result we will perform a series of transfor-
mations to D; in order to simplify it and be able to calculate its brald monodromy and apply
Zariski-Van Kampen s method. Consider the double cover C2 5 C2 of symmetries deﬁned
aso(x,y) = (xy,x +y) = (u, v). The discriminant of ¢ is given by A, (1, v) = v — 4u
and o| defines an unramified double cover outside a_l(A ) = {x —y = 0}. Note that
f(x,y) =g(o(x,y)),where g(u,v) =v 6 _6vtu+9v2u? —2u’ +-6u. C0n51der(C2—8> C2? the
cover 8(u, v) = (u, v?) associated with the reflection over £; = {v = 0}, which is an unram-
ified double cover outside of the preimage of £1. One obtains that f(x, y) = (hoSoo)(x, y),
where A (u, v) = v> — 6v2u 4+ 9vu? — 2u3 + 6u. In order to compute Gj = 71 (Ug;), we will
first calculate Gj = 71 (C? \(ng\{oo} U1 ULy)), where Hg = h~'(B) and £, = {v = 4u}.
Once G ;j is computed one can obtain G ; after a sequence of index 2 subgroups associated
with the double covers and quotients by meridians in order to eliminate the ramification
locus.

Note that the polynomial map & produces an elliptic fibration whose generic fiber is a
smooth cubic. This fibration is ramified at B, = {+4, +4i} whose fibers are of type I}
(nodal cubics). In addition, the line ¢; (resp. £») is tangent to the fibers Hp, for B = {+4}
(resp. B = {%4i}). This implies that f ~1(A), » € By, contains 4 nodes coming from the
preimages of the nodes at Hj plus two nodes coming from the tangency at £1 N H, (resp.
0> N Hy). Finally, the fiber f~'(0) contains only one node coming from the intersection
L1 N ey N Hy. ]

Using the real picture (see Fig. 1) one can obtain a braid monodromy for Hp\ (o0} U£1 U L2
and use Zariski-Van Kampen’s method to obtain a presentation of the fundamental group
G1 =m1(C?\ (Hp)\(00) U £1 U £)) as

[y, 72l = [y, vl = [yf val = 1
Gl=<w,m,wﬂwﬁ(mywz=(mwn?(myJ2=(%woz> *
- ey 1=y -] =1

where y; is a meridian of the line £; (i = 1, 2) and y4 is a meridian of H.4 on the vertical
line x = &. The fundamental group of the double cover § is obtained as the kernel K of the
morphism G1 — 7 defined as y; »—> Ly =0, yL — 0
The group K] is generated by V1 SV V2 = vy ,yi V£ = N1VLY] ! and has
relations
7 =nvi=vin, [ye, val = [, 2l = 1,
e, vl = 7. vl =1, [yz, 2] =
ViT+V-V+ = V47-T+  VEV-VAT-

Y-V+V—

LA program to do so is available in the public repository: https://riemann.unizar.es/~jicogo/software/
AffineZariskiPair.ipynb (Jupyter version), https://riemann.unizar.es/~jicogo/software/ AffineZariskiPair.sage
(plain text version).
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Fig.1 Real curve
HB]\{OO} Ul Uiy

4

Since ylz is the meridian of the conic §*(¢1), the quotient

; [ys, 72l =1, >

K Zyr % -~ - - - .
/) =2 <yi T Sy e = e yovade = PPy

is the fundamental group of the complement Z; of g —1(B}\{00}) Uls. Now, the fundamental

group K of 0=1(Z}) is isomorphic to the kernel of the homomorphism K /( 7’1 — Zo

defined by y» — 1, y+ — 0, y+ — 0, that is,

_ 7,2 <yi 5, e el =1, >
: VU Pay-Va = VTV VY4V = PPy
After factoring out the normal subgroup generated by y22, the meridian of o*(6*(€,)), one
obtains the desired presentation in (2) where x (= y_, y := y_y4 y__l, U= y4 yJ:l, and
vi=yi oy s
Now consider the case B, = {4, 4i, oo}. The strategy to follow is similar to that of the
previous case. However, note that the curve Hp,\ () is not real anymore. A way around this is

toconsider h(ui, vi)—4i = —i (fl(u, v) + 4), where i (1, v) = v3 —6v2u+9vu?—2u3 —6u.
This allows us to consider the braid monodromy along real loops (for Hy, £1, £7) and purely

imaginary loops for Hy; as a braid monodromy over a real path for Hy = 5’1(4). This
produces the following presentation,

Gy =m1(C\ (Hp\(oo) U L1 U £2)) = Zy1 X Zya X (v, y-) EL> xFa,  (9)

where y; is a meridian of the line £; (j =1, 2) and y; (resp. y—) is a meridian of Hy (resp.
Hy;). Following the same strategy as above Igz = Zylz X Zy» x Fa, 50 Igz/(ylz) = Zyr x Fy.
Consequently Ky = Zy, x o, and G, = [F».

To prove the short exact sequence (3), note that the kernel of the projection map x — x,
y = y,u — 1, v 1 is generated by u,, = wuw™' and v, := wvw™! for any
w € Zx = Zy. From the presentation (2) of G, one obtains the following recursive set of
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relations
Upx = Uyyx—1 = Uy, Vyy = Vyy-1 = Vy,
-1 _
Uyy = Vy, Uy, Vwx = Uy, Vy,
Upyy—1 = Vylly), V=1 = Uy Vyp.

This allows one to reduce the set of generators of the kernel to #; = u and v = v and no
further relations. Since the abelianization of G has rank 2 and finitely generated free groups
are Hopfian, the short exact sequence (3) shows that G| cannot be free. O

Remark 4.2 Note that both spaces Up, and Up, are associated with affine pencils without
multiple fibers and hence the epimorphisms of their fundamental groups onto the free group
F, must have finitely generated kernels as shown by Catanese in [7, Thm. 5.4].

The following result shows that the nodes of the curve D are in special position, unlike
those in D5.

Lemma 4.3 The 12 nodes in the curve Dy are contained in three lines containing 4 nodes
each. There are no three nodes aligned in D.

Proof We use the notation introduced in the proof of Theorem 4.1. It is easy to check that the
node of Hyy4 (resp. H14;) has coordinates P14 = (u, v) = (£1, £3) (resp. Pr4i = (u,v) =
(&£i, £i)). Also, Hyy (resp. H1a;) is tangent to the line £; = {v = 0} (resp. €2 = {v = 4u})
at the point Q14 = (%1, 0) (resp. Q+4; = (F£i, +4i)). The line €+ = {v = 3u} joining P4
and P_4 is transformed through & o o into the singular conic Q4 = {x? — xy + y2 = 0}
containing the 8 nodes which are in the preimage of P14. Each of the lines in the conic Q +
contains 4 of those nodes. In addition, the line £; is transformed through o into the line x 4+ y
which contains the remaining 4 nodes which are the preimage of the tangencies Q+4.

On the other hand, let £_ = {(1 —i)v — (3 —i)u 4 2i = 0} be the line joining P4 and Py;.
The preimage of £_ through § o ¢ is a smooth conic Q_ containing the 8 nodes preimage
of P4 and Py;. This proves that no three of those preimages can be aligned. An analogous
argument rules out the existence of a line joining three points in the preimage of any two of
the points of S = { P4, Pai, Qa, Q4;}.

Assume that there is a line joining a preimage of Ps, P4;, and Q4, and consider the quartic
consisting on the four lines obtained from it by applying the deck transformations of the
global 4:1 covering induced by the restriction of § o o. This invariant quartic is the preimage
by 8§ o o of a conic which is tangent to £ at Q4, since the preimages of Q4 are double points
in the quartic. However, this complete reducible quartic has four extra double points. Since
they cannot be on the ramification locus, they have to be on a fiber. Hence, the conic has to be
singular. This contradicts the condition about the tangency with £1. An analogous argument
rules out the existence of a line joining any three points in the preimage of three of the points
of S. O

1.
Let w := e12"", Note that the isomorphism

w: Pz — P2
[x:y:z]»—)[a)x:a)Sy:z],

(©)

takes F~!([a : b]) to F~1([ai : b]) for all [a : b] € P Using this transformation, Theo-
rem 4.1 immediately implies the following.

Corollary 4.4 71 (U, —4,00)) = 71 (Uai,—4i,00}) is the non-free group with presentation (2).
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We end this section by finding more affine fiber-type curves D C C? whose irreducible
components are atypical fibers of f and such 1 (C? \ D) is also free.

Proposition 4.5 Let  : P> — P2 be the isomorphism from equation (6). Then,
w w

F3 = 71 (Ujo,4,4i,00)) = 701 (Ujo,—4.4i 00}) = 701 (U0, 4,41 00)) = 71 (Uy0.4,-4i 00})-

e

Proof Similar, but more involved calculations as those detailed in the proof of Theorem 4.1,
show that Go = 71 (Up,) = 3 for By = {0, 4, 4i, 0o}. In fact, using the notation from the
proof of Theorem 4.1, we have that

Go = 11 (C*\(Hpy\ (oo} U €1 U £2)) = Zy1 x Zys X (Yo, V4, y—) = Z* x F3,

where y; (resp. y») are meridians of the lines £1 (resp. £2), yp is a meridian around Hy and
Y+ (resp. y—) is a meridian of Hy (resp. Ha;). ]

4.2 A projective Zariski pair

In this section we continue using the notation presented at the beginning of §4. One can
obtain a Zariski pair of projective curves in P? as follows.

Theorem 4.6 The projective curves (Ca,—4y, Ci4,4iy) form a Zariski pair of projective curves
of degree 12 whose complements in P* have non-isomorphic fundamental groups. More
concretely, w1(Uy4,4i)) = Z * ZLg, whereas

71 (U, —a) = 701 (Uga,—a,00) /(@ (3)*)?), ©)
where (y) denotes the normal subgroup of w1 (U4,—4,00)) generated by y.

Proof Let us denote B| = {4, —4} and B, = {4, 4i}. The proof of mi(Upy) = Z*Zg is a
consequence of Theorem 4.1 and the Deletion Lemma in Theorem 2.18. The presentation of
(U B;) can be obtained from the presentation of 71 (Up,) by factoring out by the normal
subgroup generated by the meridian Yy, around the line at infinity £.,. This meridian can be
obtained by lifting the square 7/020 of the meridian around the line at infinity by the coverings
o and § from the proof of Theorem 4.1. The real picture given in Fig. 1 shows that

Vo = vt ey v oy var-.
Following the transformations given by the covering, one obtains
Vo' = - (rey-)ye)” = ()’
We will show that 1 (U B| ) 2 ZxZe. Let N be the normal closure of the subgroup generated
by u and v. Note that 77 (UBi )/N =(x,y: (yx)®) = ZxZg. Hence, since Z % Zg is Hopfian,

71 (Ugr) = Zx Zg if and only if N is the trivial subgroup, which happens if and only if both
u and v are trivial (UBi ). Using the presentation of | (UBi) it is easy to see that the rule

¢ :mUp) — 4
X > (34)
y (24
u — (12)(34)
v —> (13)(24)

defines a group homomorphism, and since the images of u# and v are non-trivial elements of
S4, neither u nor v are trivial in 7 (U B| ). m]
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Remark 4.7 As seen in the proof of Lemma 4.3, the three lines containing the 12 nodes in
C(4,—4) are the preimages of £; = {v = 0} and £ = {v = 3u}. The latter passes through
the nodes (£1, £3) and it intersects the two cubics Hi4 transversally at two other smooth
points, namely (F2, F6), and hence the preimage of ¢ by § o ¢ (which splits in two lines
2x = (1 ++/3i)y and 2x = (1 — +/3i)y) contains 8 nodes (4 each line) and it intersects
C(4,—4) transversally at the remaining 8 points of intersection (again, 4 each line). On the
other hand, ¢; is tangent to the two cubics at (£1, 0) and it intersects them transversally
at two other points (F2, 0). This implies that its preimage (a ramification line x + y = 0)
passes through 4 nodes (the preimage of a simple tangency to a ramification locus of order
two becomes two nodes) and through 4 additional transversal intersections (the preimages
of (£2, 0)). In particular, the three lines passing through the 12 nodes are concurrent and the
remaining intersection points of any of these three lines with the curve Cy4, _4) are transversal
intersections (4 transversal intersections per line). This stresses the fact that the only difference
between the position of the singularities of the curves (C(4,—4), C(4.4i}) is the contribution of
the special position of the nodes, and the same goes for (Cp, = C4,-4,00}, CB, = Ci4,4i 00}))
(that is, the projective curves whose complements in P2 are C2\ D; and C?\ D5 respectively).

4.3 Threshold sets of atypical values for F

The following result shows that all the threshold sets of atypical values for F contain only
two elements from {4, —4, 4i, —4i}, but not all choices are allowed.

Proposition 4.8 There are four threshold sets of atypical values for F, namely T € Tf is
maximal if and only if T = {0, 0o, €14, e24i}, where €1, &2 € {£1}.

Proof By Theorem 4.6, Fy : m1(U4,—4)) — rrf’rb(IF’l \ {4, —4}) = Z * Z¢ is not an iso-
morphism. By Propositions 3.5 and 3.6 one has {4, —4} ¢ 7. Using the transformation @
from (6) we also obtain that {4i, —4i} ¢ 7r. Hence, by Lemma 3.1(2), no subset of Br
containing {4, —4} or {4i, —4i} can be in 7F. The previous discussion and Proposition 4.5
imply the result. O

Finally, we explicitly state the consequence of the computation of threshold sets.

Theorem 4.9 Let F : U — P! be givenby F = [x+y0+6xyz* : z0], where U = P2\ {[x :
y : 0] | x% 4+ y® = 0}. Let B C P! be the set of atypical values of F. For every finite set
A CPl lerCy = F-1(A) C P2

Then, the following is a complete list of all Zariski pairs of curves (Ca, C4) such that
the fundamental group of the complement of C 4 in P? is a free product of cyclic groups:

T P2\ Ca) A A

Friy1 % Zg {e14,e24i} U B {4, —4a} U B’

Fri2 {e14, e24i, 00} U B {4, —4ar, 00} U B’
Fy 42 * Zg (0, 814, £04i} U B (0, 4, —4a} U B
Fyi3 {0, £14, £24i, 00} U B {0, 4, —4a, 00} U B/

where B, B’ C P!\ Bp are finite, r := #B = #B', e1, & € {1}, and & € {1, i}.
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Proof Recall from the beginning of the section, that B = {0, co, £4, £4i}. Let’s write
A=A UB,where A = AN Br and B = A\ Br (and analogously we define A} and B’
from A’). Since the closure of every fiber of F is an irreducible curve in P2, Zariski pairs of
the form (C4, C4/) must satisfy that #A; = #A’, #B = #B’, and the combinatorial type of
the fibers at A are in one-to-one correspondence with those at A/l. Also note that, if A| = A’1
one can use an isotopy of the base that fixes By and takes B to B’ to show that (P2, C,) is
isotopic to (P2, C /) and hence (P2, C4) = (P%, Cp).

Let (C4, C4/) be a Zariski pair, such that 771 (P2 \ Cy) is a free product of cyclic groups.
We will prove that A (resp. A’) must be as in the middle (right-most) column in the table
above for one row.

Assume #(A1 N {4, £4i}) = #(A| N {£4, £4i}) < 1. Since the transformation w :
P? — P2 from equation (6) acts transitively on the fibers of F at {44, +4i} and fixes the
fibers at {0, 0o}, up to a power of @ one can assume A; = A}. By the first paragraph,
(IF’z, (VE= (IF’z, Cyar), 50 (Cy4, Cyr) cannot be a Zariski pair.

Therefore, #(A| N {£4, £4i}) = #(A’] N {£4, £4i}) > 2. This means in particular
#A| = #A/ > 2 and hence Propositions 3.5 and 3.6 imply 7 (P2 \ Cy) is a free product of
cyclic groups if and only if A| € 7. By Proposition 4.8, the only possible A satisfying the
hypothesis are shown on the middle column of the table above. Note that A’ could be either
a set from the middle column on the table above (shown as A) or a set from the right-most
column. Since #A| > 2, Proposition 3.6 implies that 7 P2\ CA/I) is a free product of cyclic
groups in the former case, whereas it is not in the latter. This shows that all cases on the table
are Zariski pairs that can be distinguished by the groups of their complements.

Finally, if 7r; (P2 \ C o) and 71 (P? \ C ) are isomorphic to a free product of cyclic groups
(that is, both Aj and A are shown in the middle column on the table above), then one can
use w and assume A| = A’l. Again, as above, (P2, Cy) = (P2, Cy). O

5 Twisted Alexander polynomials for SU(2)-representations

The purpose of this section is to show that twisted Alexander polynomials can also dis-
tinguish the fundamental groups G| = m1(Up,) and G = m1(Up,) presented in 4.1. To
our knowledge, this is the first example in the literature of a Zariski pair whose groups
have the same Alexander invariant but different twisted Alexander polynomials. Moreover,
Lemma 4.3 shows that the position of the nodes affects the fundamental groups and twisted
Alexander polynomials are sensitive to this special position. Classical Alexander polynomi-
als and characteristic varieties are known not to be sensitive to the position of nodes (see for
instance [15] and [16, 2.5]). We refer the reader to [9, Section 2] for a quick introduction on
twisted Alexander polynomials and how to compute them.
We first compute the Alexander invariant of the complements Up, and Usp,.

Proposition 5.1 The Alexander invariant of both C? \ D and C? \ Dy is (C[tlil, tzil].

Proof Let us denote by M the Alexander invariant of C? \ D, thatis, M := G/j / G;f as an
R-module where R = (C[Gj/G//.] = (C[tlil, tzil]. It is immediate that M> = [x, y]R. As for
M, one can use the presentatioh (2), where the abelian classes of x and y generate G/ G’1
and u,v € G/l. Using [5, §2.5], this implies that M| is generated by [x, y], #, and v and
whose relations are given by rewriting the relations in (3) as elements of the R-module M.
Since [x, q] = 0in M| as long as ¢ € G, the first two relations in (3) become trivial and
the last ones become u = v = 0. This shows M| = M, = R. m]
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By Proposition 5.1, the characteristic varieties of Up, and Up, are both (C*2. Analo-
gously, the Alexander polynomials associated with any homomorphism ¢ : G; — 77 are
trivial.

In light of Lemma 4.3, this is the announced result showing that twisted Alexander poly-
nomials (associated with non-abelian representations) can be sensitive to the position of
nodes.

Proposition 5.2 The twisted Alexander polynomial for unitary representations in SU(2) dis-
tinguishes 71 (Up,) and 71 (Up,).

Proof By definition, note that if G = I, is a free group, then A, ,(t) = 1 for any represen-
tation p of G and any homomorphism ¢ : G/G’ — Z. In particular, A, ., () = 1 for any
twisted Alexander polynomial of the free group G;. Hence, it is enough to find a representa-
tion, say p1 : G1 — SU(2) and a homomorphism €7 : Gl/G’1 — Zsuchthat Ay, . (1) # 1.
Consider g7 : G]/G’l — Z defined as e1(x) = 1, e1(y) = —1, e1(u) = e1(v) = 0 and the
irreducible representation p; : G; — SU(2) defined as:

p1(x) 1= (gg) p(y) = =% <_11 i)

pr(u) =i (_01 (1)) 1) = ((f ‘01),

where £ = %(1 + i) is a primitive 8th root of unity. One can check that A; below is
equivalent to the Fox matrix for the relations in (2) with respect to p; and &;.

¥ 0 0 (t—8) 0

0 0 0 (t—§&)

®[(t — /2) 41 Ea) 0

Ay = N e 0 £al)

*

-8 Rit-6] Lu-V2i-5 —te-vDa-8

=8 =it -5 - VD —F) —Lit+ V2 -8

We omit the first two columns since they will not be necessary for the calculation of the
twisted Alexander polynomial. Following Wada [20, Lemma 1] one needs to compute the
Fitting ideal generated by the (4 x 4) minors of the submatrix of A obtained after deleting the
first two columns. This ideal is generated by A (¢) = a()?, where a(t) = 12 — N2+ 1=
(t — £)(r — &). One also needs to compute Ag(t) = det(py(x)t — I») = «(t). Hence, the
twisted Alexander polynomial A, ., (¢) can be obtained as

A(r)

Ap ey (t) = rwols a(t)y = (t — &)t —§&).

[m}

Remark 5.3 Calculations for the twisted Alexander polynomials can be recreated using Sage-
Math?. The roots of A o1,¢ (1) are in fact eigenvalues of the unitary representation p; (see [17,
Thm. 5.4]). It is also worth noting that the representation p; factors though one of the degree-
two representations of the binary octahedral group BO4g. The group BOug is the finite group
of symmetries of the octahedron and it is a non-abelian solvable subgroup of order 48 of
SU(2).

2 A program with the necessary source can be found in public repository: https://riemann.unizar.
es/~jicogo/software/ AffineZariskiPair.ipynb (Jupyter version), https://riemann.unizar.es/~jicogo/software/
AffineZariskiPair.sage (plain text version).
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