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Introduction

The unique prime decomposition theorem of knots and links proved
by Schubert [26] and Hashizume [11] reduces the classification problem
of links to that of prime links, and it is also useful for the study of
symmetries of composite links (see [21, 22]). In [2], Bonahon and
Siebenmann studied decompositions of links by Conway spheres, i.e.,
spheres meeting links in four points, and established the characteristic
splitting theorem of the simple links into the algebraic parts and the
non-algebraic parts. They also carried out minute study of the algebraic
parts, which leads to the determination of the symmetry groups of the
algebraic links, or the arborescent links, except those of the Montensions
links with three branches. (For the symmetry groups of the Montesions
links with 3 branches, see [1] and [23].)

The concept of Murasugi sum (see [19]) generalizes the concept of
connected sum, and in certain cases, Conway spheres come from Murasugi
sums. So it seems to be natural to raise the following problem (see [20,
Section 7]):

Problem 0.1. Is there a certain kind of uniqueness in the decomposition
of links into Murasugi sums?

Since Murasugi sum is a concept defined not for links themselves
but for Seifert surfaces for links, we need to treat the following two
problems when we consider the above problem:

(1) Classify the minimal genus (or incompressible) Seifert surfaces
for links.

(2) Classify the Murasugi sum structures of Seifert surfaces.

One purpose of this paper is to study these probmes for special
arborescent links, that is, links obtained from unknotted nontrivually
twisted annuli by sucessive plumbing (see Section 2). In fact, we classify
the minimal genus Seifert surfaces for these links (Theorem 2.3); and
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for a certain subclass of these links, which we call the very special
arborescent links, we classify their decompositions into ““4-Murasugi sums”’
(Theorem 2.4). Since every 2-bridge knot is a special arborescent link,
Theorem 2.3 may be considered as a genrealization of a part of the results
of Hatcher and Thurston [12]. By making use of these results, we
classify the very special arborescent links (Theorem 2.6), and determine
the symmetry groups of these links (Theorem 2.7). This recovers a part
of the results of Bonahon and Siebenmann [2]. Though the links we
consider in this paper constitute only a special subclass of the links
considered by [2], our approach has the advantege that it gives a unified
calculation of the symmetry groups of links including certain Montesions
links with 3 branches and certain 2-bridge links without invoking the
results of Schubert [27].

The other purpose of this paper is concerned with a conjecture raised
by Kakimizu [13]. In [13, 14], he introduced a certain simplicial complex
MS(L) [resp. IS(L)] whose vertex set is the set of the equivalence classes
of the minimal genus [resp. incompressible] Seifert surfaces for L. A
result of Scharlemann and Thompson [24, Proposition 5] says that M.S(L)
is connected, and it is proved by Kakimizu [14, Theorem A] that IS(L)
is also connected. Further, he proposed the following conjecture [13]:

Conjecture 0.2. MS(L) and IS(L) are contractible.

In [15], he verified this conjecture for prime knots up to 10 crossings
by developing the methods initiated by Gabai [5, 6, 7, 8, 9] and Kobayashi
[16]. In this paper we prove this conjecture for MS(L) with L a special
arborescent links, by showing that it is homeomorphic to a finite
dimensional ball (Theorem 3.3 and Proposition 3.11). Theorem 3.3 is
also used when we calculate the symmetry groups of the very special
arborescent links.

This paper is organized as follows. In Section 1, we recall the
definition of the Murasugi sum, and introduce the concept of a composition
of Murasugi sums. In Section 2, we give the definitiion of the special
arborescent links, and state our results concerning the classification of
the minimal genus Seifert surfaces and the calculation of the symmetry
groups. In Section 3, we recall the definition of the complex MS(L),
and state the precise structure of MS(L) for a special arborescent link
L. In Section 4, we provide fundamental tools for our purpose; we
recall the concept of a sutured manifold, and state its relations with the
Murasugi sum. The remaining Sections 5, 6, 7, and 8 are devoted to
the proof of the results.
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TERMINOLOGY AND NOTATION

S? denotes the 3-sphere with a fixed orientation. For a link L in
S3, E(L)=cl(S®— N(L)) is the exterior of L, where N(L) is a fixed regular
neighbourhood of L in S®. A Seifert surface for an oriented link L in
S% is an oriented suface F in S* wihout closed components such that
0F=L as oriented links. We always assume that F intersects each
component of N(L) in an annulus and that FnE(L) is properly embedded
in E(L). We refer to FNE(L) by denoting the same symbol F. Two
Seifert surfaces for L are said to be equivalent, if they are pairwise isotopic
in (S3L); i.e., they are isotopic by an isotopy of S® which respects
L. 'This is equivalent to the condition that they are isotopic as surfaces
in E(L). A Seifert surface F is incompressible [resp. of minimal genus],
if F is incompressible in E(L) [resp. the Euler number y(F) is maximum
among all Seifert surfaces for L].

A link L is semi-oriented if an orientation of L is specified modulo
simultaneous reversal of the orientations of the components of L. When
we mention to Seifert surfaces of a semi-oriented link L, we fix an
orientation of L which represents the semi-orientation of L.

||, where A is a simplicial complex, denotes the underlying
topological space for A .

|X], where X is a topological space, denotes the number of the
connected components.

N(Y;X) or N(Y) in brief, where Y is a subspace of X, denotes a
regular neighbourhood of Y in X.

A closed up component of X — Y means the closure in X of a connected
component of X—Y.

T denotes a finite plane tree; i.e., a finite tree embedded in the plane R?.

V(T) denotes the set of the vertices of 7.

E(T) denotes the set of the edges of T.

E(v,T), where v is a vertex of T, denotes the set of the edges of T
incident to v.

w denotes a function from V(T) to Z—{0}, where Z is the ring of
the integers.

p denotes an orientation of T, i.e., an assignment of an orientation
of each edge of T.

(T';p), where T is a subgraph of T, denotes the oriented graph
whose underlying graph is 7" and whose orientation is given by the
restriction of p to T'. Similarly, (7",w;p) denotes the oriented and
weighted graph whose weight is given by the restriction of w to V(T).

O(T) denotes the set of the orientations of 7.
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1. Murasugi sum

Let F be a Seifert surface of an oriented link L in S3. Suppose
there is a decomposition of S* into two 3-balls; S* =B} U B3, B} n B3 =S?,
such that D=S?NF is a 2n-gon (see Figure 1.1). Put F;=B}NF, and
give F; the orientation induced from that of F for i=1,2. Then F is
said to be a 2n-Murasugi sum of the Seifert surfaces F; and F, along D
(cf. [19]), and we call S? a 2n-Murasugi sphere for F. We also say that
F has a 2n-Murasugi decomposition into F; and F,. If n=1, then this
decomposition gives a decomposition of the link L =0F into the connected
sum of the links 0F; and 0F,. In case n=2, this operation is called a
plumbing, and each 4-Murasugi sphere forms a Conway sphere for L. Two
Murasugi spheres S? and S3 for F are said to be equivalent, if there is
an isotopy of S respecting F which carries S? to S2.

Figure 1.1

We say that a 2n-Murasugi sphere is essential, if no closed up
component of F;—D (1=1,2) is a disk which intersects D in an arc. If
a 2n-Murasugi sphere is not essential, it yields a 2(n—1)-Murasugi sphere
as illustrated in Figure 1.2.

L

Figure 1.2
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Even if the pairs (F;,D) and (F,,D) are specified, there are two kinds
of Murasugi sums of F; and F, along D according to the direction
of the normal vector v to D. [Here v is defined as follows: Let e, and
e, be vectors on D such that the exterior product e; Ae, is coherent with
the orientation of D. Then e, Ae, Av is coherent with the orientation of
S3] Suppose v points into B3; then we express the Murasugi sum (or
the Murasugi decomposition) by the symbol F| <JF,. Consider the surface
defined by F =cl(F—D)uD', where D'=cl(S*—D), and give F the
orientation induced from that of c/(F—D)( =« F). Then F' is also a Seifert
surface for L=0F. Since (F;,D) is isotopic to (cI(F;—D)uD’,D’) in S?
(:=1,2), F' can also be regarded as a Murasugi sum of F; and F, along

(a)

(c)

F/\J\gu/\\

Figure 1.3
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D. However, the normal vector to D’ points into B3. Thus we denote
this Murasugi sum by the symbol F|[>F,. F'is called the dual surface of
F with respect to the Murasugi sum F;<F,.

We now define the concept of a composition of Murasugi spheres. Let
S%,---,8% be mutually disjoint Murasugi spheres for a Seifert surface
F. For eachi(1<i<r), put D;=S?NF, and orient S? by the orientation
of D;. Suppose the following condition holds: For each closed up
component P of S®— U’_S?, either all the normal vectors to the boundary
components of P point into P or otherwise point out of P. Suppose
further that we are given a graph y in ¢/(F— U}, D,) such that (U}-;D,)uUy
is contractible. Then the oriented 2-sphere obtained from Uj_,S? by
piping along y determines a new Murasugi sphere for F. We call it
the composition of the Murasugi spheres S%,---,.S% along 7. To be more
precise, let 2, [resp. £ _] be the union of the closed up components of
S — UI_;S? where the normal vectors to the boundaries point into [resp.
out of] the components, and let F, [resp. F_] be the subsurface of F
obtasined from FNZ, [resp. FNZ?_] through boundary connected sum
along the graph yNZ? _ [resp. ynZ?.]. Then the above 2-sphere determines
a Murasugi decomposition F, <]F_ along a disk which is obtained from
D,,---,D, through boundary connected sum along y (see Figure 1.3 (a)
and (b)). In some cases, the resulting Murasugi sphere is reducible (see

Figure 1.3 (b) and (c)).

2. Special arborescent links, and statement of results

Let T be a finite plane tree, and let w be a function from V(T) to

Z—{0}. For each ve V(T) we associate an unknotted annulus F(v) in
S3 with w(v) right-hand full twists, where a core orientation ¢, and a
normal orientation n, are specified as illustrated in Figure 2.1 (a). Let
ey, ,e, be the elements of E(v,T), and suppose they lie around v in this
counter clockwise order (see Figure 2.1 (b)). Then we specify squares
D(e,,v),--,D(e,v) on the “flat” part of F(v) in this order as illustrated
in Figure 2.1 (a).
If vertices v; and v, are joined by an edge e, then we plumb the bands
F(v,) and F(v,) by gluing the squares D(e,v,) and D(e,v,) together using
the rule ¢,, <> n,, and n, < c,,. The isotopy type of the resulting surface
depends on the way of plumbing; but, the semi-oriented link which is
obtained as the boundary of the surface is indendent of the way of
plumbing. We denote this semi-oriented link by the symbol L(T,w),
and call it the special arborescent link associated with the finite weighted
plane tree (T,w).

If we fix a base vertex v,, and orient F(v) by c¢,An, or —c,An,
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Figure 2.2

according as v is of even or of odd distance from v,, then the gluing
maps are orientation preserving, and therefore, the resulting surface can
be oriented so that it is coherent with these orientations. Further, the
way of the plumbing can be described by an orientation p of T by the
following rule: Let v; and v,, respectively, be the initial point and the
terminal point of an oriented edge (e; p). Then plumb F(v,) and F(v,)
so that F(v,) lies above F(v{) with respect the normal vector. The
resulting surface is denoted by F(T,w; p) (see Figure 2.2).

In order to have all the surface F(T,w; p) for different p’s bounding a
single link L(T,w), we fix a position for L(T,w), and reposition F(T,w; p)
by a “canonical’’ isotopy of S* which deforms 0F(T,w; p) to L(T,w). This
can be done as follows. Perform the plumbing on the bands successively
further and further away from the base vertex v, eliminating the extra
crossings created while plumbing. Then we obtain a ‘canonical
projection” of L(T,w) as illustrated in Figure 2.3 (see [9, 1.9]). For each
UEV(D’ put A(‘l))=€l(F('U)— UeeE(v,T)D(e>v))) and A(T)= UveV(T)A(v)'
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Figure 2.3

Then A(T) can be situated in S* independently of the choice of p as
illustrated in Figure 2.3. To construct the Seifert surface F(T,w; p),
we have only to specify the location of the square D(e,v,)=D(e,v,) for
each ee E(T). (Here v; and v, denotes the end-points of €). This can
be done by plunging a sqaure to A(T)UL(T,w) from the upper or lower
side so that its boundary is equal to dD(e,v,)=0D(e,v,) and that this
construction is consistent with the data specified by p (see Figure 2.3). We
denote the plunged square by the symbol D(e; p). Then we have
F(T,w; p) = A(T)O( Upecry D(e; p)).

Note that if p and p’ induce different orientations on an edge e then the
union D(e; p)uD(e; p’) forms a 4-Murasugi sphere for F(T,w; p), which
we denote by S(e). We can easily see the following:

Lemma 2.1. (1) Let & be a subset of E(T). Then there exists a
composition of the Murasugi speheres {S(e)}.cs for F(T,w; p), if and only
if the following condition is satisfied: For each component B of T— U,
int(e), let &(B) be the subset of & consisting of those elements which are
incident to B; then either all of the initial points or all of the terminal
points of the oriented edges {(¢; p)}.cs lie in B.

(2) In case the above condition is satisfied, the dual surface of F(T,w; p)
with respect to the resulting Murasugi sphere is equivalent to F(T,w; p'),
where p' is the orientation of T obtained from p by reversing the orientations



MINIMAL GENUS SEIFERT SURFACES 869

of the edges contained in &.

We say that a vertex v of T is positive [resp. negative] with respect
to an orientation p of T, if every edge e in E(v,T) is oriented by p so
that v is the terminal point [resp. the initial point]. An orientation p
of T is said to be alternating, if each of the vertices of T is either positive
or negative with respect to p. Any tree with more than one vetices has
precisely two alternaing orientations. The condition in Lemma 2.1 (1)
can be paraphrased as follows: Let J be the tree obtained from T by
shrinking each component of T'— U,__sint(e) to a point; then the orientation
on J induced by p is alternating.

Let O(T) be the set of the orientations of 7. If v is a vertex of T
which is positive or negative with respect to p(€ O(T)), then v(p) denotes
the element of O(T) obtained from p by reversing the orientations of the
edges incident to v.

ExampLE 2.2. (1) Let o be an arc lying on a small circle in the
plane around a vertex v of (T; p) such that Tna=TnNint(x) #0 and that
either all of the initial points or all of the termal points of the oriented
edges {(e; P)}enqaz o are equal to v (see Figure 2.4). Then the Murasugi
spheres {S(e)}. .+p are composable. Further, the resulting Murasugi
sphere is reduced to an essential 4-Murasugi sphere (see Figure 1.3 (c)).

(2) Suppose v is a positive or negative vertex of (T; p) and
lw(v)|=1. Then, by the above observation, F(T,w; p) is a Murasaugi
sum of the Hopf band F(v) and another surface. Since F(v) is a fiber
surface, i.e., a fiber of a fibration of a link exterior over S!, the dual
surface F(T,w; v(p)) of F(T,w; p) with respect to this plumbing is
equivalent to F(T,w; p) by [8, Corollary 3.2]. In this case, we say that
v(p) is obtained from p by an elementary opeation.

N

Figure 2.4

We shall prove the following theorem in Sections 5 and 6:

Theorem 2.3. (1) Any minimal genus Seifert surface for a special
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arborescent link L(T,w) is equivalent to F(T,w; p) for some pe O(T).
(2) F(T,w; p) is isotopic to F(T,w; p'), if and only if, p and p’' are

related by an iteration of finite number of elementary operations.

The structure theorem for the complex MS(L(T,w)) shall be stated
in the next section. We now state our results on the classification of
the 4-Murasugi spheres. Unfortunately, we couldn’t classify all 4-
Murasugi spheres for general F(T,w; p), and we need to restrict our
attention to a certain subclass. A weight w on T is said to be special if
lw(v)|>2 for any ve V(T). If w is special, the link L(T,w) is called a
very special arborescent link.

Theorem 2.4. Suppose L(T,w) is a wvery special arborescent
link. Then any essential 4-Murasugi sphere for its minimal genus Seifert
surface F(T,w; p) is equivalent to one that is described in Example 2.2
(1). Further, two such Murasugi spheres are equivalent, if and only if the
corresponding arcs are ambient isotopic in (R?,T).

Kobayashi [17] and Scharelemann-Thompson [25] independently
proved that any knot with unknotting number 1 has a minimal genus
Seifert surface which is obtained by plumbing a Hopf band and another
surface. Thus as a corollary to the above results, we obtain the following:

Corollay 2.5. The unknotting number of any very special arborescent
knot is greater than 1.

To state the classification theorem for special arborescent links, we
introduce a concept of equivalence among the finite plane trees. Recall
that, for each vertex v of a plane tree T, the set E(v,T) is endowed with
a cyclic order. An isogeny from a plane tree T to a plane tree 7" is an
isomorphism f between the abstract graphs T and 7" which satisfies one
of the following conditions:

(1) f preserves the cyclic order at every vertex, or reverses the cyclic
order at every vertex.

(2) f reverses the cyclic order at one vertex and at each vertex at
even distance from it; and f preserves the cyclic orders at the remaining
vertices.

An isogeny between weighted plane trees (7,w) and (7",') is an
isogeny f between the plane trees T and T such that «'(f(v))=€ew(v) for
any ve V(T), where e=+1 or —1 and € does not depend on v. We
define the degree of the isogeny f by deg(f)=e¢. Two weighted plane
trees are said to be isogenic [resp. (+)-isogenic] if there is an isogeny
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[resp. an isogeny of degree +1] between them.

An isomorphism between two semi-oriented links (S°,L) and (S3,L")
is a homeomorphism g between the pairs (S L) and (S3,L’) such that
gLy=+L. We define the degree of g by its degree as a self-
homeomorphism of S3. Two semi-oriented links are said to be isomorphic,
[resp. (+)-isomorphic] if there is an isomorphims [resp. an isomorphism
of degree +1] between them.

Theorem 2.6. Let (T,w) and (T',w') be finite weighted plane trees,
such that the weights w and w' are special. Then the semi-oriented links
L(T,w) and L(T',w") are isomorphic [resp. (+ )-isomoprhic], if and only if
(T,w) and (T',w') are isogenic [resp. (+ )-isogenic].

The symmetry group Sym(T,w) [resp. the (+)-symmetry group
Sym+(T,w)] of a weighted plane tree (7,w) is the group of the
self-isogenies [resp. the self-isogenies of degree +1] of (T,w). The
symmetry group Sym(S>3 L) [resp. the (+)-symmetry group Sym} (S3 L)]
of a semi-oriented link (S, L) is the group of the self-isomorphisms [resp.
the self-isomorphisms of degree +1] of the semi-oriented link (S3,L)
modulo those isomorphisms which are pairwise isotopic to the identity.

Theorem 2.7. For a very special arborescent link L(T,w), we have
an exact sequence,

1 - T(T) - Sym(S*, L(T,w)) > Sym(T,w) > 1,
which restrict to an exact sequence,
1 - T(T) » Sym (S*,L(T,w)) > Sym™ (T,w) - 1.

Here T'(T) is isomorphic to (1) Z,®Z,, (2) Z,, or (3) 1 according as (1)
| T| is an interval or a point, (2) |T| is neither an interval nor a point, and
there is a vertex vy of T such that any vertex at an odd distance from v
has valency 1 or 2, or (3) otherwise.

3. Simplicial complexes MS(L)

For an oriented link L in S3, Kakimizu [14] defined a simplicial
complex MS(L) and IS(L) as follows:

(1) The vertex set of MS(L) [resp. IS(L)] is the set of the equivalence
classes of the minimal genus [resp. incompressible] Seifert surfaces for L.

(2) A set of k+1 vertices {6¢,04,:-,0,} of MS(L) [resp. IS(L)]
spans a k-simplex of MS(L) [resp. IS(L)], if and only if there are
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representatives Fo,Fy,---,F} of 0¢,04,:-,0, which are mutually disjoint in
E(L).

In this section, we study MS(L(T,w)). Putn=|V(T)|—1=|E(T)|. A
cycle in O(T) is a sequence

Vo vy Up
Po P17 Py Pos

where {vg,vy, -, 0,} =V(T), and {po,py,--",p,} are mutually distinct
elements of ()(T) such that v; is positive with respect to p; and p;, ; =v;(p;)
(0<i<mn). In brief, we denote the cycle by (po,p1, ::,p,). Let A (T)
be the simplicial complex defined as follows:

(1) The vertex set V(A (T)) is O(T).

(2) A set of vertics {pg,p1, ",px} of H(T) spans a k-simplex of
A (T) if there is a cycle in O(T) containing it.

ExampLE 3.1. If T has two [resp. three] vertices, then S (T) gives
a triangulation of I [resp. I*] as illustrated in Figure 3.1.

For a finite weighted tree (T, w), let 4 (T, w) be the simplicial complex
obtained from X (T) by collapsing each dege of the form p-v(p) to a

(9
=
(50

K(—) K (=)

- - - --

Figure 3.2
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point, where v is a vertex of T with |w(v)|=1 which is positive or negative
with respect to p.

ExampLE 3.2. If T has three vertices, and just one vertex of T has
weight 1, then J'(T,w) is as illustrated in Figure 3.2.

We shall prove the following theorem in Section 5.
Theorem 3.3. MS(L(T,w)) is isomorphic to A (T,w).

In the rest of this section, we clarify the structure of 4 (T,w)
(Propositions 3.9 and 3.11).

Lemma 3.4. Let T be a finite tree, and let p be an element of
O(T). Then there is a cycle in O(T) containing p.

Proof. We use induction on n=|E(T)|. By Example 3.1, this lemma
holds for =1 and 2. Let T be a finite tree with n>2. Let v, be a
vertex of T whose valency is not 1, and let 7" and 7" be the closed up
components of T—{v,}. Then O(T) can be identified with the Cartesian
product O(T')x O(T"). Here peO(T) corresponds to (p',p"), where p’
and p” are the restrictions of p to 7" and T” respectively. Put r=|E(T")|
and s=|E(T")). Then r<n, s<n, and n=r+s. By the inductive
hypothesis, there are a cycle

’ ’ 1 ;y UVr o,
To2T 12> 27T,2>7T)

in O(T") containing p’ and a cycle

» Vo , v’y Vs,

TO—)’C l—)"'-—)‘CS——)‘CO

in O(T") containing p”. We may suppose v',=v";=v,. Let p and g be
the integers such that v',=p’ and 7",=p”. Now consider a shortest path
contained in the lattice in the plane from (0,0) to (r,s) through (p,q),
and let (i9,70) =(0,0),(7y,71), ", (tnJn) =(7,5) be the integral points on the
path in this order. Then we can see that (';,7";),(7';,7";, s (T T")
forms a cycle in T containing p=(p’,p"). In fact, for each k (0<k<n-—1),
(Ties T jusy) 18 obtained from (7';,7";) by the operation of ¢'; or UL
according as (fx+1,Jk+1) =+ 1,5k) or (4,j,+1); and (7;,,7";,) is obtained
from (¢'; ,7";) by the operation of v,.

Let p and p’ be two elements of O(L). Put E(p,p")={ec E(T)|p|.#p'|.},
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and let V(p,p’) be the set of the components of T— Ueer(p.pyint(e). Let
T(p,p') be the tree with the vertex set I'(p,p’) and the edge set E(p,p’). As
a topological space, T(p,p’) is obtained from T be collapsing each subtree
B (e V(p,p')) to a point. Let [p] and [p'] be the orientations of T(p,p’)
induced by p and p’ respectively.

Lemma 3.5. There is a cycle in T containing p and p’' if and only
if the orientation [p] of T(p,p') is alternating.

Proof. Suppose there is a cycle

vy vy v
Tp 2Ty =1

in O(T) with p=1, and p'=1, for some p (1<p<n). Put V (T)={v|
0<i<p—1}, and V,(T)={vfp<i<n}. Then we see that E(p,p’) consists
of those edges e such that precicely one of the end-points of e is contained
in V{(T). Thus, for each Be V(p,p’), the vertex set I/(B) of the subtree
B is contained in either V,(T) or V,(T). Further B is a positive vertex
or a negative vertex of the oriented tree (T(p,p"); [p]) according as V(B)
is contained in V' {(T) or V,(T). Hence the orientation [p] is alternating.

Conversely, suppose that the orientation [p] is alternating. Let
B,,B,,--,B, [resp. B,,{,B,.,,"*,B,,,] be the positive [resp. negative]
vertices of (T(p,p’); [p]). By Lemma 3.4, there is a cycle

Yi0 Vi,1 Ving
Tio 2Ty 2> 2T

in O(B;) with 1, o=p|p, for each i (1<i<r+s5), By using the positivity of
the vertex B, in (T(p,p’); [p]), we see that the sequence of the vertices
V4,0,91.1,"""» V1, CaN operate on p successively in this order. The resulting
orientation p; =v, , (---v; 1(v; 0(p))) is obtained from p by reversing the
orientations of the edges in E(p,p) which are incident to B;. The
vertices B,,:--,B, remain to be positive in (T(p,p"); [p{]). Thus, by
repeating the above argument, we see that the sequence of the vertices
V2.0002.15"" U2y > V.00 Ur 1> Uy s, €an operate on p; successively in this
order. We see that the resulting orientation is equal to p’ and that
B,,,,---,B,,, are positive in (T(p,p’); [p']). Hence the sequence of the
vertices Ut 1,00 +1,0 " 5 Vrttmps 10" 5 Vr 45,00 Vr 45,0 " Vr45m,,, Can Operate
on p’ successively in this order. The resulting orientation is equal to
p. The above process gives a cycle in ((T) containing p and p'.
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From the above proof, we see the following:

ReMARK 3.6. (1) In each cycle in (O(T) containing p and p’, the
elements of I/(T) contained in positive [resp. negative] vertices of (T(p, p');
[p]) are used in the part of the cycle from p to p’ [resp. from p’ to p].

(2) Suppose (T(p,p’); [p]) is alternating and |w(v)|=1 either for
every ve€ V(T) which is contained in positive vertices of (T(p,p’); [p]) or
for every ve V(T) which is contained in negative vertices of (T(p,p");
[p]). Then p and p’ are related by a finite sequence of elementary
operations.

We now recall the concept of an ordered simplicial complex (see [3,
pp.67-68]). A simplicial complex is ordered if, for each simplex, an order
of its vertices is given such that the order of each simplex agrees with
the orders of faces. This is equivalent to a binary relation < on V(X),
such that (?) v; <v, and v, <v, imply v, =v,, (i) v, and v, are vertices
of a simplex of A if and only if v;<v, or v;>v, holds, and (i17) if
vy,0,,V5 are vertices of a simplex of & and v,<v, and v,<7v,;, then
v, <v3. The Cartesian product X { XA, of two ordered simplicial
complex A, and A, is defined as follows: Define a binary relation <
in V(A ) x V(A ,) by the rule (v{,w;)<(v,,w,) if and only if v, <v, and
w,; <w,. Then A | XA, is an ordered simplicial complex consisting of
those eimplices whose vertices are simply ordered by this partial
order. We have a canonical homeomorphism |H# | x A ,|=|H | x |A,|
(cf. [3, p.68)).

Let T be a finite tree and v, a fixed vertex. Define a relation <
on O(T) by the rule; p<p’ if there is a cycle (pg,p, ,pn) in O(T) with
Po=0.p,), p=p;, and p’'=p; where i and j are integers such that 0 <i<j<n.

Lemma 3.7. With the above relation A (T) is an ordered simplicial
complex.

Proof. By Lemma 3.5 and Remark 3.6 (1), we see p<p’ if and only
if p=p’ or the orientation [p] on T(p,p’) is alternating and the vertex B
of the oriented tree (T(p,p’); [p]) containing v, (as a subtree of T) is
negative. Thus it follows that this relation does not depend on the
choice of the cycles and that this relation satisfies Condition (7). It is
clear that this relation satisfies Conditions (¢iZ) and (iZZ). Thus we obtain
the desired result.

From the proof of Lemma 3.4, we obtain the following:



876 M. Sakuma

Lemma 3.8. Suppose the valency of the base vertex v, is not 1. Let
T and T" be the closed up components of T—{v,}. Then the ordered
simplicial complex A (T) is isomorphic to the Cartesian product A (T') X
H(T"), where A (T') and A (T") are endowed with the structures of ordered
sitmplicial complexes by using the vertex v,.

By repeatedly using the above lemma, we obtain the following:

Proposition 3.9. A (T) gives a triangulation of the n-dimensional cube
I" whose vertex set consists of its corners, where n=|E(T)|

ReEMARK 3.10. Though the topological type of |4 (T)| depends only
on n, the combinatorial structure depends on the shape of 7. For
example, the complexes corresponding to Ty{=ee—e—e and T,= are
different. In fact, the 3-simplices of ' (T,) have a (unique) common
edge, whereas there is no such edge in 4 (T)).

To study A (T,w), we describe the homeomorphism from |# (T)| to
I" more precisely. Fix a numbering {e,,e,, -,¢,} of the edges of T, and
choose an alternating orientation, say p,, on T. For each peO(T), we
associate a corner point (&,,€,,-*,€,) of I" by the rule ¢;=0 or 1 according
to whether the orientations on ¢; induced by p and p, are equal or
not. From the proof of Proposition 3.9, we can see that this
correspondence induces a homeomorphism from |[#(T)| to I". In the
following we identify | (T)| and I" through this homeomorphism.

First, we study the case where there is a unique vertex, say v,, of
T such that |w(v,)]=1. For each orientation p such that v, is positive
or negative with respect to p, the line-segment p-v,(p) forms
an edge of A (T); and A (T,w) is obtained from 4 (T) by collapsing each
of these edges to a point. We can see the following:

(1) An edge of A (T) is of this type if and only if it is parallel to
the edge p, v,(p;) in I" (< R").

(2) Each n-simplex of A (T) contains a unique edge of this type.

Let H be a hyperplane in R" orthogonal to p,-v,(p.), and let p:
R" - H be the orthogonal projection. Then, by the above observation,
we see that the set of the images under p of the simplices in £ (T) forms
a triangulation of the (n— 1)-dimensional ball p(I"), and that this simplicial
complex is isomorphic to X (T,w) (see Figure 3.2).

In general, let v,,:--,9; be the set of vertices of T' whose weights
have absolute value 1. For each i (1<i<d), let H; be the hyperplane
in R" through the origin which is orthogonal to the edge p, -v;(p,). Since
the directions determined by p, -v,(p,) (1 <i<d) are linearly independent
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except when d=n+1, the dimension of the subspace of H=n{_ H, is
equal to max {n—d,0}. Let p: R"— H be the orthogonal projection.
Then, as in the above, we can see the following:

Proposition 3.11. The set of the images under p of the simplices of
A (T) forms a triangulation of the space p(I"), and this triangulation is
isomorphic to A (T,w). In particular | A (T,w)| is homeomorphic to the ball
of dimension max{n—d,0}.

4. The complementary sutured manifold for a Seifert surface

First, we recall some fundamental concepts concerning sutured
manifolds (cf. [7]). A sutured manifold is a pair (M,y), where M is a
compact oriented 3-manifold and 7y is a union of pairwise disjoint annuli
in M. For each component of y, an oriented core circle (called a suture)
is fixed, and s(y) denotes the set of all sutures. Moreover cl(OM—7) is
a union of two surfaces R,(y) and R_(y) which are oriented so that
OR ,(y) and OR_(y) are homologous to s(y) in y. Since M is oriented,
we can define a normal vector field to R,(y) (¢=+ or —) as in Section
1. Then we can regard R ,(y) [resp. R_(y)] as the union of the components
of cl(0M —y) whose normal vectors point out of M [resp. into M]. (M,y)
is a product sutured manifold if M=Fx[—1,1], y=0Fx[—1,1], R, (y)=
Fx {1}, and R_(y)=F x{—1}, where F is a compact oriented surface.

ConvenTION 4.1. We often identify R,(y) with the closed up
component of M —s(y) containing R4 (y). In this case, we use the symbol
y to denote the suture s(y).

A disk Q properly embedded in (M,y) is called a 2n-gon, if 0Q
intersects s(y) transversely in 2z points. If O is oriented, then by an
operation called the sutured manifold decomposition of (M,y) along O, we
obtain a new sutured manifold (M’,y’) (see Figure 4.1). One copy, say
Q,, of O in (M',y") is a disk in R,(y'), and the other copy, say Q,, of
Q is a disk in R_(}’), such that Q; Ny consists of n arcs in 0Q; (i=1,2). In
case n=2, we associate a vertical mark and a horizontal mark to each of
Q, and Q, as illustrated in Figure 4.2. Then (M,y) can be reconstructed
from (M',7") by identifying Q; and Q, so that the vertical mark and the
horizontal mark for Q, correspond to the horizontal mark and the vertical
mark for Q, respectively. A 2-gon is called a product disk, and a sutured
manifold decomposition along a union of mutually disjoint product disks
is called a product decomposition.
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Figure 4.1

vertical mark
3 v

s~ horizontal mark

Figure 4.2

Let L be an oriented link in S® and F a Seifert surface for L. Put
N=N(F;E(L)) and 6=NnAdE(L), then (N,0) can be identified with
(Fx[—1,1], 0Fx[—1,1]), and we may suppose the normal vector to
F=F x {0} points to the +1 side. Then by defining R,(6)=F x {1} and
R_(0)=F x{—1}, (N,0) becomes a product sutured manifold. We call
it the product sutured manifold for F. 'The complementary sutured manifold
(M,y) for F is the sutured manifold (cl(E(L)—N), cl(OE(L)—9)) with
R,(y)=R3;(3). Note that F is a fibre surface if and only if (M,y) is a
product sutured manifold. If we employ Convention 4.1, then (XV,d)
can be identified with (N,L), where N is a blister neighbourhood of F in
(S3,L); i.e., N is an embedded copy of Fx[—1,1]/~ in S3, where ~
pinches 0F x[—1,1], by collapsing each arc xx I to one point for each
x€0F; Fx {0} and 0F x [—1,1]/~ correspond to F and L respectively. In
this case (M,y) can be identified with (c/(S*—N),L).

Suppose F is a 2n-Murasugi sum F,; <{F, of two Seifert surfaces F,
and F,, and let S be the 2n-Murasugi sphere corresponding to this
Murasugi sum. We employ Convention 4.1 for the product sutured
manifold (V,d) and the complementary sutured manifold (M,y) for L;
thus N is identified with a blister neighbourhood of F in (S®,L). Put
D=SnNN. Then, we may suppose the following condition holds (see
Figure 4.3):

ConprITION 4.2. D=Dyu{uU? A}, where
(1) Dy=DnNF is a 2n-gon with 0Dy =0, Ua, U - Ua,, in this cyclic
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DC (N, )

Figure 4.3

(M11Y1)

Figure 4.4
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order,

(2) A, is a properly embedded disk in F x[0,1]/~ or Fx[—1,0]/~
( < N) according as 7 is even or odd, such that 0A;=o;U f;, where f; is
a preperly embedded arc in Fx (—1).

We orient D by using the orientation of Dy < F. Put Q=cl(S—D)
and orient it so that 0Q is equal to 0D as oriented circles. Then Q is
a 2n-gon in (M,7), and the sutured manifold obtained from (M,y) by the
sutured manifold decomposition along Q is the disjoint union of the
complementary sutured manifolds (M,,y;) and (M,,y,) for F, and F,
respectively as illustrated in Figure 4.4 (see [6, 10]). We say that a
2n-gon Q in (M,y) is essential if there is no disk in M whose boundary
is the union of an arc in dQ and an arc in y. We see that a 2n-Murasugi
sphere is essential if and only if the corresponding 2n-gon Q in (M,y)
is essential.

ExamMpLE 4.3. The Seifert surface F(T,w;p) introduced in Section
2 is obtained from the twisted annuli {F(v)},yr by successive
plumbing. Let (M,y) [resp. (M,,y,)] by the complementary sutured
manifold of F(T,w;p) [resp. F(v)]. For each edge e of T, put
Q(e)=M N S(e), where S(e) is the 4-Murasugi sphere corresponding to e,
and Q(e) is oriented as indicated in the above. Put 2= U,1)0(e). Then

Figure 4.5
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the sutured manifold obtained from (M,y) through sutured manifold
decomposition along 2 is the disjoint union of {(M,,y,)}ser(r). For a
vertx v, let ey,e,, :-,¢ be the elements of E(v,T) lying around v in this
counter-clockwise order. Then the copies of Q(e;),0(e,), -, O(e) in
(M,,y,) can be seen as illustrated in Figure 4.5. Note that, for each i
(1<1<7), the copy of Q(e) in (M,,y,) lies in R, (p,) or R_(y,) according
as e; is oriented by p so that v is the terminal point or the initial point.
The following proposition shall be used in Section 7.

Proposition 4.4. For a connected Seifert surface F of an oriented
link L in S®, there is a bijection between the set of the equivalence classes
of essential 2n-Muvrasugi spheres for F and the set of the y-isotopy classes
of essential 2n-gons Q in (M,y) such that there is a 2n-gon D in (N,0) with
0D =0Q which satisfies Condition 4.2. Here two surfaces in (M,y) are said
to be y-isotopic, if there is an isotopy of the pair (M, ) sending one to the other.

To prove this proposition, we need the following lemma.

Lemma 4.5. Let D and D' be two 2n-gons in (N,0) which satisfy
Condition 4.2, and suppose 0D=0D'. Then they are isotopic by an isotopy
which is constant on ON and preserves F=F x 0.

Proof. By the assumption, D=Dyu{u A} [resp. D'=D'gqu
{uir A}, where Dy and A; [resp. D’y and A’]] are as in Condition
4.2. Let o; and B; [resp. o; and B';] be as in Condition 4.2. Since
0D=0D', we may assume fB;=f';. Then a; is homotopic to «; in N (and
therefore in F) keeping end-points fixed. Hence, by the proof of [4,
Theorem 3.1], U2",a; is isotopic to UZ",o/; by an isotopy which is fixed
on 0F. Thus, by the isotopy extension theorem, we may assume o;=0o';
(1<i<2n), and hence Dy=D',. We now have d/A;=0A";, and therefore
we see that U2",; A; and U?", A\’; are isotopic by an isotopy which is fixed
on Fx{—1,0,1} (= N). This completes the proof.

Proof of Proposition 4.4. First, we show that there is a well-defined
map from the second set to the first set. Let Q be a 2n-gon in (M,y)
such that there is a 2n-gon D in (N,d) with dD=0Q which satisfies
Condition 4.2. Put S=Qu D, then S is a 2n-Murasugi sphere for F. By
Lemma 4.5, the equivalence class of S does not depend on the choice
of D. Thus, by using isotopy extension theorem, we can see that each
y-isotopy class of 2nm-gons in (M,y) satyisfying the required condition
determines a unique equivalence class of Muraugi spheres. This map
is clearly surjective.
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Next, we show that that map is injective. Let Q, and O, be 2n-gons
in (M,y) satisfying the required condition, and let S, and S; be
2n-Murasugi spheres for F determined by Q, and Q, respectively.
Suppose S, and S; are equivalent; i.e., there is a level preserving
self-homeomophism ®={¢,}o.,<; of (S*F)x[0,1], such that ¢,=1 and
¢.(Sy)=S;. We can find a very small blister neighbourhood N'( = N) of
F such that, for any ¢t (0<t<1), D',=¢,(S,) "N’ is a 2n-gon in the sutured
manifold (N',0), where ’=0=L. Consider the complementary sutured
manifold (M',y")=(cl(S*—N"),8). Then Q,=cl($,(So)—D',) (0<t<1)
forms a continuous family of 2n-gons in (M’,y"), and hence Q' and Q',
are ‘““y-homotopic’’. By using [4, Theorem 2.1] and the fact that M’ is
irreducible (since F is connected), we see that Q';, and Q', are
y'-isotopic. Hence Q4 and Q, are y-isotopic.

ReMARK 4.6. Suppose n=2; then the second set in Proposition 4.4
is equal to the set of the y-isotopy classes of the 4-gons Q in (M,y) such
that 00 bounds a disk in (N,d8). This follows from the fact that any
4-gon in a product sutured manifold (NV,d) is obtained by piping two
mutually disjoint product disks along an arc in R, () or R_(6) (cf. [10,
Lemma 2.3]).

Next, we present a fundamental observation due to Gabai (cf. [8]),
which plays an important role in Sections 5 and 6. Let F and G be
Seifert surfaces for an oriented link L, and suppose that they are disjoint
in E(L). Let E, [resp. E,] be the closed up component of E(L)—(FuG),
such that the normal vector to F [resp. G] points into E, [resp. E,]. Put
0;=0E(L)NnE;(i=1,2). Then (E,,d,) [resp. (E,,0,)] is a sutured manifold
with R_(6,)=F and R,(6,)=G [resp. R_(0,)=G and R, (J,)=F]. We
call (E,,0,) [resp. (E,,d,)] the sutured manifold between F and G [resp.
between G and F]. The following proposition follows from the argument
of Gabai in [8, pp.529-530].

Proposition 4.7. Suppose F is a Murasugi sum F;<|F, of two Seifert
surfaces Fy and F,, and let F' be the dual surface of F with respect to this
Murasugi sum. After a tiny isotopy, F' can be made disjoint from F in
E(L). Let (E,,0,) [resp. (E,,0,)] be the sutured manifold between F and
F [resp. between F' and F]|. Then, for i=1,2, (E,d;) has a product
decomposition into the disjoint union of the complementary sutured manifold
(M,,y,) for F; and a product sutured manifold.

In the remainder of this section, we describe a fundamental tool for
the study of isotopy types of surfaces and some of its consequences,
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which are used in Sections 5, 6, and 8. Let F and G be properly
embedded surfaces in a 3-manifold M, which meet each other
transversely. A blister between F and G is an embedded copy P of
Z x I/~ with the following properties:

(1) ~ pinches kx I, with k& a compact 1-submanifold of 0X, by
collapsing each arc x x I to one point for each x€k.

(2) X xO0[resp.X x 1, cl(0X—k) x I] is contained in F [resp. G, 0M].

(3) Fnint(P)=0, and GNnint(P) can be nonempty only when X is
a disk and PNn0dM is connected.

The following result is essentially due to Waldhausen [28]:

Proposition 4.8. Let M be a Haken manifold whose boundary is
incompressible. Let F and G be incompresible, boundary-incompressible
surfaces in M, which are in general position.

(1) If F is isotopic to G, then there is a blister between F and G.

(2) Suppoe FNG#) and F 1is isotopic to a surface disjoint from
G. Then there is a blister between F and G.

Proof. (1) is a special case of [2, Proposition 6.21], and is proved
by using the doubling trick and [28, Proposition 5.4].
(2) follows from the argument in [18, Proof of Theorem 5.4].

By using the proposition above, we can easily prove the following:

Proposition 4.9. For an unsplittable link L in S®, the following holds:

(1) A set of vertices {64,04,--,0,} of MS(L) [resp. IS(L)] spans a
simplex in MS(L) [resp. IS(L)] if and only if any sub-pair {o;,0;} (0<i<j<k)
spans an edge of MS(L) [resp. I1S(L)].

(2) Let (04,0,,:-+,0,) be a k-simplex of MS(L) or IS(L), and let
Fo,F,,- -, F, be mutually disjoint vepresentatives for the vertices 6,0, +*,0y.
Then the isotopy type of the union FyUF U---OUF, in E(L) is uniquely
determined by the simplex (04,0, *,0}).

5. Proof of Theorems 2.3 (2) and 3.3

In this section we prove Theorems 2.3 (2) and 3.3 by assuming
Theorem 2.3 (1). Let (7T,w) be a finite weighted plane tree, and let p
and p’ be two elements of O(T). Let E(p,p), V(p,p"), T(p,p’), [p] and
[p'] be as in Section 3 (see the paragraph before Lemma 3.5). Put
L=L(T,w). For each element B of V(p,p"), we have p|p=p'lp, and we
obtain a Seifert surface F(B,w;p)=F(B,w;p’). The Seifert surfaces
F(T,w;p) and F(T,w;p") for L are obtained from {F(B,w;p)},,ey(pyp,) by
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plumbing according to the data determined by the oriented trees
(T(p,p"); [p]) and (T(p,p’); [p']) respectively. To be more precise, recall
the construction of these surfaces;

F(T,ZU; p)=(UueV(T)A(v))U(UeeE(T)D(e; P)),
F(T,w; pl):(UveV(T)A(v))U(UeeE(T)D(e; o),

where A(v)=cl(F(v) — U g, 1yD(e,v)) (see Section 2). We may assume
each piece in this construction meets the exterior E(L) “nicely”’. In the
remainder of this section, we discuss in E(L), and refer to the intersection
of E(L) with each piece in the above construction by denoting the same
symbol. For each Bel(p,p’), put F(B)=(U,pA(v))U(U.pnmDl(e;p)).
Then we see

F(Tsw’ p)=(UBeV(p,p’)F(B))U(UeeE(p,p')D(e; P)),

F(T)w) p’)=(UBEV(p,p’)F(B))U(UeeE(p,p’)D(e; pl))
We move F(T,w;p) by an isotopy of E(L) so that it intersects F(T,w;p")
transversely and ‘“minimally’’ according to the following indication: Choose
a ‘“‘base edge” e, e E(p,p’), and define a sign &B) for each Be V(p,p’) as
follows: Let e,=eg,e,, -, ¢, be the shortest path in T(p,p’) joining e, and
B. [If B is an end-point of e,, then £=0.] Define &(B)= + or — according
as B is the terminal point or the initial point of (e,; p) (see Figure 5.1).

< >_<e* }_---—.——>—. X e € (B)

Figure 5.1

"
+

For each Be V(p,p’), we move F(B) in the &(B)-direction of the normal
vector to the oriented surface F(T,w;p), so that they are disjoint from
F(T,w;p’). According to this move, we modify D(e;p) (e€ E(p,p’)) as
indicated in the following: Let B, and B, be the end-points of e.

Case 1. ¢(B;)= —¢&(B,): We may assume &(B;)=+ and &B,)=—.
Then we see from the definition of ¢ that B, and B, are the terminal
point and the initial point of (e¢;p) respectively. We can shrink D(e;p)
to a subdisk of the original one, so that the new F(B,)u D(e; p)u F(B,)
is disjoint from F(T,w; p). Note that cl(old(D(e; p)) —new(D(e; p))) is
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F(T,w;p')
r———‘—A_—"_\
F(B,) D(e;p') F(Bz)
: (b)
B, B,
e
(c)

new F(B1) new D(e;p) new F(Bz) i : E

new F(71,w;p)

Figure 5.2

F(T,w;p")

new F(T,w;p)

(new F(T,w;p))nF(T,w;p")

Figure 5.3

the disjoint union of four ‘“product disks”; i.e., each of them meets the
new F(T,w; p) [resp. F(T,w; p'), OE(L)] in an arc [resp. an arc, two
arcs]. Near the 4-Murasugi sphere S(e), E(L)—(F(T,w; p)V F(T,w; p))
has two closed up components; and each of the them contain two of the
above product disks. (See Figure 5.2 (a) and (b), where a neighbourhood
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of a component of S(e)nJE(L) is depicted.)

Case 2. ¢&(B;)=¢(B,): We can modify a small neighbourhood of
D(e; p) in F(T,w; p) so that it intersects F(T,w; p’) transversely in two
arcs lying in the 4-Murasugi sphere S(e). Near S(e), E(L)— (F(T,w; p)u
F(T,w; p")) has three components; and one of them has the closure that
is not a 3-manifold. (See Figure 5.3 (a) and (b).)

We call the above isotopy a small isotopy. After a small isotopy,
F(T,w; p) intersects F(T,w; p') transversely. The closed up components
of E(L)—(F(T,w; p)u F(T,w; p’)) can be described in terms the following
trees with distinguished vertex sets and with marks on the edge sets. Let
B, be the initial point of (e,; p), and let Vy(p,p’) [resp. V' (p,p’)] be the
set of the elements of I"(p,p’) which have even [resp. odd] distance from
B, in the tree T(p,p’). For i=0,1, let Ti(p,p’) denote the tree T(p,p’)
where the subset I;(p,p’) of the vertex set I'(p,p’) is specified. We call
a vertex contained in Vi(p,p’) a distinguished vertex of Ty(p,p’). We assign
a ‘““cut mark” | and a “bad mark” X to the above trees according to the
following indication: Suppose the end-points of an edge e€ E(p,p’) have
the same sign. If e has an even [resp. odd] distance from B,, then
assign a bad mark X to the corresponding edge of Ty(p,p’) [resp. T,(p,p")],
and assign a cut mark | to the corresponding edge of T (p,p’) [resp.
To(p,p)]. Here the distance between B, and e is defined as the distance
between B, and the nearest end-point of e from B, in the tree T(p,p’)
(See Figure 5.4, where the distinguished vertices are represented by big
circles.)

g Q a 6 (T(p,0");[p])
o——{_ o—+—{ ) Toes0")

F(T,w;p)

< h AN 7
‘ B ' . F(T,w;p") 3E(L)

Figure 5.4
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Lemma 5.1. There is a bijection T between the set o/ of the closed
up components of E(L(T,w))—(F(T,w; p)uF(T,w; p')) and the set B of
the connected components of UZ_(T{p,p’)—{cut marks}). Further, the
structure of a closed up component Pe o/ can be read from the corresponding
element T (P)e A as follows:

(1) If T (P) has a bad mark, then P is not a 3-manifold.

(2) Suppose T (P) does not have a bad mark. Put R=PnF(T,w; p),
R =PnF(T,w; p'). Lety be the 1-submanifold of 0P which forms the core
of OPN(OE(L)u (F(T,w; p)nF(T,w; p')). Then y determines a sutured
manifold (P,y) (in the sense of Converntion 4.1), such that R c R,(y),
R < R_,(y)(e=+ or —), and that there are deformation retracts from R(y)
to R and from R_,(y) to R'. Further (P,y) has a product decompositon
into the disjoint union of a product sutured manifold and the complementary
sutured manifolds {(Mg,yg)} for {F(B,w; p)}, where B runs over all
distinguished vertices contained in I (P).

Proof. The existence of J and (1) follow from the construction of
Tip,p"). (See Figure 5.2 (c) and 5.3 (c) for local correspondence, and
see Figure 5.4 for the situation on J0E(L)).

(2) follows from the arguments in [8, pp.529-530] (cf. Proposition
4.7) by using the product disks given in Case 1 in the construction of
the small isotopy.

Lemma 5.2. Let P be an element of .

(1) P is a blister between F(T,w; p) and F(T,w; p'), if and only if
T (P) does not contain a bad mark and |w(v)|=1 for every v (€ V(T)) which
is contained a distinguished vertex in I (P).

(2) Suppose P is a blister. Then by an isotopy through P, F(T,w; p)
s equivalent to F(T,w; p"), where p” is the orientation of T obtained from
p by reversing the orientations of the edges e(€ E(p,p’)) which are incident
to the distinguished vertices in I (P).

(3) In the above, p" is related to p by an iteration of finite number
of elementary operations.

Proof. (1) P is a blister if and only if (P,y) is a product sutured
manifold. By Lemma 5.1 and by [8, Lemma 2.2], this is equivalent to
the condition that () Z (P) does not contain a bad mark, and (iz) for
every distinguished vertex B in J (P), (Mpg,yg) is a product sutured
manifold. By [5, Theorem 3] (cf. [8, Lemma 2.4]), (Mp,7p) is a product
sutured manifold, if and only if |w(v)|=1 for any vertex v of B. Thus
we obtain the desired result.

(2) Moving F(T,w; p) through P amounts to replacing D(e; p) with
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D(e; —p) for every edge e(€ E(p,p’)) which is incident to a distinguished
vertex contained in J (P), Thus we obtain the desired result.

(3) We prove this assertrion by using Remark 3.6 (2). Let B be
a distinguished vertex in J (P), and let e,=e¢y, e, :*,¢, be the shortest
path in T(p,p’) joining e, and B. Suppose B is not positive nor
negative. 'Then there is an edge ¢, incident to B such that the terminal
points of (e,; [p]) and (e . ; [p]) are different. By the definition of g,
the signs of the end-points of ¢,,; are equal. On the other hand, the
distance between B, and B is equal to the distance between B, and
ex+1- Hence the edge ¢,,; in J(P) must have a bad mark, a
contradiction. Hence any distinguished vertex in Z (P) is positive or
negative. By using the fact that  (P) has no bad marks and the fact
that any pair of distinguished vertices in 7 (P) has an even mutual
distance, we can see that either all the distinguished vertices in 7 (P) are
positive or otherwise negative. Hence, by (1), (2), and remark 3.6 (2),
we obtain the desired result.

Now we are in a position to prove Theorem 2.3 (2) and Theorem 3.3

Proof of Theorem 2.3 (2). By applying a small isotopy, we may
suppose F(T,w; p) and F(T,w; p’) intersect as described in Lemma
5.1. Suppose these two surfaces are equivalent. Then there is a blister
P between these two surfaces by Proposition 4.8 (1). By Lemma 5.2,
F(T,w; p) is equivalent to F(T,w; p”) via an isotopy through P, where
p” is related to p by a finite sequence of elementary operations. If
|F(T,w; p)nF(T,w; p')|=0, then we have p”"=p’; otherwise we have
|[F(T,w; p"YNF(T,w; p)|<|F(T,w; p)n F(T,w; p’)| after a small isotopy.
Thus, by repeating this process, we see p and p’ are related by a finite
sequence of elementary operations. This completes the proof of Theorem

2.3 (2).

Proof of Theorem 3.3 assuming Theorem 2.3 (1). By virtue of
Proposition 4.9 (1), we have only to show that F(T,w; p) and F(T,w; p’)
can be made disjoint in E(L) if and only if there is a simplex in A4 (T,w)
containing both p(p) and p(p’) as vertices, where p is the projection
A (T) » A (T,w). We prove the “only if”’ part of this assertion. Suppose
F(T,w; p) and F(T,w; p’) can be made disjoint in E(L). Then by an
argument parallel to the proof of Theorem 2.3 (2) (using Proposition 4.8
(2) instead of Proposition 4.8 (1)), we can see that there is an element
p* of O(T) such that p(p*)=p(p) and the orientation [p*] on T(p*,p’) is
alternating. By Lemma 3.5, there is a cycle in O(T) containing p* and
p. This cycle determines the desired simplex in A (T,w). The “if”
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part easily follows from Lemma 5.1.

At the end of this section, we present a consequence of Theorem
3.3, which is used in Section 8. We say that two vertices ¢, and ¢, of
MS(L) [resp. IS(L)] are adjacent, if the following condition is satisfied:
There are representatives F'; and F, of g; and ¢, respectively which are
mutually disjoint in E(L), such that one of the closed up component of
E(L)—(F, U F,) contains no minimal genus [resp. incompressible] Seifert
surfaces for L except those surfaces that are isotopic to F; or F,. By
virtue of Theorem 3.3 and Proposition 4.9 (2), we can determine the
pairs of vertices of MS(L(T,w)) which are adjacent. In particular we
obtain the following.

Proposition 5.3. Suppose w is a special weight on T. Then, two
vertices [F(T,w; p)] and [F(T,w; p')] of MS(L(T,w)) are adjacent if and
only if v(p)=p’ for some vertex v of T which is positive or negative with
respect to p.

6. Proof of Theorem 2.3 (1)

Let (T,w) be a finite weighted plane tree, and put L=L(T,w). By
Lemma 3.4, O(T) has a cycle

Vo vy Uy
Po P17 Py Po-

Put F;=F(T,w; p;). The following assertion follows from the proof of
Theorem 3.3.

Assertion 6.1. After small isotopies, the following holds:

(1) FoFy,-,F, are mutually disjoint in E(L), and they arve situated
in E(L) in this cyclic order.

(2) For each i (0<i<n), let (E;d;) be the sutured manifold between
F, and F;. . Then it has a product decomposition into the disjoint union
of the complementary sutured manifold (M,,y,,) for the twisted band F(v;)
and a product sutured manifold. Here the suffix is considered with modulo
n+1.

Let v be an element of V(T), and let & be the integer such that
v=v,. Then M, is embedded in E, c E(L) by Assertion 6.1 (2). Let
p, denote a circle embedded in E(L) which forms a core of the solid
torus M,. Note that p, is also a core of the solid torus cl(S*— N(A(v)u
(ueeE(,,’T)B"’(e,v)))), where B3(e,v) is the 3-ball bounded by S(e) whose
interior is disjoint from A(v) (cf. Figure 8.1 (a)). Since any F(T,w; p)
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is carried by the branched surface (U, .gr),S(e))UA(T), it can be made
disjoint from Uy i,

For two Seifert surfaces F and F' for L, we say that F' is obtained
from F by a (+)—[resp.(—)—] annulus modification at v if the following
conditions are satisfied:

(1) A=cd(F—FnF) and A =cl(FF—FnNF’) are annuli.

(2) AuA =0N(u,), where N(u,) is a regular neighbourhood of p,
in E(L).

(3) The normal vector to 4 points into N(u,), and the normal vector
to A’ points out of N(u,).

We prove the following assertion by using the method of [14, Proof
of Theorem 2.1]:

Assertion 6.2. Any minimal genus Seifert surface for L can be made
disjoint from U}_oF; by applying a finite number of annulus modifications.

Proof. Let F (< E(L)) be a minimal genus Seifert surface for
L. We may suppose F is transversal to U!_,F; and 0F is disjoint from
U'_o0F;. Let p: E(L) - E(L) be the infinite cyclic cover determined by
the element of H'(E(L); Z) which is dual to F. Let F be a lift of
F. The inverse image p~ !(U"-F;) decomposes E(L) into infinitely many
compact regions E; (i€ Z). Here, we assume these regions lie in E(L)
in the order of the suffix, and E; is a lift of Eu, wklere~[z] is an integer
such that 0<[i{]<n and [{]={ (modn+1). Thus F;=E;_;NnE; is a lift
of F;;. We may assume 0F c E,. Let r(F) and s(F) be ttle maximum
and the minimum respectively of the integer ¢ such that FNE;#0. If
r(F)=s(F)=0, then F is disjoint from U!_,F;. If #»(F) or s(F) is not 0,
say r(F)=r>0, then we will construct a minimal genus Seifert surface
surface F' such that »(F)<r—1 and s(F')>s(F) by applying a finite
number of annulus modifications to F as illustrated in Figure 6.1

schematically.
(a) (b) (c)
ﬁ y - / /
p X _9 X ? X
M isotopy isotopy &
annulus
sificati
_ / N _ \ modification N

(r1 Fres1) Figure 6.1
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To be more precise, let & be the union of the product disks in (Ey,,d,)
which decompose (Ej,;,d;,) into the disjoint union of a product sutured
manifold, say (P,6), and (M,,y,) with v =10y, (cf. Assertion 6.1 (2)). We
may suppose F intersects & transversely. Note that E(L) is irreducible
since L has a connected minimal genus Seifert surface. Thus we may
suppose FFn 2 does not contain loop components. By an isotopy of E(L)
whose support is contained in a small neighbourhood of 2, we may
suppose no (arc) component of FNZ has both end-points in R_(y,;) = Fy,
(see Figure 6.1 (b)). Then any component G of Fn Ej,;, whose boundary
is contained in Fy,, is contained in either P or M,. By the minimality
of F and the irreducibility of E(L), we may suppose G is incompressible
and is not a disk. If G = P, then G is parallel to a subsurface in R_(9),
and therefore we can delete the component G from FNE},; by an
isotopy. If G < M,, then G is an annulus since n,(M,)=Z. Let G a
sub-annulus in R_(y,) with 0G'=0G. Then either G is parallel to G’
or GUG' bounds a solid torus in M, whose core is isotopic to y,. Thus
we can delete the component G from Fn Ej,; by an isotopy or by a series
of annulus modifications at v (see Figure 6.1 (c)). By repeating the
above process, we obtain a surface F' from F through isotopies and
annulus modifications at v such that, for any component G of F' nE,,
0G is not contained in F},;. From the construction, we can see that
r(F)<r—1 and s(F)>s(F). Thus we obtain the desired result by
repeating the above process.

By using [16, Proposition 2.6], we see any minimal genus Seifert
surface for L which is disjoint from Uj_(F; is isotopic to F;=F(T,w; p;)
for some i. Thus we have only to show the following assertion to prove
Theorem 2.3 (1).

Assertion 6.3. Let p be an element of O(T), F=F(T,w; p), and v,
a vertex of T. Then any Seifert surface for L obtained from F through
an annulus modification at v, is equivalent to F(T,w; p') for some p’€ O(T).

If |w(v,)|=1, then (M,,,7,,) is a product sutured manifold, and
therefore any annulus modification at v, does not change the isotopy type
of a Seifert surface. Thus we assume |w(v,)|>2 in the following. Then
we have;

Lemma 6.4. Let F' be a surface in E(L) isotopic to F, and suppose
F' is also disjoint from p,,. Then F' is isotopic to F by an isotopy of E(L)
which preserves U,,,.
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Proof. For e=4, let j: H,(F; Z)-> H,(E(L)—F; Z) be the
homomorphism defined by pushing each cycle in the g-direction of the
normal vector to F. Then we see [u,] is not contained in Im(j,) since
lw(v,)]=2. Thus pu,, is not homotopic in E(L) to a loop in F. We may
suppose F and F' are in general position and the number |[FNF'| is
minimal among all surfaces isotopic to F' preserving p,. Since F' is
isotopic to F, there is a blister P between F and F' be Proposition 4.8
(1). By the above fact, p,, is not contained in P. If |[F'nF| is not 0,
then we can decrease it by an isotopy through P preserving pu,, a
contradiction. So FNF =0, and P gives a parallel region between F
and F'. Hence there is an isotopy of E(L) preserving u, which sends
F to F.

Let (M,7y) be the complementary sutured manifold for F. Then we
have u,, = int M; further, by the above lemma, the location of p, in M
is unique up to isotopy. Let W be a fixed regular neighbourhood of u,,
in M. Then the annulus modifications at v are related to the following
condition.

ConpITION 6.5. There is an annulus A4 properly embedded in
cl(M — W) such that a component of 04 is an essential loop in W and
the other component of dA4 is contained in R_(y).

If this condition is satisfied, then we can perform a (+)-annulus
modification at v, to F' as illustrated in Figure 6.2. More precisely, the
surface obtained from F by the annulus modification is isotopic to
Fr(N(R_(y)uAu W)), where N and Fr denote the regular neighbourhood
and the frontier in M respectively. Conversely, any annulus modification
of F at v is obtained in this way. If we interchange the signs + and
— in the above, then we obtain the corresponding results for (—)-annulus
modifications.

Figure 6.2
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Lemma 6.6. We can perform a (+)-annulus modification at v, to
F=F(T,w; p) if and only if the following condition is satisfied: Let T (v,,p)
be the subtree of T spanned by the vertices v of T, such that any edge
contained in the (shortest) path from v, to v is oriented by p so that it points
to v (see Figure 6.3); then, for any vertex v of T*(v,,p) except v,, the
tdentity |w(v)|=1 holds.

Further, if this condition is satisfied, then there is a ‘“unique’’ (+ )-annulus

modification of F at wv,. Similar results also hold for (—)-annulus
modifications.

.
T (vy,0)

Figure 6.3

Proof. First, we show the “if’’ part. Suppose that the assumption
in the lemma is satisfied. Recall that (M,y) is obtained from the disjoint
union of {(M,,7,)},er(r) through identification along 2= U,1)Q(e) (see
example 4.3). Consider the annulus 4" in cl(M,,— W) and the disk A(v)
in M, for each ve V(T*(v,,p))—{v,} as illustrated in Figure 6.4.

Note that the following holds:

(1) A component of 0A4* is an essential loop in 0W and the other
component, say C, of 04" is contained in R_(y,,). Let e be an element
of E(v,,T). If e is contained in T*(v,,p), then CnQ(e) is a horizontal
mark for Q(e) in (M,,,y,,); otherwise CnQ(e)=0.

(2) For each ve V(T*(v,,p))—{v.}, A(v) is a meridian disk of the
solid torus M, which intersects R,(y,) in an arc. [Here we use the
condition |w(v)|=1.] Let e be an element of E(v,T). Suppose e is
contained in T7%(v,,p). Then 0A(v)NQ(e) is a vertical mark or a
horizontal mark for Q(e) in (M,,y,) according to whether e is contained
in the path from o, to v or not. If e is not contained in T (v,,p), then
A (v)NQe)=0.

Thus we can construct an annulus 4 in cl(M— W) by piecing 4°
and A(v) (ve V(T*(v,p))—{v,}) together. We can see that A is an
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Figure 6.4

annulus required by Condition 6.5, and hence, we obtain the ‘‘if”’ part.

Next, we show the “only if’’ part and the uniqueness of the annulus
modification. Suppose we can perform a (+)-annulus modification at v,
to F=F(T,w; p), and let A be the corresponding annulus in c¢/(M— W)
required by Condition 6.5. We show that 4 is y-isotopic to the annulus
constructed in the proof of the ““if’’ part.

Step 1. Let C* and C~ be the components of 04 lying in W and
R_(y) respectively. We may suppose A4 intersects the union of 4-gons
2= U Q(e) transversely, and the number |4 N 2| is minimized. By
the incompressibility of 4 and the irreducibility of M, AN2 contains
no loop components. Note that the boundary of any component of A2
lies in C7, since £ is disjoint from W. By using the incompressibility
of R_(y) and the irreducibility of M, we see that each component of
AN Q(e) is an arc in Q(e) joining the two components of 0Q(e) N R _(7).

Step 2. Suppose An2#0. Let a be an outermost component of
An2 in A, and let e be the edge of T such that « < Q(¢). Then a cuts
off a disk, say A, in 4, which forms a properly embedded disk in some
M,. Note that A < R_(y,)uQ(e), 0ANQ(e)=a, and o is either a
horizontal mark or a vertical mark for Q(e) in (M,,7,). If a is a horizontal
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mark, then any,=0, and hence, 0A = R_(y,); so /A bounds a disk in
R_(y). This contradicts the condition A NQ(e)=a. Hence, a is a
vertical mark. Then we see that Q(e) € R,(y,) and that dA intersects
R, (y,) in an essential arc. Hence v is the terminal point of (e; p) and
lw(v)[=1.

Step 3. Suppose 4N 2 contains a component which is not outermost
in A. Let a be a component of 4 N2 which is next to a set of outermost
components, say f;,---,f, and let A be the disk in 4 cut off by a U B,--- U B,
(see Figure 6.5 (a)). Then A forms a properly embedded disk in some
M,. Let ey and ¢; (1<i<k) be the edges of T such that a = Q(e,) and
B = O(e;). Then by the Step 2, B; is a horizontal mark for Q(e;) in
(M,,y,). Suppose « is a horizontal mark for Q(ey) in (M,,y,). Then
0A is contained in R_(y,), and hence, it bounds a disk, say A’, in
R_(y,). We can find a subdisk ¢ in A’, such that d¢ is the union of
two arcs { and &, where { is a subarc of A such that { N (U*_,0(e;))=0aC,
and ¢ is a subarc of 0Q(e;) — 7y, for some 7 (0 <i<k) (see Figure 6.5 (b)).

(a) (b)

Q(ei) Q(ej)

L1

Figure 6.5

By using this disk, we can decrease the number |4 N 2|, a contradiction.
Hence, o is a vertical mark. So we see that Q(eq) =R, (y,) and that 0A
intersects R, (y,) in an esseitial arc. Thus we see |w(v)|=1. Note that
ey [resp. ¢; (1<i<k)] is oriented by p so that v is the termimal [resp.
initial] point.

Step 4. By repeating the above arguments, we obtain the following:

(1) Let a be a component of An2, e the edge of T such that
a < Q(e), A a disk in 4 cut off by a, and v [resp. v] the end-point of e
such that M, [resp. M, ] contains a neighourhood of a in Alresp. in
cl(A— A)]; then |w(v)|=1 and v is the terminal point of (e; p).

(2) Let A* be the closed up component of 4A—(4AN2) containing
the boundary loop C*. Then A* is a properly embedded annulus in
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c(M,,— W) (= T? x I), such that 0A4*ndW=C*. Further, for ec E(v,, T),
QO(e) intersects C=0A4"—C" only if v, is the initial point of (e; p); and
in this case CnQ(e) consists of horizontal marks for Q(e) in (M,,,7y,.).

Thus C is disjoint from 7y,,, and hence it is contained in R_(y,,). Since
C* is an essential loop in 0W, C is an essential loop in R_(y,,). Hence
C intersects Q(e) if and only if v, is the initial point of (e; p). Now the
“only if”’ part of the lemma can be deduced from the facts listed in the
above. To show the uniqueness, we continue the argument.

Step 5. By the minimality of |[ANn2|, we can see that, for each
e€ E(v,, T*(v,,p)), CnQ(e) consists of only one arc. Now we can see
that 4" is isotopic to the A in the proof of the ‘““if”’ part by an isotopy
of (cl(M,,—W),y,,) preserving 0M, n2. Similarly for each velV(T*(v,,
p)—{v.}, AnM, is isotopic to A(v) by an isotopy of (M,,y,) preserving
2n0M,. This proves the uniqueness of the annulus A4 satisfying
Condition 6.5.

Now the proof of Assertion 6.3 is completed as follows. Suppose
a surface F' is obtained from F=F(T,w; p) by an annulus modification
at a vertex v, with |w(v,)|>2. Then the condition in Lemma 6.6 is
satisfied. Let T',---, T, be the components of the sub-forest of 7" spanned
by V(T)— V(T (v,; p)), and let ¢; be the edge of T joining T*(v,;p) and
T; (1<i<r). Then (e; p) points to T*(v,,p). Thus, by Lemma 2.1,
the Murasugi spheres S(e ), -+, S(e,) for F are composable, and the dual
surface F” of F with respect to the resulting Murasugi sphere is equivalent
to F(T,w; p’), where p’ is obtained from p by reversing the orientations
of e;,---,e,. 'The above Murasugi sphere decomposes F into F, =F(T"(v,,
p),w; p) and a surface F, which is a boundary connected sum of
{F(T;,w; p)}1<ic, Since |w(v)]=1 for any ve V(T*(v,p))—{v.}, the
complementary sutured manifold for F; has a product decomposition
into the disjoint union of (M,,,y,,) and a producyt sutured manifold.
Hence, by Proposition 4.7, the sutured manifold between F and F” has
a product decomposition into (M,,,7,,) and a product sutured manifold.
This implies that F” is obtained from F by a (+)-annulus modification
at v,. By the uniqueness of the annulus modification proved by Lemma
6.6, we see F' is equivalent to F”. This completes the proof of Assertion
6.3. Now the proof of Theorem 2.3 (1) is complete.

7. Proof of Theorem 2.4

Let L=L(T,w) be a very special arborescent link, and consider a
minimal genus Seifert surface F=F(T,w; p) for L. Let (M,y) [resp.
(N, 8)] be the complementary [resp. product] sutured manifold for F. As



MiNIMAL GENUS SEIFERT SURFACES 897

in the previous section, we use the construction of (M,y) as the union
of {(M,,7,)}vev(ry along 2= U, g1,QO(e). By Proposition 4.4 and Remark
4.6, we have only to classify, up to y-isotopy, the essential 4-gons E in
(M,7y) such that dE bounds a disk in N. Note that such 4-gons are
separating in M.

Lemma 7.1. Let E be a separating essential 4-gon in (M,y). Then
by a y-isotopy, E can be made disjoint from 2.

Proof. After a y-isotopy, we may suppose E intersects 2 transversely
and OF is disjoint from 02Ny. Suppose we have minimized |[En 2|, and
suppose |[ENn2|#0. Since M is irreducible, ENn2 does not contain a
loop component. Let « be a component of ENn2 that is outermost in
E. Let Abe a sub-disk of E such that A n2=q, and put f=cl(0A —a).
Since |[Eny|=4, we may suppose, if necessary by choosing different
outermost arc, that |fny|<2. Let e be the edge of T such that a = Q(e),
and let v be the vertex of T such that A <« M,. Then f is a properly
embedded arc in cl(0M — 2) with 0f < 0Q(e). By the minimality of |[EN 2|
and the fact that E is essential, we see f is ‘“‘essential” in (cl/(0M,— 2),
cl(y,—2)); that is, there is no disk ¢ in cl(0M,—2) such that do is the
union of two arcs £ and {, and one of the following conditions is satisfied:

(1) écpPand onclly—2)=00ncl(y—2)={ (see Figure 7.1 (a)).

(2) &=p, { < 00Q(e), and ancl(y—2) consists of (zero, one, or two)
properly embedded arcs in ¢ each of which joins £ and { (see Figure 7.1 (b)).

cl(y,-0)

7771

ate) /-9 1| B=E

(a) (b)

Figure 7.1

Claim 7.2. |fny|=2 and a is a vertical mark for Q(e) in (M,,y,).

Proof. Since |0A Ny, |<|fny|+]|0any,|<2+2=4, we see A is a
0-gon, a 2-gon, or a 4-gon in (M,,7,).
Case 1. A is an inessential disk in the solid torus M, Then, by
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using the fact that f is “essential’’ in the above sense, we can see that
A is a 4-gon in (M,,7,), and 0A is situated in dM, as illustrated in
Figure 7.2 (a).

Case 2. A is a meridian disk of M,: Then we see 2|w(v)|<|0A N
y,/<4. Since |w(v)]>2 by the assumption, we see |w(v)|]=2 and
[0A Nny,|=4. Thus is as illustrated in Figure 7.2 (b).

In both cases we obtain the desired result.

A
= [
\ S ™\ .
- Yy \ copee S )V
: ) 1 )
] _/< lﬁ ‘\.5 )
- EIN L ./
(a) (b)
Figure 7.2

By the above claim, we see that En2 consists of arcs which are
isotopic to each other in (E,yn0E). Let A’ be the closed up component
of E— 2 that is adjacent to A. Then A n A’=a, and one of the following
holds:

1) (A'n2)—aisanarc,saya’,and A'Nny=0 (see Figure 7.3(a)).

(2) E=Au A’ (see Figure 7.3 (b)).

" Yo
o |A A A’ A C o I
Q(e)
(a) (b) (c)
Figure 7.3

Let 2’ be the vertex of e opposite to v. Then A’ < M,.. Since « is a
vertical mark for Q(e) in (M,,y,), it is a horizontal mark for QO(e) in
(M,,y,). Hence (2) does not occur by Claim 7.2. Thus we have the
conclusion (1). Note that [0A'Ny,|=|00'Ny,|<2. Thus, using the
assumption that |w(v)|>2, we see that 0A'Ny, =0 and that A’ is as
illustrated in Figure 7.3 (c). This contradicts the minimality of
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|[ENn2|. Hence we have |[En 2| =0, completing the proof of Lemma 7.1.

Proof of Theorem 2.4. Let S be an essential 4-Murasugi sphere
for F=F(T,w; p), and let E be the esstitial 4-gon in (M,y) corresponding
to S. By Lemma 7.1, we may suppose E is disjoint from 2. Let v be
a vertex of T such that E <« M,. Since E separates M, 0E bounds a
disk, say E, in 0M,. Since |[0ENy,|=4, Eny, consists of two arcs. Let
A be the closed up component of E—y, whose boundary contains both
of the components of Eny,. Since E is an essential 4-gon in (M,y), we
see 2NnE=2n A is a nonempty union Qe;)U---UO(e,), where {e,,-,¢,}
is a certain subset of E(v,T) (see Figure 7.4 (a)). Suppose O(e,),---,0(e,)
lies in A in this order. Then {e;,---,¢,} lies successively in this order
around v, and they are oriented by p so that v is the terminal point or
the inital point according as A lies in R, (y,) or R_(y,). Thus we can
express the 4-gon E by an arc a in a small circle in R? around v, such
that Tna="T nint(a) consists of & points from each of e, -, ¢, (see Figure

7.4 (b)).

>

2,
n
O T I

(a) (b)

Figure 7.4

The y-isotopy class of E is determined by the ordered set (ey,---,e,). Hence
it is determined by the isotopy class of a in (R?,T). This completes the
proof of Theorem 2.4.

Note that a 4-Murasugi sphere in Example 2.2 (1) decomposes the
link into two prime links, if and only if it is equivalent to S(e) for some
ecE(T). Thus we obtain the following corollary, which is used in the
next section to prove Theorems 2.6 and 2.7.

Corollary 7.3. For a minimal genus Seifert surface F(T,w; p) of a
very special arborescent link L(T,w), the set of the 4-Murasugi spheres
{S(€)}ecrer) i “‘characteristic”; that is, for any self-homeomorphism g of the
pair (S3,F(T,w; p)), the 4-Murasugi sphere g(S(e)), where e is an arbitrary
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element of E(T), is equivalent to S(e') for some ¢ e E(T). Moreover, g is
isotopic to a homeomorphism which preserves U,.gr)S(e) by an isotopy
preserving F(T,w; p).

Proof. The first assertion follows from Theorem 2.4 and the fact
stated in the above. The second assertion can be proved by applying
the argument in this section and Section 4 to the family {S(e)}.cpr of
4-Murasugi spheres.

8. Proof of Theorems 2.6 and 2.7

The arguments in this section are based on Corollary 7.3 and the
following fact.

Lemma 8.1. Let (T,w) be a finite weighted plane tree, and suppose
that the weight w is special. Let p, and p_ be the alternating orientations
for T. Then the pair of the Seifert surafaces F(T,w; p,) and F(T,w; p_)
is ““characteristic’’; that is, for any isomorphism g between two very special
arborescent links L(T,w) and L(T',w"), g(F(T,w; p,)) (e= +, —) is equivalent
to F(T',w'; p',) or F(T',w'; p'_), where p', and p'_ are the alternating
orientations for T'.

Proof. By Proposition 5.3, the number of the vertices in the complex
MS(L(T,w)) which are adjacent to a vertex [F(T,w; p)] is equal to the
number of the vertices of T which are positive or negative with respect
to p. The maximum of these numbers when p runs over O(T) is equal
to |V(T)|, and it is attained by the alternating orienations. Thus we
obtain the desired result by Theorem 2.3.

Recall that B3(e,v), where ve V(T) and e€ E(v, T), denotes the 3-ball
in S bounded by S(e) whose interior is disjoint from A(v). Let
P3}(v)=cl(S3— ueeE(,,,T)B3(e,v)). Then A(v) is a properly embedded
surface in P3(v). For each e€ E(T), put l(e) = S(e) N (A(v,) U A(v,)), where
v, and v, are the end-points of e. Then l(e) is a circle in S(e) which
divides S(e) into two plumbing patches for the minimal genus Seifert
surfaces for L(T,w) (see Figure 8.1 (a)).

Proof of Theorem 2.6. Suppose there is an isomorphism g between
the semi-oriented links (S3 L(T,w)) and (S3 L(T’,w)). By the above
lemma, we may suppose g(F(T,w; p.))=F(T,w'; p',) (¢=+ or —). By
Corollary 7.3, we may further suppose g( U cgryS(€)) = U,epryS(€’). Thus
we obtain an isomorphism g, between the abstract graphs T and T" such
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that g(P%(v), A(v)) =(P3(g,(v)), A(g.(v))) and g(S(e))=S(g.(e)) (ve V(T),
ecE(T)). Since g(l(e))=I(g.(e)) for any ee E(T), we see that, for each
ve V(T), g induces a homeomorphism g, from (S>, F(v)) to (S3,F(g,(v)))
such that g,(D(e,v))=D(g,(e),g.(v)) for any ec€E(v,T). Thus we see
w'(g,(v)) =w(v) or —w(v) according to whether g preserves the orientation
of S3 or not. Define ¢,(v) [resp. &,(v)] so that g, sends the core orientation
¢, [resp. the normal orientation n,] of F(v) to &(v)c,,, [resp. eIy, )]
Then the map g,|g, 1): E(v, T) = E(g,(v), T") preserves or reverses the cyclic
order according as ¢(v)=+1 or —1. On the other hand, by considering
the orientations of the Seifert surfaces, we see that the product &.(v)e,(v)
does not depend on v. If g(v)e,(v)=+1, then g, preserves the cyclic
order at every vertex or reverses the cyclic order at every vertex. If
e(v)g,(v)=—1, then g, reverses the cyclic order at one vertex, and at
each vertex at even distance from it, and g, preserves the cyclic order at
the remaining vertices. Hence g, determines an isogeny beween (T,w)
and (7T",w'). Conversely, by the above arguement, we see any isogeny
between (T,w) and (T',»') induces an isomorphism between L(T,w) and
L(T',%'). This completes the proof of Theorem 2.6.

To prove Theroem 2.7, we need the following proposition:

Proposition 8.2. Let L be a non-fibred, unsplittable, semi-oriented link
in S and F an incompressible Seifert surface for L. Let g be a
self-homeomorphism of (S3,L) which preserves F. Suppose g is pairwise
isotopic to the identity. Then there is a pairwise isotopy from g to the
tdentity which preserves F.

Proof. This proposition is analogous to [2, Proposition 6.19], and
can be proved by applying the argument of [28, Section 7] to the restriction
of g to E(L) and a hierarchy for E(L) starting from the surface F < (E(L)).

The first step of our proof of Theorem 2.7 is the following lemma.

Lemma 8.3. For a very special arborescent link L(T,w), there is a
well defined epimorphism y: Sym(S>,L(T,w)) » Sym(T,w). By restriction,
it gives an epimorphism y*: Sym} (S, L(T,w)) = Sym™ (T, w).

Proof. Let g be a self-isomorphism of the semi-oriented link
L(T,w). Then as in the proof of Theorem 2.6, we may assume
g(F(T,w; p,)=F(T,w; p) 6=+ o =), 8V epayS(€) = UpepryS(e), and
g induces a self-isogeny g, of (T,w). We would like to define y by
7(g)=g,.. To show that this is well-defined, we show that g,=1 if g is
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pairwise isotopic to the identity. Suppose g is pairwise isotopic to the
identity. Then, by Proposition 8.2, there is a pairwise isotopy from g
to the identity which preserves F(T,w; p,), since L(T,w) is not
fibred. Thus g preserves each S(e) (e€ E(T)) by Theorem 2.4. So we
have g,=1, and hence the homomorphism 7 is well-defined. By the proof
of Theorem 2.6, we see that y is surjective.

The next step for the proof of Theorem 2.7 is the determination of
Ker(y). For each ve V(T), let {, be the involution of the pair (P3(v), 4(v))
as illustrated in Figure 8.1 (a). In case |E(v,T)| <2, let 5, be the involution
of (P3(v),A(v)) as illustlated in Figure 8.1 (b). Note that {, and 7,
generates a Z,®Z,-action on (P3(v),A(v)). Let G(v) be the group of
transformations of (P3(v), A(v)) generated by {{,,n,} or by {{,} according
to whether |[E(v, T)| <2 ornot. Then G(v) preserves each l(¢) (e€ E(v, T)).

(a) z

(®3(v),A(v))

(3(v),A(v))

Figure 8.1

Lemma 8.4. Let g be a self-homeomorphism of (P*(v),A(v)) which
preserves each l(e) (e€ E(v,T)). Then g is pairwise isotopic to an element
of G(v). Further, if the restriction of g to OP3(v) is equal to the restriction
of an element, say &, of G(v), then g is pairwise isotopic to ¢ by a pairwise
isotopy which is constant on 0P3(v).
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Proof. Using the assumption for g and the fact that each component
of A(v) is a disk (or an annulus when k=0), we can see that there is an
element ¢ of G(v) such that the restrictions of g to A(v) and S(e)
(e€ E(v,T)) are isotopic to those of £ Thus, by using the fact that
cl(P3(v) — N(0P3(v) U A(v); P3(v))) is a solid torus, we can see that g is
pairwise isotopic to . If glg,) =¢lse) then the isotopy can be made
constant on S(e).

Let e be an edge of T, and let v, and v, be the end-points of e,
and suppose the valency of v, is 1 or 2. Then we may suppose
Noilsey="Colse- Using this fact, we can define the group I'(T) of
self-isomorphisms of L(T,w) as follows:

Case 1. |T] is an inteval or a point, that is, the valency of any
vertex of T is equal to 1 or 2: Fix a vertex vy, and let { [resp. n] be the
self-isomorphism of L(T,w) whose restriction to P(v) is equal to {, [resp.n,]
or 1, [resp. {,] according as v is at even distance or odd distance from
vo. Then { and 5 are commutative involutions and they generate a
Z,®Z,-action on (S% L(T,w)). We define I'(T) to be this group.

Case 2. |T] is neither an interval nor a point, and there is a vertex
v of T, such that any vertex at an odd distance from v, has valency 1
or 2: Then let { be the slef-homeomorphism of L(T,w) defined as in the
above. Then { is an involution, and we define I'(T) to be the group
generated by (.

Case 3. Otherwise: Then I'(T)=1.

By using Lemma 8.4 and the fact that any element in Ker(y) is
represented by a self-isomorphism g of (S, L(T,w)) preserving each S(e)
(e€e E(T)) and each A(v) (ve V(T)), we can see that there is an epimorphism
from I'(T) to Ker(y). Further, since each element of I'(T) preserves the
orientation of S3, we see Ker(y')=Ker(y).

To see that I'(T) injects to Ker(y), note that each of { and 75, if it
is defined, maps F(T,w; p,) to F(T,w; p_). Since these two Seifert
surfaces are not equivalent by Theorem 2.3, { and # represent nontrivial
elements in Ker(y). This shows the injectivity in Case 2. To show the
injectivity in Case 1, we have only to show that the composite map {n
is not pairwise isotopic to the identity. Suppose it is pairwise isotopic
to the identity. Then, by Proposition 8.2, there is a pairwise isotopy
from (n to the identity which preserves F(T,w; p,). This contradicts
the fact that {n acts on the nontrivial free abelian group H,(S?— F(T,w; p);
Z) as the multiplication by —1. This completes the proof of Theorem 2.7.
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