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Abstract. We compute the automorphism groups of the Torelli com-
plex and the complex of separating curves for all but finitely many compact
orientable surfaces. As an application, we show that the abstract commensura-
tors of the Torelli group and the Johnson kernel for such surfaces are naturally
isomorphic to the extended mapping class group.

1. Introduction.

Let S = S;, denote a connected, compact and orientable surface of genus
g with p boundary components. Unless otherwise stated, we assume a surface to
satisfy these conditions. The complex of curves for S, denoted by %(S), plays
an important role in the study of the mapping class group Mod(S) for S. In
fact, understanding of automorphisms of € (S) leads to the computation of the
commensurator of Mod(S) as discussed in [20] and [26] (see also [28] for auto-
morphisms of €(S5)). The aim of this paper is to compute automorphisms of
the Torelli complex for S and the complex of separating curves for S, denoted
by 7 (S) and €,(S), respectively. These simplicial complexes are variants of the
complex of curves. When S is closed, they are used in [11] and [9] to compute the
commensurators of the Torelli group and the Johnson kernel for S (see also [29]
for a related work). We have natural simplicial actions of the extended mapping
class group Mod*(S) for S on 7(S) and on %5(S). The following theorems show
that the induced homomorphisms from Mod*(S) into the automorphism groups
Aut(7(S)) and Aut(%,(S)) are isomorphisms for all but finitely many surfaces
S. As an application, we prove that the commensurators of the Torelli group
#(S) and the Johnson kernel J#(S) for S are naturally isomorphic to Mod*(S).
We refer to Section 2 for a precise definition of simplicial complexes and groups
mentioned above.
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We recall a definition of the commensurator of a group I'. Let F(T') be the set
of all isomorphisms between finite index subgroups of I'. We say that two elements
f, h of F(I') are equivalent if there exists a finite index subgroup of I' on which
f and h are equal. The composition of two elements f: 'y — I's, h: Ay — Ag of
F(T') given by foh: h~1(I'y NAy) — f(A2 NTy) induces the product operation
on the quotient set of F(I') by this equivalence relation. This makes it into a
group, called the (abstract) commensurator of T' and denoted by Comm(T"). Let
i: ' — Comm(T") denote the homomorphism defined by inner conjugation. We
note that % is injective if and only if the center of any finite index subgroup of T’
is trivial.

The following theorem computes automorphisms of the Torelli complex and
the commensurator of the Torelli group.

THEOREM 1.1. Let S =S, , be a surface and assume one of the following
three conditions: g =1 andp>3;9g=2andp >2; org>3 andp > 0. Then

(1) the homomorphism from Mod™(S) into Aut(T(S)) is an isomorphism.
(ii) the homomorphism i: Mod"(S) — Comm/(.#(S)) defined by conjugation is
an isomorphism.

We note that Farb-Ivanov [11] announce the computation of automorphisms
of the Torelli geometry for a closed surface, which is the Torelli complex with a
certain marking. As a consequence of it, they also announce Theorem 1.1 (ii) for
S =S40 with g > 5. McCarthy-Vautaw [29] compute automorphisms of .#(S) for
S = 84,0 with g > 3. Brendle-Margalit [9], [10] obtain Theorem 1.1 for S = Sy
with ¢ > 3. An analogous result on the complex of separating curves and the
Johnson kernel is the following:

THEOREM 1.2.  Let S be the surface in Theorem 1.1. Then

(i) the homomorphism from Mod™(S) into Aut(%s(S)) is an isomorphism.
(ii) the homomorphism i: Mod*(S) — Comm(#(S)) defined by conjugation is
an isomorphism.

Theorem 1.2 for closed surfaces is due to Brendle-Margalit [9], [10]. Our
proof of Theorems 1.1 and 1.2 for surfaces of genus at least two partly follows
their argument using sharing pairs and spines. On the other hand, if S is a surface
of genus one, then there exists no sharing pair in S. We examine the case S = 5] 3
through pentagons in .7 (S) and hexagons in %,(S), which are cycles of length five
and six, respectively. Afterward, we prove Theorems 1.1 and 1.2 for § = S; ,, with
p > 3 by induction on p.

REMARK 1.3. Let us describe several facts on surfaces which are not dealt
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with in Theorems 1.1 and 1.2.

If S =Sy, is a surface of genus zero with p > 5, then both 7(S) and €,(5)
are equal to €'(S), and both .#(S) and J¢(S) are equal to the pure mapping class
group PMod(S) of S. The same conclusions as Theorems 1.1 and 1.2 therefore
hold for such an S due to [26].

The Birman exact sequence shows that .# (S 2) is isomorphic to m1(S7,1) and
(S1,2) is isomorphic to the commutator subgroup [m1(S1,1), 71(S1,1)]. Mess [31]
proved that & (S2,0) = J#(S2,0) is isomorphic to the free group of infinite rank.
Both 7 (S) and %s(S) are zero-dimensional if S = S1 5 or Sz . It follows that the
same conclusions as Theorems 1.1 and 1.2 are not true for S; 2 and Sz .

As for Sy, we know that the homomorphism from Mod*(Ss1) into
Aut(%,(S2,1)) is not surjective. Indeed, €,(S2,1) consists of countably infinitely
many Ng-regular trees. This is a consequence of the following facts:

e Let S = Sy be a surface, and let S be the surface obtained by attaching
a disk to the boundary of S. Let m: €5(S) — %:(S) be the simplicial map
associated with the inclusion of S into S. The fiber of m over each vertex of
%,(S) is then a tree (see Theorem 7.1 of [25]).

® %5(S2,0) is a zero-dimensional simplicial complex consisting of countably
infinitely many vertices.

On the other hand, .7 (S21) is a connected graph, which contains a hexagon be-
cause one can embed %;(S1,3) into .7 (S21) by gluing any two boundary compo-
nents of Sy 3 (see Figure 7 for a hexagon in %;(S1,3)).

More generally, we study superinjective maps from the Torelli complex 7 ()
into itself when S is a surface of genus one. Superinjectivity of simplicial maps
from %(S) into itself was introduced by Irmak [15], [16] to study injective ho-
momorphisms from finite index subgroups of Mod*(.S) into Mod*(S) (see [1], [2],
[17] and [36] for related works). Superinjectivity of simplicial maps from .7 (5)
into itself is also defined similarly (see Section 2.2). As a result, we obtain the
following:

THEOREM 1.4. Let S = S1, be a surface with p > 3. Then

(1) any superinjective map from 7 (S) into itself is induced by an element of
Mod*(5).

(i) if T is a finite index subgroup of F(S) and if f: T — F(S) is an injective
homomorphism, then there exists an element vo of Mod™(S) with the equality
F() =775 " for any v € T. In particular, T is co-Hopfian.

Recall that a group T is said to be co-Hopfian if any injective homomorphism
from I into itself is surjective.



366 Y. Kipa

The paper is organized as follows. In Section 2, we collect definitions of
simplicial complexes and groups mentioned above. Fundamental properties of
them are also reviewed. In Section 3, we describe simplices of .7 (S) of maximal
dimension and observe topological information on vertices of J(.S) preserved by
a superinjective map ¢ from 7 (5) into itself. In Section 4, when S is a surface
of genus one, we construct a simplicial map ® from %(S) into itself inducing ¢.
Applying the result due to [36] on injective simplicial maps from %'(S) into itself,
we show that ® is an automorphism of €(S) and obtain Theorem 1.4 (i). In
Section 5, when S is a surface in Theorem 1.1, for any automorphism of %5(.5),
we construct an automorphism of € (S) extending it. As a consequence of it, for
any automorphism of 7 (S), we construct an automorphism of ¢(S) inducing it.
The argument for surfaces of genus at least two depends on [9]. In Section 6,
we present an algebraic characterization of twisting elements of .#(S), following
Vautaw’s argument for closed surfaces in [37] and [38]. We then associate an
automorphism of 7 (S) (resp. €s(S)) to each isomorphism between finite index
subgroups of .#(S) (resp. #(S)). As a result, we compute the commensurators
of #(S) and . (S). In Section 7, the commensurators of the braid groups on the
torus are described by using Theorem 1.1 for surfaces of genus one and following
argument in [27]. In Appendix, we prove that each element of #(S) is pure in
the sense of Ivanov [19]. This fact is used in Section 6.

ACKNOWLEDGEMENTS. The manuscript of this paper was written during the
stay at Institut des Hautes Etudes Scientifiques. The author thanks the institute
for giving nice environment and for warm hospitality.

2. Complexes and groups associated with a surface.

2.1. Terminology.

Unless otherwise stated, we assume that a surface is connected, compact and
orientable, and it may have non-empty boundary. Let S = S, be a surface of
genus ¢ with p boundary components. The Euler characteristic of S is denoted
by x(S) and is equal to —2g — p + 2. A simple closed curve in S is said to be
essential in S if it is neither homotopic to a point of S nor isotopic to a boundary
component of S. We denote by V(S) the set of isotopy classes of essential simple
closed curves in S. Let i: V(S) x V(S) — Z>¢ denote the geometric intersection
number, i.e., the minimal cardinality of the intersection of representatives for two
elements of V(.5). Given a, 8 € V(S) and their representatives A, B, respectively,
we say that A and B intersect minimally if we have |[AN B| = i(a, §).

When there is no confusion, we mean by a curve in S either an essential simple
closed curve in S or its isotopy class. A curve a in S is said to be separating in
S if S\ a is not connected, and otherwise a is said to be non-separating in S.
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Whether an essential simple closed curve in S is separating in S or not depends
only on its isotopy class. A pair of non-separating curves in S, {a,b}, is called a
bounding pair (BP) in S if a and b are disjoint and non-isotopic and if S'\ (e Ub)
is not connected. These conditions depend only on the isotopy classes of a and b.
When we take into account an order of the two curves of a BP {a, b}, it is denoted
by (a,b) and is called an ordered bounding pair. We often confuse a BP with and
without an order if they can be distinguished in the context. We say that two
non-separating curves in S are BP-equivalent in S if they either are isotopic or are
disjoint and form a BP in S.

We mean by a handle a surface homeomorphic to S7; and mean by a pair of
pants a surface homeomorphic to Sp 3. Let a be a separating curve in S. If a cuts
off a handle from S, then a is called an h-curve in S. If a cuts off a pair of pants
from S, then a is called a p-curve in S. A curve which is either an h-curve or a
p-curve in S is called an hp-curve in S.

2.2. The complex of curves and its variants.

We collect definitions of three abstract simplicial complexes associated with
simple closed curves in surfaces. The complex of curves was introduced by Harvey
[14]. The complex of separating curves appears in [11], [29], [9] and [10]. The
Torelli complex (with a certain marking and for a closed surface) was introduced
by Farb-Ivanov [11]. We fix a surface S.

The complex of curves. Let X(S) denote the set of non-empty finite subsets
o of V(S) with i(«, 8) = 0 for any a, 8 € 0. The complex of curves for S, denoted
by €(S), is defined as the abstract simplicial complex such that the sets of vertices
and simplices of it are V' (S) and X(.9), respectively.

The complex of separating curves. Let V;(S) denote the subset of V(S)
consisting of isotopy classes of separating curves in S. The complex of separating
curves for S, denoted by %5(S), is defined as the full subcomplex of € (.S) spanned
by Vs(89).

We extend the geometric intersection number ¢ to the symmetric function on
(V(S)U%(S))? so that i(a,0) = > peo e, B) and i(0,7) = > 5, o, 1(B, ) for
any a € V(S5) and o, 7 € 3(S). We say that two elements o, 7 of V/(S)LUX(S) are
disjoint if i(o,7) = 0, and otherwise we say that they intersect.

The Torelli complex. Let V;,(S) denote the set of isotopy classes of BPsin S.
Each element of V;,(S) is often regarded as an edge of € (5). We define V;(S5) as
the disjoint union V;(S) U V4, (S). The Torelli complex for S, denoted by 7 (S),
is the abstract simplicial complex such that the set of vertices is V;(S) and a non-
empty finite subset o of V;(S) is a simplex of .7 (S) if and only if any two elements
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of o are disjoint. Let X;(S) denote the set of simplices of 7 (S5).

We note that if S is a surface of genus zero, then both &,(S) and 7 (S) are
equal to € () since any essential simple closed curve in S is separating in S.

Let us collect here terminology and symbols used throughout this paper. Pick
o € X(85). A BP-equivalence class in o is an equivalence class in the set of all non-
separating curves in ¢ with respect to the BP-equivalence relation. When all
curves of ¢ are non-separating in S and BP-equivalent to each other, we say that
o forms a BP-equivalence class. Two elements by, by of Vj,(S) are said to be
BP-equivalent if by and by are disjoint and the set of all curves in b; and b, forms
a BP-equivalence class. An element of V;,(S) is called a BP-vertex. Similarly,
an element of V(S) corresponding to an h-curve and a p-curve in S is called an
h-vertex and a p-vertez, respectively.

Let X be one of the simplicial complexes € (5), €5(S) and 7(S). We denote
by V(X) the set of vertices of X. Note that a map ¢: V(X) — V(X) defines
a simplicial map from X into itself if and only if we have i(¢(a), p(b)) = 0 for
any two vertices a,b € V(X) with i(a,b) = 0. We mean by a superinjective map
¢: X — X a simplicial map ¢: X — X satisfying i(¢(a), (b)) # 0 for any two
vertices a,b € V(X) with i(a,b) # 0.

Any superinjective map ¢: X — X is in fact injective. For if there were
two distinet vertices a,b € V(X) with ¢(a) = &(b), then superinjectivity of ¢
would imply i(a,b) = 0. Since we have a # b, there exists a vertex ¢ € V(X)) with
i(a,c¢) = 0 and i(b, ¢) # 0. This is a contradiction because we have i(¢(a), ¢(c)) =0
and i(¢(b), ¢(c)) # 0 by superinjectivity of ¢.

For each o € X(5), we denote by S, the surface obtained by cutting S along all
curves in 0. When o consists of a single curve a, we denote it by S, for simplicity.
We often identify a component of S, with a complementary component in S of a
tubular neighborhood of a one-dimensional submanifold representing o if there is
no confusion. If @Q is a component of S,, then V(Q) is naturally identified with a
subset of V(.5).

2.3. The mapping class group and its subgroups.

Let S be a surface. The extended mapping class group Mod*(S) for S is
the group consisting of all isotopy classes of homeomorphisms from S onto it-
self, where isotopy may move points in the boundary of S. The mapping class
group Mod(S) for S is the subgroup of Mod™*(S) consisting of all isotopy classes
of orientation-preserving homeomorphisms from S onto itself. The pure mapping
class group PMod(S) for S is the subgroup of Mod(S) consisting of all isotopy
classes of orientation-preserving homeomorphisms from S onto itself that fix each
boundary component of S as a set. The reader should consult [12], [13] and [21]
for fundamentals of these groups.
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Given the isotopy class a of an essential simple closed curve in S, we denote
by to € PMod(S) the (left) Dehn twist about a. For an ordered BP z = (a,b), we
write ¢, = t,t; ' and call it the BP twist about x. The Torelli group .#(S) for S
is the subgroup of PMod(S) generated by Dehn twists about all separating curves
in S and BP twists about all BPs in S. The Johnson kernel £ (S) for S is the
subgroup of PMod(.S) generated by Dehn twists about all separating curves in S.
Both .#(S) and % (S) are normal subgroups of Mod*(S). We refer to [34] for
variants of the definition of the Torelli group. Note that if .S is a surface of genus
zero, then any curve in S is separating in S, and thus both .#(S) and J#(5) are
equal to PMod(S5).

Let S =S, , be a surface. Due to Powell [33] (for closed surfaces and based
on Birman’s work [6] on Sp(2g,Z)) and Johnson [22], if ¢ > 2 and p = 0,1,
then #(5) is equal to the subgroup of Mod(S) consisting of all elements that
trivially act on the homology group H;(S,Z). This description of .#(S) is the
original definition of the Torelli group for S with p = 0,1. Afterward, Johnson
[24] produced a finite generating set for .#(S) consisting of BP twists when g > 3
and p = 0,1. In contrast, if g = 2 and p = 0, then .#(S) is not finitely generated.
Indeed, .#(S) is isomorphic to the free group of infinite rank (see [30], [31] and
[4]). The following fact on ¢ (S) is fundamental and will be used in Section 6.

THEOREM 2.1 ([28]). Let S =Sy, be a surface with g > 2 andp < 1. Then
A (S) contains no non-zero power of a BP twist.

PROPOSITION 2.2.  If S =S,, is a surface with either (a) g > 2 and p > 0;
or (b) g=1 and p > 2, then S (S) contains no non-zero power of a BP twist.

PrROOF. We first assume condition (a) and p > 2. Let z = (a,b) be an
ordered BP in S. If & does not cut off a surface of genus zero, then attach disks to
any p — 1 components of 9S. Otherwise, choose one component of S contained
in the surface of genus zero cut off by x, and attach disks to all of the other
components of 9S. We then obtain the surface () homeomorphic to Sy 1 and the
homomorphism ¢: PMod(S) — Mod(Q). Note that = can be seen as an ordered
BP in Q. Tt follows from ¢(.#(S)) = #(Q) and Theorem 2.1 that no non-zero
power of t, is contained in 2 ().

We next assume condition (b). Once the conclusion for S = S 2 is obtained,
the conclusion for the other cases is verified along the argument in the previous
paragraph. Put S = S; 2 and let R be the surface obtained by attaching a disk to
one component of 9.5, which is homeomorphic to S; 1. We then obtain the Birman
exact sequence

1 — 7 (R) % PMod(S) — Mod(R) — 1,
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and 71 (R) is generated by two standard non-separating simple loops a, b in R.
By the definition of ¢, ¢(a) and ¢(b) are BP twists in PMod(S). Thus, «(m(R)) <
Z(S). Note that ¢([a, b]) is the Dehn twist about a separating curve in S, where
[a,b] denotes the commutator of a and b. Since the actions of PMod(S) on the
set of all BPs in S and on the set of all separating curves in S are both transitive,
the normal closure of ¢(a) in PMod(5) is equal to #(S). Thus, ¢(m(R)) = Z(5).
The same kind of argument shows that the image of the commutator subgroup
[r1(R), 71 (R)] via ¢ is equal to 2 (S). Since no non-zero power of t(a) and its
conjugate in PMod(S) lie in ¢([m1(R), m1(R)]), the proposition for S = S 2 follows.

O

The following theorem on the automorphism group Aut(€(S)) of €(S),
proved in [20], [26] and [28], is a fundamental tool to compute commensurators
of mapping class groups and their subgroups.

THEOREM 2.3.  Let S =9y, be a surface with 3g +p —4 > 0. We define
m: Mod*(S) — Aut(%(S))

as the homomorphism associated with the natural action of Mod*(S) on €(S).
Then

(i) if (9,p) # (1,2),(2,0), then w is an isomorphism.

(ii) 4f (g,p) = (1,2), then kerm is equal to the center of Mod™(S). The image
of m is equal to the group of automorphisms of €(S) preserving vertices
corresponding to a separating curve in S, which is a finite index subgroup

of Aut(%€(95)).
(iii) #f (g,p) = (2,0), then kerm is equal to the center of Mod*(S), and 7 is
surjective.

It is known that if (¢,p) = (1,2),(2,0), then the center of Mod*(S) is iso-
morphic to Z/2Z. Any superinjective map from %(.S) into itself is shown to be
surjective in [1], [2], [15], [16] and [17]. More generally, the following is obtained.

THEOREM 2.4 ([36]). Let S =S, be a surface with 3g+p—4 > 0. Then
any injective simplicial map from € (S) into itself is surjective.

3. Basics of the Torelli complex.

In this section, we show that any superinjective map from the Torelli complex
into itself preserves the topological types of vertices. The same property for the
complex of separating curves is also obtained.
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3.1. Simplices of maximal dimension.
We describe simplices of the Torelli complex of maximal dimension. The
following observation on BPs will be used many times in the sequel.

LEMMA 3.1.  Let a be a BP in S, and let b be either a separating curve in S
disjoint from a or a BP in S which is disjoint from a and is not BP-equivalent to
a. Then the two curves in a are contained in a single component of Sy.

PROOF. Let a; and ay denote the two non-separating curves in a. Assume
b to be a separating curve in S. For each j = 1,2, a; is non-separating in the
component of S; containing it. If a; and ay were contained in distinct components
of Sy, then S\ (a1 Uasz) would be connected. This is a contradiction. We next
assume b to be a BP in S. Each separating curve in a component of S is either
separating in S or forms a BP in S with any curve of b. Since a and b are not
BP-equivalent, each curve in a is non-separating in the component of S, containing
it. The conclusion of the lemma then follows as before. (]

LEMMA 3.2. Let S be a surface and let b and ¢ be simplices of €(S) such
that

e b >2, || >2,bNnc=10 and bUc € X(S); and
e cach curve of b and c is non-separating in S, and each of b and ¢ forms a
BP-equivalence class in the simplex bU c.

Then the following assertions hold:

(1) For each component Q of Sy, exactly two curves of b correspond to boundary
components of Q.

(i) There exists a unique component R of Sy with ¢ € 3(R). Moreover, each
curve of ¢ is non-separating in R, and c forms a BP-equivalence class as an
element of X(R).

Proor. If @ is a component of Sy, then the number of curves of b corre-
sponding to boundary components of @) is at least two because each curve of b
is non-separating in S. Assume that the number is at least three. Choose three
curves by, b and b3 of b corresponding to boundary components of @), and take
a p-curve a in @ cutting off a pair of pants whose boundary contains b; and bs.
Since the pair {b;, by} separates S into two components, a is separating in S.
This contradicts Lemma 3.1 because both components of S, contain a curve of b.
Assertion (i) is proved.

Take a curve ¢; of ¢ and a component R of S, with ¢; € V(R). We first claim
that ¢; is non-separating in R. Assume otherwise, and let by, b € b be the curves
corresponding to boundary components of R. If both b; and by were contained in a
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single component of R.,, then ¢; would be separating in S. This is a contradiction.
Otherwise, b; and ¢; form a BP in S, and this is also a contradiction. The curve
c1 is therefore non-separating in R.

Suppose that a curve ¢ of ¢ distinct from ¢; is contained in a component R’
of Sy, distinct from R. The curve cg is then non-separating in R’, and S\ (¢; U¢)
is connected because any two curves of b can be connected by an arc in S which
does not intersect ¢; and co. Since {¢1,c2} is a BP in S, this is a contradiction
and proves that each curve of ¢ is contained in R. Since any two curves in ¢ are
BP-equivalent in S, ¢ forms a BP-equivalence class as an element of X(R). O

LEMMA 3.3. Let S = Sy, be a surface and let o be a simplex of €(S)
consisting of separating curves in S. Then the following assertions hold:

(i) The inequality |o] < 2g 4+ p — 3 holds and this equality can be attained. In
particular, dim(6,(S)) =29 +p — 4.
(ii) If|o] = 2g+p—3, then S, consists of g handles and g+p—2 pairs of pants.

PrOOF. The sum of the genera of components of S, is g. If there exists
a component () of S, which is neither a pair of pants nor a handle, then any
separating curve in @ is separating in S. It follows that once assertion (i) is
proved, assertion (ii) follows. To prove assertion (i), we may assume that each
component of S, is either a pair of pants or a handle. The number of components
of S, is then equal to |x(S)| = 29+ p—2. The equality |o| = 2g+p— 3 is obtained
by the counting argument on the numbers of boundary components of components
of S,. O

PROPOSITION 3.4. Let S = Sy, be a surface with g > 1 and g +p > 3.
Then

dim(7(8)) = (9 — 1) + (9 “29 - 1) _1

Moreover, if g + p > 4, then for any simplex o of T(S) of maximal dimension,

there exists a unique simplex {a1,...,0q9-1,01,...,Bg4+p—1} of €(S) such that

(a) each of ai,...,aq—1 is an h-curve in S

(b) each of B1,...,Bg4+p—1 s a non-separating curve in S, and any two of them
are BP-equivalent in S; and

(c) o consists of cu,...,aq—1 and all BPs of two of B1, ..., Bgtp—1-

PROOF. A simplex {a1,...,09-1,01,...,Bg+p—1} of €(5) satisfying condi-
tions (a) and (b) is easily found. One can verify that the dimension of the simplex
of 7(S) containing all «; and all BPs of two of f1,..., 8g4p—1 is equal to the
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right hand side of the equality in the proposition. It follows that dim(.7(S)) is
not smaller than this number.

We prove the equality in the proposition by induction on g+p. When g+p = 3,
we have (g,p) = (1,2),(2,1),(3,0), and the cardinality of BP-vertices in a simplex
of 7(S) is at most one. We then obtain dim(.7(S)) =g — 1.

In what follows, we assume g+p > 4. Let o be a simplex of .7(.5) of maximal
dimension. Let

s = {a17"'aak7b117-~-7b1m17b213--~7blml}

be the collection of all curves in o N V;(S) and all curves in BPs in ¢ so that

e cach of ay,...,ay is separating in S; and
e cach of biy,...,b1my,021,-..,bun, IS non-separating in S, and the family
bj = {bj1,...,bjm,} forms a BP-equivalence class in s for each j.

Since dim o is maximal, o contains the BP of any two curves in b; for any j. We
thus have

l
— m;
o|—k+;(2>.

The following two claims show that s contains exactly one BP-equivalence class.
Cramm 3.5. We havel < 1.

Proor. Wesupposel > 1 and deduce a contradiction. By Lemma 3.2, there
exists a unique component R of Sp, containing all curves of ba. After exchanging
the indices, we may assume that

e b1 and by are the two curves of by corresponding to boundary components

of R; and
e we have numbers £/, I’ with 0 < k' < k and 2 <!’ <[ such that aq,...,a
and all curves in bg, ..., by form the family of all curves in s belonging to

V(R). Note that a1, ...,ar and all BPs of two curves in b; with 2 < j <’
form the simplex o of J(R).

Since by1 and by are contained in a single component of the surface obtained by
cutting R along each element of o, there exists a p-curve ¢ in R disjoint from og
and cutting off a pair of pants whose boundary contains b1; and b;53. Note that ¢
is separating in .S and has to be contained in oy since dim ¢ is maximal. It follows
that cis equal to one of aq, ..., ar. Let R be the component of R, which does not
contain b1 and byy as its boundary components. The simplex or \ {¢} € X:(R)
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can be seen as an element of X (R/).

Let g; denote the genus of R and p; denote the number of boundary com-
ponents of R. Note that g; is positive because by is contained in R. Since R’
is a surface of genus g; with p; — 1 boundary components, the hypothesis of the
induction implies the inequality

lor \ {c} =(k’—1)+§: (”;j> <@ -1+ (91“;1 ‘2>.

Choose a simplex {c1,...,¢q,+p,—3} € L(R) such that for each j, ¢; is separating
in R, and b1 and by2 are not contained in a single component of R.;. We can then
find a simplex {di,...,dq, } € L(R) consisting of h-curves in R disjoint from any
¢;j. After deleting a1, ...,a, and all curves in by, ..., by from s, add all ¢; and d;
to it. This new collection of curves is denoted by s; and associates the simplex
o1 € X4(S) consisting of all separating curves in s; and all BPs of two curves in
s1. We then obtain the equality

l
—3 :
al|:k—k’+gl+(m1+g12+p1 >+§ (m’)
=l'+1

and the inequality
01| = lo| = (m1 —1)(g1 +p1 — 3)

by using the inequality shown above. If g + p1 = 3, then we have g1 = 1 and
p1 = 2, and by cannot be in R. The right hand side in the last inequality is thus
positive. This contradicts maximality of dimo. O

CraMm 3.6.  We have l > 0.

ProoOF. 1If [ = 0, then ¢ would consist of separating curves in S. Lemma
3.3 implies that |o| < 2¢g 4+ p — 3. The inequality

(9—1)+<g+§_1) —(29+p—3) = (9+p_2)2(9+2?—3) -

then holds when g + p > 4. This is a contradiction. O

These two claims show that s is of the form
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s={a1,...,a5,b1,..., b},

where each a; is separating in S and any two curves in the family b = {b1,...,b,,}
are BP-equivalent in S. We put T'= S, and r = s\ {b,,}. Any curve in r is then
separating in 7T'. It follows from maximality of dim ¢ that the surface 7, consists
of g — 1 handles and g + p — 1 pairs of pants. Applying Lemma 3.3 to T', we
obtain the equality k + (m — 1) = 2(g — 1) + (p + 2) — 3. Since any b; cannot be
the boundary of a handle in T,., we have the inequality £ > g — 1. We thus have
m < g+ p — 1. The inequality g + p — 4 > 0 then implies the inequality

m(m — 3
ol =k+ (7)) =294+ p—24 223
2 2
+p—1)(g+p—4 —1
§2g+p_2+(9 P )2(9 P ):g_1+(g+129 )

The equality in the proposition is proved. The equality in the last inequality holds
if and only if K = g — 1 and m = g + p — 1. The above argument shows that each
a; is an h-curve in S. We therefore proved that s satisfies conditions (a), (b) and
(¢). Uniqueness of s is obvious. O

LEMMA 3.7.  Let S =Sy, be a surface with g > 1. Suppose either g+p > 4
or (g,p) = (3,0). Let ¢: T(S) — T(S) be a superinjective map. Then the

following assertions hold:

(i) If g > 2, then the inclusions ¢(Vip(S)) C Vip(S) and &(Vi(S)) C Vi(S)
hold.

(ii) If g =1, then the inclusion ¢(Viyp(S)) C Vip(S) holds.

(iii) If by and be are disjoint BPs in S and are BP-equivalent, then ¢(b1) and
(b)) are also BP-equivalent.

PROOF. Assertion (ii) is a direct consequence of Proposition 3.4. Assume
g > 2 and g+ p > 4. Proposition 3.4 also implies that if a is an h-curve in S, then
¢(a) is either an h-curve in S or a BP in S. Note that for any simplex o of .7 (5)
of maximal dimension, an element a of ¢ is an h-curve in S if and only if there
exists a vertex b of .7 (S) with i(a,b) # 0 and i(c,b) = 0 for any ¢ € o \ {a}. It
follows that if @ is an h-curve in S, then so is ¢(a). We thus have the inclusion
d(Vip(S)) C Vip(S) and obtain assertion (iii) by Proposition 3.4.

Let b be a separating curve in S which is not an h-curve in S. Choose h-curves
bi,...,by in S such that {b,b1,...,by} is a g-simplex of &;(S5). If ¢(b) were a BP
in S, then this would contradict the fact that each of ¢(b1), ..., #(by) is an h-curve
in S. We thus have ¢(b) € V5(S). The inclusion ¢(V,(S)) C V4(S) is obtained.
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When (g,p) = (3,0), any simplex ¢ of .7(5) of maximal dimension consists
of either three h-curves or two h-curves and one BP. Note that the former occurs
if and only if for each o € o, there exists a vertex 5 of .7 (S) with i(a, 5) = 0 and
i(v,0) # 0 for any v € o \ {a}. It follows that ¢ preserves h-curves in S. If we
have a BP b in S with ¢(b) an h-curve in S, then choose four mutually distinct
h-curves ¢y, co2, c3 and ¢4 in S disjoint from b such that ¢; and ¢ are contained in
a single component of S, and c3 and ¢4 are contained in another component of Sp.
It then follows that ¢(c1), ¢(c2), ¢(c3) and ¢(cq) are h-curves in the component
of Sy ) homeomorphic to Sz 1, denoted by Q. Let R be the subsurface of @ filled
by #(c1) and ¢(c2), and let R’ be the one filled by ¢(cs) and ¢(cqy). We then
have |x(R)| > 2 and |x(R’)| > 2, and R and R’ are disjoint. This contradicts

IX(@) = 3. M

3.2. The case g =1 and p = 3.

We put S = 54 3 throughout this subsection. We mean by a pentagon in .7 (S)
the full subgraph of .7 (S) spanned by five vertices v1,...,vs with i(vj,vj41) =0
and (v, vj42) # 0 for each j mod 5 (see Figure 1). In this case, we say that the
pentagon is defined by the 5-tuple (vq,...,vs).

{Bo, B3}

Y «
a Qag {6, 51} Q {Bos Ba}
{Bo, 81} {50, 02} {Bo, B2}
(a) (b)
Figure 1. Two pentagons in 7 (S1,3).

LEMMA 3.8.  There exists no pentagon in Z(S) consisting of only BP-
vertices.

PROOF. We assume that there exists a 5-tuple (vy,...,vs) defining a pen-
tagon in 7 (S) with v; € Vj,(S) for each j. Let 01, 02 and 05 denote the three
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components of 9S. We define a map 0: V;,(S) — {1,2,3} as follows. For each
BP b in S, the number 6(b) € {1,2,3} is defined so that Jy(;) is contained in the
pair of pants cut off by b from S. Since distinct numbers are associated to two
adjacent BP-vertices in 7 (S), we may assume

9(1]1) = 3, 0(1}2) = 0(1}4) = 1, 9(’()3) = 9(’()5) = 2.

Let R denote the surface obtained by attaching a disk to ;. We define €*(R)
as the simplicial cone over %' (R) with the cone point *. We have the simplicial
map 7: 6(S) — €*(R) associated with the inclusion of S into R, where 7= ({x})
consists of all p-curves in S cutting off a pair of pants containing d3. The following
facts then hold:

o If u,v € Vpp(S) satisty i(u,v) = 0, 8(u) = 1 and 0(v) = 2, then we have
m(u) = 7(v) and it is an edge of €(R).

o If w € V;,(S) satisfies §(w) = 3, then m(w) consists of exactly one vertex of
% (R) corresponding to a non-separating curve in R.

o If a,b € V(S) and w € V,,,(S) satisty i(a,b) # 0, i(a, w) = i(b,w) = 0 and
0(w) = 3, then we have 7(a), m(b) € V(R) and i(n(a), n (b)) # 0.

The first fact implies the equality 7(ve) = 7w(vs) = 7w(va) = w(vs). We put
v1 = {ap, a1} and vy = {ap,a2}. Note that any two adjacent BP-vertices in
Z(S) have a common curve. One of the two curves in vs, say «, belongs to vy,
and the other curve [ in vs intersects vy and is disjoint from v;. Thus, § intersects
ag. The third fact implies i(m(az), 7(3)) # 0. This contradicts 7(ve) = 7(vs). O

LEMMA 3.9. Let ¢: T(S) — FT(S) be a superinjective map, and let a be a
p-vertex of 7 (S). Then ¢(a) is also a p-vertex of T (S).

PROOF. The image of the pentagon in Figure 1 (b) via ¢ contains four BP-
vertices by Lemma 3.7 (ii). Lemma 3.8 implies that the other vertex is not a
BP-vertex. Since any separating curve in S disjoint from a BP in S is a p-curve
in S, we obtain the lemma. Il

LEMMA 3.10.  Suppose that we are given a 5-tuple (v1,...,vs) of vertices of
T (8S) defining a pentagon in 7 (S) such that both vs and vy are BP-vertices and
both vy and vs are p-vertices. Then vy is an h-vertex.

PrOOF. Note that vy is not a p-vertex since there is no p-vertex in the link
of a p-vertex in .7 (S). We number components of dS from one to three as in the
proof of Lemma 3.8. For each BP or p-curve a in S, let Q be the component of S,
containing exactly one component of 5. We associate to a the number labeled
the component of 95 contained in . Distinct numbers are associated to two
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adjacent BP-vertices in .7 (9), and the same number is associated to a p-vertex
and a BP-vertex which are adjacent in .7 (S). We may therefore assume that the
number 1 is associated to v9 and vs and that the number 2 is associated to v4 and
vs. It follows that vy is not a BP-vertex, and thus it is an h-vertex. O

Using the pentagon in Figure 1 (a) and Lemma 3.10, we obtain the following;:

PROPOSITION 3.11.  Put S = S13 and let ¢: T(S) — T(5) be a superin-
jective map. Then ¢ preserves p-vertices and h-vertices of T (S), respectively. In
particular, the inclusion ¢p(Vs(S)) C Vi(S) holds.

3.3. The case g =1 and p > 4.

The aim of this subsection is to prove that any superinjective map from 7 (5)
into itself preserves vertices corresponding to separating curves in the case of
S =51, with p > 4. We first introduce rooted simplices of 7 (S) to prove it.

DEFINITION 3.12.  Let S be a surface and let o be a simplex of .7 (S) consist-
ing of BP-vertices. We say that o is rooted if any two BPs in o are BP-equivalent
and there exists a non-separating curve « in S contained in any BP of 0. If |o| > 2,
then « is uniquely determined and called the root curve for o.

LeEMMA 3.13.  Let S = S, be a surface with g > 1, and suppose either
g+p>4or(g,p) =(3,0). Let p: T(S) — F(5) be a superinjective map, and let
o be a simplex of T (S) consisting of BP-vertices. If o is rooted, then so is ¢(o).

PrROOF. We first prove that ¢ preserves rooted simplices consisting of g +
p — 2 BP-vertices. Let 0 = {b1,...,b,} be such a simplex, where we put n =
g+ p— 2. It then follows that for each j, there exists a vertex a; € V;(S) such
that i(a;,b;) # 0 and i(aj,bx) = 0 for any k distinct from j. This implies that
for each j, there exists a non-separating curve ¢; contained in ¢(b;), but not in
@(by) for any k distinct from j. Let ¢o be the curve in ¢(by) that is not equal to
c1. Note that ¢y, ¢y, ..., c, are pairwise distinct curves and BP-equivalent to each
other by Lemma 3.7 (iii). Proposition 3.4 implies that there exist at most n + 1
non-separating curves in S such that each BP of ¢(o) consists of two of them. We
therefore obtain the equality ¢(b;) = {co,c;} for each j. It follows that ¢(o) is
rooted.

The lemma now follows because a simplex of .7 (S) consisting of BP-vertices
is rooted if and only if it is contained in a rooted simplex consisting of g +p — 2
BP-vertices. 0

LEMMA 3.14.  Let S be a surface in Lemma 3.13, and let ¢: T (S) — T (S)
be a superinjective map. Suppose that we are given two distinct and disjoint BPs
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b1 = {ag, a1} and by = {ag, as} in S with the common curve ag. We put ¢(b;) =
{Bo, Bj} for each j =1,2. Then we have ¢p({a1,az}) = {f1,[2}.

PROOF. Note that Lemma 3.13 implies that ¢(b1) and ¢(bz) have the com-
mon curve [y. If the conclusion of the lemma were not true, then ¢({a1,as})
would be a BP containing 8y by Lemma 3.13 since for each j = 1,2, b; and
{a1,a5} form a rooted 1-simplex. In general, the maximal dimension of rooted
simplices in any simplex of 7 (S) of maximal dimension is equal to g+ p — 3. By
choosing a simplex of 7 (5) of maximal dimension containing b; and by and by
using injectivity of ¢, we can deduce a contradiction. O

LEMMA 3.15. Let S = S1, be a surface with p > 4, and let ¢: T(S) —
T (S) be a superinjective map. If a is a p-curve in S, then we have ¢(a) € Vi(S)
and it is a p-curve in S.

PRrROOF. Let a be a p-curve in S and choose a rooted simplex o consisting
of p—2 BPs in S disjoint from a. Once it is shown that ¢(a) belongs to Vi (5), it
follows that ¢(a) is a p-curve in S because any separating curve in S disjoint from
the rooted simplex ¢(o) is a p-curve in S.

We assume ¢(a) € Vi, (S). It then follows that ¢(a) and each BP in ¢(o) are
BP-equivalent since the genus of S is equal to one. Note that p — 1 non-separating
curves in S appear in BPs of ¢(0) and that at most p non-separating curves in S
appear in BPs of any simplex of Z(S). There thus exists a BP b in o such that
¢(a) and ¢(b) have a common curve.

Assume that this common curve is not equal to the root curve for ¢(o). Let
b’ be a BP of o distinct from b. We then have ¢(b) C ¢(a)U¢(b’). This contradicts
the existence of a vertex ¢ of 7 (S) with i(c,b) # 0 and i(c,a) = i(c,b’) = 0. The
common curve of ¢(a) and ¢(b) is therefore the root curve for ¢(o).

Let ag,au,...,ap—2 be all non-separating curves in BPs of 0. By Lemma
3.14, ¢ induces the map ¢, from the set of all curves of BPs in ¢ into the set of all
curves of BPs in ¢(o) such that ¢({a;, ar}) = {és (), ¢o(ar)} for any distinct
J, k. Since for each j, the family {{a;,ax} | k€ {0,1,...,p—2}\{j}} is a rooted
simplex disjoint from a, the argument of the previous paragraph shows that ¢(a)
contains ¢, (c;) for each j. This is a contradiction. O

PROPOSITION 3.16.  Let S = Sy, be a surface withp > 3, and let ¢: T (S) —
T (S) be a superinjective map. Then ¢(V4(S)) C V5(9).

ProOOF. By Lemma 3.15, it suffices to show that if a is a separating curve
in S which is not a p-curve in S, then ¢(a) belongs to V(S). We prove this claim
by induction on p. When p = 3, this is proved in Proposition 3.11. Assume p > 4
and let a be a separating curve in S which is not a p-curve in S. We can then
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find a p-curve « in S disjoint from a. The map ¢ induces a superinjective map
¢o: 7 (Q) — J(R), where @) and R denote the components of S, and Sg(q),
respectively, that are not a pair of pants. Since Q and R are homeomorphic
and since the number of boundary components of ) is less than that of S, the
hypothesis of the induction implies that we have ¢, (Vs(Q)) C V5(R). Since a is
an element of V4(Q), ¢(a) is an element of Vi(R). We thus conclude that ¢(a)
belongs to V4(S). O

3.4. Superinjective maps from the complex of separating curves

into itself.

We have proved that any superinjective map ¢ from 7 (.S) into itself preserves
Vs(S). Tt follows that ¢ induces a superinjective map from %5(S) into itself. In
this subsection, we deal with general superinjective maps from @5(S) into itself.

Let o be a simplex of €,(.S) of maximal dimension. We say that two curves a,
b in o are adjacent with respect to o if there exists a component of S, containing a
and b as boundary components. We define the adjacency graph (o) for o as the
simplicial graph consisting of vertices in ¢ and edges corresponding to adjacency
with respect to . Adjacency graphs for simplices of € (S) of maximal dimension
are introduced by Irmak [15] in the work on superinjective maps from %(S) into
itself.

LEMMA 3.17.  Let S =Sy, be a surface with |x(S)| > 4, and let ¢: €5(S) —
€s(S) be a superinjective map. Then for any simplex o of €(S) of maximal
dimension, ¢ induces an isomorphism between the adjacency graphs of o and ¢(o).

Proor. We follow the proof of Lemma 5.1 in [1]. It suffices to show that
¢ preserves adjacency and non-adjacency with respect to 0. We claim that two
curves in ¢ are adjacent with respect to ¢ if and only if there exists a separating
curve in S which intersects both of them and is disjoint from any other curve of
o. The “if” part is clear. Assume that a and 3 are curves in o adjacent with
respect to . Pick a curve v in S with i(a,7y) # 0, i(8,7) # 0 and i(d,7) = 0
for any 6 € o\ {a, 8}. If 4 is non-separating in S, then t,(a) is a separating
curve in S and satisfies i(c, ¢, () # 0, i(B,t4(c)) # 0 and (4, ¢, (a)) = 0 for any
0 € 0\ {a,0}. The “only if” part of the claim thus follows. The claim implies
that ¢ preserves adjacency.

Let o = {a1,b1,c¢1,...,¢n}, where n = 2g+p—5. If ay and by are not adjacent
with respect to o, then one can find two separating curves as, bs in S such that
{aj, bk, c1,...,c,} is asimplex of G(S) of maximal dimension for any j, k € {1, 2};
and the four vertices aj, b1, as and be form a square in €,(S) in this order.

Conversely, if a; and b; are adjacent with respect to o, then there exists a
component @ of S. containing a; and by, where we put ¢ = {¢1,...,¢,}. We
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then have |x(Q)| = 3. Since there exists no square in %5(Q), this proves that ¢
preserves non-adjacency. O

LEMMA 3.18. Let S = S, be a surface with |x(S)| > 2 and let ¢: 65(S) —
%s(S) be a superinjective map. Then the following assertions hold:

(i) Pick a € Vi(S). Let Q1 and Q2 denote the two components of S,, and let
Ry and Ry denote the two components of Sy,)- Then after exchanging the
indices if necessary, we have ¢(V5(Q;)) C Vo(R;) for each j =1,2.

(ii) ¢ is x-preserving, i.e., x(Q;) = x(R;) for each j = 1,2 in assertion (i).

PROOF. The lemma in the case |x(S)| < 3 is obvious. Suppose |x(S5)| > 4.
Recall that we refer as an hp-curve in S a curve in S which is either an h-curve or a
p-curve in S. We first show that if a is an hp-curve in .S, then so is ¢(a). Let @ be
the component of S, that is neither a handle nor a pair of pants. Superinjectivity
of ¢ implies the inclusion ¢(V(Q)) C Vi(R) for some component R of Sy,). By
Lemma 3.3, we have |x(R)| = |x(®)|, and thus ¢(a) is an hp-curve in S.

Let a be a separating curve in S which is not an hp-curve in S. Let @,
and Qs denote the two components of S,, and let R; and Ry denote the two
components of Sy(4). Superinjectivity of ¢ implies that for each j, there exists
k with ¢(Vs(Q;)) C Vi(Rg). If assertion (i) were not true, then we would have
d(Vs(Q1) U Vs(Q2)) C Vs(R;) for some j. By Lemma 3.3, we have |x(R;)| =
Ix(S)| — 1, and thus ¢(a) is an hp-curve in S.

Note that any simplex of %5(S) contains at most g + |p/2]| hp-curves in S.
If the number of components of S contained in one of components of S, is even,
then by choosing a simplex of %;(S) containing a and g + |p/2] hp-curves in S,
we can deduce a contradiction.

Suppose that the numbers of components of 0.5 contained in both components
of S, are odd. Choose a simplex o of €5(5) of maximal dimension containing the
two curves a; and as described in Figure 2 (a). In the adjacency graph ¥4(o), a
and a; are adjacent for each j = 1,2, and a; and a; are not adjacent. Let P denote
the pair of pants in Sy, that contains the hp-curve ¢(a) and is distinct from the
one cut off by ¢(a) from S. Since ¢(a) and ¢(a;) are adjacent for each j =1,2 in
the graph 4(¢(0)) by Lemma 3.17, ¢(a1) and ¢(az) are boundary components of

Figure 2.
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P. This is a contradiction because ¢(a;) and ¢(as) are not adjacent in ¢(¢(o))
by the same lemma.
We thus proved assertion (i). Assertion (ii) follows from Lemma 3.3. O

LEMMA 3.19. Let S =S, be a surface with |x(S)| > 4. Then any superin-
jective map ¢: 65(S) — €5(S) preserves the topological types of vertices of €s(S),
that is, Q; and R; are homeomorphic for each j = 1,2 in the notation in Lemma
3.18.

PROOF. Since the maximal number of disjoint and distinct hp-curves in S is
equal to g + |p/2], once we show that ¢ preserves p-curves in S, then ¢ preserves
h-curves in S and consequently ¢ is shown to preserve the topological types of
vertices of €5(S). To prove it, we may assume g > 1.

When p = 0 or 1, the claim immediately follows because there is no p-curve
in S. In what follows, we assume p > 2 and that there exists a p-curve a in §
such that ¢(a) is an h-curve in S. We can find an hp-curve b in S distinct and
disjoint from a. Lemma 3.18 implies that ¢(b) is also an hp-curve in S. Choose
¢,a’ € V5(S) as in Figure 2 (b). Since any separating curve in S; 2 is an h-curve,
¢(a’) is an h-curve in S (see Figure 2 (c)). This contradicts the fact that ¢ is
x-preserving. It follows that ¢ preserves p-curves in S. 0

Summarizing the argument in this section, we obtain the following:

ProproSITION 3.20. Let S = Sy, be a surface satisfying either g = 1 and
p =3, 0org>1and |x(S) > 4. Let ¢p: T(S) — T(S) be a superinjective
map. Then the inclusions ¢(Vyp(S)) C Vip(S) and ¢(Vs(S)) C Vis(S) hold, and the
restriction of ¢ to €s(S) preserves the topological types of vertices of €5(S).

The latter assertion in the proposition means that for each a € Vi(S5), if
Q1 and @2 denote the two components of S, and if R; and R, denote the two
components of Sy(,), then after exchanging the indices if necessary, for each j =
1,2, Q; and R; are homeomorphic and the inclusion ¢(V(Q;)) C Vs(R;) holds.

4. Superinjective maps from the Torelli complex into itself.

Let S be a surface of genus one. Given a superinjective map ¢: 7 (S) —
7 (S), we construct a simplicial map ®: €(S) — €(95) inducing ¢. This map P
will be defined as follows: Pick a € V(S). If « is separating in S, then we put
®(a) = ¢(a). If « is non-separating in S, then we choose two BPs a, b in S such
that the pair {a,b} is a rooted 1l-simplex of .7 (S) whose root curve is equal to
a. We then define ®(«) as the root curve for the rooted 1-simplex {¢(a), #(b)} of
7 (5). Sections 4.1 and 4.2 are devoted to showing that our construction of ® is
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well-defined. In Section 4.3, we prove that ® is an injective simplicial map. We
then conclude that ® is an automorphism of € (S) by using Theorem 2.4.

4.1. The case g =1 and p = 3.
We put § = S 3 throughout this subsection.

LEMMA 4.1.  Suppose that we are given a pentagon in 7 (S) whose vertices
are labeled as in Figure 3 (a). Assume that a1 and ag are BP-vertices, by and
ba are p-vertices and c is an h-vertex. Let o denote the oot curve for the rooted
simplex {ay1,a2}. Then we have i(a,by) = i(a, b)) = i(a,c) = 0.

ay

a2 a3
c
bl l)Q
ba bs
a as [Ty pt I,
(a) (b)
Figure 3.

PROOF. Since a; and b; are disjoint for each j = 1,2, we have i(c, b1) =
i(a,b2) = 0. Note that the subsurface of S filled by the two p-curves by and by is
homeomorphic to Sy 4 and contains 9S. The h-curve c is then a boundary curve
of this subsurface. Since « is disjoint from b, and bo, it is also disjoint from c¢. O

LEMMA 4.2.  Let IIy and Iy be pentagons in 7 (S) sharing two edges which
share a vertex as described in Figure 3 (b). Assume that ai, as and a3 are BP-
vertices, by, by and bz are p-vertices and c is an h-vertex. Then the root curves
for the simplices {a1, a2} and {a1,a3} are equal.

PrROOF. Let a denote the root curve for {aj,as}. If the root curve for
{a1, a3} were not equal to «, then we could put

ar ={a,an}, a2 ={a, a2}, az={a1,a3}
with a3 # «. Applying Lemma 4.1 to II;, we have i(a, ¢) = 0. Since i(aq,c) # 0,
we have i(aq,c) # 0. On the other hand, applying Lemma 4.1 to Iz, we obtain

i(a1,¢) = 0. This is a contradiction. O

LEMMA 4.3. Let a be a non-separating curve in S, and let a1, as and a3 be
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BPs in S such that each of the pairs {a1,a2} and {a1,a3} is a rooted simplex of
T (S) whose root curve is a. Then there exists a sequence of pentagons in 7 (S),
IIy,...,II,, satisfying the following three conditions:

a) For each j, the pentagon I1; consists of h-, p-, BP-, BP- and p-vertices in this
J
order.
(b) az €IIy, a3z € II,, and a1 € II; for each j.
c) For each j, 1I; and 11,11 have two common edges which share either a BP-
J J+
vertex or a p-vertex.

Proor. We put a; = {a,;} for j = 1,2,3. Choose two p-curves by, by
and an h-curve ¢ in S as described in Figure 3 (c). We then have the pentagon
II; in Z(S) consisting of the vertices a1, aq, ba, ¢ and by in this order. Label
components of 95 as 01, d; and 93 as in Figure 3 (c). Let R be the component of
S,, that is not a pair of pants. It then follows that a3 is an element of V(R).

Let h € Mod(S) be the half twist about by exchanging 9, and 92 and being the
identity on the component of Sp, that is not a pair of pants. Let 2 € Mod(.S) be the
BP twist about az. We denote by T" the subgroup of Mod(S) generated by h and x.
Since I fixes « and o1, we obtain the natural homomorphism ¢: I' — Mod(R). We
denote by Mod(R; «, 1) the subgroup of Mod(R) consisting of all elements that fix
the two components of R corresponding to o and a;. We claim that ¢(T") is equal
to Mod(R; @, a1). The element g(h) is the half twist about b; € V(R), and ¢(x)
is the Dehn twist (or its inverse) about ay € V(R). Hence, ¢(I") < Mod(R; @, a1).
Since the Dehn twists about b; and as generate PMod(R) and since g(h) exchanges
01 and 02, we have the inclusion Mod(R; o, 1) < ¢(T'). The claim is proved.

When we regard as and ag as elements of V(R), we see that as and ag lie
in the same orbit for the action of Mod(R; @, o1) on V(R) because v and «; are
contained in distinct components of R,, and the same holds for R,,. The claim
in the previous paragraph shows that there exist ty,...,t, € {h*!,z®'} with
ag =ty -+ tg(ag). The sequence of pentagons in 7 (5),

Iy, t1(I0y), tita(Iy), ..., t1---te(ILy),

then satisfies conditions (a), (b) and (c) in the lemma. O

Let R be a surface of genus zero, and let 0y and 0, be distinct components of
OR. We say that a curve a in R separates 01 and 0o if 01 and J» are contained in
distinct components of R,.

PROPOSITION 4.4.  Let R be a surface homeomorphic to Sy, with p > 5,
and choose two distinct components 01, 02 of OR. Then the full subcomplex 9 =
P(R;01,02) of €(R) spanned by all vertices corresponding to curves in R which
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separate 01 and Oy is connected.

PROOF. We follow the idea in Lemma 2.1 of [35] proving connectivity of a
simplicial complex on which PMod(R) acts. Let 04, ..., 0, denote components of
OR and put J = {1,...,p}. When components of R are denoted as in Figure 4
(a), it is known that the family of Dehn twists t;, about the simple closed curve
d;% described in Figure 4 (b) for any two integers j, k € J with 2 < j < k < p and
1 < k—j < p—3 generates the pure mapping class group PMod(R) (see Chapters
1 and 4 in [7]). Let us denote by N C J? the set of all pairs (j, k) € J? satisfying
these two inequalities. We put g = do3.

03 O 41 Ok
09
o
,
01, 1
(a) (b)

Figure 4. (b) If k = p, then 941 is replaced with 0.

Given a curve a in R and a decomposition J = Jy U Jy with [J1|, |J2| > 2, let
us say that a decomposes J into J; and Js if one component of R, contains J; for
each j € J; and another component of R, contains 0y for each k € Js.

Cram 4.5.  Let J = J; U Jy be a decomposition of J into two subsets such
that 1 € Jy, 2 € Jy and both Jy and Jy contain at least two elements. Then one

can find a path in 9 connecting ag and a vertex a of P which decomposes J into
Jv and Js.

ProOOF. 1If 3 € Js, then one can readily find a curve a such that i(«, ag) =0
and « decomposes J into J; and Jy. Assume 3 € J;. If |J;| > 3, then one can
find a path of vertices in 2, ag, 3, a, such that 8 decomposes J into J; \ {3} and
Jo U {3} and « decomposes J into J; and Jo. If |J;| = 2, then J; = {1,3}. One
can then find a path aq, a1, ag, az in 2 consisting of p-vertices and satisfying the
following: For each j = 1,2, 3, let P; denote the pair of pants cut off by a; from
R. Then P; contains 0, and 94, P, contains 0> and Js, and P3 contains d; and
Js. O

CLAIM 4.6.  For each (j, k) € N, there exists a path in 9 connecting oy and
t]’k(ao).
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ProOF. Pick (j,k) € N. If j # 3, then i(ao, d;%) = 0, and thus ¢;;(ag) =
ap. If j =3 and k < p—1, then i(d3x, d2,p—1) = 0, and thus i(tsx(ag), d2 p—1) = 0.
Since 62,1 is a vertex of 2 and since (o, d2,,—1) = 0, one can connect ¢ and

tsk (). Figure 5 shows that ag and t3,(c) can be connected in 2 via aq, o and
as. Il

Figure 5.

The second claim implies that each point of the orbit for the action of
PMod(R) on 2 containing «g can be connected with ag. The first claim then
implies that 2 is connected. g

LEMMA 4.7. Let S = 51, be a surface with p > 3, and let o be a non-
separating curve in S. Then the full subcomplex of T (S) spanned by all vertices
corresponding to BPs in S containing o is connected.

Proor. Let R be the surface obtained by cutting S along a. We denote
by 01 and 02 the two components of R corresponding to o. There is a natural
one-to-one correspondence between vertices of the complex 9 = 2(R; 01, 02) and
BP-vertices of .7 (S) containing a. Proposition 4.4 then shows the lemma. O

Let ¢: 7(S) — 7(S) be a superinjective map. We define a map &: V(5) —
V(S) as follows: Pick oo € V(S). If « is separating in S, then we put ®(a) = ¢(a).
If « is non-separating in S, then we choose two BPs a, b in S such that the pair
{a, b} is a rooted 1-simplex of 7 (S) whose root curve is equal to «. We then define
() as the root curve for the rooted 1-simplex {¢(a), ¢(b)} of 7 (S). Lemma 3.13
implies that the pair {¢(a), ¢(b)} is rooted. By Lemmas 4.3 and 4.7, any two rooted
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1-simplices {a1, b1}, {az, b2} of 7 (S) with the same root curve a can be connected
by a sequence of pentagons in 7 (S) such that any two successive pentagons in it
have two common edges which share either a BP-vertex or a p-vertex. Lemma 4.2
then shows that the root curves for {¢(ay), ¢(b1)} and {p(az), #(ba)} are equal. It
follows that @ is well-defined.

4.2. The case g =1 and p > 4.
We put § = S, with p > 4 throughout this subsection.

LEMMA 4.8. Let a, b and ¢ be BPs in S such that both of the pairs {a,b}
and {b,c} are rooted 1-simplices of T (S) and the root curves for them are equal.
Let o denote the root curve. Then there exists a sequence a1, as, . ..,a, of BPs in
S such that for each j =0,1,...,n, a; contains o and {b,a;,a;+1} is a 2-simplex
of 7 (S) with ag = a and any1 = c.

PROOF. Let R be the surface obtained by cutting S along a. We denote
by 01 and 0, the two components of OR corresponding to «. The surface R is
homeomorphic to Sg 42, and we have p + 2 > 6. There is a natural one-to-one
correspondence between vertices of the complex ¥ = 2(R; 01, 92) in Proposition
4.4 and BP-vertices of .7 (S) containing «. It therefore suffices to prove that the
link of each vertex of & is connected. Let (8 be a vertex of 4. If § is not a
p-curve in R, then it is clear that the link of 8 in & is connected. If § is a p-curve
in R, then the component of Rg that is not a pair of pants is homeomorphic to
So,p+1- Since we have p+1 > 5, Proposition 4.4 implies that the link of 5 in Z is
connected. (]

Let ¢: 7(S) — Z(S) be a superinjective map. We define a map ®: V(S) —
V(S) in the same manner as in the previous subsection. Namely, we define & = ¢
on V;(S) and if « is a non-separating curve in S, then we choose two BPs a, b in S
such that the pair {a, b} is a rooted 1-simplex of .7 (S) whose root curve is equal
to a. We then define ®(a) as the root curve for the rooted 1-simplex {¢(a), d(b)}
of 7(95). Using Lemmas 4.7 and 4.8, we can find a sequence of rooted 2-simplices
between any two given rooted 1-simplices with the same root curve «. Since ¢
preserves rooted simplices of 7 (.5), the map @ is well-defined.

4.3. Simplicity and injectivity.

In this subsection, we fix a surface S = 51, with p > 3 and fix a superinjective
map ¢: 7 (S) — F(S). Let @: V(S) — V(S5) be the map constructed in Sections
4.1 and 4.2. We first prove that ® is in fact a map inducing ¢.

LEMMA 4.9.  The equality ¢({c,3}) = {®(a),®(B)} holds for each BP
{a,8} in S.
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PrROOF. By the definition of ®, both ®(a) and ®(3) are contained in
o({a, 5}). After choosing a non-separating curve « in S such that both {3,~}
and {v,a} are BPs in S, we conclude that ®(«), ®(8) and ®(y) are mutually
distinct by Lemma 3.14. g

LEMMA 4.10.  The map ® defines a simplicial map from € (S) into itself.

PrROOF. Let o and 8 be two distinct curves in S with i(«, 8) = 0. If both
a and @ are separating in S, then i(®(a), ®(5)) = 0 because we have & = ¢ on
Vs(S) and ¢ is simplicial. If both « and § are non-separating in S, then {«, 8} is
a BP in S because S is of genus one. Lemma 4.9 shows that {®(«), ®(3)} is also
a BP in S, and thus i(®(«), ®(5)) = 0.

Suppose that « is non-separating in S and [ is separating in S. Note that «
is in the component of Sz of genus one. Unless [ is an h-curve in S, we can find
a non-separating curve «y in S such that i(3,7) = 0 and the pair {«,~} is a BP in
S. Tt follows from i({a, v}, 3) = 0 that we have i(¢({,7}),#(8)) = 0 and thus
i(®(a), &(3)) = 0.

We now assume that ( is an h-curve in S. Choose separating curves 71, 72 in .S
and non-separating curves ay, as in S as described in Figure 6. Note that g is the
only h-curve in S disjoint from both of v; and 7,. By Proposition 3.20, the same
property holds for the image of these separating curves via ¢. Since ¢({a, a1}) =
{®(a), (1)} and ¢(72) are disjoint and since ¢({a, as}) = {P(a), P(az)} and
(1) are disjoint, the curve ® () is disjoint from ¢(v1) and ¢(72). It follows that
®(a) is disjoint from ®(/3). O

Figure 6.

LEMMA 4.11.  The simplicial map ®: € (S) — €(S) is injective.

PROOF. Since ® preserves separating curves and non-separating curves, re-
spectively, and since the restriction of ® to V;(.S) is superinjective, it is enough to
show that for any two non-separating curves «, § in S, the equality ®(«) = ®(3)
implies & = 3. Note that each curve in S, is either separating in S or BP-
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equivalent to a in S. The map ® induces a superinjective map ®,: €(S.) —
% (Sa(a)) because ¢ is superinjective. Since both S, and Sg(,) are homeomorphic
to So,p+2, Theorem 2.4 implies that ®, is an isomorphism. We also obtain an
isomorphism ®5: €'(S5) — € (S9(5)). If ®(a) = ®(f), then we have the equality

B(Vo(S) NV (Sa)) = ®(Vi(S) NV (Sa)) = Vs(S) NV (Sa(a))
= Vi(S) NV (Sas)) = ®(Vs(S) NV (S5s))
= ¢(Vs(S) NV (Sp)).

Since ¢ is injective, the equality Vs(S) NV (S,) = V5(S) NV (Ss) holds. We thus
have a = S. O

Applying Theorem 2.4, we obtain the following conclusion.

THEOREM 4.12. Let S = 51, be a surface with p > 3, and let ¢: T (5) —
T (S) be a superinjective map. Then there exists an automorphism ® of €(S) such
that we have ®(a) = ¢(a) for any separating curve o in S and {®(8),®(y)} =

o({B,7}) for any BP {B,v} in S.

REMARK 4.13.  The construction of the simplicial map ®: €(S) — €(S5)
associated with a superinjective map ¢: .7 (S) — 7 (S) is valid for a surface
S = Syp with g +p > 5 as well after establishing connectivity of an appropriate
complex as in Proposition 4.4. However, when g > 2, one cannot show injectivity
of ® along the proof of Lemma 4.11. This is because for each non-separating curve
a in S, the full subcomplex of .7 (S) spanned by all vertices corresponding to
either a separating curve in S disjoint from « or a BP in S containing « can be
identified with a proper subcomplex of €(S,). If ¢ is an automorphism of .7 (S),
then one can conclude that ® is an automorphism of ¢'(.S) by using ¢~ 1.

In Theorem 5.18, we will prove that if § = 5, , is a surface with g > 2 and
Ix(S)| > 4, then any automorphism of .7 (S) is induced by an automorphism of
€ (S), after proving the same conclusion for any automorphism of €5(S5).

5. Automorphisms of the complex of separating curves.

Let S = S, be a surface in Theorems 1.1 and 1.2. Given an automorphism
¢ of €5(S), we construct an automorphism ® of €(S) which extends ¢. When
g = 1, we first focus on the case p = 3. Results of this case are used in the case
p > 4 in an inductive argument on p. When g > 2, the construction of ® follows
the argument, due to Brendle-Margalit [9], using sharing pairs and spines in S.
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5.1. The case g =1 and p = 3.

We put S = 5,3 throughout this subsection. Note that the link of each h-
vertex in %, (S) consists of only p-vertices and that the link of each p-vertex in
©5(S) consists of only h-vertices. It follows that there exists no pentagon in %,(S).
We mean by a hezagon in €5(.S) the full subgraph of %,(S) spanned by six vertices
v1,...,06 With i(vj,vj41) = 0, i(vj,vj42) # 0 and i(v;, vj43) # 0 for each j mod
6 (see Figure 7). In this case, we say that the hexagon is defined by the 6-tuple
(Ul, ce ,1}6).

B1

Figure 7. A hexagon in %s(S1,3).

To prove the next lemma, we need the following terminology. We say that a
simple arc [ in a surface R with OR # () is said to be essential in R if

e Ol consists of two distinct points of OR;
e [ meets OR only at its end points; and
e [ is not isotopic relative to 9l to an arc in OR.

For a simple closed curve C' in S, we denote by S¢ the surface obtained by cutting
S along C. If C is separating in S, then each component of Sc is naturally
identified with a subsurface of S.

LEMMA 5.1.  Suppose that we have a 6-tuple (a1, B3, az, B1, as, B2) of vertices
of €s(S) defining a hexagon in €s(S) with a; a p-vertex for each j =1,2,3. For
each j = 1,2,3, choose representatives A; and B; of a; and B3;, respectively, such
that any two of the six curves intersect minimally. Then the following assertions
hold:

(i) For each j = 1,2,3, let Q; denote the component of Sa; homeomorphic to
S1.2, and let 0; denote the component of 0S contained in Q;. Then 01, 02
and 03 are mutually distinct.

(ii) For each j = 1,2,3, let R; denote the component of Sp; homeomorphic to
So,4. Then for any distinct 5,k = 1,2,3, the intersection B; N Ry, consists
of essential simple arcs in Ry which are mutually isotopic, where isotopy of
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essential simple arcs in Ry may move their end points, keeping them staying
in ORy. Moreover, if | € {1,2,3} is the number distinct from j and k, then
each component of B; N Ry, cuts off an annulus containing 0 from Ry.

(iii) For each k mod 3, a component of By+1N Ry and a component of BiyoN Ry
can be isotoped so that they are disjoint.

PROOF. We first prove assertion (i). Suppose that assertion (i) is not true.
We may assume J; = J, and denote it by 9. Let S be the surface obtained by
attaching a disk to 9, and let 7: €(S) — €*(S) be the simplicial map associated
with the inclusion of S into S, where €*(S) is the simplicial cone over €(S) with
the cone point *. Note that m—1({*}) consists of all p-curves in S cutting off a
pair of pants containing 0. If « is a p-curve in S such that 0 is contained in
the component of S, homeomorphic to S; 2 and if 3 is an h-curve in S disjoint
from «, then m(a) = 7(f). This implies that 7(52) = m(a1) = 7(83) = () =
m(01). If O3 # O, then the equality 7(f2) = 7(01) implies S = (1, and this is a
contradiction. We therefore have 03 = 9 and (o) is equal to the image via 7 of
the other five vertices. This contradicts the fact that 7=1({~}) is a tree for each
v € V(S) (see Theorem 7.1 of [25]). Assertion (i) is proved.

The minimality of |Bs N Bs| implies that By N Ry consists of essential simple
arcs in Rg. Since A; cuts off a pair of pants containing 0> and 03 from Rs, the
intersection B N R3 consists of mutually isotopic, essential simple arcs in Rg each
of which cuts off an annulus containing 0y, assertion (ii) follows when j =2, k = 3
and [ = 1. The other cases can be proved similarly.

Suppose that assertion (iii) is not true for k¥ = 3. The other cases are dis-
cussed similarly. As noted in the previous paragraph, Bo N R3 consists of mutually
isotopic, essential simple arcs in R3 each of which cuts off an annulus containing
01. Similarly, By N R3 consists of mutually isotopic, essential simple arcs in Rj3
each of which cuts off an annulus containing d». Choose a component Iy of BoN R3
and a component [; of By N R3. Since [; and [5 can not be isotoped so that they
are disjoint, there exist a subarc of {; and a subarc of l; such that the union of
them is a simple closed curve in Rj3 isotopic to d;. This contradicts the fact that
As is a boundary component of a regular neighborhood of By UB5 and is a p-curve
cutting off a pair of pants containing d;. Assertion (iii) follows. O

Let R be a surface such that OR consists of at least two components. Given
two distinct components 9, & of OR, we say that an essential simple arc [ in R
connects O and &' if one of the end points of [ lies in @ and another in o'.

We note that there is a one-to-one correspondence between the isotopy classes
of p-curves in R and of essential simple arcs in R connecting two distinct compo-
nents of R, where isotopy of essential simple arcs in R may move the end points
of arcs, keeping them staying in OR. In fact, one associates to a p-curve C' in R
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an essential simple arc in R disjoint from C' and connecting the two components
of OR contained in the pair of pants cut off by C from R. Conversely, for each
essential simple arc [ in R connecting two distinct components 8, & of R, the
p-curve in R corresponding to [ is obtained as a boundary component of a regular
neighborhood of the union U U &' in R.

THEOREM 5.2.  The action of PMod(S) on the set of hexagons in €5(S) is
transitive.

PROOF. Let (a1, B3, a2, 81, as, B2) be a 6-tuple of vertices of €5(S) defining
a hexagon in %;(S) with «; a p-vertex for each j = 1,2,3. For each j = 1,2,3,
we choose representatives A; and B; of a;; and (3, respectively, such that any two
of the six curves intersect minimally. For each j = 1,2,3, let [; be an essential
simple arc in S corresponding to the p-curve A;. By Lemma 5.1, for any distinct
J,»k=1,2,3,1; and I can be isotoped so that they are disjoint.

For each j = 1,2,3, let 0; denote the component of 95 contained in the
component of S4, homeomorphic to S 5. We denote by A(S) the set of isotopy
classes of essential simple arcs in S and denote by [r] € A(S) the isotopy class of
an essential simple arc r in S. We note that PMod(S) acts transitively on the set
of triplets ([r1], [r2], [r3]) of elements in A(S) such that

e for each j mod 3, r; connects 041 and 0j42; and
e 11, 7o and r3 are pairwise disjoint.

The theorem then follows because [l1], [l2] and [I3] determine a, @y and a3 and
because B; is obtained as a boundary component of a regular neighborhood of the
union A 11 UA;42 in S for each j mod 3. g

For each hexagon II in %5(S), we can find a non-separating curve in S disjoint
from any curve corresponding to a vertex of Il by using Figure 7 and Theorem
5.2. Such a curve in S is unique up to isotopy because for each essential simple
arc [ in a handle H, an essential simple closed curve in H disjoint from [ uniquely
exists up to isotopy. We denote by ¢(IT) € V(S) that non-separating curve in S.

LeEmMMA 5.3. IfIIy and Iy are hexagons in €5(S) sharing two edges which
share a p-vertex, then we have ¢(Ily) = ¢(Ily).

PrROOF. Let 51 and B2 be two h-vertices of a hexagon II in %,(S), and let
« be the p-vertex of II adjacent to both of §; and (5. The lemma follows from
the fact that ¢(II) is the only non-separating curve in S disjoint from any of «, 1
and fs. O

LEMMA 5.4. Let ¢ be a non-separating curve in S, and let II and A be
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hezagons in €5(S) with c¢(I1) = ¢(A) = c¢. Then there exists a sequence of hexagons
in 6(5), I, ...,1,, satisfying the following two conditions:

(a) TI; = and I1, = A.
(b) For each j, I1; and I1;1; share two edges which share a p-verte.

To prove this lemma, we need the following proposition, which can be proved
along the same idea as in the proof of Proposition 4.4.

PROPOSITION 5.5.  We put R = Sy 5 and choose two components 01, 02 of
OR. We define & as the simplicial graph so that

e vertices are elements of V(R) corresponding to a curve in R cutting off a
pair of pants containing 01 and O2; and
o two such vertices o, B are connected by an edge if and only if i(«, 5) = 4.

Then the graph & is connected.

Proor. Let 0i,...,05 denote the boundary components of R. For two
integers j, k with2 < j <k <5and 1 <k—j <2 let d;, € V(R) be the curve
described in Figure 4 (b). As noted in the proof of Proposition 4.4, PMod(R) is
generated by all Z5,,. One can check that d35 is a vertex of & and that for any
other d;x, we have either 5, (d35) = d35 or i(ts,, (d35),35) = 4. Since PMod(R)
acts transitively on the set of vertices of &, connectivity of & follows. O

ProOOF OF LEMMA 5.4. We first prove the lemma when II and A have a
common h-vertex. Let (a1, s, a9, 51, as,B2) be a 6-tuple of vertices of €5(S5)
defining IT with a; a p-vertex for each j = 1,2, 3, as described in Figure 7. Assume
that A contains (335. If we denote by h the involution that is described in Figure
8 (a) and exchanges a; and ag, then we have h(II) = II. For j = 1,2, we denote
by P; the pair of pants cut off by «; from S and define h; as the half twist about
o with hf = to, that exchanges the two components of 95 contained in P; and

h <> N N N
. ""3‘ . ”"‘ 7‘ < I —
o) &) s
(a) (b)

Figure 8. (b) Four h-curves in S any two of which
are connected by an edge in the graph ¢4(«).
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is the identity on the complement of P; in S. Let H be the handle cut off by 33
from S. One can check that the product hhihohy fixes 03, a; and as and that
its restriction to H is the involution in the center of Mod(H). Moreover, we have
tg, = (hhihah1)?. Tt follows that h, hy, hy and t. generate the stabilizer of 35 and
¢ in Mod(S). Theorem 5.2 implies that IT is sent to A by a product of elements
in {h, hfl,hzﬂ,tcﬂ}. As in the proof of Lemma 4.3, we can find a sequence of
hexagons in %;(S) satisfying conditions (a) and (b).

In general, Proposition 5.5 shows that there exists a sequence of vertices in
%5(S), a1,as,...,a,, such that

e a; # aj+1 and i(a;,aj+1) = i(aj,c) = 0 for each j;

e a1 is an h-vertex in II, and a,, is an h-vertex in A; and

o for each j, if a; is a p-vertex, then the three vertices a;_1, a; and a4 lie
in a hexagon of €;(5).

By using this sequence and the fact proved in the previous paragraph, we obtain
a desired sequence of hexagons in %(S). O

LEMMA 5.6. Any superinjective map from €s(S) into itself preserves h-
vertices and p-vertices, respectively.

Proor. Pick a € V5(S). We define a simplicial graph ¢ («) as follows:
Vertices of ¢ () are vertices in the link of o in %,(S). Two distinct vertices [,
02 in ¥ () are connected by an edge if and only if there exists a hexagon in €5(.5)
containing 31, o and fo in this order. Note that when « is an h-vertex (resp. a
p-vertex), 81 and (B, are connected if and only if i(0;, B2) = 2 (resp. 4).

If a is an h-vertex, then it is known that ¢(«) is isomorphic to the Farey
graph (see Section 3.2 in [28]). If « is a p-vertex, then 4(a) contains at least four
vertices such that any two of them are connected by an edge (see Figure 8 (b)).
The lemma follows because the Farey graph does not contain such a subgraph
and because the link of any h-vertex (resp. p-vertex) in %,(S) consists of only
p-vertices (resp. h-vertices). O

THEOREM 5.7.  We put S = S1,35. Then for any automorphism ¢ of €s(S),
there exists an automorphism ® of €(S) extending ¢.

PROOF. Let ¢ be an automorphism of €5(S). Since ¢ preserves hexagons in
%5(S), we define the extension ®: V(S) — V(S) of ¢ by putting ®(c) = c(¢(I1))
for each non-separating curve ¢ in S, where II is a hexagon in €,(S) with ¢ = ¢(II).
This is well-defined thanks to Lemmas 5.3, 5.4 and 5.6. The map from V(S) into
itself associated to ¢! is equal to the inverse of ®. It follows that ® is bijective.

We next prove that ® is simplicial. It is easy to see that for any two curves
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¢1, ¢2 in S with (e, ) = 0, we have i(®(c1), P(c2)) = 0 unless both ¢; and co
are non-separating in S. Let ¢; and g be distinct non-separating curves in S. We
note that if ¢; and ¢y are disjoint, then there exist infinitely many p-curves in §
disjoint from ¢; and cs, and there is no h-curve in S disjoint from ¢; and co.

Assume that ¢; and ¢o intersect. If the subsurface of S filled by ¢; and c¢p is
a handle, then there exists an h-curve in S disjoint from ¢; and co. We claim that
otherwise, there exists at most one p-curve in S disjoint from ¢; and cy. Assume
that there exist two distinct p-curves di, do in S disjoint from ¢; and co. Let Dy
and Dy be representatives of dy and dsg, respectively, with |Dy N Ds| = i(dy, ds),
which is positive since we have d; # dy. We denote by R the component of Sp,
homeomorphic to S; 2. The intersection Dy N R consists of essential simple arcs
in R and contains a non-separating one [ in R, i.e., an essential simple arc in R
whose complement in R is connected, since the subsurface of S filled by ¢; and ¢
is not a handle. Two boundary components of a regular neighborhood of Dy Ul
in R form a BP in S cutting off a pair of pants from S. This is a contradiction
because ¢; and c¢o intersect and are disjoint from d; and ds.

The observations in the previous two paragraphs show that ® preserves two
disjoint non-separating curves in .S and that ® is simplicial. (]

5.2. The case g =1 and p > 4.

Let S = S, be a surface with p > 4, and fix an automorphism ¢ of €,(5). We
define an automorphism of % (S) extending ¢ by induction on p. For an integer ¢
with 2 < ¢ < p, we refer as a ¢-HBC' (hole bounding curve) in S a separating curve
« in S such that the component of S, of genus zero contains exactly ¢ components
of 0S.

Let a be a ¢-HBC in S with 2 < ¢ < p—2. By the hypothesis of the induction,
we obtain an isomorphism ¢, : Lk(a) — Lk(¢(a)) extending the restriction of ¢
to Lk(a)) N 5(S), where for each v € V(5), Lk(y) denotes the link of v in €(S).

We next assume that « is a (p — 1)-HBC in S. Let 1 and @2 denote the
two components of S, with @1 of genus one. Choosing a separating curve [ in
@2, we define an isomorphism ¢, : Lk(a) — Lk(¢(a)) as ¢ = ¢3 on V(Q1) and
b = ¢ on V(Q3). Note that §is a ¢-HBC in S with 2 < ¢ < p — 2 and that
V(Q2) is contained in Vi (.S). This definition is independent of the choice of 3 by
the following:

LEMMA 5.8.  We put R = 51, with p > 2. Then any two automorphisms of
@ (R) that preserve Vs(R) and are equal on Vs(R) are equal on V(R).

PROOF. Let ¢ and ¢ be two such automorphisms of € (R). By Theorem
2.3, ¢ and ¢ are induced by elements g and h of Mod*(R), respectively. For any
non-separating curve « in R, we choose two separating curves 3, v in R disjoint
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from « and filling S,. Since g~ 'k fixes 3 and v, it also fixes a because « is the
unique curve in R disjoint from 3 and 7. It follows that g~'h fixes any element of

V(R). O

Let U be the set of all ¢-HBCs in S with 2 < ¢ < p — 1. Lemma 5.8 also
shows that if a1, ay € U are disjoint curves, then ¢,, = ¢n, on Lk(a1) N Lk(ag).
By using the following proposition, we obtain an automorphism ® of ¢'(S) as an
extension of ¢, for any a € U.

PROPOSITION 5.9.  We put R = Sy, with p > 6 and choose two components
01, 02 of OR. We define F as the full subcomplex of €(R) spanned by all vertices
corresponding to a curve a in R such that one component of R, contains both Oy
and Oy and contains at least three components of OR. Then F is connected.

This proposition is also verified along the same idea as in the proof of Propo-
sition 4.4. Combining Theorem 5.7, we proved the following:

THEOREM 5.10. Let S = Si, be a surface with p > 3. Then for any
automorphism ¢ of €s(S), there exists an automorphism ® of €(S) extending ¢.

5.3. The case g > 2.

The idea for the construction of ® due to Brendle-Margalit [9] is to use sharing
pairs defined below. Let S = S, , be a surface with g > 2 and |x(S)| > 3. For
an h-curve C' in S, we denote by Hc the handle cut off by C from S, which is
naturally identified with a subsurface of S.

DEFINITION 5.11.  Let S = S, ,, be a surface with ¢ > 2 and |x(S)| > 3.
Let a,b € V,(S) be h-curves in S and 8 € V(S) a non-separating curve in S. We
say that a and b share ( if there exist representatives A, B and b of a, b and S,
respectively, such that we have |A N B| = i(a,b), H4a N Hp is an annulus with
its core curve b, and S\ (H4 U Hp) is connected. In this case, {a,b} is called a
sharing pair for 8 or a sharing pair in S if § is not specified (see Figure 9 (a)).

Figure 9.
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The action of PMod(S) on the set of sharing pairs in S is transitive. In fact,
in the notation of Definition 5.11, A and B have to intersect, and BN H4 consists
of essential simple arcs in H4 which are mutually isotopic because b is a curve in
H,4 disjoint from B. Since H4 N Hp is an annulus, B N H 4 consists of exactly
two essential simple arcs Iy, lo in Ha. We put 0l; = {p;,q;} for each j = 1,2 so
that p1, q1, g2 and po appear along A in this order. Let @) denote the complement
of H 4 in the surface obtained by cutting S along A. Since B is separating in S,
B N Q consists of two essential simple arcs r1, ro in @ such that r; connects p;
with py and r9 connects g; with ¢o. Connectivity of S\ (H4 U Hp) implies that
r1 and 79 are non-separating in ). Since B cuts off a handle from S, r; and 79
are isotopic. Transitivity of the action of PMod(S) on the set of sharing pairs in
S thus follows.

The claim in the previous paragraph shows that if {a, b} is a sharing pair for a
non-separating curve 3 in S, then we have i(a,b) = 4, and the subsurface filled by
a and b is homeomorphic to Sy 4 and has two boundary components corresponding
to B. Note that when S is a surface of genus one, there exists no pair {a,b} of
h-curves in S satisfying the condition in Definition 5.11. The following lemma
characterizes sharing pairs in terms of disjointness and non-disjointness.

LEMMA 5.12.  Let S =S, be a surface with g > 2 and |x(S)| > 4, and let a
and b be h-curves in S. Then a and b form a sharing pair in S if and only if there
exist separating curves w, x, y and z in S satisfying the following sixz conditions:

o 2 cuts off a surface QQ homeomorphic to Sy from S;

e o o o o
~

This lemma for closed surfaces is proved in Lemma 4.1 of [9] and in Lemma
4 of [10]. The same proof of the “if” part is also valid for general surfaces. The
“only if” part is proved by using Figure 10 (a) and (b) for surfaces with g > 3 and
g = 2, respectively. The choice of the curves in Figure 10 (a) appears in Figure 2
of [10].

Let ¢ be an automorphism of %,(S). By Lemmas 3.19 and 5.12, ¢ preserves
sharing pairs in S. We will define an automorphism ® of € (S) extending ¢ so
that for each non-separating curve « in S, ®(«) is the curve shared by ¢(a) and
¢(b), where {a, b} is a sharing pair for «. Spines for sharing pairs, defined below,
were introduced in [9] to show that ® is well-defined. For two curves a, 5 € V(S5)
with i(a, ) = 1, we denote by H(a, 3) the handle filled by « and 3.
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Figure 10.

DEFINITION 5.13.  Let S =S, ,, be a surface with g > 2 and |x(S)| > 3. A
triplet of distinct non-separating curves in S, a-3-7, is called a spine in S if the
following three conditions are satisfied:

() i(a B) = i(6,7) = 1 and i(,0) < 1.

(b) Let a and b denote the boundary components of the handles H(«,3) and
H(f,7), respectively. Then {a,b} is a sharing pair for 5.

(¢) There exist representatives a, b and ¢ of «, 8 and =, respectively, such that
any two of them intersect minimally and S\ (a U b U ¢) is connected.

In this case, a-§-7v is called a spine for the sharing pair {a, b} (see Figure 9 (b)).
A mowve between two spines in S is defined to be a change of the form, a-G-v —
a-B3-7, with v-6-7" a spine.

In what follows, we describe some basic properties of spines and moves be-
tween them, which will be used to prove that ® is well-defined.

LEMMA 5.14.  Let S = Sy, be a surface with g > 2 and |x(S)| > 3. Suppose
that we are given a spine a-B-y in S, and let a, b and ¢ be representatives of «,
B and 7, respectively, satisfying condition (c¢) in Definition 5.13. Let R denote
the surface obtained by cutting S along a and b. Let p1, p2, ps and py denote the
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identified points on the cut end that correspond to the single point of aNb and are
located as in Figure 9 (c). Then

(i) ifi(y,a) =1, then [anbnc| = 1. In this case, ¢ is given by an essential
stmple arc in R connecting either p1 and p3 or ps and p4.

(ii) if i(y, ) = 0, then ¢ is given by an essential simple arc in R connecting a
point in the interior of an arc corresponding to b with a point in the interior
of another arc corresponding to b.

PRrROOF. Let @ denote the subsurface of S filled by a, b and ¢, which contains
H(a,3) and H(B,~) and is homeomorphic to S12. Let D; and Ds denote the
boundary curves of (). Note that both Dy and D5 are essential simple closed curves
in S. Let 0 denote the boundary component of R consisting of arcs corresponding
to aand b. Let P denote the pair of pants cut off by D;UD5 from R and containing
0. The curve ¢ is given by several simple arcs in P connecting two points of 0.
Since S\ (a U b Uc) is connected, any of those arcs is an essential simple arc in
P. The curve ¢ is given by a single essential simple arc [ in P because any two
essential simple arcs in P connecting two points of 0 are isotopic and the union of
any two disjoint such arcs cuts off a disk from P. The arc [ connects either two
of p1, p2, p3 and p4 or two points in the interior of the two arcs corresponding
to b because we have |bN¢| = 1. If [ connected either p; and py or p3 and py,
then ¢ could be moved into a curve disjoint from b. This contradicts i(3,v) = 1.
If [ connected either p; and p4 or po and ps, then ¢ could be moved into a curve
disjoint from a. This contradicts minimality of |cNal. The lemma thus follows. [J

LEMMA 5.15. Let S = S;, be a surface with g > 2 and |x(S)| > 3. Let
a-B-y — a-B-" be a move between two spines in S. Then the following two
assertions hold:

(1) Let dy and dy denote the boundary components of the subsurface of S filled
by a, B and . Then ~' intersects either dy or ds.

(ii) If |x(S)| > 4, then there exists a separating curve in S which intersects «/,
but is disjoint from any of a, B and 7.

PROOF. Suppose that ' intersects neither dy nor do. Let a, b, ¢, ¢/, D; and
D> be representatives of «, 3, v, v/, di and da, respectively, such that any two of
them, except the two of ¢ and ¢/, intersect minimally; and S\ (a U b U ¢) and
S\ (aUbUC() are connected. We define R, p1, p2, ps and p4 as in Lemma 5.14.
Let O denote the boundary component of R consisting of arcs corresponding to
a and b, and let P denote the pair of pants cut off by D; U Ds from R and
containing 9. By Lemma 5.14, ¢ and ¢’ are given by essential simple arcs r, r’ in
P, respectively, connecting two points of 9. Each of r and 7’ connects either (1)
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p1 and ps3; (2) p2 and py; or (3) a point in the interior of an arc corresponding to b
and a point in the interior of another such arc. In what follows, we repeatedly use
the criterion in Exposé 3, Proposition 10 of [13] to know the geometric intersection
number of two curves in S. It is impossible that the same case holds for r and '
because otherwise the condition i(,~’) < 1 would imply that ¢ and ¢’ are isotopic.
It is also impossible that r satisfies (1) (resp. (2)) and r’ satisfies (2) (resp. (1))
because we have i(y,~") < 1. If r satisfies (1) and ' satisfies (3), then the condition
i(7,7") < 1 implies that we have the two possibilities indicated in Figure 11 (a)
and (b). Let b and & denote the boundary curves of the handles H(/3,~) and
H(B,v"), respectively. In case (a), b and b’ are isotopic. This contradicts the
assumption that {b,0’} is a sharing pair in S. In case (b), we have i(b,0’) = 8 (see
Figure 11 (c¢)). This also contradicts the same assumption. In the other cases, we
can deduce a contradiction along verbatim argument. Assertion (i) thus follows.
Assertion (ii) follows from assertion (i). O

P P4
[e%
(b) (c)
Figure 11.

The following lemma can be proved along the same idea as in the proof of
Lemma 4.4 in [9] by using Lemma 5.15.

LEMMA 5.16. Let S =S, , be a surface with g > 2 and |x(S)| > 4, and let
@: Cs(S) — 65(S) be a superinjective map. Suppose that we have a move between
two spines in S, a-f-y — a-B-y'. Let a, b and b’ denote the boundary curves of
the handles H(a, 8), H(B,7v) and H(B,v'), respectively. Then {¢(a),d(b)} and
{#(a), (b))} are sharing pairs for the same non-separating curve in S.

The following proposition can also be proved along the argument in the proof
of Proposition 4.5 in [9].

PROPOSITION 5.17.  Let S = Sy, be a surface with g > 2 and |x(S)| > 4.
For each non-separating curve 8 in S, any two spines a-B-y and 6-6-¢ in S differ
by finitely many moves.
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THEOREM 5.18.  Let S = Sy, be a surface with g > 2 and |x(S)| > 4. Then
the following assertions hold:

(1) For any automorphism ¢ of T(S), there exists an automorphism ® of
€ (S) such that we have ®(a) = ¢(«) for any separating curve « in S and
{9(8), B(1)} = 6({8,7}) for any BP {5,~} in S.

(ii) For any automorphism v of €(S), there exists an automorphism ¥ of €(.S)
extending 1.

PROOF. Let ¢ be an automorphism of €5(.S). We define a map ¥: V(S) —
V(9) as follows: For each separating curve a in S, we put ¥(«) = ¢)(a). For each
non-separating curve § in S, we define ¥(/3) as the non-separating curve shared
by ¥(a) and 9 (b), where {a, b} is a sharing pair for 8. This is well-defined thanks
to Lemma 5.16 and Proposition 5.17. For an h-curve a in S, we denote by H, the
handle cut off by a from S. By the definition of V¥, if a is an h-curve in S and 3
is a non-separating curve in H,, then ¥(a) is also an h-curve in S, and ¥(0) is a
curve in the handle Hyq)-

We next prove that ¥ defines a simplicial map from %(S) into itself. Let a
and 0 be disjoint and distinct curves in S. If both o and 3 are separating in 5,
then U(«) and ¥(3) are disjoint since v is simplicial. If « is separating in S and
[ is non-separating in S, then there exists an h-curve a in S such that i(a,a) =0
and [ is a curve in H,. Since « is either equal to a or in the complement of H,,
U(«) and ¥(0) are disjoint.

Finally, we suppose that both o and § are non-separating in S. If there exist
distinct and disjoint h-curves a, b in S such that « lies in H, and ( lies in Hp,
then ¥(a) and ¥(f3) are disjoint because ¥(a) lies in Hy(q) and W(3) lies in Hy(p).
Otherwise, @ and 3 form a BP in S. Assuming that the BP {a, 3} does not cut
off a pair of pants from S, we show that ¥(a) and ¥(f) are disjoint. A similar
argument can also be applied in the other case. Choose separating curves 71, 72 in
S whose union cuts off the surface @ homeomorphic to 57 2 and containing o and
3 (see Figure 12). Lemma 3.19 implies that the union of ¥(~;) and ¥(vs) also cuts
off the surface Q' homeomorphic to S; 2 and containing ¥(a) and ¥(3). Choose
a separating curve ¢ in S which intersects exactly one of v; and 2 and is disjoint

Figure 12.
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from « and 3. Suppose that U(«) and ¥(3) intersect. Let R be the subsurface
of @ filled by ¥(«) and ¥(8). If R is a handle, then let e denote the boundary
curve of R. Since 1) preserves h-curves in S, 9 ~!(¢) is an h-curve in Q. Applying
the argument until the previous paragraph to 1!, we see that 1~ (¢) is disjoint
from « and §. This is a contradiction because any h-curve in @ intersects either
a or 3. It follows that R is either equal to @’ or a complement in @’ of a tubular
neighborhood of a non-separating curve in @’. This contradicts the existence of
the curve W(4) which intersects exactly one of U(v;) and ¥(vy2) and is disjoint
from ¥(«) and ¥(5). We therefore proved that ¥ defines a simplicial map from
% (S) into itself. Assertion (ii) is proved.

Let ¢ be an automorphism of .7 (S). Since ¢ preserves Vi (S) by Lemma 3.7
(i), we obtain an automorphism ® of €(S) extending the restriction of ¢ to €,(S)
by using assertion (ii). Along the argument in Section 6 of [9] to find separating
curves defining a BP, we can show the equality {®(3), ®(y)} = ¢({5,~}) for each
BP {8,7} in S. O

6. Twisting elements of the Torelli group.

Using the results obtained so far on automorphisms of the Torelli complex and
the complex of separating curves, we compute the commensurators of the Torelli
group and the Johnson kernel. We first present a few facts on abelian subgroups
of the Torelli group and a characterization of Dehn twists about separating curves
and of BP twists.

6.1. Abelian subgroups of the Torelli group.

The argument of this subsection heavily depends on [4], [37] and [38], where
closed surfaces are dealt with. Let S = S, , be a surface and let o be a simplex
of €(S). Pick a curve « in 0. We say that « is of a-type in o if « is separating in
S. We say that « is of b-type in o if « is non-separating in S and is contained in
a BP-equivalence class in ¢ consisting of at least two curves. Otherwise, i.e., if «
is non-separating in S and any other curve in ¢ is not BP-equivalent to «, then
« is said to be of c-type in o. Each curve of o is classified into these three types.
This terminology follows that in [37]. We denote by D, the subgroup of Mod(.S)
generated by Dehn twists about all curves in 0. For a vertex 3 of (), we denote
by Dg the subgroup of Mod(S) generated by t3. The following theorem relies on
[4] and [37].

THEOREM 6.1. Let S = Sy, be a surface with 3g +p—4> 0. Let o be a
simplex of €(S) if 3¢+ p—4 >0, and let o be a vertex of €(S) otherwise. Then

(i) Dy N.F(S) is generated by Dehn twists about curves in o N Vs(S) and BP
twists about BPs in S of two curves in o.
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(ii) D, N (S) is generated by Dehn twists about curves in o N Vs(S).

PrOOF. When g = 0, the theorem follows because we have 7 (S) = #(S) =
PMod(S) and Vi(S) = V(S). When (g,p) = (1,1), the theorem follows because
both .#(S) and . (S) are trivial and any vertex of €(S) corresponds to a non-
separating curve in S. When g > 2 and p = 0, assertions (i) and (ii) are proved in
Theorem 3.1 of [37] and Theorem A.1 of [4], respectively.

We prove the theorem by induction on the number of boundary components
of S. We assume either g =1 and p > 2 or ¢ > 2 and p > 1. Let R denote the
surface obtained by attaching a disk to a boundary component 0 of S. We then
have the simplicial map 7: €(S) — €*(R) associated with the inclusion of S into
R, where €*(R) is the simplicial cone over € (R) with the cone point *. Note
that m=1({*}) consists of all p-curves in S cutting off a pair of pants containing 9
from S. We have the natural homomorphism ¢: PMod(S) — PMod(R) satisfying
A(7(8)) = #(R) and q(H (S)) = # (R).

Let o and (8 be distinct and disjoint curves in S which are non-separating in
S. The following facts then hold:

(a) « and @ are BP-equivalent in S if and only if 7(«) and 7(3) are BP-equivalent
in R.

(b) If w(c) = w(B), then the union of o and 3 cuts off a pair of pants containing
0 from S.

Let o be a simplex of €(S5). To prove assertion (i), we suppose that there
exists an element z of D, N #(S) which is not in the group generated by Dehn
twists about curves in o NV;(S) and BP twists about BPs in S of two curves in o.
We may assume that x is a product of Dehn twists and their inverses about curves
in ¢ which are non-separating in S and any two of which are not BP-equivalent
in S. We can then deduce a contradiction by using fact (a) and the hypothesis of
the induction. Assertion (i) is proved.

To prove assertion (ii), we suppose that there exists an element y of D,NJ#"(.S)
which is not in the group generated by Dehn twists about curves in o NV, (.S). We
may assume that y is a product of Dehn twists and their inverses about curves in o
which are non-separating in S. By assertion (i), y is a product of BP-twists about
BPs in S of two curves in 0. By fact (b) and the hypothesis of the induction, y
is a non-zero power of the BP-twist about a BP in S cutting off a pair of pants
containing 0 from S. This contradicts Proposition 2.2. Assertion (ii) is proved. OJ

For a finitely generated abelian group A, we denote by rank(A) the rank of A.
Note that for any surface S, any abelian subgroup of Mod(.S) is finitely generated
by Theorem A in [8]. We say that a subgroup of Mod(S) is reducible if it fixes a
simplex of €(S5).
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LEMMA 6.2.  Let S = Sy, be a surface with 3g+p —4 > 0, and let o be a
simplex of €(S). We denote by v = v(o) the number of components of S, and
denote by Q2 = Q(o) the number of components of S, which are neither a handle
nor a pair of pants. Then

(i) the inequality rank(D, N .#(S)) < v —1 holds.

(ii) the inequality rank(D, N7 (S))+Q < 2g+p—3 holds. If the equality holds,
then each component Q of S, satisfies |x(Q)] < 2.

(iii) If A is an abelian reducible subgroup of #(S) whose canonical reduction
system is equal to o, then rank(A) < rank(D, N Z(S)) + Q.

Assertions (i) and (ii) can be verified along argument in the proof of Lemmas
3.1 and 3.2 in [37], respectively. Assertion (iii) follows from Corollary 7.18 in [19].
We refer to [19] for the definition of canonical reduction systems for subgroups of
Mod(S). We can show the following proposition by using Lemma 6.2 and following
the proof of Theorem 3.3 in [37].

PROPOSITION 6.3.  Let S =8y, be a surface with 3g+p—4>0. If A is an
abelian subgroup of Z(S), then rank(A) < 2g + p — 3 and this equality is attained
for some A. The same conclusion holds for abelian subgroups of J (S).

6.2. Characterization of twisting elements.

For a group I', we denote by Z(I") the center of I". For an element = of I, we
denote by Zr(z) the centralizer of « in I'. The conclusions in Lemmas 6.4-6.6 for
closed surfaces are announced in [11] and are proved in [38].

LEMMA 6.4. Let S =Sy, be a surface with g > 1 and |x(S)| > 3, and let T
be a finite index subgroup of #(S). Pick x € I'. If x is a non-zero power of either
the Dehn twist about a separating curve in S or the BP twist about a BP in S,
then

(a) Z(Zr(x)) is isomorphic to Z; and
(b) x is contained in a subgroup of I' isomorphic to Z29tP=3,

PROOF. We note that by Theorem A.1, any element of .#(S) is pure in the
sense of Ivanov [19]. We put Z(x) = Zr(x).

We first assume that x is a non-zero power of the BP twist about a BP b in
S. The group Z(z) is then equal to the stabilizer of b in I'. Since any element of
J(S) is pure, any element of Z(z) fixes each curve in b and each component of Sy
as a set. We have the natural homomorphism

q: Z(x) — PMod(Q1) x PMod(Q2),
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where Q1 and @2 are the two components of S,. For each j = 1,2, let
g;: Z(x) — PMod(Q;) denote the composition of ¢ with the projection onto
PMod(Qj). If Q1 is a pair of pants, then ¢,(Z(z)) is trivial because it fixes
each curve in b. Otherwise, the center of ¢;(Z(x)) is trivial because any element
in it fixes any separating curve a in () such that the two boundary components of
Q1 corresponding to b are contained in a component of (Q1),. The same property
holds if @ is replaced with Q2. It follows that the center of ¢(Z(x)) is trivial.
The center of Z(z) is thus equal to ker ¢, which is contained in the cyclic group
generated by the BP twist about b. Condition (a) is obtained. Choose a simplex o
of 7 (S) of maximal dimension containing b. The group D, NI is of rank 2g+p—3.
Condition (b) thus follows.

We next assume that x is a non-zero power of the Dehn twist about a sepa-
rating curve « in S. The group Z(x) is then equal to the stabilizer of « in T'. We
have the natural homomorphism

r: Z(x) — PMod(R;) x PMod(R2),

where Rq and R are the two components of S,. For each j = 1,2, let r;: Z(z) —
PMod(R;) denote the composition of r with the projection onto PMod(R;). If R,
is a pair of pants, then r(Z(x)) is trivial because any element of .#(.S) is pure
and fixes each component of 95 as a set. If Ry is a handle, then r1(Z(z)) is trivial
because any element of .#(S) acts trivially on the homology group H;(S,Z),
where S is the closed surface obtained by attaching disks to all components of
0S. Otherwise, the center of ri(Z(z)) is shown to be trivial as in the previous
paragraph. The same property holds if R; is replaced with Ry. Condition (a) is
then obtained as in the previous paragraph. If 7 is a simplex of €5(S) of maximal
dimension containing «, then D, N T is of rank 2¢g + p — 3. Condition (b) thus
follows. O

LEMMA 6.5. Let S =S, be a surface with g > 1 and |x(S)| > 3, and let T
be a finite index subgroup of # (S). Pick x € T'. If x is a non-zero power of the
Dehn twist about a separating curve in S, then
(a) Z(Zr(x)) is isomorphic to Z; and
(b) x is contained in a subgroup of T' isomorphic to Z*9+P=3,

PRrROOF. A verbatim argument of the proof of Lemma 6.4 can be applied. [

To prove the following lemma, let us recall reduction system graphs for sim-
plices of €(S), which were introduced in [37]. Let S = S, , be a surface with
39g+p—4 >0, and let 7 be a simplex of € (S). The reduction system graph G() is
then defined as follows: Vertices of G(7) are components of S;. Edges of G(7) are
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curves in 7. The two ends of the edge corresponding to a curve c in 7 are defined
to be vertices corresponding to components of S, which lie in the left and right
hand sides of ¢ in S. Note that G(7) may have a loop. The reader should consult
[37] for basics of reduction system graphs.

LEMMA 6.6. Let S = S, be a surface with g > 1 and |x(S)| > 3. Pick
x € Z(S). Then x is a non-zero power of either the Dehn twist about a separating
curve in S or the BP twist about a BP in S if the following two conditions hold:

(a) Z(Zy(s)(x)) is isomorphic to Z; and
(b) x is contained in a subgroup of #(S) isomorphic to Z29+P=3,

PrROOF. We follow argument in the proof of Theorem 3.5 in [38], where
closed surfaces are dealt with. We assume that an element x of .#(S) satisfies
conditions (a) and (b). Condition (a) implies that x is not neutral. Condition (b)
implies that x is a reducible element of infinite order because we have 2g+p—3 > 2.
Let o € X(5) be the canonical reduction system for the cyclic group (z) generated
by z. Since o is fixed by any element in the normalizer of (x) in Mod(S), condition
(a) implies that if o contains a curve of either a-type or b-type, then x is a non-zero
power of either the Dehn twist about a curve in o N V;(.S) or the BP twist about
a BP in S of two curves in o.

We assume that o consists of only curves of c-type and deduce a contradiction.
By Theorem 6.1 (i), there exists a pseudo-Anosov component @ of S, for z. Let
o¢g denote the set of all curves in o corresponding to a component of 9Q). Let
A be a subgroup of .#(S) isomorphic to Z?9tP=3 and containing z. We denote
by 7 € 3(S) the canonical reduction system for A. Note that 7 contains ¢ and
that @ is a component of S;. By Lemma 6.2 (ii), (iii), each component of S, is
homeomorphic to one of Sy 3, Sp 4, S1,1 and Sy 2. If ) were homeomorphic to S 1
or S 2, then at least one curve in og would be a curve of either a-type or b-type
in . This is a contradiction. Since @ is a pseudo-Anosov component for x, it is
not homeomorphic to Sp 3. It follows that () is homeomorphic to Sy 4. Note that
there is no curve in og whose both sides are contained in @ because otherwise
the other curve(s) in og would be of a-type or b-type in o. Each curve of o¢ is a
curve of either b-type or c-type in 7. Moreover, if two curves in og are of b-type
in 7, then they are not BP-equivalent in S.

Let us assume that there is a curve ¢ € og which is a curve of c-type in 7.
One can construct a maximal tree T in the reduction system graph G(7) for 7
containing the edge corresponding to ¢ because the edge is not a loop. We write

T:{blla"'abl’rlabQD"'7b2r2a"'abqla"'qurqacl,"'7cs}

so that
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e cach b;; is of b-type in 7, and the family {b;1,...,biq, } is a BP-equivalence
class in 7 for each ; and
e cach ¢ is of c-type in 7.

For each i, the tree T' contains at least r; — 1 of edges corresponding to b;1, ..., bir,
because otherwise T' could not be connected. Let v = v(7) and Q = Q(7) be the
numbers defined in Lemma 6.2. Since the number of edges of T is equal to v — 1,
we obtain the inequality

2

v—1> r;—1) +1>Z 1) =rank(D, N .7(9)),

where the last equality holds by Theorem 6.1 (i). We also obtain the inequality
rank(A) <rank(D,NZ(S)+Q<v+Q-1<|x(S)|-1=29+p—3,

where the first inequality holds by Lemma 6.2 (iii). This is a contradiction.
Finally, we suppose that g consists of curves of b-type in 7. We write 7 as
in the previous paragraph. For each curve a in 0, we choose any curve 3, in 7
BP-equivalent to a. If we cut S along all 3, for o € og, then S is decomposed
into two connected components. It follows that for any maximal tree T in G(7),
there exists a curve 7 in o such that T' contains all edges corresponding to curves
in 7 BP-equivalent to 4. We may assume v = b;;. We then obtain the inequality

q q
v—1>mr + Z(n -1)> Z(rl — 1) =rank(D, N.7(S))
i=2 i=1
and deduce a contradiction as in the previous paragraph. O

6.3. Computation of commensurators.

The argument of this subsection has already appeared in many works to com-
pute commensurators of mapping class groups and their subgroups and to describe
injective homomorphisms between those groups (see e.g., [1], [2], [9], [10], [11],
[15], [16], [17], [20], [26], [29] and [36]). It is outlined as follows: To an injective
homomorphism f between .#(S) and #(S), we associate a superinjective map
¢ between .7 (S) and %;(S) by using the characterization of twisting elements
in Lemmas 6.4-6.6. Applying the result that ¢ is induced by an element 7 of
Mod™*(S), we conclude that the homomorphism f is the conjugation by 7.

PROPOSITION 6.7. Let S = S;, be a surface with g > 1 and |x(S)| >
3. Let (G,X) be either (F(S), 7(S)) or (H(S),%5(S)). For any finite index
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subgroup T' of G and any injective homomorphism f: T' — G, there exists a unique
superinjective map ¢: X — X such that for each vertex v of X, we have

F(TNT) < Ty,

where for each vertex u of X, if u € V5(S), then T, denotes the group generated
by t., and otherwise T,, denotes the group generated by the BP twist about the BP
u. Moreover, if f(I') is of finite index in G, then ¢ is an isomorphism.

To prove this proposition, we use the following lemma. For a group H, we
denote by rank(H) the supremum of the ranks of finitely generated, free abelian
subgroups in H.

LEMMA 6.8. Let A and B be groups with rank(A) = rank(B) < oo, and
suppose that any abelian subgroup of B is finitely generated. Let n: A — B be an
injective homomorphism. If a is an element of A contained in a finitely gener-
ated, free abelian subgroup of A with its rank equal to rank(A), then we have the
inequality

rank(Z(Zp(n(a)))) < rank(Z(Za(a))).

ProoF. This lemma is essentially verified in Lemma 5.2 of [15]. Choose a
finitely generated, free abelian subgroup Ay of A with a € Ay and rank(4y) =
rank(A4). We put Z = Z(Zg(n(a))) and C = n(Ap) N Z and define D as the
subgroup of B generated by n(Ag) and Z. Any of Z, C and D is abelian and is
therefore finitely generated by assumption. We have the short exact sequence

0—-C—-n(Ay)®Z—D—0.
It gives the equality
rank(n(Ap)) + rank(Z) = rank(C) + rank(D).
The inequality
rank(B) = rank(A4) = rank(n(4p)) < rank(D) < rank(B)
implies the equality rank(Z) = rank(C). On the other hand, since C is con-

tained in Z(Z,a)(n(a))) = n(Z(Za(a))), we have the inequality rank(C) <
rank(Z(Z 4(a))). The lemma thus follows. O
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PROOF OF PROPOSITION 6.7. We first assume (G,X) = (£(9), 7(9)).
Let € T be a non-zero power of either the Dehn twist about a separating curve
in S or the BP twist about a BP in S. We now check conditions (a) and (b) in
Lemma 6.6 for f(x). We put Z = Z(Z 4 (s)(f(x))). By Lemma 6.4,

o Z(Zr(x)) is isomorphic to Z; and
e f(z) is contained in a subgroup of .#(S) isomorphic to Z29+P~3,

By Lemma 6.8, the rank of Z is at most one, and it is equal to one because the
group generated by f(z) is contained in Z. The group Z is isomorphic to Z
because it is torsion-free by Theorem A.1 and is finitely generated by Theorem A
in [8]. We now apply Lemma 6.6 and conclude that f(z) is a non-zero power of
either the Dehn twist about a separating curve in S or the BP twist about a BP in
S. We can define a map ¢: V;(S) — V;(S) so that the inclusion f(T, NT") < Ty
holds for any v € V4(5).

For each vertex v of 7(S) and each non-zero integer n, we define T, as the
subgroup of T, generated by s”, where s is a generator of T,. Simplicity and
superinjectivity of ¢ follows from the fact that for any two distinct vertices u, v of
7 (S) and for any non-zero integers m, n, the group generated by T and T)" is
abelian if and only if u and v are adjacent in .7 (S). Uniqueness of ¢ is obvious.
By using f~!, we can prove that ¢ is an isomorphism if f(T') is of finite index in
G.

We next assume (G, X) = (£(5),%,(5)). Let y € T be a non-zero power of
the Dehn twist about a separating curve in S. Along the same argument as in the
first paragraph of the proof, we can show that f(y) is a non-zero power of either
the Dehn twist about a separating curve in S or the BP twist about a BP in S.
Proposition 2.2 implies that the latter case is impossible. The rest of the proof is
the same as that in the case (G, X) = (#(5), 7(9)). O

We can also prove the following proposition along verbatim argument, which
will not be used in the sequel.

PROPOSITION 6.9. Let S = S;, be a surface with g > 1 and |x(5)| > 3.
For any finite index subgroup T' of ¢ (S) and any injective homomorphism f: T —
J(9), there exists a unique superinjective map ¢: €s(S) — T (S) such that for
each v € V4(S), we have

f(ToNT) < Tyw)-
PROOF OF THEOREM 1.4. Assertion (i) follows from Theorems 2.3 and

4.12. We prove assertion (ii). Let I'" be a finite index subgroup of .#(S), and
let f: I' — #(S) be an injective homomorphism. By Proposition 6.7, there exists
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a superinjective map ¢: 7 (S) — 7(S) such that for any vertex v of 7 (S5), we
have f(T, NT') < Ty(,). Assertion (i) shows that ¢ is induced by an element o of
Mod*(S). Pick v € T. For each separating curve a in S, we then have

f(TyaNT) = f(yToy™ " NL) = f(Nf(TaNT) f(y) 7"
< N Tyoaf (M) = Tiy)y0as

and thus y9ya = f(v)y0a. For any non-separating curve ¢ in S, we can find two
separating curves aj, as in S such that they are disjoint from ¢ and fill S.. Since
70 L f ()70 fixes ay and ag, it also fixes c. Tt follows that v~ 1y5 ' f(7)yo is the
neutral element. The equality f(v) = 7077, * thus holds. O

ProOOF OF THEOREM 1.1. Let
m: Mod*(S) — Aut(7(9))

be the natural homomorphism. By Theorem 2.3, Theorem 4.12 and Theorem 5.18
(i), 7 is surjective. Following the last part in the proof of Theorem 1.4, we can
show that any element of Mod*(S) fixing any separating curve in S is neutral.
Injectivity of 7 then follows. Assertion (i) is proved.

We prove assertion (ii). Let

i: Mod*(S) — Comm(.#(S))

be the homomorphism defined by conjugation. Surjectivity of ¢ can be shown
along argument in the proof of Theorem 1.4 (ii). Let I" be a finite index subgroup
of #(S). If 7y is an element of Mod*(S) with y9y7y, " = v for any v € T, then
7o fixes any separating curve in S because for any separating curve a in S, there

"ot = t". We therefore
conclude that v is the neutral element and that 2 is injective. O

exists a non-zero integer n with ¢t € I' and thus 7ot

Theorem 1.2 can be verified in a similar manner by using Theorem 5.10 and
Theorem 5.18 (ii).

7. Commensurators of torus braid groups.

Let S be a surface and n a positive integer. Choose n base points p1,...,p, in
S. We denote by E(n, S) the space of embeddings of the set of n points, {1,...,n},
into S with the compact-open topology. The pure braid group of n-strands on S,
denoted by PB,,(5), is defined to be the fundamental group 1 (E(n, S)). We refer
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the reader to [5], [7] and [32] for basic facts on braid groups on surfaces.

Let T' denote the closed torus, and let S = S ,, be a surface of genus one with
n boundary components. By attaching disks to all components of 9.5, we obtain
the Birman exact sequence

PB,(T) % PMod(S) = Mod(T) — 1.

A description of the homomorphism j shows that ker 7 is equal to .#(S). On
the other hand, kerj is equal to the center of PB, (T, denoted by Z, which is
isomorphic to Z? (see Proposition 4.2 in [32] for a precise description). We refer
to Chapter 4 of [7] and Section 2.8 of [21] for details of the Birman exact sequence.
Note that PB;(T) is isomorphic to m(T) ~ Z2.

In this final section, we describe the commensurator of the braid group of n-
strands on the torus T with n > 2. The following computation of commensurators
of central extensions is discussed in Section 3 of [27] in a general framework,
and the reader should consult the reference for more details. We note that the
automorphism groups of (pure) braid groups on T are described in [39]. To carry
out the computation in [27], we need the following lemma on braid groups on 7.

LEMMA 7.1.  For each integer n > 2, we have a homomorphism p: PBy(T)
— Z? such that p is injective on the center Z of PB,(T) and the image p(Z) is
the subgroup of Z* generated by (n,0) and (0,n).

ProOOF. It is known that the braid group B, (T) of n-strands on T admits
the following presentation (see Theorem 1.2 in [3]):

e Generators: oq,...,0,-1, @, b.
e Braid relations:

(BR1) 0,05 = gjo; for each i, j with |i — j| > 2;

(BR2) 00,110, = 0410041 for each ¢ with 1 <4 <n —2.
o Mixed relations:

(R1) aal = o;a and bo; = o;b for each i with 1 <7 <n —1;

(R2) o1 aal 'a = aoy 1a01 and o tbo b = boy tbo
(R3) o1 aal ' = bo taoy;
(

TR) [a, b7 =01 0,202 _10p_2- - 01.

We can define a homomorphism p: B, (T) — Z? by putting p(o;) = (0, 0) for each
i =1,...,n—1 and putting p(a) = (1,0) and p(b) = (0,1). Note that PB,(T)
is a normal subgroup of B, (T) and that the quotient group is isomorphic to the
symmetric group of n letters. It follows from geometric description of o, a and b
in Section 2.2 of [3] and of the center of B, (T) in Proposition 4.2 of [32] that the
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two elements

a(aflaafl) (Uglaflaaflagl) s (a,ﬁla;EQ s aflaafl o 0‘;120'”_1)
and

b(oflbofl) (ngaflboflogl) e (Ugilo',;EQ e oflbafl ‘e U;iQUgil)

generate the center of B,,(T"), which is also equal to the center Z of PB,,(T). The
image p(Z) is therefore generated by (n,0) and (0,n). O

Let S = 51, be a surface with n > 2. Lemma 7.1 implies that the exact
sequence

1—-2Z—PB,(T)— #(S)—1
virtually split. More precisely, the exact sequence

1= Z—pt'w(2) = jlp~ ' (p(2)) — 1

splits. We can thus find a finite index subgroup of PB,,(T') isomorphic to Z2 x T,
where T is a finite index subgroup of .#(.S). Using the fact that the center of any
finite index subgroup of .#(S) is trivial, we obtain the split exact sequence

1 — Tv — Comm(PB,(T)) — Comm(T") — 1.
The group Tv, called the transvection subgroup, fits into the split exact sequence

1 — lim HY(T;, Z%) — Tv — Comm(Z?) — 1,

where lim; is the direct limit taken over all finite index subgroups I'; of I'. As a
conclusion, we have

Comm(PB,(T)) ~ Comm(.#(S1,)) X (GL(2,Q) x H),

where we put H = lim; H'(I';, Z?). The group H is abelian and torsion-free
because so is H(I';, Z?) for any finite index subgroup I'; of I'. Along the proof
of Proposition 4 in [27], we can show that H is divisible, that is, for any x € H
and any positive integer m, there exists y € H with x = y". It follows that H
is a vector space over Q. Since .# (51 2) is isomorphic to 71(S71,1) and to the free
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group of rank two, there exists a surjective homomorphism from .#(S) onto the
free group of rank two. Using this fact, we can show that H is isomorphic to the
countably infinite dimensional vector space Q> over @ (see the aforementioned
reference). Theorem 1.1 (ii) shows that Comm(.#(S1,,)) is naturally isomorphic
to Mod*(S1,,) when n > 3.

Appendix A. Pureness of elements of the Torelli group.

The following theorem is stated in Theorem 3.1 of [18] for the pure braid
group on a surface S, which is contained in the Torelli group # ().

THEOREM A.1. Let S =S, be a surface with g > 1. Then each element
of #(S) is pure. Namely, for each element f € Z(S), there exist o € 3(S) U {0}
and representatives F of f and C of o such that

e F(C)=C,

o F' does not exchange components of C' and components of the surface S¢
obtained by cutting S along C'; and

e [ induces either a homeomorphism isotopic to the identity or a pseudo-
Anosov homeomorphism on each component of Sc.

Moreover, if T € ¥(S) is fized by f, then any curve in 7 and any component of S
are fixed by f.

This theorem implies that .#(.S) is torsion-free when the genus of S is positive.
The proof of the theorem will be given after the following three lemmas.

LEMMA A.2. Let S = S;, be a surface with g > 1 and pick f € F#(5).
Suppose that o € X(S) is fized by f. Choose representatives F of f and C of
o such that F(C) = C and F is the identity on 0S. Then F preserves each
component of C.

PRrROOF. Let S denote the surface obtained by attaching disks to all com-
ponents of dS. We define the homeomorphism F of S by extending F so that
F is the identity on all attached disks. We denote by %*(S) the simplicial cone
over ¢(S) with the cone point *. Let m: €(S) — €*(S) be the simplicial map
associated with the inclusion of S into S, where 7~1({x}) consists of all separating
curves in S cutting off a surface of genus zero.

Assume that there are components ¢q, c2 of C' with F(c¢1) = ¢ and ¢; # ca.
We first claim that the equality m([c1]) = 7([cz]) holds, where [c] denotes the
isotopy class of a curve ¢ in S. When g = 1, the claim follows because any two
disjoint curves in the torus are isotopic. Assume g > 2. Since F acts on H,(S, Z)
trivially, Theorem 1.2 of [19] implies that F fixes each element of (o). We thus
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have 7([¢1]) = m([ea]).

If 7([c1]) = 7([e2]) = *, then the set of components of S contained in the
surface of genus zero cut off by ¢; and that by ¢ are distinct. Since f([¢1]) = [e2],
this contradicts the fact that f does not exchange components of 9S. Let us assume
7([e1]) = 7([c2]) € V(S). Tt then follows that ¢; and ¢y cut off a holed annulus A
from S. Since f does not exchange components of 95, we have F(A) = A. Orient
c1 and ¢ so that they are parallel when disks are attached to all components of
ANJIS. Tt follows from F(c;) = ¢y and F(A) = A that the orientations of F(cq)
and co are distinct. If ¢; is non-separating in .S, then so is ¢y, and both ¢; and
c2 are non-zero as an element of Hy(S, Z). This contradicts the fact that F acts
on H(S, Z) trivially. If ¢; is separating in S, then so is ¢y. For each i = 1,2, let
R; be the component of S., that does not contain A. We then have F(R;) = Ra.
In particular, Ry and Ry are homeomorphic and are of positive genus. This also
contradicts the fact that I acts on H1(S, Z) trivially. O

LEMMA A.3. In the notation of Lemma A.2, F preserves an orientation of
each component of C'. Moreover, F' preserves each component of Sc.

PrROOF. Let ¢ be a component of C. If ¢ is non-separating in S, then F
preserves an orientation of ¢ because F acts on H;(S, Z) trivially, where F' and
S are the symbols in the proof of Lemma A.2. Suppose that c is separating in S.
If F reversed an orientation of ¢, then F' would exchange the two components of
S.. We can then deduce a contradiction as in the proof of Lemma A.2. The latter
assertion of the lemma follows from the former assertion. 0

LEMMA A4. Let S =Sy, be a surface with g > 1, and pick f € F(S) and
o € X(S)U{D} with fo = 0. Choose representatives F of f and C of o such that
F(C)=C and F is the identity on 0S. Let Q be a component of Sc, and suppose
that the mapping class of the homeomorphism Fg on Q induced by F is of finite
order as an element of PMod(Q). Then Fg is isotopic to the identity.

PrROOF. We prove this lemma by induction on p, the number of components
of 8S. When p = 0, 1, the lemma follows from Lemma 1.6 of [19] because f acts
on Hi(S, Z) trivially. Assume p > 2, and let @ be a component of S¢. If @ is a
pair of pants, then Fy, is isotopic to the identity because PMod(Q) is trivial. We
thus assume that @ is not a pair of pants.

We first assume that @) contains a component of 9S. By attaching a disk D,
to that component of 95, one obtains the surfaces @1 = QU D1 and S1 = SU D,
with x(Q1) < 0 since @ is not a pair of pants. Let F; be the homeomorphism of
S1 defined by the extension of F' that is the identity on D;. Note that C either
determines a simplex of €(S1) or is empty and that p; (f) belongs to .#(S1), where



The Torelli complex and the complex of separating curves 415

p1: PMod(S) — PMod(S;) is the natural homomorphism. Since the mapping
class, denoted by fg, of Fg is of finite order, so is the mapping class, denoted
by fq,, of the restriction of Fy to Q1. The hypothesis of the induction implies
that fg, is the identity. It then follows that fq lies in the kernel of the natural
homomorphism from PMod(Q) into PMod(Q1), which is isomorphic to m1(Q1)
and is torsion-free. Therefore, fq is the identity.

We next assume that @) contains no component of dS. By attaching a disk
D5 to a component 0 of 9.5, we obtain the surface Sy = SU Ds. It is then possible
either that there are two components of C' which are isotopic in S5 to each other
or that there is a component of C' which is isotopic in Sy to a component of 055. If
the former is the case, then delete one of those two components of C'. If the latter
is the case, then delete that component of C'. Otherwise, we do nothing. We then
obtain the family, denoted by Cj, of essential simple closed curves in Sy which are
pairwise non-isotopic in Sz. We denote by Qg the component of (S3)¢, containing
Q. Note that the complement of the interior of @) in Q¢ is an annulus containing
D, if it is non-empty. Let F5 denote the homemomorphism of Sy defined by the
extension of F' which is the identity on Dj. Since the mapping class of Fg is of
finite order, so is the mapping class of the restriction of F to Qo, denoted by Fp,.
By the hypothesis of the induction, Fg, is isotopic to the identity, and thus Fg is
isotopic to the identity. O

PrOOF OF THEOREM A.1. The latter assertion of the theorem follows from
Lemmas A.2 and A.3. Let C be a representative of the canonical reduction system
o € X(S) U {0} for the cyclic group generated by f with F(C) = C. We may
assume that F' is the identity on 0S5. Lemmas A.2 and A.3 imply that F' preserves
each component of C' and each component of S¢. It follows from Theorem 7.16
in [19] that the mapping class of the restriction of F' to each component of S¢
is either of finite order or pseudo-Anosov. By Lemma A.4, it is either trivial or
pseudo-Anosov. O
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