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Abstract. We study compatible contact structures of fibered Seifert multilinks in ho-
mology 3-spheres and especially give a necessary and sufficient condition for the contact struc-
ture to be tight in the case where the Seifert fibration is positively twisted. As a corollary we
determine the strongly quasipositivity of fibered Seifert links in S3. We also study the com-
patible contact structures of cablings along links in any 3-manifolds.

1. Introduction. A contact structure on a closed, oriented, smooth 3-manifold M is
the kernel of a I-form o on M satisfying @ A da # 0 everywhere. In this paper, we only
consider a positive contact form, i.e., a contact form « with « Ada > 0. In [31], Thurston and
Winkelnkemper used open book decompositions to show the existence of contact structures on
any 3-manifolds. In [12], Giroux then focused on their idea, introduced the notion of contact
structures supported by open book decompositions, and studied the correspondence between
contact structures up to contactomorphisms and open book decompositions up to plumbings
of positive Hopf bands (cf. [10]). Instead of the terminology “supported”, we will say that the
contact structure is “‘compatible” with an open book decomposition and vice versa.

In the study of open book decompositions of 3-manifolds, it is important to determine if
the compatible contact structure is tight or overtwisted since it gives a rough classification of
open book decompositions by Giroux’s correspondence. An explicit construction sometimes
helps us to determine the tightness. For example, in [9, 21], Etgii and Ozbagci gave explicit
descriptions of contact structures transverse to the fibers of circle bundles and certain Seifert
fibered manifolds and proved that such contact structures are Stein fillable. Stein fillable
contact structures are known to be tight by Eliashberg and Gromov [7, 13].

The purpose of this paper is to give an explicit construction of contact structures com-
patible with fibered Seifert links in homology 3-spheres. We hereafter use the terminology
“fibered link” instead of “open book decomposition”. Following the book of Eisenbud and
Neumann [5], we denote a Seifert fibered homology 3-sphere as X' (ay, aa, ..., ax), where
a;’s are the denominators of the Seifert invariants. The Seifert fibration has different prop-
erties depending on the sign of the product ajay - - - ay; if ajaz ---ax > 0 then the fibers
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of the Seifert fibration are twisted positively, as those of the positive Hopf fibration, and if
ayay - - - ar < 0 then they are negatively twisted.

A Seifert link L in X (ay, ..., ar) is an oriented link whose exterior admits a Seifert fibra-
tion. A multilink L (m) is a link each of whose link components is equipped with a non-zero
integer, called the multiplicity, where m = (my, ..., m,) represents the set of multiplicities.
Note that we assign an orientation to each link component previously, called a working orien-
tation, and the multiplicity is read with respect to this orientation. A multilink L(m) is said
to be fibered if its complement admits a fibration over S' such that the homology class of
the union of oriented simple closed curves on the boundary of a small tubular neighborhood
of each link component induced from a fiber surface is p;[m;] + m;[[;], where (m;, [;) is a
meridian-longitude pair of that component chosen such that the orientation of the longitude
agrees with its working orientation, m; is the multiplicity and p; is some integer. Note that
a multilink is a usual link if all the multiplicities are in {—1, 1}. The criterion in [5, Theo-
rem 11.1] determines the fiberedness of a Seifert multilink in X' (aq, ..., ar), from which we
can see that Seifert multilinks are fibered in most cases (see Theorem 2.1 below).

Now we assign an orientation to the fibers of the Seifert fibration under the assumption
ajaz - --ar # 0, which we call the orientation of the Seifert fibration. If the orientations of
all the components of L(m) coincide with, or are opposite to, the orientation of the Seifert
fibration then we say that the orientation of L(m) is canonical.

In this paper we prove the following results.

THEOREM 1.1. Let L(m) be a fibered Seifert multilink in X (a1, az,...,ar) with
ajy - --ag > 0. If the orientation of L(m) is canonical then the compatible contact structure is
Stein fillable. Otherwise it is overtwisted.

The case ajas - - - ap < 0 will also be discussed in this paper. As a consequence of our
constructions in both cases, we determine the tightness of fibered Seifert links in S3.

THEOREM 1.2. Let L be a fibered Seifert link in $3 = X (a1, az). Then the compatible
contact structure of L is tight if and only if L is one of the following cases:

(1) ayaz > 0 and the orientation of L is canonical.

(2) L is an oriented link described in Figure 1 with k > 1.

FIGURE 1. Fibered Seifert links in Case (2).
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With a small additional effort, we can remove the fiberedness assumption by replacing
‘tightness’ by ‘strongly quasipositivity’ (see Section 7 for the definition of strongly quasipos-
itive links).

COROLLARY 1.3. Let L be a non-splittable Seifert link in S3. Then, L is strongly
quasipositive if and only if it is in Case (1) or (2) above, or in Case (3) stated below:

(3) L is a negative torus link consisting of even number of link components half of
which have reversed orientations.

Here a link L in S3 is called splittable if $3\ L contains an incompressible 2-sphere. The
only splittable Seifert links are trivial links with several components.

The technique of cabling with contact structure can be used for studying cablings along
fibered links in arbitrary 3-manifolds. Let L(m) be a fibered multilink in an oriented, closed,
smooth 3-manifold M with cabling in a solid torus N in M, and L’(m’) a fibered multilink
obtained from L(m) by retracting N to its core curve. Note that L'(m’) is always fibered.
We say that a cabling is positive if L(m) N N intersects the fiber surface of L'(m’) positively
transversely, and otherwise it is called negative.

THEOREM 1.4. Let L(m) be a fibered multilink in an oriented, closed, smooth 3-
manifold M with cabling in a solid torus N in M, and L' (m") the fibered multilink obtained
from L(m) by retracting N to its core curve. Let & and &' denote the contact structures on M
compatible with L(m) and L' (m’), respectively.

(1) If&' is tight and the cabling is positive, then § is tight.

(2) If&' is tight, the cabling is negative and L(m) N N has at least two components,
then & is overtwisted.

(3) If& is tight, the cabling is negative, L(m) N N is connected, p > 2 and g < -2,
then & is overtwisted.

(4) If&' is overtwisted then & is also overtwisted.

Here p and q are the coefficients of the slope qgm + pl of the cabling with respect to the
meridian-longitude pair (m, [) on d N which will be fixed in Subsection 8.1.

The compatible contact structures of cablings of multilinks are studied independently by
Baker, Etnyre and van Horn-Morris [2]. In their paper, a fibered multilink is called a rational
open book decomposition. The case M = S> had been studied by Hedden in [16] using a
different method.

This paper is organized as follows. In Section 2, we fix the notation of Seifert fibered
homology 3-spheres and Seifert multilinks following the book [5]. We introduce the notion
of compatible contact structures for multilinks in Section 3. The case aj - - - ax > 0 is studied
in Section 4, including the proof of Theorem 1.1, and the case aj - - -ax < 0 is in Section 5,
where we give an explicit construction of contact structures and some criterion for detecting
overtwisted disks. We then prove Theorem 1.2 in Section 6 and Corollary 1.3 in Section 7.
In Section 8, we give the definitions of positive and negative cablings and the proof of Theo-
rem 1.4. A conjecture about strongly quasipositive orientation is posed in the end of Section 7.
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2. Preliminaries. In the following, intX and 0 X represent the interior and the bound-
ary of a topological space X, respectively.

2.1. Notation of Seifert fibered homology 3-spheres. Let X be a homology
3-sphere. We use the topological description of Seifert links in [5, p. 60]. Let S = %\
int(D% u-.--u D,%) be a 2-sphere with k holes and make an oriented, closed, smooth 3-
manifold X from S x ! by gluing solid tori (D? x S')1, ..., (D* x S'); along the boundary
3(S x S1). To fix the notation, we first choose a section S of 7 : S x S! — S and set

Qi = (—38*) N (D* x 8"); and
H = typical oriented fiber of 77 in 8(D? x S"); .

Suppose that the gluing map of (D? x S'); to S x S! is given so that a; Q; + b; H is null-
homologous in (D? x §1;, where (a;, b;) € Z* \ {(0, 0)} and gcd(|a;], |bi]) = 1. To make the
obtained 3-manifold X' to be a homology 3-sphere, the integers a;’s and b;’s should satisfy the
equality Zf:l biay ---aj_1aiy1 - - - ar = £1. Following [5], in this paper, we always choose
the coefficients ¢;’s and b;’s so that Zle biay ---aj_1aj4+1---ax = 1 by replacing (a;, b;)
by (—a;, —b;) for some i if necessary. Note that this equality ensures that if one of a;’s is

zero then all the other a;’s satisfy |a;| = 1, and if @; # Oforalli = 1, ..., k then each pair
(i, j) with i # j satisfies gcd(|a;], |a;|) = 1. Since the 3-manifold X' does not depend on the
ambiguity of the choice of b;’s, we may denote it as X' = X(ay, ..., ax).

The core curve S; of each solid torus (D? x S1); is a fiber of the Seifert fibration after
the gluings. We assign to S; an orientation in such a way that the linking number of S; and
a; Q; + b; H equals 1. This orientation is called the working orientation.

Let (m;, [;) be the preferred meridian-longitude pair of the link complement X'\ S; chosen
such that the orientation of the longitude [; agrees with the working orientation of S;. Then
(m;, [;) and (Q;, H) are related by the following equations (see [5, Lemma 7.5]):

m;\ [ a b\ [Qi Qi _ (6 —bi\(m
e (0) =5 0)G) = (2)-0 ) )

where 0; = a;---a;---a; and §; = Zj# bjay---a;---a;---ar. Note that they satisfy
a;8; + bjo; = 1.

Set A = aj---ay. In the case A # 0, the orientation of the Seifert fibration in S x
st » 8§ canonically extends into the fibers in (D? x SY; foreachi = 1,...,k, namely
the orientation of the Seifert fibration of X (ay, ..., ar) becomes well-defined. Note that the
working orientation on S; coincides with the orientation of the Seifert fibration if and only if
a; > 0.

2.2. Fibered multilinks. We give the definition of fibered multilinks in 3-manifolds.
The same notion appears in [2], where the fibration is called a rational open book decompo-
sition.
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Let M be an oriented, closed, smooth 3-manifold and L an unoriented link in M with n
link components. We first assign an orientation to each link component of L, which we also
call a working orientation. A multilink L(m) in M is a link each of whose components is
equipped with a non-zero integer, called the multiplicity, where m = (my, ..., m,) represents
the set of multiplicities. A multilink L (m) is called fibered if there is a fibration M \ L — S!
such that the homology class of the union of oriented simple closed curves on the boundary of
a small tubular neighborhood of each link component induced from a fiber surface is p;[m;]+
m;[l;], where (m;, [;) is a meridian-longitude pair of that component chosen such that the
orientation of the longitude agrees with its working orientation, m; is the multiplicity and p;
is some integer (cf. [5, p. 28-29]).

2.3. Fibered Seifert multilinks. Inthe case A # 0, a Seifert link L in ¥ (ay, ..., ak)
is a union of finite number of fibers of the Seifert fibration. We had introduced the working
orientation for each link component S; of L in Subsection 2.1. Using this working orientation,
we assign a multiplicity to each S; and make L a Seifert multilink. We denote this multilink
as

L(m) = (E(als ...,ak),mlSl U--. UmnS)’l)1

where | < n < k. In this paper, we call a trivial knot with multiplicity a trivial multilink
and a Hopf link with multiplicities a Hopf multilink. The Milnor fibrations of singularities
of complex polynomials f(z1,z2) = lemll and f(z1,22) = lemllzlzmzl at the origin and their
mirror images show that trivial multilinks and Hopf multilinks are fibered. The fiberedness of
other Seifert multilinks are determined by the following theorem.

THEOREM 2.1 (Eisenbud-Neumann, [5]). Suppose that L(m) is a Seifert multilink
other than a trivial multilink and a Hopf multilink. Then L(m) is fibered if and only if it
satisfies Y +_y mio; # 0.

The proof can be found in [5, p. 89-90]. From this theorem, we can see that Seifert
multilinks are fibered in most cases.

Suppose that L(m) is fibered. The interiors of the fiber surfaces of L(m) intersect the
fibers of the Seifert fibration transversely except for the case where L(m) is a Hopf multi-
link (see [5, Theorem 11.2] and the proof therein). As mentioned in [5, Proposition 7.3], a
Seifert multilink is invertible and this involution changes L(m) into L(—m). In particular,
this reverses the sign of the intersection of the interiors of the fiber surfaces and the fibers of
the Seifert fibration. In this paper, by choosing one of L(m) and L(—m) suitably, we often
assume that the intersection is positive. We name it the positive transverse property and write
it (PTP) for short.

DEFINITION 2.2. Suppose A # 0. A link component m; S; of a fibered Seifert mul-
tilink L(m) with (PTP) is called positive (resp. negative) if its orientation is consistent with
(resp. opposite to) the orientation of the Seifert fibration. If the orientations of the link com-
ponents of L (m) are either all positive or all negative then we say that the orientation of L(m)
is canonical.
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3. Fibered multilinks and contact structures.

3.1. ALutztube. We firstintroduce terminologies in 3-dimensional contact topology
briefly, see for instance [22, 11] for general references.

A contact structure on M is the 2-plane field given by the kernel of a 1-form « satisfying
o AN da # 0 everywhere on M. In this paper, we only consider a contact structure given by
the kernel of a 1-form « satisfying @ A do > 0, called a positive contact form. A vector field
Ry on M determined by the conditions da(Ry,-) = 0 and a(Ry) = 1 is called the Reeb
vector field of a. The 3-manifold M equipped with a contact structure & is called a contact
manifold and denoted as (M, &). Two contact manifolds (M1, &1) and (M>, &) are said to be
contactomorphic if there exists a diffeomorphism ¢ : M; — Mj suchthatdy : TMy — T M;
satisfies dp(&1) = &. A disk D in (M, &) is called overtwisted if D is tangent to £ at each
pointon d D. If (M, &) has an overtwisted disk then we say that £ is overtwisted and otherwise
that & is tight. A typical example of overtwisted contact structures is given as follows: Let «
be the contact form on R* given by

o =cosrdz +rsinrdf

where (r, 6, z) are coordinates of R3 with polar coordinates (r, ). The contact structure ker «
is as shown in Figure 2. We can find an overtwisted disk in the tube {(r, 0, z); |r| < 7w + ¢},
where ¢ > 0 is a sufficiently small real number. Hence, this contact structure is overtwisted.

P e AN \

an overtwisted disk

] kera = {cosrdz + rsinrdf = 0}

FIGURE 2. A typical example of overtwisted contact structures.

Now we introduce an effective way to describe a contact structure on D? x S'. Let «
be a 1-form on D? x S! given by o = hadu — hidx, where (r, ju, A) are coordinates of
D? x S! with polar coordinates (r, ) of D?, and h| and h, are real-valued smooth functions
with parameter r. We have

da = hydr Adp — h'ydr Adi,
a ANda = (hyhy — hihh)dr Adp A da,
where /| and /), are the derivatives of /1; and hp with parameter r, respectively. Hence, « is a

positive contact form if and only if 4 hy — h1h), > 0. We now plot (1, h2) on the xy-plane.
Since (h2, —h1) represents a vector normal to the 2-plane of the contact structure ker o, we
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can regard the line connecting (0, 0) and (%1, h2) as the slope of ker . The Reeb vector field
Ry of « is given as

1 , 0 , 0
Ry = Wi i, <h1@ +h25) :

The parameter r varies from O to 1, namely from {(0, 0)} x S ! to the boundary of D? x §',
and the pair of functions (h1(r), h2(r)) defines a curve y on the xy-plane. In summary, the
curve y has the following properties:

e Since h\hy —hih), > 0,(0,0) & y ([0, 1]) and y moves in the clockwise orientation.

e The line connecting (0, 0) and (41, hy) represents the slope of ker @ and the vector
(ha, —h1) represents the positive side of ker «.

e The speed vector (h), h}) is parallel to R, and points in the same direction.
See Figure 3. To make o a well-defined contact form in a neighborhood of » = 0, we choose y
near r = 0 such that (41, h2) = (—c, r?) or (h1, hy) = (¢, —r?) with some positive constant
¢, so that « has the form o = rzdu +cdlora = —(rzdu + cdX) near r = 0, respectively.

hy

Ry

© (ha(r), —h1(r))

y(r) = (hi(r), ho(r)) #.

hy

& = (hadp — hydi = 0)

FIGURE 3. How toread § = ker« and Ry from the curve y (r) = (h(r), hy(r)).

If the curve y intersects the positive x-axis, then the contact structure ker oz on D? x S!
has an overtwisted disk, similar to Figure 2, whose boundary corresponds to the intersection
point of y and the positive x-axis. In this paper, we call the tube (D? x S, ker «) a Lutz tube
and use it frequently to show the existence of an overtwisted disk.

3.2. Contact structures compatible with multilinks. The notion of compatible con-
tact structures of fibered links can be generalized to fibered multilinks canonically. This idea
also appears in [2]. Let M be a closed, oriented, smooth 3-manifold.

DEFINITION 3.1. A fibered multilink L(m) in M is said to be compatible with a con-
tact structure & = kera on M if L(m) is positively transverse to £ and de is a volume form
on the interiors of the fiber surfaces of L(m).

The next lemma gives a useful interpretation of the notion of compatible contact struc-
tures in terms of Reeb vector fields. In this paper we mainly use this characterization.
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LEMMA 3.2. A fibered multilink L(m) in M is compatible with a contact structure &
on M if and only if there exists a contact form oo on M with & = ker o such that the Reeb vector
field Ry is tangent to L(m) and positively transverse to the interiors of the fiber surfaces of
L(m), and its orientation is consistent with that of L(m) induced from the fiber surfaces.

PROOF. The proof for a fibered link in [10, Lemma 3.5] works in this case also. O

Now we introduce two fundamental facts concerning compatible contact structures of
fibered multilinks, following the fibered link case.

PROPOSITION 3.3. Any fibered multilink in M admits a compatible contact structure.

Although the proof is analogous to the one in [31], since an explicit contact form of the
compatible contact structure will be needed in the proof of Lemma 8.4 later, we prove the
assertion here with presenting the contact form. A similar proof can be found in [2].

PROOF. Let L(m) be a fibered multilink in M with n link components m Sy, ..., m,S,
and N(S;) a small compact tubular neighborhood of S; in M fori = 1,...,n. We denote
by F; the fiber surface of L(m) overt € S L= 10, 1] /0 ~ 1 and choose a diffeomorphism
¢; : Fo — F; of the fibration of L(m) in such a way that

¢
O (s Wiy Ai) = <”i7 wi + —, )»i)
|m;]|

in N(S;), where (r;, i, A;) are coordinates of N(S;) = D? x S! chosen such that (r;, j1;) are
the polar coordinates of D? and the orientation of A agrees with that of the corresponding link
component of L(m). For convenience, we set the coordinates (r;, ;) such that the radius of
D?is 1.

Let 6; be the coordinate function on the curve —(Fp \ int N(S;)) given as 6; = —A;.
Then, as in [31], we can find a 1-form 8 on Fy N (S X Sl) such that dg is a volume form
on Fo N (S x S and B = —(1/r;)d6; near N (S;). The manifold M is constructed from
Fp x [0, 1] by identifying (x, 1) ~ (¢1(x), 0) for each x € Fy and then filling the boundary
components by the solid tori N(S;)’s. According to this construction, we define a 1-form
onS x S' as

ao = (1 =) +1¢7(B) + Rdt,
with R > 0, which is given near N (S;) as

1 1
(3.1) oo = ——dO; + Rdt = —dA; + R(vidu; — uidi;),
. v

T
where (u;, v;) is a vector representing the oriented boundary of Fy \ int N (S;) on d N(S;) with
coordinates (i, A;); in other words, (v;, —u;) is a vector positively normal to F on dN(S;).
Note that v; > 0. We choose R sufficiently large so that «p becomes a positive contact form
onS x S
For each N(S;), we extend o into N (S;) by describing a curve y (r;) on the xy-plane
explained in Subsection 3.1. The endpoint (%1 (1), 2(1)) of y (r;) is given as (h1 (1), ha(1)) =
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(Ru; — 1, Rv;) and the speed vector y'(r;) at r; = 1is (b} (r;), b, (r;)) = (1, 0). Hence, we
can describe a curve y (r;) representing a positive contact form on N (S;) such that

o (hi,hy) = (—c,r¥) nearr =0 withc¢ > 0,

e y(1) and y'(1) satisfy the above conditions, and

e y/(r;) rotates monotonously.
Thus the contact form « is extended into N (S;). We denote the obtained contact form on M
as a.

Since the fibers of the Seifert fibration intersect F; N (S x S') positively transversely,
ker o is compatible with L(m) on S x S I Ineach N(S;), we can isotope F; into the position
shown in Figure 4 such that ker « is compatible with L (m). This completes the proof. O

FIGURE 4. The compatibility in the neighborhood N (S;).

PROPOSITION 3.4. If two contact structures on M are compatible with the same
fibered multilink in M then they are contactomorphic.

PROOF. The proof for a fibered link in [12] works in this case also (cf. [22, Proposi-
tion 9.2.7]). O

4. Case ajaz - --ag > 0.

4.1. Explicit construction of the contact structure. Throughout this section, we
always assume A = aj---ar > 0. Theorem 1.1 follows from the explicit construction of
compatible contact structures described below.

PROPOSITION 4.1. Let L(m) = (X, mS1U---Um,S,) be a fibered Seifert multilink
in a homology 3-sphere ¥ = X(ay, ..., ar) with A > 0. Assume (PTP). Then there exists a
positive contact form o on X with the following properties:

(1) L(m) is compatible with the contact structure & = ker «.

(2) The Reeb vector field Ry of o is tangent to the fibers of the Seifert fibration on
S x S
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(3) The neighborhood (D* x SY); of each negative component m; S; of L(m) contains
a Lutz tube. In particular, it contains an overtwisted disk.
(4) On the other (D* x SY);’s, ker« is transverse to the fibers of the Seifert fibration.

REMARK 4.2. The most canonical way to construct a contact structure compatible
with a given fibered link is to use the fiber surface as done in [31]. However this is difficult
in our situation because there is no systematic way to describe the fiber surface. The idea of
the proof of Theorem 1.1 is that we choose the contact form such that its Reeb vector field
is tangent to the fibers of the Seifert fibration everywhere except in small neighborhoods of
the negative components. This makes sure that the contact structure is compatible with the
fibered multilink in the most part. The rest is done by describing possible local positions of
the fiber surfaces along the exceptional components.

REMARK 4.3. The existence of S!-invariant contact forms on orientable Seifert
fibered 3-manifolds is known in [18]. The existence of a contact structure transverse to the
fibers of a Seifert fibration had been studied in [29] for circle bundles over closed surfaces
and in [19] for Seifert fibered 3-manifolds. The transverse contact structures are always Stein
fillable as mentioned in [4, Theorem 4.2] (cf. 9, 21). This fact will be used in the proof of
Theorem 1.1.

To prove Proposition 4.1, we apply the argument in the proof in [31] to the Seifert fibra-
tion. We denote the boundary component (—3S) N Di2 of Sby C;.

LEMMA 4.4. Suppose A > 0 and let U; be a collar neighborhood of C; in S with
coordinates (r;i,0;) € [1,2) x sl satisfying {(r;, 0;); ri = 1} = C;. Then there exists a
1-form B on S which satisfies the following properties:

() dB>0o0nS.

(2) Ifbi/a; < 0then B = R;r;d0; with —b;/a; < R; near C; on U;.

(3) Ifbi/a; > Othen g = (R;/ri)d0; with —b;/a; < R; < 0 near C; on U;.

PROOF. Since Zf»‘zl(—bi/ai) = —1/A < 0, we can choose Ry, ..., Ry such that they

satisfy the inequalities in (2) and (3) and the inequality ZL] R; < 0. Let £2 be a volume
form on S which satisfies

[ fS‘Q:_Zi'(lei>0’
e 2 = Ridr; A db; near C; with b; /a; <0, and
o 2= —(Ri/r}dri Adb; near C; with b; /a; > 0.

Let n be any 1-form on S which equals R;r;d6; if b; /a; < 0 and (R;/r;)d6; if b;j/a; > 0 near
C;. By Stokes’ theorem, we have

k
2 —dn)=| 2-— = 2+ / R;d0;

k
S i=1
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Here C; is oriented as —9S. The closed 2-form §2 — dn represents the trivial class in coho-
mology vanishing near S. By de Rham’s theorem, there is a 1-form y on S vanishing near
dS and satisfying dy = £ — dn. Define 8 = n + y, then dB = £2 is a volume form on S
and B satisfies properties (2) and (3) near dS as required. O

We prepare two further lemmas which will be used for constructing the contact form on
(D?x SYH;. LetB=[1,2)xS! xS cSxS'bea neighborhood of a boundary component
of S x S! with coordinates (r,0,1). We glue D% x S' to B as

um—+Al=(ap —or)Q + (bp + M H,

where (m, [) is a standard meridian-longitude pair of D? x S! ¢ D? x S!, Q is the oriented
curve given by {1} x §' x {a point} C 3B, H is a typical fiber of the projection [1,2) x S! x
S — [2,1) x S! which omits the third entry, and a, b, 0, 8 € Z are given according to the
relations (2.1). The fibers H = om + al of the Seifert fibration on 9 D? x S! are canonically
extended to the interior of D% x S!.

LEMMA 4.5. Suppose a # 0 and either (i) 0 < —b/a < R and op = Rrd6 + dt or
(ii)) =b/a < R < 0 and oy = (R/r)dO + dt, where aq is a contact form on B. Then there
exists a contact form o on B U (D?* x SV) with the following properties:

(1) a=agonB.

(2) kera is transverse to the fibers of the Seifert fibration in D* x S.

(3) Ry is tangent to {(0, 0)} x S' and the direction of Ry is consistent with the orien-
tation of the Seifert fibration.

(4) Ry rotates monotonously with respect to the parameterr € [0, 1].

PROOF. We consider Case (i). Let o and § be integers satisfying the relations (2.1).
Denote the gluing map of D? x S! to B by ¢, then we have

o*ag = Rrd(ap — oA) +d (b + 1) = (b +aRr)du + (5 — o Rr)dA

4.1
@1 :a(é+Rr)du+l<l—ao<é+Rr>>d)».
a a a

Ifa > Othena(b/a + Rr) > Onear r = 1. Hence, on the xy-plane, the point (h1(1), h2(1))
lies in the region y > 0. Since Ry, is positively transverse to ker ag at r = 1, we can describe

a smooth curve y(r) = (h1(r), ha(r)) on the xy-plane representing a positive contact form
on B U (D? x S1) such that

e (hi,hy) = (—c,r?) nearr = 0 withc¢ > 0,

e hpdu — hidh = ¢p*ag near r = 1, and

e y/(r) rotates monotonously,
as shown in Figure 5. This satisfies the required properties.

Ifa < Othena(b/a+ Rr) < Onearr = 1 and hence the point (41(1), h2(1)) lies in the

region y < 0. We choose a smooth curve y (r) such that

o (hi,hy) = (c,—r*) nearr =0 withc¢ > 0,

o hydu — hid:h = ¢p* g near r = 1, and
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hy hy
(h1(1), ho(1)) _
\ R . at r=1 RW*OZO at r =1
70 //"_>\
f/ / A TN (1, ha (1)
. h h
r=0 ! r=0 :
case h1(l) <0 case h(1) >0

FIGURE 5. Curves representing contact forms on D? x S!in Lemma 4.5 (the figures are in the case a > 0).

e y/(r) rotates monotonously.

Note that such a curve y (r) is given by the 7 -rotation of the figures in Figure 5. The contact
form « on B U (D? x S!) defined by this curve satisfies the required properties as before.
The proof for Case (ii) is similar. O

LEMMA 4.6. Let ag be a contact form on B given by either (i) ap = Rrd6 + dt
with R > 0 or (ii) «g = (R/r)d60 + dt with R < 0. Then there exists a contact form o« on
B U (D? x SY) with the following properties:

(1) a=awagonB.

(2) kera is transverse to the fibers of the Seifert fibration in D* x S' except on a torus
{(r1} x §' x S! embedded in D* x S for some r1 € (0, 1).

(3) Ry is tangent to {(0, 0)} x S' and the direction of Ry is opposite to the orientation
of the Seifert fibration.

(4) Ry rotates monotonously with respect to the parameterr € [0, 1].

Furthermore, if R satisfies R > —b/a then (D* x S', ker &) contains a Lutz tube.

(h1 (1), ha(1))

‘yy R(p a A r=

Rprgy at r=1

(hy (1), by (1) =

\r=r
case bja+ R <0 case b/a+ R >0

FIGURE 6. Curves representing contact forms on D? x $1in Lemma 4.6.



COMPATIBLE CONTACT STRUCTURES OF FIBERED SEIFERT LINKS 37

PROOF. The proof is analogous to the proof of Lemma 4.5. In Case (i) with a > 0,
we choose a curve y on the xy-plane such that (h1, h2) = (c, —r2) nearr = O withc > 0
as shown in Figure 6. This satisfies the required properties. If R > —b/a then a Lutz tube
appears at r = rp as described on the right in the figure. The proofs in the case a < 0 and
Case (ii) are similar. ]

PROOF OF PROPOSITION 4.1. Let ¢ be the 1-formon S x S! defined by @g = B+dt,
where § is a 1-form constructed in Lemma 4.4 and ¢ is the coordinate of S ! which is assumed
to be consistent with the orientation of the Seifert fibration. Since 8 A df is a 3-form on S,
we have 8 A dB = 0 and

aoAdag =B AdB+dt AdB =dB Adt > 0.

Thus a is a positive contact form on S x S! and its Reeb vector field is given by Ry, = 3/dt.
Note that, since Ry, is tangent to the fibersof 7 : S x S I 5 S in the same direction, (PTP)
implies that Ry, is positively transverse to the fiber surfaces of L(m) in S x st

Now we extend «q into (D2 x S l)i in the following way. If either m;S; is a positive
component or i > n then we use the construction of a contact form in Lemma 4.5, otherwise
we use the construction in Lemma 4.6. We denote the extended contact form on X by «.

From the construction, we only need to check property (1) in the assertion. Due to
Lemma 3.2, it is enough to check if R, is tangent to L(m) in the same direction and posi-
tively transverse to the interiors of the fiber surfaces of L(m). This positive transversality had
already been established in S x S'.

We first check the positive transversality in the neighborhood (D? x S'); of a positive
component m; S;. Figure 7 shows the mutual positions of the fiber surfaces F, the oriented
fibers H of the Seifert fibration and the Reeb vector field R, on (D2 x S )i in the case a; > 0.
The orientations of the link component m; S; and the fibers H are as shown in the figure since
m; S; is a positive component, a; > 0, o; > 0, and H is given as H = o;m; + a;l;. The

m;S; : positive m;S; : positive
- >
Ra,/ ‘ i
‘g
O I I e

m;

FIGURE 7. The compatibility in the neighborhood (D? x §Y; ofa positive component m; S; in the case a; > 0.
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Reeb vector field R, had already been given in the above construction. Now there are three
possibilities of the framing of the fiber surface F, namely it is either positive, negative, or
parallel to m;S;. The case of positive framing is described on the left in the figure and the
case of negative framing is on the right. The parallel case is omitted. In either case, we can
isotope the fiber surfaces F in (D? x S'); so that it satisfies property (1). Note that the vectors
of Ry on the right figure in Figure 7 are directed under the fiber surface. The proof in the case
a; < 0 is similar, in which case the figures are those in Figure 7 with replacing (m;, [;) by
(=m;, —1).

Property (1) in (D? x SY); with i > n can also be checked from the figure because the
fiber surfaces in (D? x S!); consist of horizontal disks.

Suppose that m; S; is a negative component. We assume that g; > 0. Then the orienta-
tions of the link component m; S; and the fibers H become as shown in Figure 8. There is only
one possibility of the framing of the fiber surface F, which is shown in the figure, otherwise
they do not satisfy (PTP) on the boundary of (D? x S');. As shown in the figure, we can
isotope the fiber surface F in (D? x S'); so that it satisfies property (1). The proof in the case
a; < 01is similar and the figure is as in Figure 8 with replacing (m;, ;) by (—m;, —[;). O

m;S; : negative

FIGURE 8. The compatibility on the neighborhood (D? x §Y; ofa negative component m; S; in the case a; > 0.

4.2. Proofof Theorem 1.1. The nextlemma will be used in the proof of Theorem 1.1.

LEMMA 4.7. If A > O then every fibered Seifert multilink has at least one positive
component.

PROOF. Let F be a fiber surface of a fibered Seifert multilink L(m) and assume that
L(m) has no positive component. The fibers of the Seifert fibration are given as H = o;m; +
ail;, where o;a; = A > 0. Let y; = u;m; + v;1; be the oriented boundary 9(F N (D2 X
sH \ m;S;, where u; € Z and v; € Z \ {0} are chosen such that the number of connected
components of (F N (D? x S1);) \ m; S; is equal to ged(|u;|, |v;|) in the case u; # 0 and |v; |
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otherwise. From (PTP), we have the inequality / (y;, H) = u;a; —v;o; > 0, where I (y;, H) is
the algebraic intersection number of y; and H on d(D? x S1;. Furthermore, the fiber surface
F along m; S; is given as shown in Figure 9 and we can verify the inequality a;v; > 0 from
these figures.

m;S; : negative

= [T

m;S; : negative
case a; >0 casea; <0

FIGURE 9. The framing of F along m; S;.

Foreachi =1, ...,n,
uim; +v;l; = (aju; — o;v;) Qi + (bju; + 6;v;)H .

The union of these curves is homologous to the boundary of the fiber surface because it is a
Seifert surface, and hence the sum Z;’zl (ujm; + v; ;) is null-homologous in the complement
3\ L(m). This complement is obtained from S x S! by gluing (D?x §');, fori = n+1, ...k,
in such a way that a; Q; + b; H corresponds to the meridian of (D? x §1);. Hence there exists
a non-zero vector (Wy+1, . . . , Wi) wWhich satisfies

n k
> (aiui — 07vi) Qi + (biw; + 8ivi) H) + Y wi(a; Qi +biH) =0.
i=l i=n+1

Since Zle Q; = 0in H;(S x S!) is the unique relation which we can use for vanishing
the coefficients of Q;’s, all coefficients of Q;’s must be the same value. Hence we have the
equality
n k
Z(Qi'i‘#l‘])‘f‘ Z <Qi+_lH> =0,
aju; — ojv; a;

i=1 i=n+1
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which implies

n n

k
biuj + 8;v; b; <bi v; ) b;
0=) "4 — = -+ —— |+ =
— aiui — 0jv; ._Zl aj Zl: ai  aj(aju; — 0ojv;) ._2:1 a;
(42) = i=n = i=n+
_ 1 T - Vi
A = ailaiu; — ojvi) '

i=

However the right-hand side of this equation must be strictly positive since a;u; — ojv; > 0
and a;v; > 0, which is a contradiction. O

PROOF OF THEOREM 1.1. We first remark that it is enough to observe the tightness for
a specific contact form whose contact structure is compatible with L(m) by Proposition 3.4.
Assume that L(m) is not a Hopf multilink in S3. If all components of L(m) are negative
then it does not satisfy (PTP) by Lemma 4.7. In this case, we reverse the orientation of L (m)
as L(—m) so that all components become positive. If all components of L(m) are positive,
then the compatible contact structure constructed according to the recipe in Proposition 4.1 is
positively transverse to the fibers of the Seifert fibration everywhere. In particular, it is known
that such a contact structure is always tight (see [20] and [19, Corollary 2.2]). Moreover, since
the monodromy of the fibration of L(m) is periodic, according to [4, Theorem 4.2], we can
conclude that the contact structure is Stein fillable.

Suppose that L(m) has at least one positive component and one negative component. In
this case, even if we reverse the orientation of L(m) by involution, L (m) still has a negative
component. Therefore, in either case, the contact structure ker o has an overtwisted disk by
property (3) in Proposition 4.1.

Finally we consider the case where L (m) is a Hopf multilink. Let m1S; and m» S, denote
the multilink components of L(m), i.e., L(m) = (X (1,1),m1S1 Um2S2). f m; +my # 0
then L(m) satisfies (PTP) up to the reversal of the orientation of L(m). Hence the above
proof works in this case. Suppose that m; + my = 0. Note that the fiber surface of this
multilink is tangent to the fibers of the Seifert fibration of X'(1, 1), though we can choose
another Seifert fibration such that (PTP) is satisfied. Since the orientation of L(m) is not
canonical, it is enough to check that the compatible contact structure is overtwisted. This
follows immediately since the fiber surface of L(m) is a disjoint union of the fiber surfaces of
a negative Hopf link and the compatible contact structure is same as that of the negative Hopf
link. O

5. Caseajay---a; <O.

5.1. Explicit construction of the contact structure. Throughout this section, we
assume A = aj - - - a; < 0. We start from the following lemma.

LEMMA 5.1. If A < O then every fibered Seifert multilink has at least one negative
component.
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m;S; : positive

AT Ty e

m; m;

m;S; : positive
case a; > 0 case a; <0

FIGURE 10. The framing of F along m; S;.

PROOF. The proofis analogous to that of Lemma 4.7. In the present case, the framing of
the fiber surface F along m; S; becomes as shown in Figure 10, from which we have a;v; < 0.
Hence the right-hand side of equation (4.2) is strictly negative since a;u; — o;v; > 0 and
a;v; < 0. This is a contradiction. O

The main assertion in this section is the following.

PROPOSITION 5.2. Let L(m) = (X, m1S1U---Um,S,) be a fibered Seifert multilink
L(m) in a homology 3-sphere ¥ = X (ai,...,ar) with A < 0. Assume (PTP). Fix an index
io of some negative component of L(m). Then there exists a positive contact form a on X with
the following properties:

(1) L(m) is compatible with the contact structure ¢ = ker «.

(2) The Reeb vector field Ry of o is tangent to the fibers of the Seifert fibration on
S xS

(3) The neighborhood (D* x SY); of each negative component m;S;, except Mig Sip»
contains a Lutz tube. In particular, it contains an overtwisted disk.

(4) On the other (D* x SY);’s, except i = iq, kera is transverse to the fibers of the
Seifert fibration.

In particular, if L(m) has at least two negative components then the contact structure Ker o is
overtwisted.

Before proving this proposition, we prepare a lemma similar to Lemma 4.4.

LEMMA 5.3. Suppose A < 0 and fix an index iy. Let U; be a collar neighborhood of
C; in 8 with coordinates (r;, 6;) € [1,2) x st satisfying {(r;, 0;); ri = 1} = C;. Then there
exists a 1-form B on S which satisfies the following properties:

(1) dB >00nS.

2) Ifbi/a; <0andi # ig then B = R;rid6; with —b; /a; < R; near C; on U,.
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3) Ifbi/a;i > 0andi # ig then B = (R;/r;i)dO; with —b;/a; < R; < 0 near C; on
Ui.

4) Ifbi,/aiy—1/A < 0then B = R;,r; d0;, with0 < R;; < —b;,/a;, + 1/A near C;,
on Uj,.

(5) Ifbi,/ai, —1/A > 0 then B = (R;,/riy)d0;, with R;, < —bj,/a;, + 1/A near C;,
on Uj,.

PROOF. Since Zi;el'o(_bi/ai) + (=bj,/a;i, + 1/A) = 0, we can choose Ry, ..., R
such that they satisfy the above inequalities and the inequality Zle R; < 0. The 1-form B
required can be constructed from these R;’s in the same way as in the proof of Lemma 4.4. O

PROOF OF PROPOSITION 5.2. We make a contact form ag on S x S! from the 1-form
B in Lemma 5.3 and extend it to (D? x S'); as in the proof of Proposition 4.1. Properties (2),
(3), (4) in the assertion follow from this construction. Let @ denote the obtained contact form
on M.

Suppose that i # ig, m;S; is a positive component and @¢; > 0. From equation (4.1), we
have h1(1) < 0, h2(1) > 0, A (1) < 0 and A5(1) > 0. Hence the mutual positions of the
fiber surface F, the oriented fibers H of the Seifert fibration and the Reeb vector field R, on
(D?* x S'); become as shown on the left in Figure 11. The contact structure « in this case is
determined by the curve described on the right. From these figures, we can easily check that
these satisfy property (1) in the assertion.

m;S; : positive

= [Ty hy

\\\f‘hl(l)'hz(l))

r=0

hy

Ryatr=1

FIGURE 11. The mutual positions of F, H and Ry, in the case where m; S; is a positive component.

If m; S; is negative and a; > 0 then we have the same inequalities. Hence their mutual
positions become as shown in Figure 12 and property (1) holds. If i = ip then hy(1) > 0
may not hold, but this does not make any problem since m;,S;, is a negative component. Thus
property (1) holds.

The proof is analogous in the case a; < 0. g
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\
)
)

m;S; : negative m;S; : negative

FIGURE 12. The mutual positions of F, H and Ry in the case where m; S; is a negative component.

5.2. Some criterion to detect overtwisted disks. In this subsection, we show two
lemmas which give sufficient conditions for the contact structure in Proposition 5.2 to be
overtwisted.

LEMMA 5.4. Suppose A < 0 and let m;,S;, be a negative component of L(m). Sup-
pose further that there exists a;, among ay, .. ., ax which satisfies the inequality

1 ( 1 1 ) 1
—— > ——.
lai, | \laio|  lai,| A

Then the contact structure in Proposition 5.2 is overtwisted.

PROOF. From the inequality in the assumption, we have |a;,| > |a;,|. In particular,
ip 7 i1. We can assume that m; S;, is a positive component, since otherwise the contact
structure is overtwisted by Proposition 5.2. We will find Ry, ..., Ry in Lemma 5.3 which

satisfy
b; b;
|a,»0|<1e,»0 + i) = —|a,»,|<1e,»I + i) <0.
aio ail

Set X = R;,+bj,/a;, andY = R; +Db;, /a;,. They should satisfy the conditions in Lemma 5.3,
thatis, X —1/A <0Oand Y > 0.

For a sufficiently small ¢ > 0, we set R;’s for i # ip,i; such that they satisfy the
conditions in Lemma 5.3 and the equality

> <Ri+%>=5.

iig,i1 !
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In the case k = 2, we set ¢ = 0. We need the inequality Zf:l R; < 0 and hence X and Y
should satisfy

b; 1
0>’Z’ R + Ri, + R;, =e—.Z' a—i+R,»0+Ril =e—+X+Y.
iFig,i i,

Now we assume that the following inequality holds:

(5.1) |biy + aiy Riy| = —la;)| X <

|ai0| '

The difference of the slopes of a meridional disk and a Legendrian curve on 9(D?* x S io 18
given as

(ai() Qi() + bi() H)

Aj,

bj,
_ (Qi() — RiOH) = (— + Ri())H-

ajy
Since b;,/a;, + Ri;; = X < 1/A < 0, the slope of the Legendrian curve is a bit higher than
that of the meridional disk as shown in Figure 13. Let y be the boundary of the meridional
disk. Since the distance of two neighboring intersection points of H and y is 1/|a;,|, inequal-
ity (5.1) ensures that we can isotope y on (D% x S l)io so that it is Legendrian except for a
short vertical interval of length |b;, + a;, R;,|. We denote by A;; the meridional disk bounded
by this isotoped y .

C Legendrian curve = Q;) — Rjy H

z # |bi()/ai0 + Riol

[~ slope of meridional disk = Q;, + bj,/a;, H

1/laiy| % 0,

FIGURE 13. The slopes of a meridional disk and a Legendrian curve on the boundary of (D% x ! Dig-

io

We also obtain a similar disk A;, in (D2 x S 1)il, assuming the inequality

|bi1 +ai|Ri|| = |ai||Y <

|ai1| '

In this case, the slope of the Legendrian curve is a bit lower than that of the meridional disk
since b;, /a;, + R;, =Y > 0 (cf. Figure 15).
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In summary, we have assumed for a point (X, Y) to satisfy the following conditions:
|ai0|X + |ai1 |Y =0 s

1
X+Y <—e+4+—,
+ —i—A

(5.2) 1 1

0<Y < —

Note that we always have the inequality —l/aiz0 < 1/A, because 1/|a; |(1/]a;,| — 1/la;;|) >
—1/A implies |a;,| < |a;,| and hence
1 1 1
-— < _

aio |ai0||ai1| A

Now we describe the region on the XY -plane where (X, Y) satisfies the inequalities in
the above conditions, which is shown in Figure 14. Note that we used the inequality

1 1 1 ( 1 1 > 1
- > - > -
a a |ai1| |ai0| |ai1| A

io i

when we described this region. The equality and inequalities in (5.2) have a solution if and
only if the line |a;,| X + |a;,|Y = O intersects this region, i.e., the inequality

| |< 1+1)+| |(1) 0
aj, - — aij, — >
a4 A a4

holds, and this follows from the assumption. Thus the embedded disks A;, and A;, exist.

(—1/a,21 1A, 1/ai2]) Y

— 1/a? 1/A
1/A

FIGURE 14. The region where (X, Y) satisfies the required inequalities.

Finally we connect these disks by a band B whose two sides are Legendrian as shown
in Figure 15. We here explain this more precisely. We first remark that the lengths of the two
short vertical intervals on the boundaries of A;; and A;, are the same since

|bi0 +ai0Ri0| = _lai()lX = |Cl[||Y = |bi| +ai|Ri| | .
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Let po, qo be the endpoints of the vertical interval of the boundary of A;, and let p; and
q1 be those of A;,. Choose a vertical annulus W = H x [0, 1] between (D2 X Sl),'0 and
(D*> x § 1);, as shown in Figure 15 and let Fy denote the foliation on W determined by £.
Note that Fyw is non-singular and every leaf of Fw connects the connected components of
dW because £ is transverse to H. By shifting A;, if necessary, we can assume that py and
p1 are the endpoints of the same leaf of Fy . Since the lengths of the short vertical intervals
are the same, by shifting both of A;, and A;, simultaneously, we can find positions of A;,
and A;, such that pg and p; are the endpoints of a leaf of Fw and g¢ and ¢ are also the
endpoints of another leaf of 7. Now we choose the band B to be a curved rectangle such
that its boundary consists of these leaves and the short vertical intervals and it is tangent to
the contact structure &£ along the leaves of Fw on the boundary as shown in Figure 15. The
union A;;UBU A;, is a disk embedded in X with a polygonal Legendrian boundary. We then
isotope it in a neighborhood of the corners of the polygonal Legendrian boundary so that it
becomes a smooth embedded disk with smooth Legendrian boundary. From the construction,
the contact structure £ is tangent to this disk along its boundary. Hence it is an overtwisted

disk. O
T Ty 27
U ______________________ w
z v
w%gy B = ~<b\:\
,1510 :511
(52";757‘7)7,-70 7777777777777777777 (D2 o Sh)

FIGURE 15. The band B.

LEMMA 5.5. Suppose A < 0 and let m;,S;, be a negative component of L(m). Sup-
pose further that there exist a;, and a;, satisfying la;,| < la;,| < la;,|. Then the contact
structure in Proposition 5.2 is overtwisted.

PROOF. We have the inequality

la;, | 1 < 1 1 ) 1 1 1 1 1
— = = — - E — < —
A |ai0ai2| |ai0| |ai2| |ai2| - |ai0| |ai0| |Cl,’2| |ai0| |ai1 |
and hence the assertion follows from Lemma 5.4. d

EXAMPLE 5.6. Suppose that gcd(|p|, |¢|) = 1 and pg < 0.
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(1) (X,L)= (2, p,q),—S1)isa (p,q)-torus knot in S3. Here the component —S;
must be negative because of Lemma 5.1. If | p|, |g| > 2 then there exists an overtwisted disk
by Lemma 5.5. If either |p| = 1 or |g| = 1 then L is a trivial knot in $3 and its compatible
contact structure is tight. Actually, this does not satisfy the condition in Lemma 5.4.

2) (X, L)=(X(p,q),S1U—S5) is a positive Hopf link in $3. Tt is well-known that
its compatible contact structure is tight, and this actually does not satisfy the condition in
Lemma 5.4.

6. TFibered Seifert links in S°. In this section, we study Seifert links in S3. The
classification of Seifert links in S> was done by Burde and Murasugi [3], in which they proved
that a link is a Seifert link in S if and only if it is either a union of a finite number of fibers
of the Seifert fibration in X'(p, g) with pg # 0 or a link described in Figure 1 with arbitrary
orientations (cf. [5, p. 62]). The classification of contact structures on $3 had been done by
Eliashberg [6, 8]. In particular, it is known that S> admits a unique tight contact structure up
to contactomorphism, so-called the standard contact structure.

PROOF OF THEOREM 1.2. In this proof, we use the letters p and g instead of a; and a,
respectively. The assertion in the case pg > 0 follows from Theorem 1.1. Suppose pg < 0.
We first prove the assertion in the case where all components of L are negative. In this case,
(PTP) is satisfied by Lemma 5.1. If L has more than one link components then the contact
structure is overtwisted by the last assertion in Proposition 5.2. Suppose that L consists of
only one component, then L is either a trivial knot or a (p, g)-torus knot with pg < 0. It is
well-known that the contact structure of a trivial knot is tight, and that the contact structure of
a (p, g)-torus knot with pg < 0 is overtwisted if and only if it is not a trivial knot. Thus the
assertion follows in this case.

Next we consider the case where L has at least one positive component. Note that L
also has one negative component by Lemma 5.1. We can assume that the number of negative
components of L is one, otherwise the contact structure is overtwisted by the last assertion in
Proposition 5.2.

We decompose the argument into three cases:

(1) The two exceptional fibers of X' (p, g) are both components of L. That is,

L=(Xx{1,...,1, P, Q), miSiU---Umy 28, 2Umu_ 15,1 Um,S,) .
——
n—2
(2) One of the two exceptional fibers of X'(p, ¢) is a component of L. That is,
L= (2(17 UK 17 P, Q)7m1S1 U Umn—ISn—l UmnSn)-
—_———
n—1
(3) Neither of the two exceptional fibers of X (p, ¢g) is a component of L. That is,
L=X1,...,1,p,q),mS1U---Um,S,) .
—_———

n

Here m; € {—1, +1} since L is a fibered link.



48 M. ISHIKAWA

We first consider Case (1). If n = 2 then L is a positive Hopf link in S3. Suppose
n > 3 and that either S,_; or S,, say S,_1, is a negative component. The linking number
of m,_1S,-1 and all the other components of L is (n — 2)|q| + 1. Note that n — 2 is the
number of the link components of L along non-exceptional fibers. For a fiber surface F of
L, the oriented boundary 9(F N (D? x §"),_1) \ mp_1S,—1 on d(D? x S1),_ is given as
y =£(—((n—2)|g|+ 1)m,_1 + [,_1), where the sign & is + if p > 0 and — otherwise (see
Figure 16). Here the surface on the right is described by applying the Seifert’s algorithm to
the diagram on the left.

m,_1S,_1 : negative ol

2\

2 1
m,_q (D* x 8§ )1

(n—=2)q|

mp Sp

my_1S,-1 : negative

FIGURE 16. The framing of the Seifert surface in Case (1) with negative component m,,_1S,_1 and p > 0.

Since H = qm,,_1 + pl,—1, (PTP) implies the inequality I(y, H) = F(((n — 2)|q| +
Dp +¢q) > 0, where I(y, H) is the algebraic intersection number of y and H on 3(D? x
S 1),,_1. However,

Iy, Hy=F(((n —Dlgl+ Dp+q)=n—-2)pqg F (p+q)
=(PFD@FDH+n-3)pg—1<0

since (p F1)(g F1) <0and (n — 3)pg < 0forn > 3. This is a contradiction.

Suppose n > 3 and a regular fiber is a negative component of L. The linking number of
mp—1S,—1 and all the other components of L is —(n — 4)|q| — 1 and the oriented boundary
I(FN(D*x 81— 1)\mp—1S,—1 on d(D? x §1),—1 becomes y = ((—(n—4)|g|—1)m,_1—
[n—1) (see Figure 17). Thus, I(y, H) = F(n —D|gq|+ Dp—q)=n —4)pgFpLq.If
|pl, lg] = 2 then the contact structure of L is overtwisted by Lemma 5.5. If either | p| or |g/|
equals 1 then

n—PpgFprtq=mn-3)pg—(pFhH@x1)-1<0

since (p F 1)(¢ = 1) = 0. Hence (PTP) does not hold.
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My_1S,-1 @ positive
My—1Sy—1 : positive 2 T oy

one of them is negative

(n—3)lq|

[ —

(Dz X Sl)n—l

my—1

mpu Sy

FIGURE 17. The framing of the Seifert surface in Case (1) with a non-exceptional fiber being the negative
component.

Next we consider Case (2). If n = 1 then L is a trivial knot in S3. Suppose n > 2 and
that S, is a negative component. Since

I(y, Hy=F((n—Dlglp+q)=0n—-1DpgFq=mn—-1)pg+lq| <0,

(PTP) does not hold (cf. Figure 16 with deleting the component m,, S, and replacing the num-
ber (n — 2)|g| by (n — 1)|q| and the indices n — 1 by n). We remark that the equality holds
whenn = 2 and |p| = 1, and if |¢| = 1 in addition then L becomes a positive Hopf link.
Nevertheless, we can ignore this case because the fibration of a positive Hopf link is not given
by this Seifert fibration.

Suppose n > 2 and a regular fiber is a negative component of L, then

I(y, H)y=F((n—3)lqlp—q) = —3)pg Lt q = (1n—3)pg — |q|

(cf. Figure 17 with deleting the component m,,S,, and replacing the number (n — 3)|g| by
(n — 2)|q| and the indices n — 1 by n). This is positive if and only if n = 2 and |p| > 2,
in which case if |¢g| > 2 then the contact structure of L is overtwisted by Lemma 5.5, and if
|g| = 1 then L is a positive Hopf link and its contact structure is tight.

Finally we consider Case (3). If n = 1 then it is a (p, g)-torus knot and we know that its
contact structure is tight if and only if it is a trivial knot. If » = 2 then L is a positive Hopf link,
otherwise L is not fibered. If n > 3 and |p|, |g| > 2 then its contact structure is overtwisted
by Lemma 5.5. So, we can suppose that n > 3 and either | p| or |g| equals 1. Choose a positive
component n;, S;, of L, then the oriented boundary 8 (FN(D? x S');,)\m;, Si, on d(D>x S');,
isgivenas y = —(n—3)|q|m;, —[;, (see Figure 18). Since I (y, H) = —(n—3)|q|+ pq < O,
(PTP) does not hold.
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mj, Si : positive

i, © positive o

mi, S

one of them is negative

(n—2)lql

FIGURE 18. The framing of the Seifert surface in Case (3).

If pg = O then L is as shown in Figure 1, which is a connected sum of a finite number of
Hopf links. The plumbing argument in [32] ensures that the contact structure of such a link is
tight if and only if every summand is a positive Hopf link. This completes the proof. O

7. Seifert links in S and their strongly quasipositivity. A Seifert surface in $3
is called quasipositive if it is obtained from a finite number of parallel copies of a disk by
attaching positive bands. A link is called strongly quasipositive if it is realized as the boundary
of some quasipositive surface. In other words, a strongly quasipositive link is the closure of a
braid given by the product of words of the form

-1
0i,j = (0j---0j-2)0j-1(0; - --0j-2)" ",

where o; is a positive generator of braid. See [23, 24, 25, 26, 27, 28] for further studies of
quasipositive surfaces.

It is known by Hedden [15], and Baader and the author [1] in a different way, that the
compatible contact structure of a fibered link in S> is tight if and only if its fiber surface is
quasipositive. Hence, Theorem 1.2 can be generalized into the non-fibered case as stated in
Corollary 1.3.

PROOF OF COROLLARY 1.3. The assertion had been proved in Theorem 1.2 if L is
fibered. So, hereafter we assume that L is non-fibered. If (a1, az) = (0, 1) then L must be
a trivial link with several components, which is excluded by the assumption. Suppose that
ajaz # 0. We now prove that L is not fibered if and only if it is a positive or negative torus
link, other than a Hopf link, which consists of even number of link components half of which
have reversed orientations.

We first consider the case where both of the fibers of the Seifert fibration corresponding
to a; and ay are not components of L. Let k and k” be the numbers of positive and negative
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components, respectively. Since ) ;_, m;jo; = (k —k')ajas, L is fibered if and only if k = k’
by Theorem 2.1. Thus the assertion follows.

Next we consider the case where one of the fibers corresponding to a; and a», say ay, is
a component of L and the other is not. If |a1| = 1 then we can regard such a Seifert link

L=Xxd,...,1,£1,a) , miS1U---Umy_18,-1 Um,S,)
———
n—1
as
L=X1,...,1,xl,a), mS1U---Umy_18,-1 Um,S,),
——

n
where m; € {—1, +1}. Hence, this is included in the previous case. Assume that |aj| > 1.
Then we have Z;’zl m;o; = kajay + myay # 0, where k is some integer and |m,| = 1, and
hence L is always fibered in this case by Theorem 2.1.

Finally we consider the case where both of the fibers corresponding to a; and a; are
components of L. In this case, Z?:l mio; = kayay + my_1ay + muay, where k is some
integer and |m,_1| = |m,| = 1. As in the previous case, we can assume that |a;| > 1 and
laz| > 1. Since ged(|ay], |az|) = 1, the inequalities |a1| # |az| and |ajaz| > |ai| + |az| hold.
Hence kajas + my—1as + myay # 0, i.e., L is always fibered in this case also.

Thus the non-fibered link L is a positive or negative torus link, other than a Hopf link,
which consists of even number of link components, say 2k, half of which have reversed ori-
entations. Such an L is realized as the boundary of a Seifert surface F' consisting of k annuli.

Suppose ajay > 0 and let F’ be one of the annuli of F. The core curve of F’ constitutes a
positive torus knot, say a (p, q) torus knot with p, g > 0. Itis knownin [1, Lemma 6.1] that if
F’ is quasipositive then —1 times the linking number [k (F") of the two boundary components
of F' is at most the maximal Thurston-Bennequin number TB(K) of the core curve K of the
annulus, i.e., —Ik(F’") < TB(K). It is known in [30] that

TB(K)=(p—Dg—p=pg—p—q,

where p is regarded as the number of Seifert circles, which equals the braid index. However,
we can easily check [k(F") = — pq, which does not satisfy the inequality —Ik(F") < T B(K).
Thus F’ is not quasipositive. Now assume that L is strongly quasipositive. Then, by definition,
there exists a quasipositive surface bounded by L. However this surface contains the above
non-quasipositive annulus as an essential subsurface, which contradicts the Characterization
Theorem of quasipositive surfaces in [23]. Thus L is not strongly quasipositive.

If aja; < O then the link L is in Case (3) in the assertion. Suppose that the core curves
of annuli of F constitute a (kp, kq) torus link with p > 0 and ¢ < 0. Using ambient isotopy
move in $3, we can assume that p < |g|. In the case where p = |g|, we set the surface F in
the position as shown in Figure 19, which shows that the surface is quasipositive. If p < |g],
we need to add more crossings, though we can check that the surface is still quasipositive as
shown in Figure 20. This completes the proof. O

We close this section with a conjecture arising from the fact in Corollary 1.3.
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F

7

W

FIGURE 19. The surface F in the case (p, q¢) = (3, —3).

FIGURE 20. The surface F in the case (p, q¢) = (3, —4).

CONJECTURE 7.1. Any non-splittable unoriented link in S* has at most two strongly
quasipositive orientations.

Here a strongly quasipositive orientation means an orientation assigned to the unoriented
link such that the obtained oriented link becomes strongly quasipositive. As in Corollary 1.3,
this conjecture is true for all Seifert links in S3. We will prove the same assertion for fibered,
positively-twisted graph links in S> in the subsequent paper [17].

8. Cablings.

8.1. Definition of positive and negative cablings. A cabling is an operation which
produces a new link L in a 3-manifold from an old one L’ by replacing a small tubular neigh-
borhood of a component of L’ by a solid torus containing a torus link parallel to the boundary
of the solid torus. We define this operation for multilinks as follows: Let M be an oriented,
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closed, smooth 3-manifold and L(m) a fibered multilink in M. Suppose that there exists a
solid torus N in M such that each L(m) N N is a torus multilink in N with consistent orien-
tation, i.e., a multilink in N lying on a torus parallel to the boundary d N all of whose link
components have consistent orientations. We replace the torus multilink components of L (m)
in N by its core curve S, extend the fiber surfaces of L(m) by the retraction of N to S, and
define the multiplicity of S from these fiber surfaces canonically. We denote the obtained mul-
tilink in M by L’(m’). Note that L’ (m’) is always fibered. In other words, L (m) is a multilink
obtained from L’(m’) by replacing a small tubular neighborhood of a link component S of
L’(m") by a solid torus N containing a torus multilink with suitable multiplicities.

Next we define the notion of positive and negative cablings. We set L(m) N N and
L'(m’) in M simultaneously such that the core curve of N coincides with the link component
of L'(m’) in N, and check the intersection of L(m) N N with the fiber surface of L’ (m').

LEMMA 8.1. L(m) N N intersects the fiber surface of L' (m') transversely.

PROOF. By [5, Theorem 4.2], the fibration of L(m) is decomposed into two fibered
multilinks L'(m”) and L”(m") by the splice decomposition, each of whose fibrations is in-
duced from that of L(m). The multilink L(m) N N is parallel to the fibers H of the Seifert
fibration of L”(m"). Hence, it is enough to show that H is transverse to the fiber surface of
L’ (m"), and this follows immediately since H is transverse to the fiber surfaces of L”(m"). O

DEFINITION 8.2. A cabling is called positive if L(m) N N intersects the fiber surface
of L'(m’) positively transversely. If the intersection is negative then the cabling is called
negative.

To discuss the framing of the cabling, we fix a basis of 9N as follows: Let m be an
oriented meridian on d N positively transverse to the fiber surface F of L(m), and [ an oriented
simple closed curve on d N such that I (m, [) = 1, where I (m, [) is the algebraic intersection
number of m and [ on dN. Each connected component of the oriented boundary of F \ intN
on (M \ int N) is given as y = um + vl, where (u, v) € Z x N are assumed to be coprime.

Now we embed N into S3 along a trivial knot such that (m, [) becomes the preferred
meridian-longitude pair of this trivial knot. We then add the core curve S, of S3 \ int N as an
additional link component to L(m) N N embedded in $3, extend the fiber surfaces of L(m) by
the retraction of 3 \int N to S, and define the multiplicity m,, of S,, from these fiber surfaces
canonically. The obtained multilink can be represented as

Lp,q(mp,q) =(&,....,1,eq,ep),mS1U---Ump_18,-1 U eympSy) ,

n—1
where p > 0,

1 if the cabling is positive

—1 if the cabling is negative,
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and
—1 if the cabling is negative and g > 0

&y = )
1 otherwise

(cf. Figure 21). The sign ¢ is chosen such that I(H, y) > 0, where H is the fibers of the
Seifert fibration on 3(D? x S1),, and I (H, y) is the algebraic intersection number of H and
y on dN. This is checked as follows: H = epm, +¢eql, = eqm+eplon dN and
I(H,y) =€ (qv — pu). If the cabling is positive then we have gv — pu > 0. If it is negative
then gv — pu < 0. In either case, we have I(H, y) > 0. This inequality means that H
intersects F positively transversely. The sign ¢, is needed since the working orientation of
Sn changes depending on the mutual positions of 0, g /p and u /v, where 0 is the slope of the
longitude, g/ p is the slope of the cabling, and u /v is the slope of the fiber surface.

Let £ be the set of longitudes with u > 0 and g # 0, then there exists a longitude [ in £
such that # becomes minimal among them. We always use this meridian-longitude pair (m, [)
in the discussion below. In particular, the case g = 0 is excluded.

vmy, + uly

L Mi

fiber surface

Q / /—/\\}mlSl ..... My—18,-1
/

This solid torus is N (S,).
The “outside” is §° \ N(Sp).

fiber surface um + vl

This solid torus is V.
The “outside” is M \ N.

FIGURE 21. The left figure shows the fiber surface F in M \ int N and the right one shows L(m) N N in N C 53

LEMMA 8.3. Foreachi = 1,...,n — 1, m; is positive if and only if the cabling is
positive.

PROOF. Recall that the orientation of m;S; is consistent with that of [. If the cabling
is positive then the working orientation of S; is consistent with that of [. Hence m; > 0. If
it is negative then, since we change the orientation of the fibers of the Seifert fibration by
multiplying ¢, the working orientation becomes opposite to that of [. Hence m; < 0. a

8.2. Proof of Theorem 1.4.

LEMMA 8.4. Let L(m) be a fibered multilink in an oriented, closed, smooth 3-manifold
M with a cabling in a solid torus N. Then there exists a positive contact form o on M with
the following properties:
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(1) L(m) is compatible with the contact structure & = ker «.

(2) On aneighborhood of N, « is given as & = ha(r)du — hy(r)dA, where (r, 0, A)
are coordinates of N = D?* x S chosen such that (r, i) are the polar coordinates of D>
of radius 1 and (i, )) are the coordinates of d N with respect to the meridian-longitude pair
(m, ), and hy and h> are real-valued smooth functions with a parameter r € [0, 1] such that
u/v —hi(1)/ha(1) > 0 is sufficiently small.

(3) « on N is the restriction of the contact form compatible with the Seifert multilink
Lpg(m, ) to S*\intN(S,).

PROOF. Let L'(m’) be the multilink in M before the cabling and let &’ be a contact form
obtained in Proposition 3.3, whose kernel is compatible with L’(m’). On a neighborhood of
ON, o is given as

1
o = Rvdp + <— - Ru)dk
r

as in equation (3.1). Hence
u h() wu —(1—Ru) 1
v oha(l) v Rv  Rv
can be sufficiently small since we can choose R > 0 sufficiently large.
Next we make a contact form compatible with L(m) from o by replacing the form on
N suitably. Let ) 4 be a positive contact form on §3 whose kernel is compatible with the

fibered Seifert multilink L, 4(m, ;) of the cabling. Such a contact form is given explicitly

>0

in Proposition 4.1 and Proposition 5.2. Let (r,, in, A,) be the coordinates on (D2 x S l)n,
then in a small neighborhood of d N, the gluing map of the cabling is given as (r, u, X) =
(2 — 1y, An, 1y). Hence, on this neighborhood, we have

o=hyr)du—hi(rdr=—h1Q2 —r)du, +ho(2 —ry)dx, .

First consider the case where the cabling in N is positive. In this case, we have H =
eqgm, +¢epl, = gm+ plsincee =1,¢g > 0,u > 0,v > 0and gv — pu > 0. By
choosing R > 0 sufficiently large, we can assume that H, y, o’ and ap,q are as shown
in Figure 22. Remark that the contact forms o’ and « 4 in the figure are given with the
coordinates (7, t,, An), hence the x-axis represents —h,(2—r,) and the y-axis does —h1(2—
rn). By multiplying a positive constant to « 4 if necessary, we can connect the two contact
forms &’ and «, , smoothly with keeping the positive transversality of the Reeb vector field
and the interiors of the fiber surfaces.

Next we consider the case where the cabling is negative. Recall that the contact form
constructed according to Lemma 5.3 and Proposition 5.2 depends on the choice of by, . . ., bi.
By Lemma 8.3 we have m; < Ofori = 1,...,n — 1. We now choose for instance m S as
the negative component with index iy specified in Lemma 5.3. In this setting, we re-choose
these b;’s such that b, /a,, < 0, and then choose R, in Lemma 5.3 (2) sufficiently large so that
the line representing ker «p, 4 is sufficiently close to H on the xy-plane.

If g < Othen we have H = eqm, +epl, =gqm+ plsincee =1,u > 0,v > 0 and
qv — pu > 0. By choosing R > 0 sufficiently large, we can assume that H, y, o’ and o 4
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—h1(2—=rn)

H=(p,q)

/ y = (v, u)
é_hﬂz_rn)

FIGURE 22. Connect o« and ap 4 smoothly (case of positive cabling).

are as shown on the left in Figure 23. If ¢ > O then H = eqm, +¢epl, = —gm — p[since

& = —1. Thus they are in the positions as shown on the right in Figure 23. In either case, by
multiplying a positive constant to o), , if necessary, we can connect the contact forms o’ and
ap 4 smoothly as shown in the figures. Thus we obtain the contact form required. O
—h12—rn) —h12—rn)
H
LA 14
: Y
L —h2(2 —rp) —h2(2—rp)
a/
*p.gq
caseqg <0 case g > 0

FIGURE 23. Connect o’ and & p.q smoothly (case of negative cabling).

Now we prove Theorem 1.4. We first recall the statement.

THEOREM 1.4. Let L(m) be a fibered multilink in an oriented, closed, smooth 3-
manifold M with cabling in a solid torus N in M, and L' (m") the fibered multilink obtained
from L(m) by retracting N to its core curve. Let & and &' denote the contact structures on M
compatible with L(m) and L' (m’), respectively.

(1) If&' is tight and the cabling is positive, then § is tight.

(2) If&' is tight, the cabling is negative and L(m) N N has at least two components,
then & is overtwisted.

(3) Ifé& is tight, the cabling is negative, L(m) N N is connected, p > 2 and g < -2,
then & is overtwisted.

(4) If&' is overtwisted then & is also overtwisted.
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PROOF. We use the contact structure constructed in Lemma 8.4. If & is in Case (1) in
the assertion then there exists a one-parameter family which connects & and &’. Hence & and
&’ are contactomorphic by Gray’s theorem [14]. Suppose that &’ is in Case (2). In this case,
eachm;S; fori = 1,...,n — 1 is a negative component of prq(mpyq) by Lemma 8.3. Thus,
Proposition 5.2 and Lemma 8.4 ensure that there exists a negative component which contains
an overtwisted disk. Suppose &’ is in Case (3). We will use Lemma 5.4 to detect an overtwisted
disk. We assign the index ig to the link component S; and the index i; to the singular fiber
of the Seifert fibration other than S,. From Figure 22, we can make sure that the proof of
Lemma 8.4 works even if the point representing ' is sufficiently close to the horizontal axis.
This means that we can choose R, to be any value in (—b, /a,, o0). This is important since,
in the proof of Lemma 5.4, R, is some value with —b,,/a, < R, and we do not know at which
value the overtwisted disk is detected. Since a;, = 1, we have 1 > 1/|p| + 1/|q|. Hence, we
can detect an overtwisted disk between (D? x S l)io and (D* x § l)il by Lemma 5.4, which is
outside of (D% x S1),,. In Case (4), let D denote an overtwisted disk in (M, &’). Since we can
choose N sufficiently small so that 9D N N = , the overtwisted disk still remains in (M, &)
after the cabling. O

REMARK 8.5. If p = 1 then L(m) is ambient isotopic to L'(m’). Suppose p > 2. We
have chosen (m, [) such that ¥ > 0 is minimal among L. If the cabling is negative and ¢ > 2
then we can change [ — [— (¢ — 1) m such that the cabling is negative and ¢ = 1. Hence this
case is excluded since u is not minimal in £. Now, the remaining case is when &’ is tight, the
cabling is negative, L(m) N N is connected, p > 2 and g € {—1, 1}.

8.3. Cabling along fibered knots. In this last subsection, we apply our result to the
usual cabling without multiplicities. A usual cabling is an operation producing a new link L
in a 3-manifold M from an old one L’ by replacing a small tubular neighborhood of a link
component of L’ by a solid torus containing a torus link parallel to its boundary. We can apply
our result to the case where L’ is a fibered knot, i.e., it has only one link component.

Let L’ be a fibered knot in M and N(L’) its small tubular neighborhood with the
meridian-longitude pair (m/, ') induced from the fiber surface, namely m’ is the boundary
of a meridional disk and I’ is the oriented boundary of a fiber surface of L’.

COROLLARY 8.6. Let L' be a fibered knot in an oriented, closed, smooth 3-manifold
M and L the link obtained from L' by cabling a (np, nq)-torus link with respect to (w/, '), i.e.,
the cabling with slope g W'+ p ' and having n components, where p > 0 and ged(p, |q|) = 1.
Let & and &' denote the contact structure on M compatible with L and L', respectively.

(1) If¢ istight and g > O then & is tight.

(2) If¢ istight,q < 0andn > 2 then & is overtwisted.

(3) If¢ istight, p > 2 and g < —2 then & is overtwisted.

(4) If€' is overtwisted then & is also overtwisted.
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PROOF. Let L'(m’) be the fibered multilink obtained from L by retracting the solid
torus N(L') of the cabling to its core curve. Since L’ is a knot, the framing of the fiber
surfaces of L’(m’) coincides with that of the fiber surface of L’. This means that y = [,
i.e., (u, v) = (0, 1). Hence the cabling is positive in the sense in Definition 8.2 if and only if
q > 0. Note that the case ¢ = 0 is excluded by Lemma 8.1. The assertion is just a restatement
of Theorem 1.4 in this special case. O

REMARK 8.7. In the remaining case, i.e., the case where & is tight,n = 1, p > 2 and
g = —1, it is known in [2] that the contact structure & is tight if and only if M = $3 and L is
a trivial knot (cf. [16] for the case where L’ is a fibered knot in S3).

REFERENCES

[1] S. BAADER AND M. ISHIKAWA, Legendrian graphs and quasipositive diagrams, Ann. Fac. Sci. Toulouse
Math. (6) 18 (2009), 285-305.

[2] K.BAKER,J. ETNYRE AND J. VAN HORN-MORRIS, Cablings, contact structures and mapping class monoids,
preprint, arXiv:1005.1978 [math.SG].

[3] G.BURDE AND K. MURASUGI, Links and Seifert fiber spaces, Duke Math. J. 37 (1970), 89-93.

[4] V. CoLIN AND K. HONDA, Reeb vector fields and open book decompositions preprint, available at
arXiv:0809.5088v1 [math.GT].

[5] D.EISENBUD AND W. NEUMANN, Three-dimensional link theory and invariants of plane curve singularities,
Ann. of Math. Stud. 110, Princeton Univ. Press, Princeton, NJ, 1985.

[6]1 Y. ELIASHBERG, Classification of overtwisted contact structures on 3-manifolds, Invent. Math. 98 (1989),
623-637.

[7]1 Y.ELIASHBERG, Filling by holomorphic discs and its applications, Geometry of low-dimensional manifolds, 2
(Durham, 1989), pp. 45-67, London Math. Soc. Lecture Note Ser., 151, Cambridge Univ. Press, Cambridge,
1990.

[8] Y.ELIASHBERG, Contact 3-manifolds twenty years since J. Martinet’s work, Ann. Inst. Fourier (Grenoble) 42
(1992), 165-192.

[9] T.ETGU AND B. OZBAGCI, Explicit horizontal open books on some plumbings, Internat. J. Math. 17 (2006),
1013-1031.

[10] J.B. ETNYRE, Lectures on open book decompositions and contact structures, Floer homology, gauge theory,
and low-dimensional topology, pp. 103-141, Clay Math. Proc., 5, Amer. Math. Soc., Providence, RI, 2006.

[11] H. GEIGES, An Introduction to Contact Topology, Cambridge Stud. in Adv. Math. 109, Cambridge Univ.
Press, Cambridge, 2008.

[12] E. GIROUX, Géométrie de contact: de la dimension trois vers dimensions supérieures, Proceedings of the
International Congress of Mathematicians, Vol II (Beijing, 2002), pp. 405414, Higher Ed. Press, Beijing,
2002.

[13] M. GROMOV, Pseudoholomorphic curves in symplectic manifolds, Invent. Math. 82 (1985), 307-347.

[14] J. GRAY, Some global properties of contact structures, Ann. of Math. 69 (1959), 421-450.

[15] M. HEDDEN, Notions of positivity and the Ozsvath-Szab6 concordance invariant, J. Knot Theory Ramifica-
tions 19 (2010), 617-629.

[16] M. HEDDEN, Some remarks on cabling, contact structures, and complex curves, Proc. Gokova Geom. Topol.
Conference, 2007, pp. 49-59, Gokova Geom./Topol. Conference, Gokova, 2008.

[17] M. ISHIKAWA, Compatible contact structures of fibered positively-twisted graph multilinks in the 3-sphere,
preprint, available at arXiv:1006.4414 [math.GT].

[18] Y. KAMISHIMA AND T. TsuBOI, CR-structures on Seifert manifolds, Invent. Math. 104 (1991), 149-163.



COMPATIBLE CONTACT STRUCTURES OF FIBERED SEIFERT LINKS 59

[19] P. LisCA AND G. MATIC, Transverse contact structures on Seifert 3-manifolds, Algebr. Geom. Topol. 4
(2004), 1125-1144.

[20] J. D. MCCARTHY AND J. G. WOLFSON, Symplectic gluing along hypersurfaces and resolution of isolated
orbifold singularities, Invent. Math. 119 (1995), 129-154.

[21] B. OzBAGCI, Explicit horizontal open books on some Seifert fibered 3-manifolds, Topology Appli. 154
(2007), 908-916.

[22] B. OzZBAGCI AND A. I. STIPSICZ, Surgery on Contact 3-manifolds and Stein Surfaces, Bolyai Soc. Math.
Stud. 13, Springer-Verlag, Berlin, 2004.

[23] L. RUDOLPH, A characterization of quasipositive Seifert surfaces (Constructions of quasipositive knots and
links, III), Topology 31 (1992), 231-237.

[24] L. RUDOLPH, Quasipositive annuli (Constructions of quasipositive knots and links, IV), J. Knot Theory Ram-
ifications 1 (1992), 451-466.

[25] L. RUDOLPH, Quasipositivity as an obstruction to sliceness, Bull. Amer. Math. Soc. (N.S.) 29 (1993), 51-59.

[26] L. RUDOLPH, Quasipositive plumbing (constructions of quasipositive knots and links, V), Proc. Amer. Math.
Soc. 126 (1998), 257-267.

[27] L. RUDOLPH, Positive links are strongly quasipositive, Proceedings of the Kirbyfest (Berkeley, CA, 1998),
pp. 555-562, Geom. Topol. Monogr., 2, Geom. Topol. Publ., Coventry, 1999.

[28] L. RUDOLPH, Quasipositive pretzels, Topology Appl. 115 (2001), 115-123.

[29] A. SATOo AND T. TSUBOI, Contact structures on closed manifolds fibered by the circles, Mem. Inst. Sci. Tech.
Meiji Univ. 33 (1994), 41-46.

[30] T. TANAKA, Maximal Bennequin numbers and Kauffman polynomials of positive links, Proc. Amer. Math.
Soc. 127 (1999), 3427-3432.

[31] W.P. THURSTON AND H. WINKELNKEMPER, On the existence of contact forms, Proc. Amer. Math. Soc. 52
(1975), 345-347.

[32] 1. Torisu, Convex contact structures and fibered links in 3-manifolds, Internat. Math. Res. Notices 9 (2000),
441-454.

MATHEMATICAL INSTITUTE
TOHOKU UNIVERSITY
SENDAT 980-8578

JAPAN

E-mail address: ishikawa@math.tohoku.ac.jp



