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INTRODUCTION

The influence of a great teacher and a superb mathematician is
measured by his published work, the published works of his students,
and, perhaps foremost, the mathematical environment he fostered and
helped to maintain. In this last regard Ralph Fox’s life was particularly
striking: the tradition of topology at Princeton owes much to his lively
and highly imaginative presence. Ralph Fox had well defined tastes in
mathematics. Although he was not generally sympathetic toward topo-
logical abstractions, when questions requiring geometric intuition or
algebraic manipulations arose, it was his insights and guidance that
stimulated deepened understanding and provoked the development of
countless theorems.

This volume is a most appropriate memorial for Ralph Fox. The con-
tributors are his friends, colleagues, and students, and the papers lie in
a comfortable neighborhood of his strongest interests. Indeed, all the
papers rely on his work either directly, by citing his own results and his
clarifications of the work of others, or indirectly, by acknowledging his
gentle guidance into and through the corpus of mathematics.

The reader may gain an appreciation of the range of Fox’s own work
from the following bibliography of papers published during the thirty-six

years of his mathematical life.

L. Neuwirth

PRINCETON, NEW JERSEY
OCTOBER 1974
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Knots and Links



SYMMETRIC FIBERED LINKS

Deborah L. Goldsmith

0. Introduction

The main points of this paper are a construction for fibered links, and
a description of some interplay between major problems in the topology of
3-manifolds; these latter are, notably, the Smith problem (can a knot be
the fixed point set of a periodic homeomorphism of S"’), the problem of
which knots are determined by their complement in the 3-sphere, and
whether a simply connected manifold is obtainable from s3 by surgery on
a knot.

There are three sections, In the first, symmetry of links is defined,
and a method for constructing fibered links is presented. It is shown how
this method can sometimes be used to recognize that a symmetric link is
fibered; then it reveals all information pertaining to the fibration, such as
the genus of the fiber and the monodromy. By way of illustration, an
analysis is made of the figure-8 knot and the Boromean rings, which, it
turns out, are symmetric and fibered, and related to each other in an
interesting way.

In Section II it is explained how to pass back and forth between dif-
ferent ways of presenting 3-manifolds.

Finally, the material developed in the first two sections is used to
establish the interconnections referred to earlier. It is proved that com-
pletely symmetric fibered links which have repeated symmetries of order 2
(e.g., the figure-8 knot) are characterized by their complement in the
3-sphere.

I would like to thank Louis Kauffman and John W. Milnor for conversa-

tions.
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I. Symmetric fibered links
§1. Links with rotational symmetry

By a rotation of $3 we mean an orientation preserving homeomorphism
of S3 onto itself which has an unknotted simple closed curve A for
fixed point set, called the axis of the rotation. If the rotation has finite
period n, then the orbit space of its action on s is again the 3-sphere,
and the projection map p: $3 5 §3 to the orbit space is the n-fold cyclic
branched cover of S° along p(A).

An oriented link L CS® has a symmetry of order n if there is a rota-
tion of S with period n and axis A, where AN L = ¢, which leaves
L invariant. We will sometimes refer to the rotation as the symmetry,
and to its axis as the axis of symmetry of L.

The oriented link LC S is said to be completely symmetric relative
to an oriented link L, if there exists a sequence of oriented links
Ly Ly, Ly = L beginning with L, and ending with L =L, such
that for each i £ 0, the link L; has a symmetry of order n; > 1 with
axis of symmetry A; and projection p;: $3 583 to the orbit space of the
symmetry, and L, ; = pi(Li)' If L, is the trivial knot, then L is
called a completely symmetric link. The number n is the complexity of
the sequence. Abusing this terminology, we will sometimes refer to a
completely symmetric link L of complexity n (relative to L) to indi-
cate the existence of such a sequence of complexity n.

Figure 1 depicts a completely symmetric link L of complexity 3,

having a symmetry of order 3.

cf“

¢ K)JQ -4 9 _*{D—’Q

1_, L L, L,

s:nm‘h-y of order 3 symmetey of order 3 ;5mme'l’r7 of order 3. trivial knet

2

Fig. 1.
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§2. Symmetric fibered links

An oriented link L C S is fibered if the complement S>_L isa
surface bundle over the circle whose fiber F over 1¢S' is the interior
of a compact, oriented surface F with JF = L.

Such a link L is a generalized axis for a link L°C S3—~L if L’
intersects each fiber of the bundle S3—L transversely in n points. In
the classical case (which this generalizes) a link L’C R3 is said to have
the z-axis for an axis if each component L’ has a parametrization L(6)
by which, for each angle 0, the point L%(6,) lies inside the half-plane
6 = 0, given by its equation in polar coordinates for R3. We will define
L to be an axis for L’CS3 if L isa generalized axis for L” and L
is an unknotted simple closed curve.

We wish to investigate sufficient conditions under which symmetric

links are fibered.

LEMMA 1 (A construction). Let L’ be a fibered link in the 3-sphere and
suppose p: S35 83 is a branched covering of s3 by S3, whose branch
setisalink BCS3—L’ If L" isa generalized axis for B, then

L = p~ (L") is a fibered link.

Proof. The complement $3 — L’ fibers over the circle with fibers lg‘s,

S € Sl, the interior of compact, oriented surfaces FS such that an =L"
Let ﬁ‘s = p_l(FS) be the inverse image of the surface F under the
branched covering projection. Then ()ﬁ‘s =L and ﬁ‘S—L, seS!, isa
locally trivial bundle over st by virtue of the homotopy lifting property
of the covering space p: s3 —-(LUu p”l(B)) - 83— (L'UB). Thus s_L

fibers over s! with fiber, the interior of the surface F

REMARK. An exact calculation of genus (f‘l) follows easily from the
equation x(’F\‘1 —p_l(B)) = nx(F1 —B) for the Euler characteristic of the
covering space f:‘l —p'"l(B) » F; —B. For example, if p: 3582 isa

regular branched covering, L has only one component and k is the
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number of points in the intersection B N Fl of B with the surface F,
we can derive the inequality: genus (ﬁ‘l) > n genus (F}) + %— + 10(4—_2—)
From this it follows that if k> 1, or genus (F;)> 0, then genus (13‘1) >0

and L is knotted.

Recall that a completely symmetric link L C s3 (relative to L) is
given by a sequence of links Ly, L;,--,L =L such that for each i#0,
the link L; has a symmetry of order n; with axis of symmetry A;, and

such that p;: $3 583 is the projection to the orbit space of the symmetry.

THEOREM 1. Let LCS® bea completely symmetric link relative to the
fibered link L, defined by the sequence of links Ly, Ly,---,L =1L. If
for each i# 0, the projection pi(Li) of the link L; is a generalized

axis for the projection pi(Ai) of its axis of symmetry, then L is a non-

trivial fibered link.

Proof. Apply Lemma 1 repeatedly to the branched coverings p;: s3 53
branched alorg the trivial knot pi(Ai) having pi(Li) = Li—l for general-

ized axis.

The completely symmetric links L which are obtained from a sequence
Lo, Ly Ln = L satisfying the conditions of the theorem, where L, is

the trivial knot, are called completely symmetric fibered links.

EXAMPLES. In Figure 2 we see a proof that the figure-8 knot L is a
completely symmetric fibered knot of complexity 1, with a symmetry of
order 2. It is fibered because p(A) is the braid 02‘101 closed about
the axis p(L). The shaded disk F with JF = L intersects p(A) in
three points; hence the shaded surface F= p_l(F), which is the closed
fiber of the fibration of S3_L over Sl, is the 2-fold cyclic branched
cover of the disk F branching along the points F N p(A), and has
genus 1.

In Figure 3, it is shown that the Boromean rings L is a completely

symmetric fibered link of complexity 1, with a symmetry of order 3.
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F= F"(F )
L $i /_>
avis A :rztg avis \) L B.oromean
rings
5:-:»52‘-7 of symmeTn/ ki
2-Fold lp cglic‘ branched cover 3- folg lp cgh'c branched cover
g \
HU=L, LD
/ o
- F
f
})(A) ID( L) /,m QZ f( L)
2O S
Fig. 2. Fig. 3.

This link is fibered because p(A) is the braid 0;101 closed about the
axis p(L). The surface F= p"l(F) which is the closed fiber of the
fibration of S°—L over S! is not shaded, but is precisely the surface
obtained by Seifert’s algorithm (see [12]). 1t is a particular 3-fold cyclic
branched cover of the disk I’ (shaded) branching along the three points

F N p(A), and has genus 1.
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trivial knot Flj ¢ knot  Boremean r;'ngs a comf/zizly s’mne{'n'c fibered
Jink

Fig. 4.

Finally, we see from Figure 4 that these two examples are special
cases of a class of completely symmetric fibered links of complexity 1
with a symmetry of order n, obtained by closing the braid b"™, where
b=o0; 0.

II. Presentations of 3-manifolds

There are three well-known constructions for a 3-manifold M: M may

be obtained from a Heegaard diagram, or as the result of branched covering

>’ on another 3-manifold. A specific construction

or performing ‘‘surgery
may be called a presentation; and just as group presentations determine
the group, but not vice-versa, so M has many Heegaard, branched covering
and surgery presentations which determine it up to homeomorphism.

Insight is gained by changing from one to another of the three types of
presentations for M, and methods for doing this have been evolved by
various people; in particular, given a Heegaard diagram for M, it is known
how to derive a surgery presentation ([9]) and in some cases, how to
present M as a double branched cover of s3 along a link (2]). This

section deals with the remaining case, that of relating surgery and branched

covering constructidns.

§1. The operation of surdery

Let C be a closed, oriented 1-dimensional submanifold of the oriented
3-manifold M, consisting of the oriented simple closed curves €1ty O
An oriented 3-manifold N is said to be obtained from M by surgery on

C if N is the result of removing the interior of disjoint, closed tubular
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neighborhoods T, of the c;’s and regluing the closed neighborhoods by
orientation preserving self-homeomorphisms ¢;: 9T, » dT; of their
boundary. It is not hard to see that N is determined up to homeomorphism
by the homology classes of the image curves ¢>i(mi) in Hl(aTi; D,

where m. is a meridian on JT; (.e., m;

i i is an oriented simple closed

curve on JT; which spans a disk in T, and links c; with linking
number +1 in T;). If y is the homology class in H, (dT;; 7) repre-
sented by (j)i(mi), then let M(C;yl,---,yk) denote the manifold N ob-
tained according to the above surgery procedure.

When it is possible to find a longitude (Zi on JdT; (i.e., an oriented
simple closed curve on JdT; which is homologous to c¢; in T, and links

c; with linking number zero in M), then Yi will usually be expressed as
a linear combination m; + sﬂi, r,s € Z, of these two generators for
H,(0T;; 7)), where the symbols m; and ?i serve dually to denote both
the simple closed curve and its homology class. An easy fact is that for
a knot C in the homology 3-sphere M, M(C;rm+sf) is again a homology

sphere exactly when r==1.

§2. Surgery on the trivial knot in S3

An important feature of the trivial knot CC s3 is that any 3-manifold
S3(C; m+k{), k ¢ Z, obtained from s3 by surgery on C is again s3. To
see this, decompose $3 into two solid tori sharing a common boundary,
the tubular neighborhood T; of C, and the complementary solid torus
T,. Let &; :T, > T, be a homeomorphism which carries m to the curve
m + kf; then (/j; extends to a homeomorphism ¢ : s3 . S3(C; ,+ kD).

Now suppose BC $3 is some link disjoint from C. The link
BC S3(C; m+kP) is generally different from the link B C s3. Specifically,
B is transformed by the surgery to its inverse image (j)_l(B) under the
identification ¢ : s3 . S3(C; m+kf). The alteration may be described in
the following way:

Let B be transverse to some cross-sectional disk of T, having 4

for boundary. Cut s and B open along this disk, and label the two
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copies the negative side and the positive side of the disk, according as
the meridian m enters that side or leaves it. Now twist the negative
side k full rotations in the direction of —f, and reglue it to the positive
side. The resulting link is qS_l(B).

For example, if B is the n-stringed braid b ¢ B closed about the
axis C, where B, is the braid group on n-strings, and if ¢ is an
appropriate generator of center (Bj), then BC Ss(C; m+k0) is the
closed braid b-Ck. Figure 5 illustrates this phenomenon. In Figure 6 it
is shown how to change a crossing of a link B by doing surgery on an

unknotted simple closed curve C in the complement of B.

c (? B 5° @ Bc S'(C; m-af)

Fig. 5a.
Q)\ J Bc & Q B¢ Ss(C) m-al)
C QN
Fig. 5b.

@\) Be §° 7 B< §*(Cy m-d)

Fig. 6.
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§3. The branched covering operation

For our purposes, a map f:N - M between the 3-manifolds N and M
is a branched covering map with branch set B < M, if there are triangula-
tions of N and M for which f is a simplicial map where no simplex is
mapped degenerately by f, and if B is a pure 1-dimensional subcomplex

of M such that the restriction
fIN—f1(B) : N—i~1(B) » M—_B

is a covering (see [5]). The foldedness of the branched covering f is
defined to be the index of the covering f! N—-f_l(B).

We will only consider the case where the branch set BCM is a
1-dimensional submanifold, and the foldedness of f is a finite number, n.
Then f and N are determined by a representation TTI(M—B) > S(n) of
the fundamental group of the complement of B in M to the symmetric
group on n numbers (see [4]). Given this representation, the manifold N
is constructed by forming the covering space f":N”»M—B corresponding
to the subgroup of 7,(M—B) represented onto permutations which fix 1,
and then completing to f:N » M by filling in the tubular neighborhood of
B and extending f’ to f.

A regular branched covering is one for which {*N°>M~B is a regu-
lar covering, or in other words, one for which the subgroup of 7, (M—B)
in question is normal. Among these are the cyclic branched coverings,
given by representations 7, (M-B) - Zn onto the cyclic group of order n,

such that the projection f:N > M is one-to-one over the branch set. Since

/.., is abelian, these all factor through the first homology group

7,(M—B) > H,(M-B; VAR Zn .

Does there always exist an n-fold cyclic branched covering N - M
with a given branch set B C M? The simplest case to consider is the
onc in which M is a homology 3-sphere. Here H (M-B;7)~Zo7&...0Z

is gencrated by meridians lying on tubes about each of the components of
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the branch set. Clearly all representations of H, (M=B; Z) onto Zn
which come from cyclic branched coverings are obtained by linearly ex-
tending arbitrary assignments of these meridians to *1. This guarantees
the existence of many n-fold cyclic branched coverings of M branched
along B, except in the case n=2, or in case B has one component,
when there is only one.

Should M not be a homology sphere, an n-fold cyclic covering with
branch set B will exist if each component of B belongs to the n-torsion

of HI(M; Z), but this condition is not always necessary.

§4. Commuting the two operations

If one has in hand a branched covering space, and a surgery to be per-
formed on the base manifold, one may ask whether the surgery can be
lifted to the covering manifold in such a way that the surgered manifold
upstairs naturally branched covers the surgered manifold downstairs. The
answer to this is very interesting, because it shows one how to change
the order in which the two operations are performed, without changing the
resulting 3-manifold.

Let f:N - M be an n-fold branched covering of the oriented 3-manifold.
M along BCM given by a representation ¢ :w;(M—B) » S(n), and let
M(C;yy,++,¥)) be obtained from M by surgery on CC M, where
C N B = ¢. Note that the manifold N_f~1(C) is a branched covering
space of M—C branched along BCM-~C, and is given by the representa-
tion ¢ = poi:a(M—[CUBI) > S(n) ,
where i:7; M-[CUB)) > 7 (M-B) is induced by inclusion. Now let the
components of f_l(Ti) be the solid tori ’i:ij’ j= 1,---,ni, i=1,---,k;
on the boundary of each tube choose a single oriented, simple closed
curve in the inverse image of a representative of y,, and denote its

homology class in Hl((?’f‘ij; Z) by ;/ij'



SYMMETRIC FIBERED LINKS 13

THEOREM 2, Suppose Yi, Y, are precisely the classes among
1 r
Y1»**» Yk Which have a representative all of whose lifts are closed curves;
t
let B'=C - U c;. Then f:N > M induces a branched covering
i=1 7}

£ NETH vy 5= Loy ngy d= Lo k) » MGy, yg)

of the surgered manifolds, branched along B U B’C M(C;y,,--,yy). The
associated representation is ¢”: 7, (M(C; y; Y — [BUB’]) - S(n),

defined by the commutative diagram

7, (M~[CUBI) i 7 (M(C;yq,+,¥)) - [BUB’)) 2. St

¢

and off of a tubular neighborhood f_l(UTi) of the surgered set, the maps

f and {° agree.

Proof. One need only observe that the representation ¢ does indeed

factor through ﬂl(M(C; Vit yk)— [BUB’]) because of the hypothesis

that there exist representatives of yil Y all of whose lifts are closed
T

curves.
The meaning of this theorem should be made apparent by what follows.

EXAMPLE. It is known that the dodecahedral space is obtained from s?
by surgery on the trefoil knot K; in fact, it is the manifold S?’(K; m-0).
We will use this to conclude that it is also the 3-fold cyclic branched
cover of S3 along the (2,5) torus knot, as well as the 2-fold cyclic
branched cover of S° along the (3,5) torus knot (see [6]). These pre-
sentations are probably familiar to those who like to think of this homology
sphere as the intersection of the algebraic variety fxeC3 :xf + x3+ xgz i}

with the 3-sphere xeC3: Ix| = 11.

According to Figure 7, the trefoil knot K is the inverse image of the

circle C under the 3-fold cyclic hranched cover of s3 along the trivial
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knot B. By Theorem 2, Ss(K; m—{) is the 3-fold cyclic branched cover
of S3(C;m—30) branched along B C s3(C; m—30). Since C is the trivial
knot, Ss(C;m—3 f) is the 3-sphere, and BC Ss.(C;m—3 £y is the (2,5)

torus knot, as in Figure 5a. We deduce that the dodecahedral space is

the 3-fold cyclic branched cover of s3 along the (2,5) torus knot.

A similar argument is applied to Figure 8, in which the trefoil knot is

depicted as the inverse image of a circle C under the double branched

cover of S3 along the trivial knot B. By Theorem 2, the space
S3(K; m—0) is then the 2-fold cyclic branched cover of S3(C; m—210)
along BC Ss(C; m-20), which according to Figure 5b is the (3,5) torus

'I're‘Foif kno‘t

<, \l;r\? (0

3-Fold cgch’c lp branched caver of 5?
a’ong B

P" ®

Fig. 7.

$refoil knof
Y

P"(B) << D P"(C\)

I

2-Fold Lycllt P branched cover of S°
dlong 6
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knot. Hence the dodecahedral space is the 2-fold cyclic branched cover
of §3 along the (3,5) torus knot.

The following definition seems natural at this point:

DEFINITION. Let L be a link in a 3-manifold M which is left invariant
by the action of a group G on M. Then any surgery M(L;y ,-::,¥}) in
which the collection iyl,---,yk§ of homology classes is left invariant by

G, is said to be equivariant with respect to G.

The manifold obtained by equivariant surgery naturally inherits the

action of the group G.

THEOREM 3 (An algorithm). Every n-fold cyclic branched cover of s?
branched along a knot K may be obtained from s3 by equivariant surgery

ona link L with a symmetry of order n,

Proof. The algorithm proceeds as follows.

Step 1. Choose a knot projection for K. In the projection encircle
the crossings which, if simultaneously reversed, cause K to become the
trivial knot K.

Step 2. Lift these disjoint circles into the complement S3—K of the
knot, so that each one has linking number zero with K.

Step 3. Reverse the encircled crossings. Then orient each curve c;
so that the result of the surgery Ss(ci; m ¥ () is to reverse that crossing
back to its original position (see Figure 6).

Step 4. Let C= U c; be the union of the oriented circles in s3— K,
and let p: s3 583 belztﬁe n-fold cyclic branched cover of s3 along the
trivial knot K. Then if L = p_l(C), it follows from Theorem 2 that the
n-fold cyclic branched cover of s3 along K is the manifold
S3(L; 1 my ;_ffl,---, rkmk:_ffk) obtained from §3 by equivariant surgery on

the link L, which has a symmetry of order n.

EXAMPLE (Another presentation of the dodecahedral space). In Figure 9,

let p: S? » 53 be the 5-fold cyclic branched cover of §3 along the
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Step i.
)
Stepa.
Shpa. Kz K ’/ K/
G

trivial knot K% Then if L = p~1(C) as in step 4 of Figure 9, the 5-fold
cyclic branched cover of s3 along the (2, 3) torus knot K is the mani-
fold Ss(L; my —ffl,---, ms—zs) obtained from S3 by equivariant surgery
on the link L.
III. Applications

We will now derive properties of the special knots constructed in
Section I. Recall that a knot K is characterized by its complement if no
surgery S3(K;m+kf), kcZ and k#£0, is again s3. A knot K is said
to have property P if and only if no surgery Ss(K; m+kl), keZ and
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k £ 0, is a simply connected manifold. A fake 3-sphere is a homotopy

3-sphere which is not homeomorphic to s>,

THEOREM 4. Let K be a completely symmetric fibered knot defined by
the sequence of knots Ko, Kyoooos K, = K, such that each K;, i£0, is

symmetric of order n; = 2. Then K is characterized by its complement.

THEOREM 5. Let K be a completely symmetric fibered knot of com-
plexity 1, defined by the sequence K,,K; = K, where K is symmetric
of order ny = n. If K is not characterized by its complement, then there
is a transformation of S which is periodic of period n, having knotted
fixed point set. If a fake 3-sphere is obtained from s3 by surgery on K,
then there is a periodic transformation of this homotopy sphere of period n,

having knotted fixed point set.

THEOREM 6. Let K be a completely symmetric fibered knot. Then if
K does not have property P, there exists a non-trivial knot K’C s3
such that for some n> 1, the n-fold cyclic branched cover of S3

branched along K’ is simply connected.

It should be pointed out that the property of a knot being characterized
by its complement is considerably weaker than property P. For example,
it is immediate from Theorem 4 that the figure-8 knot is characterized by
its complement, while the proof that it has property P is known to be
difficult (see {71).

The following lemmas will be used to prove Theorems 4-6.

ILEMMA 2. The special genus of the torus link of type (n,nk), k# 0, is
hounded below by
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2k — 4 ;

: if n even

2
[ k] (2 -1) if n odd, k even
(n—l)(!kL(n+1)—2) if n odd, k odd .

Proof. The special genus of an oriented link L is defined here to be the
infimum of all geni of connected, oriented surfaces F locally flatly em-
bedded in D4, whose oriented boundary JF is the link L C dD*. This

special genus, which will be denoted g*(L), satisfies an inequality
loL)] < 2g*(L) + (L) - (L)

where o(L) is the signature, p(L) is the number of components and
n(L) is the nullity of the link L (see |8] or [10]). The lemma will be
proved by calculating o(L), p(L) and n(L), where L is the torus link
of type (n,nk), k> 0 (see [6]); then the result will automatically follow
for torus links of type (n,nk), k <0, since these are mirror images of
the above.

In what follows, assume k> 0,

2
o(L) = 2—‘2‘ k if n even

(i)
2
kﬂ_a“_l if 0 odd .

The signature o(L) is the signature of any 4-manifold which is the
double branched cover of D* along a spanning surface F of L having
the properties described above (see {8]). The intersection of the algebraic
variety {xeC3 :xrl1 + ng + xg =51, for small &, with the 4-ball
{xeC3: Ix| < 11 is such a 4-manifold. Its signature is calculated by

Hirzebruch (I13)) to be o' -0, where
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+ LN, . . /il i2 1

0 :#{(11,12).0< i; <nm, 0<12<nk§ such that 0<4 <t 2—<1 (mod 2)

== #(ir i,):0< 1, <n, 0<i,<nkl such that —1<-24 2,1 <0 (mod 2)
1/12)U< 1 50, U<y ok’ 2 ‘

i i\
In other words, if we consider the lattice points {(FI , n—12<> 0<i; <n, 0<i,< nk}

in the interior of the unit square of the xy-plane, and divide the unit square

y into positive and negative regions
'T as in Figure 10, then o' is the
(O D (Jé.)‘) G ,‘) total number of points interior to
! + ) the positive regions, o~ is the

) number of points interior to the

!

(0’ A — (I’ Zﬂ negative region, and their differ-
+ ence o' — ¢~ is given by the

>» X formulae in (i).

(B0 (hO)

Fig. 10.
(ii) L) = n-1 if n even
n if n odd, k even
1 if n odd, k odd .

The nullity of a link L is defined to be one more than the rank of the
first homology group H,;(M; R) of the double branched cover M of s®
branched along L; it follows that n(L) is independent of the orientation
of L. The result in (ii) can be easily obtained from any of the known

methods for calculating nullities (see [11]).
(iii) L) = n .

Substituting these quantities into the inequality gives the desired
lower bounds for g*(L). Note that except for the (2,+2) torus links,

none of the non-trivial torus links of type (n,nk) has special genus 0.
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In the next few paragraphs, B, denotes the braid group on n strings;
a single letter will be used to signify both an equivalence class of braids,
and a representative of that equivalence class; and the notation b will
stand for the closure of the braid b (i.e., the link obtained by identifying
the endpoints of b).

LEMMA 3. If be Bn(n > 3) is a braid with n strings which closes to
the trivial knot, and c ¢ B, is a generator of the center of the braid
group B, then the braid b- ck, keZ and k# 0, closes to a non-

trivial knot.

Froof. First observe that if b; and b, are n-stranded braids which
have identical permutations and which close to a simple closed curve such
that ¢ (b)) =g, and g (b,)=g,, then the closed braid by!-b, isa
link of n components whose special genus g*(bl—1 by) < gy +g,. This
is illustrated schematically by Figure 11. Imagine that the two abutting
cubes are 4-dimensional cubes I'l4 and 14, that their boundaries are Ss,
and that the closed braid tTi(i= 1,2) is positioned in I? as shown, with
the intersection El n 32 consisting of n arcs. Span each closed braid
Ei by a connected, oriented, locally flatly embedded surface of genus g;

in the cube I?. The union of the two surfaces is then a surface in 1% =

I'l4 U Ig, whose boundary in the 3-sphere d1% is the closed braid bl—l 'b2
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The boundary bl_1 ‘b, has n components because the braid bl_1 -b,
with n strings has the trivial permutation; hence attaching the two sur-

faces at n places along their boundaries does not increase the genus

beyond the sum g, + g,. The conclusion that g*(bl“1 ‘by)< g+ g, is
immediate.

Now suppose the conclusion of the lemma is false; i.e., for some
braid beB_  and ke¢Z,k#0, both b and b- ck close to a trivial
knot. Applying the result with b; = b and by - b- ck, we reach a con-

tradiction of Lemma 2, which is that g*(ck) <0+ 0, where ck is the

torus link of type (n,nk) n > 3. Therefore Lemma 3 must be true.
Now for the proofs of the theorems:

Proof of Theorem 4. Let K’= p,(K) and B P,(Ay). Then K is the
inverse image pgl(K') of the completely symmetric fibered knot K’
under a 2-fold cyclic branched cover Pyt s3> 8% branched along the un-
knotted simple closed curve B having K’ for generalized axis. The
knot K"=K_ ; also has repeated symmetries of order 2, and its com-
plexity is one less than that of K. Suppose K is not characterized by
its complement. Then a 3-sphere S3(K;m+kf), ke¢Z and k£ 0, may
be obtained from S3 by surgery on K. According to Theorem 2, this
3-sphere is the 2-fold cyclic branched cover of Ss(K'; m+2k?) branched
along B C S3(Km+2kf). By Waldhausen (113]), S3(K%m+2kf) must be
$% and BC S3(K;m+2kf) must be unknotted.

We will proceed by induction on the complexity of K. If K has com-
plexity 1, then B is some braid b ¢ B, closed about the axis K.
Since K’ is unknotted, S3(K’m+ 2kf) is again S3 and BCS3(K%m1 2k )

is the closed braid b- CZk in Ss, for some generator ¢ of center (Bn)
(recall Section II, §2). This simple closed curve is knotted, by Lemma 3,
which is a contradiction.

Next suppose that every knot of complexity n < N meeting the re-

quircments of the lemma is characterized by its complement, and let K
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have complexity N. From the induction hypothesis it follows that K’ is
characterized by its complement, and that Ss(K'; m+2k?) cannot be Ss,
which is a contradiction.

Hence K must have been characterized by its complement.

Proof of Theorem 5. Let B=p,(A;) and K'= p,(K). Then p, :83 .88
is an n-fold cyclic branched cover of s3 along the trivial knot B, such
that B is a braid beB, closed about the axis K’, and K = p_l(K’).
If K is not characterized by its complement in S3, then Ss(K; m+kf)
is the 3-sphere for some k ¢ Z, k# 0. It follows from Theorem 2 that
$3 is the n-fold cyclic branched cover of Ss(K; m +nkf) branched along
BC Ss(K'; m + nkf). Now since K’ =~ K is unknotted, the manifold
S3(K% m+nkf) is $3 and the simple closed curve B C SS(K'; m+nkl) is
the closed braid b- cnk

, for scme generator ¢ of the center of the braid
group B, . This closed braid is knotted by Lemma 3!

Similarly, if a fake 3-sphere S3(K;m+kf) may be obtained from s3
as the result of surgery on K, then this homotopy 3-sphere is the n-fold

cyclic branched cover of the 3-sphere along the knot b- an.

Proof of Theorem 6. The knot K is defined by a sequence KO,Kl,m,Kj:
Let K'i_1 = pi(Ki) and Bi—l = pi(Ai)' Then there are ni-fold cyclic
branched coverings p;: s3 5 s® branched along the unknotted simple
closed curves B; having K} for generalized axis, 0<i<j, such that
K, = pi"l(K’i_l). If K does not have property P, then a homotopy
sphere Ss(K; mi kf), ke”Z and k# 0, may be obtained from s3 by
surgery on K. This homotopy sphere is the nj-fold cyclic branched
cover of Ss(K'j__l;m+ njkf) branched along Bj_l C Ss(K'j_l;m +n1-kV,).

It is easy to show that the manifold S?’(K'j_l;m+ njkﬂ) = Ss(Kj_l;m+njk
is simply connected, and so on, down to S3(K1;m+ o nsnzkf). Now
S3(K1;m+n- nzkf) is the nl-fold cyclic branched cover of the manifold

J

Ss(K'O; me e n,n,kf) branched along B C S3(K'0; m+ - nznlkff).

Let B, be the braid b e B, closed about the axis K'O. Then the
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homotopy sphere S3(K1 ;m+n; -

j nyn,kf) is the n,-fold cyclic branched

n.---n,n, k
cover of S branched along the knot b-c J 21 , where, as usual,

c is some generator of center (Bn).
UNIVERSITY OF CHICAGO
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KNOT MODULES

Jerome Levine

Among the more interesting invariants of a locally flat knot of codimen-
sion two are those derived from the homology (with local coefficients) of
the complement X. Since, by Alexander duality, X is a homology circle,
one can consider the universal abelian covering X > X and the homology
groups Hq(i), which we denote by Aq, are modules over A = Z[t,t_l].
There is also product structure which will be brought in later.

The modules iAq} have been the subject of much study. In the classi-
cal case of one-dimensional knots the Alexander matrix (see [F]) gives a
presentation of A;. The knot polynomials and elementary ideals are then
derived from the Alexander matrix but depend only on A;. These considera-
tions generalize to higher dimensions (see [L1]). The Qlt, t~!-modules
3Aq®zQi are completely characterized in [L 1} — this is a relatively simple
task since QIt, t~!1 is a principal ideal domain. We will be concerned
here with the integral problem.

There is quite a bit already known; we refer the reader to [K], [S], [G],
[Kel, [T 1]. It is the purpose of this note to announce an almost complete
algebraic characterization of the {Aq} — except for the case gq= 1.

In addition we will derive a large array of invariants of a more tractable
nature from the {Aq§ and try to give an exact description of their range.
Some of these invariants are already known, but many are new. Finally,
we will be able to show that these invariants completely determine Aq'
under certain restrictions. In this case the invariants consist of ideals,

idcal classes and Hermitian forms over certain rings of algebraic integers.
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§1. Module propertics of {Aq}

It is well-known that Aq is finitely generated, as A-module, and
multiplication by the element t—1¢ A defines an automorphism of Aq
(see e.g. [K]). But the deepest property is that of duality. This has been
observed in many ways, but I would like to present a new formulation
which seems like the most suitable.

The duality theorem of [Mi] yields the isomorphism:
™ A ~ HY'?~9(X,9%) .

In this equation, n is the dimension of the knot (a homotopy sphere which
is a smooth submanifold of S™ 2) and H:(f(, 85() is the homology of the
cochain complex Hom A(C*(f(, (7).(),/\). C*()~() and C*(f(, 85() are con-
sidered as left A-modules and the right action of A on A puts the
structure of a right A-module on H:(i(,&f(). ﬁq(f() denotes the right
A-module defined from the original left A structure by the usual means:
ak =Aa, where A e A, ae Hq(i) and A > X is the anti-automorphism of
A defined by f(t) - f(t—l). Now (1) represents an isomorphism of right
A-modules.

We now use the universal coefficient spectral sequence (see e.g. [M;
p. 323)) to reduce H:()—(, 85() to information about H*(f(, 85(). Since A
has global dimension 2 and the §Aq§ are A-torsion modules, the spectral
sequence collapses to a set of short exact sequences. Using (1) and the

trivial nature of dX, we derive the following exact sequences for 0<q<n:

2 - 1
@ 0 > Exty(A,_,A) > A, > Extp(A A) -0

and

n+l-q’
Aq=0, for q>n .

To properly interpret (2) we define T to be the Z-torsion submodule
of A and F = A /T It is not hard to show that T is finite (see
(K1) It can then be shown that ExtA(A A) is a 2- tor510n module and
depends only on Ti , while ExtA(Ai, A) is Z-torsion free and depends

on F,. As a result, (2) can be rewritten:
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. = 2 B
(3) T, = ExtA(Tn_q,/\) for 0< q<n, Tq=0 for g>n .

= 1
(4) Fq =~ Ext/\(Fn A) for 0< q<n, Fq =0 for q>n .

+1—-q’

%2. Product structurc on {Aq§

The chains of X admit an intersection pairing with values in A (see
[Mi], IB]) which satisfies the Hermitian property: a-f =(__1)q(n+2—q)§_;’
when a ¢ Cq(i), BeC
usual way on H(X), but, since Aq is A-torsion, this pairing is trivial.

- Q(A)/A where

n+2_q()-(). This induces a Hermitian pairing in the

One can then define a linking pairing: Aq X An+1—q
Q(\) is the quotient field of A, in a manner entirely analogous to the
usual linking pairing in the Z-torsion part of the homology of a manifold.
This is just the Blanchfield pairing (see [B], [Kel, [T 2]). Under the
canonical isomorphism HomA(A,Q(A)//\) = Ext/l\(A,/\), for any A-torsion
module A, the isomorphism (4) is adjoint to the Blanchfield pairing

(which vanishes on Z-torsion). The Hermitian property of this pairing

vields the following strengthening of (4),

(4 If n=2q-1, the isomorphism of (4) corresponds to a pairing
< > Fq x Fq » Q(A)/A satisfying the Hermitian property:
<a,B>= ()T <Ba>.

One can define a more obscure linking pairing on the Z-torsion:
e Tq X Tn—q - Q/Z, which is Z-linear, (_l)q(n—q) symmetric and
admits t as an isometry i.e. [ta,tB]=[a,B]. In the case of a fibered
knot (see [S]) Tq is the Z-torsion subgroup of Hq(F), where F is the
fiber, and [,] coincides with the usual linking pairing on H_(F). This
pairing relates to (3) as follows. It can be shown that Exti(T, A =
llomZ(T, Q/Z), canonically, as A-modules, for any finite A-module T.
It turns out that, under this isomorphism, the isomorphism of (3) is adjoint

fo |,]. The symmetry of [,] yields a strengthening of (3):

(3) If n=2q, the isomorphism of (3) corresponds to a Z-linear pairing

[,1: Tq x Tq » Q/Z satisfying the symmetry property la,B]= (=1)3[B,a]
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§3. Obstructions to smoothness of 3-dimensional knots

If < ,>Aq>< Aq > Q(A)/A is the pairing of (4), when q is even,
Trotter defines an associated unimodular, even, integral quadratic form A
(see [T 2]). The signature o(\) is a multiple of 8. A smooth, or even
PL locally flat, knot bounds a submanifold M of S™2 and it is not
hard to see that o(A) is the signature of M. We conclude from Rohlin’s

theorem:

(5) If n=3, the quadratic form associated to the pairing <,> of (4)’
has signature = 0 mod 16, when the knot is smooth or PL locally

flat.

There do exist topological locally flat knots for which ¢(X) £ 0 mod 16
(see [CS] or [Kal).

84. Realization Theorem: We now present our main geometric result.

THEOREM. Suppose that {Fq,TqE is a family of finitely generated
A-modules on each of which t—1 is an automorphism. Suppose, further-
more, that Fq is Z-torsion free, Tq is finite and they satisfy (3), (3),
(4) and (4)’, for a certain n> 1, and (5) if n=3. We also
assume T = 0.

Then there exists a smooth n-dimensional knot in (n+2)-space with
Fq’Tq and the pairings <,> of (3)" and |,]) of (4)" as the associated

knot modules and linking pairings.

REMARKS:

(i) One can realize many T, # 0 using the twist-spinning construc-
tion of Zeeman [Z].

(ii) In the case n=3, I do not know which (F2,< ,>) not satisfying
(5) can be realized by topological knots.

(iii) In the case n = 2gq-1, g > 2, the isotopy class of the knot is
completely determined by (Fq,< ,>) when X is (q—1)-connected
(see [Ke] or [L 2] and [T 2]).
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(iv) This theorem includes previous results of [K|, [G], [Kel. In par-
ticular, it is interesting to compare the middle-dimensional results’

of [K] and [G], which are stated in terms of presentations of Fq

or Tq'

45, Algebraic study of {Tq§

We now turn to the algebraic consideration of the modules Fq, Tq and
pairings <,> [,]. We will attempt to extract reasonable invariants, de-
termine the range of these invariants and, in some cases, use the invariants
to classify.

Let T be a finite A-module. We may, without loss of generality,

assume T is p-primary for some prime number p. Consider the associated

modules: i1 i
T, - Kerp™ @ T
@ Ker p1 p1+1 T

These are modules over the principal ideal domain Ap = Z/(p)t, t_l].

PROPOSITION,

(i) There is a natural exact sequence of /\p-module:
P i) P i+1

(ii) Given any finite collection {T-,Tif of A_-modules together with
i
exact sequences: 0T, , > T; - T i+, 0, there exists a
finite p-primary A-module T such that Ty~ T;, (@) ~ 7i

and the exact sequence of (i) corresponds to the given one.

The modules T(i)’ T are described entirely by polynomial in-
variants in A_. These include the local Alexander polynomials con-
sidered in [K] and [G]. The proposition makes it a straightforward matter
to write down the range of these invariants for Tq if g< ;—n.

When n:. 2q, there is more to be said. For example, let /.\i =

'l‘(i)/p T(in)' The pairing 1,1 of (3) yields a non-singular
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(-1)%-symmetric pairing Ai x Ai - Z/(p), for which the action of t is an
isometry. Conversely, given {z\ﬁ with such pairings, there exists T
with a pairing |,] inducing the given ones. Now it is not too difficult
to determine those /\p—modules Ai which admit such pairings. It is
interesting that one obtains different answers for q even and odd and,
therefore, the possible Tq, for n-dimensional knots where n = 2q, are
not identical.

Of course, the polynomial invariants derived here do not classify the

module Tq’ in general.

§6. Algebraic study of inf
Let F be a finitely generated A-module which is Z-torsion-free.

Let ¢ ¢ A be an irreducible polynomial and define:
F(b, i) = Ker ¢1/Ker 31™1; then F(b,i) is a A/(¢)-module .

Multiplication by ¢ induces a monomorphism: ¢ :F(¢, 1) » F(é, i—1).
Suppose R = A/(¢) is a Dedekind domain (for example, if ¢ is quadratic
this will happen when the discriminant of ¢ is square-free) (see also

[T 1]). Then the {F(¢,i)! or, even better, the quotients F(¢,i—~1)/¢F(d,i
yield invariants of F in the form of ideals in R, ideal classes, and
ranks. These include all the rational invariants [L 1] and the ideal class
invariants of [FS|, and the ideals are certainly related to the elementary
ideals of F in A (see [F1). Furthermore, it is not difficult to determine
the range of these invariants, for q < —%—(n 1), by constructing F to
realize any collection of {F(¢, i)i.

The effects of the duality relations (4), (4) on these invariants seems
complicated, in general. This is also true of the question of classifica-
tion. Both of these problems are made manageable by imposing a
‘““homogeneity’’ restriction on F.

Suppose F is ¢-primary i.e. &'F = 0, for some r. Then we may
consider F as a module over A/(¢") = S. Let Sy be the localization

of S at the prime (¢)—S; is a principal ideal domain. Then
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I"¢ FegS, (because F is Z-torsion free). Now FeS, =~ g: F,, where
i<r

I is a free SO/(gbi)-module. We say F is homogeneous of degree d if
I -0 for all i#d. (I’d like to thank David Eisenbud for this formulation

of homogeneity.)

PROPOSITION,
(i) If F is homogeneous of degree d, then the isomorphism class
of F is determined by the isomorphism class of the nested

sequence of R-modules:

F(¢,d) » F(¢,d-1) » --- > F(&,1) .

All the F(¢,i) are R-torsion free modules of the same rank.
(i) Given any sequence: By > Bd—l »-+>B; of R-torsion free

modules of the same rank, there is a homogeneous ¢ -primary

A-module F of degree d, whose associated sequence

F(¢,d) »---» F(¢,1) Is isomorphic to the given one.

We are still assuming R is Dedekind. If the class number of R is
zero, i.e. it is a principal ideal domain, the classification of the nested
sequence {F(¢, i)l can be formulated in terms of row-equivalence of
matrices over R. If the rank of the F(¢,i) is one, the {F(¢,i)} are
just a sequence of ideals in R, determined up to scalar multiplication.

Note that S, = Qlt, t=11/(¢") and so the condition of homogeneity
can be formulated in terms of the polynomial invariants of [L1].

Of course these results extend to sums of homogeneous modules.

Suppose n=2q—1, and F has a pairing <,> asin(4). If ¢ is
relatively prime to (_;5, then <,> pairs the ¢-primary component of F
to the g—primary component (when F is the sum of its ¢-primary com-
ponents, over all ¢). No further restriction is imposed on the c-primary

component by the existence of <,>.
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If ¢>,; ate associate elements of A we may assume ¢ = (_;5 (see
[L1D). F(4,1) inherits a (——1)q+1-Hermitian non-degenerate pairing from

<,> which we denote by:
<> F(o, D x F(e, 1) » S/ () = QR)

the quotient field of R.

PROPOSITION. Suppose F is homogeneous ¢-primary of degree d,
where ¢ = (; Then
(i) F(p,i) is dual to F(,d—i+1) under <,>’, i.e. <F(d,1i),
F(#,d~i+1)> C R and the induced pairing < > Fl@,D)x
F(¢,d—i+l) » R is non-singular.
(ii) The injections ¢ :F(p,1+1) » F(é,1) and F(d,d—i+l) >F(p,d—i)
are adjoint with respect to < ;> and <> .
(iii) The isomorphism class of (F,<,>) is determined by that of the
system (F (6, D, <,>).
(iv) Given <,>" on F(¢,1) satisfying (i), (ii), there exists < ,>

on F inducing it.

Thus the isomorphism classes of such (F, <,>) correspond to the
isomorphism classes of torsion-free R-modules B equipped with a non-
degenerate (non-singular, if d is odd) (-—1)q+1-Hermitian pairing and a
sequence- of submodules of equal rank: ByC By_; C:--C B, =B, where
d = 2c—1 or 2c¢~2, by setting B, = F(®, i).

A solution of the local classification problem i.e. over the completions
of R, can be derived from [J].

The simplest case is rank one. The {Bi} are fractional ideals of R;
the (—l)q+l—Hermitian pairing corresponds to a non-zero A ¢ Q(R) such

that A = (=1)3*!' X and:

fl

R if d odd,
() ABB

M

R if d even.
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I“quivalence becomes fBi,/\f ~ {u Bi,)\/;zﬁ}, for any non-zero p ¢ Q(R)
(compare [T 1]). For example, if ¢ is quadratic we may write b = at? +
(1-2a)t + a, for an integer a; R is Dedekind if and only if 4a—1 is
iquare-free. The class number of R is a divisor of the class number of
the ring of algebraic integers R, in the algebraic number field generated
by a root of ¢. Condition (*) is never satisfied if q is even and d odd.
Otherwise such a A exists for any B.

If a=p™, for some prime p, the computations become reasonable.
I'or example, the class number of R is 1/m times the class number of
R,, and for q and d odd, for each B, there are two (for m odd) or
four (for m even) inequivalent Hermitian forms. If d is even, there are
an infinite number of inequivalent forms. We record here the non-trivial

class numbers of R for p™ < 125:

class number p™
2 13, 23, 29, 31, 47, 49, 64, 67, 121
3 53, 71, 83
4 73, 89 .
BBRANDEIS UNIVERSITY
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THE THIRD HOMOTOPY GROUP
OF SOME HIGHER DIMENSIONAL KNOTS

S. J. Lomonaco, Jr.

0. Introduction

In 1962 Fox [1] posed the problem of computing the second homotopy
proup of the complement st _ k(Sz) of a (4,2)-knot as a Zn,-module.
Although Epstein [3] had previously shown that 7, as an abelian group
(without Zm,-action) was algebraically uninteresting, Fox pointed out that
this might not be the case when the action of #; on 7, is considered.
Since then some progress has been made. In[6, 7, 8] a presentation of
the second homotopy group of an arbitrary spun knot [5] was calculated as

a4 Znm -module and found to be algebraically non-trivial. In particular,

THEOREM 0. If k(Sz) C $* isa 2-sphere formed by spinning an arc «a
about the standard 2-sphere s? and (X, xpirg,m e, 1) is a presenta-

tion of m (S*—k(S?)), then

(xl,---,xn LD, @r/x)X; =0 (0< < m)>

1s a presentation of 17?(54—1((52)) as a Zm, -module, where Iy =
ro(Xy,*,X,) 1is the image of the generator of 7 (s? —a) under the inclu-
sion map and the symbols ari/axi denote the images of Fox’s derivatives

(9] in = (S* —k(S?)).

Little appears to be known about the higher dimensional homotopy
groups. In this paper a procedure is given for computing a presentation of

7, of a spun knot as a Zm -module. Specifically,
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THEOREM 1. Let (S4, k(Sz)) be defined as in Theorem 0 above. Then
773(S4 - k(SZ)) Is isomorphic as a Zm,-module to 1‘(772(54 - k(Sz)), where
I" denotes a functor defined by J.H.C. Whitehead [10, 11] and later

gencralized by Eilenberg and MacLane [12, 13]. Hence, w, as a

3
Zn,-module is determined by m, and Ty

COROLLARY 2. If 7, £ 0, then m, of a spun knot as a group (i.e.,

without Zn, -structure) is free abelian of infinite rank. Otherwise, my=0.
THEOREM 3. Let k(S2) cs? bea 2-sphere formed by spinning an arc a
about the standard 2-sphere s% and (%9, X Ty, rm) be a presenta-
tion of m, (S4 — k(Sz)). Let 1o = 1g{Xy, o0, %) be the image of the genera-
tor of m, (S% — k(S?)) under the inclusion map and X; and ari/(?xj be as
in Theorem 0. Then as a Zm -module, 773(S4 - k(Sz)) is generated by the

symbols

subject to the relations

2}’(Xi) = [Xi’ Xi]

n 1<i,j<n
y <2 (0rk/5xj)Xj>= 0
j=1 0<k<m
I:Xi,g 2'(8rk/8xi)xjj|: 0
! gem

[Xi’ ng] = g[Xj, g—lxi]

where [Xi’ gXi] is the Whitehead product of X; and ng and y(X;) Is
represented by the composition of the Hopf map $3 552 witha representa-

tive of Xi'

Applications of the above theorem to specific examples can be found

in the last section of this paper.
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I would like to thank Richard Goldstein for his helpful comments
during the preparation of this paper and also Peter Kahn for suggesting

the- ubove more general formulation of Theorem 0.

It-MARK. The methods of this paper may easily be extended to p-spun
knots,
I. Definition of a Spun Knot

et S° be a standard 2-sphere in the 3-sphere S% and let a be a
irolyhedral arc with endpoints lying on S? and with interior lying entirely
within one of the two components of s3 _s2, (See Figure 1.)

If a is spun about s? holding S? fixed, a knotted 2-sphere k(Sz)
m St s generated [5]. If one would like to think of the spinning as
taking place in time, then at time 0, the arc a would appear on the
tipht of the 2-sphere as indicated in the figure. It would then immediately
vanish into another 3-dimensional hyperplane and after rotating through
180" suddenly reappear inside s? as indicated by the dotted arc on the
left of Figure 1. Again it would disappear into another 3-dimensional
hyperplane and rotate through the remaining 180° until it suddenly re-

appeared on the right closing up the knotted 2-sphere k(Sz).

IL my= I“(nz)

The complement X = st _ k(Sz) of an arbitrary spun knot (S4, k(Sz))
will not be examined in more detail. Let Xo= s3 _ k(Sz) be the
3-dimensional cross-section shown in Figure 1, and X, and X_ denote
the closures of the two components of X — X,. Let p: X > X be the
universal covering of X and ii = p"l(Xi) for i=+, 0, and —.

Since nl(Xi) - my(X) are all onto, it follows from the homotopy

sequence of the fibration

7, (X) > X - X;

that X, is connected and

1r (X)) - or (X)) > m (X)) > 1
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-t e w —— — — —

Figure 1. Spun 2-sphere
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1s exact for i =+, 0, and — . Moreover, since 7, Xy) - "1(X) is an
isomorphism onto [5], it follows that )~(+ are simply connected, and hence

are the universal covers of X,. Thus,

1.LEMMA. The lift 5(0 of X, to the universal cover of X 1s connected
and (5(0) is the kernel of 7,(X,) > m(X). Moreover, the lifts ii of

X, are the universal covers of X,.

Since )-(" and )~(_ both collapse to the right half of 5(0 via a deforma-
tion arising from the spinning, Hurewicz’s theorem coupled with the
asphericity of knots [4] yields that Hn(ii) =0 for n> 1. Hence, from
the Mayer-Vietoris sequence for the triad ()~(; )~(+, )~(_), we have

H,(X) =H__ (X,) for n>2. Thus,

1.EMMA. H2(X) ~ H1(Xo) and

H (X)=0 for n>2 .

Proof. Since X collapses to a 3-dimensional CW-complex [8], the last
part of this lemma is obviously true for n > 3. H3()—() = H2()~(0) can be
:shown to be equal to zero by an analysis of the foliowing decomposition
of X R

Let X, denote the closure of the two components of X, — S2. Then
Xy - X“S UXy and X, =X5N X5 is S? minus the two endpoints of a.
lence, Xy, is a homotopy l-sphere and 7 (X,,) is infinite cyclic.
Since m; (Xg) >y (X) is an isomorphism onto [5], it follows from the

homotopy sequence of the fibration

o
7 (X) > X5 > X

-+
that X, are simply connected. Applying the asphericity of knots (4], we

~+
have that H,(Xj) = 0. After inspecting the Mayer-Vietoris sequence for
the triad ()~(0; 5(“6,5(5), we have
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Hy(Xp) = H, (Xg) -

Since the image of a generator of 7y (Xoo) in 7,(X) has a linking number
of £1 with respect to k(Sz), nl(Xoo) - 771(X) is a monomorphism. Thus,

from the homotopy sequence of the fibration

mX) > Xgg > Xgo >

we have that 5(00 is simply connected. Hence, H3()~() o H2()~(0) o Hl(ioo
=0,
With the above lemma and J.H. C. Whitehead’s Certain Exact Sequence

[10, 11], we have
7 (X) = l—‘n(X) for n>3 .

Hence, FS(X) = l‘(772(X)), where I' is an algebraic functor defined by
J.H. C. Whitehead [10, 11] and later generalized by Eilenberg and MacLane
[12, 13]. This formula gives an effective procedure for computing 7 3(X).

In summary, we have

THEOREM 1. 7,(S* —k(S?)) =~ I'(m,(X)). Hence, the third homotopy group
of a spun knot as a Zm -module is determined by the first and second

homotopy groups. As an abelian group, it is determined solely by My

From [3], 7,(X), if non-zero, is free abelian of infinite rank. Since

I' never decreases the rank of a free abelian group, we have

COROLLARY 2. The third homotopy group of a spun knot as a group is
free abelian of infinite rank if the second homotopy group is non-zero.

Otherwise, it Is zero.

III. Whitehead’s Functor
A more detailed understanding of J. H. C. Whitehead’s functor I’
[10, 11] is needed to compute a presentation of 74(X). Very briefly, I’

is defined as follows. (For more details see {10, 11].)
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Let A be an additive abelian group. Then I'(A) is an additive
abelian group generated by the symbols

{y(a)ga €A
subject to the relations
y(=a) = ¥(a) 1)

y(a+b+c) — y(b+c) — y{c+a) — y(a+b)

+y(a) + y(b) + y(c) = 0 . )

Define [a,b] by
y@+b) = y(a) + y(b) + [a,b] .

‘Then, [a,b] is a measure of how close y is to a homomorphism,
The following relations are consequences of (1) and (2).
y(©) =0
2y(a) = la, al
fa,b+c] = [a,b] + [a,c]
[a,b] = b, al

y<2 ai> - 2 ya) + X, laj,a)

i i i<j
y(na) = nzy(a) .

A proof of the following theorem can be found in (10, 11],

TUEOREM. If A is an additive abelian group with generators a; and

relations bj , then I'(A) is an additive abelian group with generators

fy(@apt U f[ai,aj]ij
and relations

by 0F U Hlag, b1 =0} .
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Finally, if A admits a group of operators W, then so does 1'(A),

according to the rule
wy(a) = y(wa)

for weW and a e A.

IV. Computation of m4(S*~k(s?))
From Section II, 773(X) >~ 1—‘(772()()), and from Section III, 773(X) is
generated by
{y(f)%fmz(x) and {[£,¢ ”f,f'(ﬂz(X) .
In [10, 11] J. H. C. Whitehead demonstrates that [£,£’] is the Whitehead
product of & and &’ and that y(£) is represented by the composition

of the Hopf map s3 582 witha representative of £. Hence, we have

THEOREM 3. Let k(Sz) C S* be a 2-sphere formed by spinning an arc a
about the standard 2-sphere s? and (g, g iy, ) a presentation
of 771(54— k(Sz)). Let ry = to(x;,-", %) be the image of the generator of
7y (52 — k(Sz)) under the inclusion map and X, and ari/axj be as in
Theorem 0. Then as a Zw,-module, 773(54 - k(Sz)) Is generated by the
symbols

y(Xp. X, eX{] (I<i,j<n; gem)

subject to the relations

n 1<i,j<n
y <2 (ark/axj)xj> -0
i=1 0<k<m
j gemy

-1

where [X;,gX;] is the Whitehead product of X; and gX; and y(X;) is
represented by the composition of the Hopf map $3 . S? with a repre-

sentative of Xi.
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V. Examples
EXAMPLE 1. If the trefoil is spun about S?, then

771(54—1((52)) -~ la,b: baba_lb"la_l’;
772(54_1((52)) = IB: (1-atba)B=0 |
2y(B) = [B, B]

(1—a+ba)y(B) = — B, baB]
738*—k(s?) = |y(B),[B,gBl, (gemy) :
[B,gB] —[B,gaB] +[B,gbaB|=0

|B,gBl = g[B,g~'B|

where [B,gB] is the Whitehead product of B and gB and y(B) =
(Hopf map)o B. (See Figure 2.)

I'XAMPLE 2. If the square knot is spun about Sz, then

nl(S4—~k(52)) = la,b,c : baba_lb—la_l, caca—lc"la_l!_

758 —k(8%)) = |B,C : (1-a1ba) B = 0 = (1-a+ca)C|

2y(B) = [B,B], 2y(C) = [C,C]
(1-a+ba) y(B) = — [B,baB]
y(B)
(C) (1—-a+ca)y(C) ~ —~ |C,caCl
(8,81 [B,gB] — |B,gaBl + [B,gbaBl = 0
7,(8% — k(s?)) = [C’ c>l. [C,gB] — [C,gaB] + [C,gbaB] = 0
[B’gc] [B,eCl — |B,gaC] + [B,gcaCl = 0
[C,gB] [C,gC] - [C,gaC] + [C,gcaC] = 0
‘%0 IB,gB] = g[B,g"!BI, [C,eC] = glC,g~1C]
[B,gCl = glC,g~!B]

where g ranges over my.
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Figure 2. Spun Trefoil
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OCTAHEDRAL KNOT COVERS

Kenneth A. Perko, Jr.

One of Fox’s continuing interests was the investigation of noncyclic
covering spaces of knots, i.e., those which belong to a homomorphism of
the knot group onto a noncyclic group of permutations [2]. Unfortunately,
criteria for the existence of such coverings are still rather rare {7, Ch. VI;
10]. With the help of his suggestions on Lemma 1, we derive (geometri-
cally) a necessary and sufficient condition for a knot group to have a

representation on the symmetric group of degree four.

THEOREM. A knot group admits a homomorphism onto S, il and only if

it admits one onto 53‘

““Only if’’ follows trivially from the homomorphism ¢ of S, on S,
obtained by factoring the former over its normal subgroup isomorphic to
the four group [4]. To prove sufficiency, we show that any homomorphism
h of a knot group on S; may be lifted toan H on S, such that HC: h.
There are two types of H: those which send all meridians to elements of
period 2 (simple H), and those which send them to elements of period 4
(locally cyclic H). Let M; be the branched 3-fold (dihedral) covering
spuce of s? associated with an arbitrary h 12, §84-5].

1.kMMA 1. h lifts to a simple H il and only if H;(M;;Z) maps homo-
morphically onto Z,.

LIEEMMA 2. h [ifts to a locally cyclic H whenever some odd multiple of

the branch curve of index 2 in M, is strongly homologous to zero.



48 KENNETH A PERKO, JR.

If the condition of Lemma 2 is not satisfied, then that of Lemma 1 is
satisfied by mapping this branch curve to the generator of Z,. This

proves the theorem, modulo the lemmas.

Proof of Lemma 1. Let i symbolize (jk) and —i symbolize (i4) where
{i,j, ki =11,2,3}. Then g maps *i to i. h may be thought of as an
assignment f of symbols i=1,2,3 to segments of a knot diagram
(x,y,z at each crossing) such that f(x)+ f(z) = 2f(y) mod 3, where y

is the overpass [2, §11. Consider, at each crossing, the cellular decom-
position of M, discussed in [8). (Cf. 17, Ch. 1MI].) Let x,y,z represent
also the 2-cells which lie beneath corresponding segments and are visible
on the right from the (i+1)th (mod 3) copy of S3. Branch relations for
H;(M;;Z) insure that the other 2-cells adjoining the branch curve of
index 2 are homologous to —x,-y,—z. At a crossing where f(x) = {(y)
the Wirtinger-like homology relation is x—2y +z ~ 0, while at a crossing
where f(x) # f(y) itis x+y+z ~ 0. This may be verified by examining
the various possibilities. Clearly H;(M;;Z) maps homomorphically onto
Z, precisely when there exists a mapping m of all x,y,z on integers
{0,1} such that all these relations are congruent to 0 mod 2 (i.e., there
are either none or two 1’s at the second type of crossing and m(x)=m(z)
at the first). If we interpret m(x) = 1 as placing a minus sign before

f(x), we see that these conditions are identical with those for the exist-
ence of a lifted, simple H. Again, this may be verified by examining the

various possibilities.

Proof of Lemma 2. Now let i symbolize (ij4k) and —i symbolize
(ik4j) where i=j—1=k-2 mod 3. Again, { maps *i to i. Here, how-
ever, it is necessary to distinguish between two different types of cross-
ing where f(x) £ f(y), depending on whether the segment x for which
f(x) = f(y)-1 mod 3 lies to the right or left of y. At a crossing of the
first type, the associated equation for constructing a hypothetical 2-chain
which bounds t times the curve of index 2 is x+y+z- t. (CI. [8, §21.)

For the second, it is xtyiz 2(. At a crossing where f(x) f(y), itis
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x—2y+z = 0. Here, of course, we let x,y,z represent also the dummy
coefficients assigned to the 2-cells x,y,z. Coefficients of the other
2-cells adjoining this branch curve are then t-x, t—y, t—z by the branch
cquations. If all of these equations have a solution (in integers) for some
odd t, then we may assign signs + or — to each f(x) according as the
congruence class mod 2 of the coefficient x is 1 or 0, and such an
assignment will yield a lifted, locally cyclic H. Again, this latter asser-
tion may be verified by examining the various possibilities to see that the
behavior of the sign of the symbols *i is reflected by these equations
(interpreted as congruences mod 2) at each type of crossing.

It may be conjectured that every h lifts to a locally cyclic H.

From the coset representations of (abstract) S, which belong to its
nonconjugate subgroups [1] we may construct, for each H, a partially
ordered set of connected covering spaces of SS, branched along the knot,

which cover each other as indicated below:

NN
LI,
N

The covering maps may be thought of as the identification of corresponding
points in various copies of S3. Cf. [9].

In view of the recent result of Hildén [3] and/or Montesinos [6], these
coverings may be relevant to the classification problem for 3-manifolds.
Note that any H is consistent with the D-operations of [5], discovered

independently by Fox and adverted to in [2, §4].

NEW YORK, NEW YORK
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SOME KNOTS SPANNED BY MORE THAN ONE UNKNOTTED
SURFACE OF MINIMAL GENUS

H. F. Trotter

%1. Introduction

A spanning surface of a tame knot K in S3 is a tame orientable sur-
face F embedded in S3 with K as the unique component of its boundary.
We call two such surfaces directly equivalent if there is an orientation-
preserving homeomorphism of S® onto itself that carries one surface onto
the other and preserves the orientation of K. They are said to be
inversely equivalent if there exists such a homeomorphism reversing the
orientation of K (but still preserving that of S3), and are equivalent if
they are either directly or inversely equivalent. (We shall not be con-
cerned here with the stronger notion of equivalence under isotopy leaving
K fixed.)

In this paper we give some examples of knots with spanning surfaces
of minimal genus that fall into more than one (direct) equivalence class.
lixamples of knots of this kind have been given by Alford, Schaufele, and
l.yon [1,2,6]. The inequivalent surfaces exhibited in these examples
have complements which are not homeomorphic. The contrary is true in
our examples. In fact, all the surfaces that we consider are ‘“‘unknotted’’
in the sense of having complements which are handlebodies.

We prove inequivalence by showing that the Seifert matrices of the

““natural’’

1clevant surfaces are not congruent. (Thus we have some
examples of matrices which are S-equivalent [11] but not congruent.) This
matrix condition is of course only sufficient for inequivalence, not neces-
sary. It can be shown to hold for infinitely many knots of genus one. Al-
though I am sure that it holds for infinitely many knots of every genus, I

have no proof of the fact,
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In Section 2 we describe the (generalized) pretzel knots which furnish
our examples, and in Section 3 discuss their Seifert matrices and related
algebraic invariants. Section 4 describes the method used to prove non-
congruence of the matrices, and Section 5 summarizes the arithmetic in-

volved in our examples.

§2. Pretzel knots and surfaces

For (py,~--,p,) an n-tuple of integers, let F(py, -, P,) be the sur-
face consisting of two horizontal disks (lying one above the other like the
top and bottom of a vertical cylinder) joined by n twisted but unknotted
vertical bands, where the ith band in order has lpi'q half-twists, right or
left-handed according to the sign of p;. Figure 1 shows an equivalent

surface in a form that is easier to draw. Let K(p;,-:, pn) be the knot or

/

K

F(,3,1,1,-3)
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link formed by the boundary of F(p;,---,p,). Reidemeister [8] called
knots of the form K(p,, Py, P3) ‘‘pretzel knots’’ and it seems appropriate
to extend the terminology.

F is orientable if and only if all the p; have the same parity, and
the boundary of F has more than one component if they are all even, or
if they are all odd and n is even. We therefore assume from now on that
n and all the p; are odd. F(p, -, P,) is then an orientable surface of
genus h, where n=2h+ 1,

Let us say that (g, qn) is a cyclic rearrangement of (p1 IR pn)
if there is some k such that q; - Pj, forall i, interpreting the sub-
scripts modulo n. (This is not quite the same thing as a cyclic permuta-
tion, since the p; need not be distinct.) The following statement is

obvious from the construction of F.

Qen It qy, 5 a,) is a cyclic rearrangement of (py,»py) then
F(q,,---,q,) and F(py,-,p,) are directly equivalent.

Contemplating the effect on Figure 1 of a 180° rotation about a vertical

axis lying in the plane of the paper makes the following clear.
(2.2) F(py, -, pn) and F(pn,---, p;) are inversely equivalent.

Let us call an n-tuple (p;,"-,p,) fully asymmetric if the only re-
arrangements of it that yield a directly equivalent surface are the cyclic

rearrangements. In later sections we shall prove:
(2.3) The n-tuples (5,3,1) and (5,3,1,1,1) are fully asymmetric.

The same method of proof can presumably yield many more examples, but
individual calculations are required in each case, and it is difficult to
draw general conclusions. I conjecture that all n-tuples (with n and all
the p; odd) are fully asymmetric, unless both +1 and —1 occur in the
n-tuple. (In the latter case the surface has an ‘‘unknotted’” handle that

can be moved around freely.) I have, however, no solid supporting evidence
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It follows from (2.2) that if (Py,**»Py) is fully asymmetric, and
(ag.* q,) is a rearrangement of it, then F(qy,r+,q,) is inversely
equivalent to F(py,---,p,) if and only if (qq,"-, q,) is a cyclic rearrange-

ment of (p,, -+, p;). Thus (2.3) amounts to the following assertions.

(2.4) F(5,3,1) and F(5,1,3) are not directly equivalent but are in-

versely equivalent.

(2.5) Notwo of F(5,3,1,1,1), F(5,1,3,1,1), F(5,1,1,3,1), and
F(5,1,1,1,3) are directly equivalent, but the first and fourth are

inversely equivalent, and so are the second and third.

Figure 2 illustrates an obvious equivalence between the knots
K(¢--,p,1,-+-) and K(--+,1,p,--). More generally, any p; equalto 1 or
—1 can be permuted freely in the n-tuple without changing the equivalence
class of the associated knot. (See Conway’s remarks on ‘‘flyping’’ in {5],
and the operation of type .5 of Reidemeister [7].) As immediate conse-

quences of (2.4) and (2.5) we have:

(2.6) The knot K(5,3,1) has unknotted spanning surfaces of minimal
genus falling into at least two distinct classes under direct equiva-

lence.

(2.7) The knot K(5,3,1,1,1) has unknotted spanning surfaces of mini-
mal genus falling into at least four classes under direct equivalence,

and into at least two classes under equivalence.

Similar examples obviously arise from any fully asymmetric n-tuples
that contain 1 or —1 (with the exception of trivial cases like

(3,1,1,1,1) for which all rearrangements are cyclic).

§3. Seifert matrices of pretzel surfaces
Let F be a spanning surface of genus h for the oriented knot K.
The Seifert form of F is a bilinear form Sy defined on the homology

group H,(F) by taking Sg(u,v) to be the linking number in S3 of a
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cycle representing u and a translate in the positive normal direction to

Fig. 2.

F of a cycle representing v. (The positive direction is to be determined
by some convention from the orientations of S3 and K.) A Seifert matrix
for F is obtained by choosing a basis Uy, Ugp for H1 (F) and setting
vij - SF(ui'uj) for 1<1i,j<2h. A different choice of basis gives a

matrix W such that W PVP’ with P an integral unimodular matrix.
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The integral congruence class of its Seifert matrices is thus an invariant
of F,

Let n=2h+1 and consider the surface F(p;,:-,p,) where p; =
Zki + 1. The cycles uy,--,u,}, where u; runs up the (i+1)st band and
down the ith, form a basis for H;(F). Define V(p;,":-,p,) to be the
Seifert matrix for F with respect to the basis (—1)i+1ui. (Putting the
alternating sign in here keeps minus signs out of the matrix.) Following
around u; one encounters p; + P4 half twists or k; + k; ; +1 full
twists. Thus (with appropriate choice of sign convention for linking num-
bers) the diagonal entry v;; is k; + ki 4 + 1. Cycles representing u;

and u;.p run in the same direction along the (i+1)st band and intersect

once on F. When one of them is pushed off in the positive direction, the
linking number is k; ; + 1; when the other is pushed off, the linking
number is k,, ;. We assume conventions to have been chosen so that
Viier = Kip P 1oand vy ek

When i and j differ by more than
1, u; and u; do not meet or link and vy 0.

The following observations are not relevant to the rest of the paper,

j:vji:

but seem to be worth commenting on.

(3.1) The determinant of V(py, -+, p,) IS
n n
[T &b - I & -
i=1 i=1

The proof is a straightforward induction on n. Note that the formula in
(3.1) is a symmetric function of the p;. There is even more symmetry in

the situation.

(3.2) The Alexander polynomial, the signature, and the Minkowski units
of K(py,,p,) are independent ol the order ol the p;.

Since the type of K itself is unchanged under cyclic permutation, so are

these invariants. The n-cycle (1 2:--n) and the transposition (1 2)
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generate the whole symmetric group, so we need only examine what happens
when p; and p, are exchanged. We temporarily adopt the notation Py =

2a+1, py=2b+1, py=2c+1. The upper left corner of V(p;:py,o) is

a+b+1 b+1
b b+c+l]|

Now subtract the first row from the second, change the sign of the first

then

row, and perform the corresponding column operations. The resulting

matrix is integrally congruent to the original and has the 2x2 matrix

atb+1 a
l: a+1 at+c+ l:l

in its upper left corner, and is otherwise unchanged. It is the same as
V(pz,pl,---) except that the entries a and a+l are reversed in position.
Now the signature and Minkowski units depend only on V + V', so they
are unchanged [10]. The Alexander polynomial is det(tV—V’). Every
non-zero term in the determinant of any tridiagonal matrix M must contain
M i1 if it contains mi,q,i SO the determinant is not affected if the two
elements are exchanged. Hence the Alexander polynomials of K(p;,py, ")
and K(pz, pl,---) are the same.

Proposition (3.2) gives an easy way of constructing presumably dis-

¢

tinct knots which cannot be distinguished by the ‘‘classical’’ invariants.

$4. A necessary condition for congruence of Seifert matrices
If V is a Seifert matrix then (V—V’)_1 exists and has integer
entries. Define
Iy = v(v—v)~! .
Then if W= PVP’, with P and p-! integral, FW = PVP(P(V-V") 1:")"1
PI'VP“I, sofor V and W to be integrally congruent it is necessary

that 1y, and 1y be integrally similar.
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Let &(z) = det(I'—zI) be the characteristic polynomial of I". Similar
matrices of course have the same characteristic polynomial. The theory
of integral similarity is fairly simple when ¢ is irreducible (as happens
in our examples), and a brief self-contained account of this case can be
found in [9], which has references to further literature. The rest of this
section is taken almost directly from [9].

We consider matrices with a given irreducible characteristic poly-
nomial ¢. Let L be the field Q({) obtained by adjoining a root ¢ of
¢ to the rationals, and let R be ring Z[{] generated by ¢.

The row class of |’ can then be defined as the class of the ideal of
R generated by the determinantal cofactors of the elements of the first
row of 1'= 1. (Two ideals A, B of R are in the same class if aB =
bA for some non-zero a, b in R. When R is the full ring of algebraic
integers in L, this coincides with the usual definition of ideal classes
in a Dedekind ring.) The theorem that we shall use states that two
matrices having ¢ for characteristic polynomial are similar if and only

if they determine the same row class.

§5, Calculations
The theory and methods of calculation used here can all be found in [3].

Let X=V(5,3,1) and Y = V(5,1,3). Then
4 2 2-¢ -4
= I, — =
S N SN
3 1 1-¢ -3
= [, - (1=
S TR

where ¢ is a root of (z) = 22 — z + 6. The discriminant of ¢ is —23,
which is square-free, so R = Z{{] is the full ring of integers in L=Q((),
and the ideal classes of R form a group. The cofactors of the first row
in [‘X — {1 are —1—¢ and 2, so the ideal A =121+ {1 represents

the row class of 1. Similarly, B - (2, represents the row class of Iy
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It is easy to check that AB, A3, and B? are the respective principal
ideals (2), (1+¢), and (2—). Writing ‘“ =’ for the relation of
class equivalence, we therefore have A3 >~B3 ~AB =~ 1, so B =~ A2,
Thus A =~ B only if A is principal. The norm of A is 2, and if it
were principal, its generator would have to be an element of norm 2.
This is impossible because the norm of x + y{ is X% 4 Xy + 6y2, which
does not represent 2. Hence the row classes A and B are not the
same, X is not congruent to Y, and we have proved (2.4), which is
cquivalent to the first half of (2.3).

Now let W,X,Y,Z be V(,3,1,1,1), V(5,1,3,1,1), V(5,1,1,3,1)
and V(5,1,1,1,3) respectively. Then, for example,

4 2 0 0 28 -4 0 -4

1 2 1 0 2 —1- 0 -2
W = and I, — (T = ¢

0 0 1 1 0 1-¢ -1

0 0 0 1 1 0o 1

where { is a root of ¢h(z) = z* — 223 + 1222 — 11z + 6. Generators for
the ideal representing the row class of Fw_ are —(:3 -1, 2(:2 —40+2,
~¢?%41, and %+, Tt turns out to be an ideal of norm 8.

The polynomial ¢(z) can be written as /(w) = w2 — 11w + 6, where
w = z(1—z). Then ¢ isaroot of {2 + ¢+ w where o is a root of ¥,
and K = Q(w) is a quadratic subfield of L = Q({). The discriminant of
K over Q is 97 and of L over K is 1-4w, which has norm 53.
Since both discriminants are square-free, R == Z[{] is the full ring of
integers in L and its ideal classes form a group.

The prime 2 factors into the ideals A - [2,1+{], B =12,{], (both
of norm 2), and C .. [2,¢21¢+1] (of norm 4). AB= (7,2 ~7(+4) and
A® = (1+() are principal ideals, so A = B~! and A% =~ 1. The ideal
siven above, generated by the cofactors of the first row of FW {1 is
cqual to A3, and similar calculations give AZB, ABZ, and B3 as the

prime lactorizations of the ideals obtained from X, Y, and Z. Conse-
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quently the row classes associated with W, X, Y, and Z are the
classes represented by A3, A, A4, and A2. If these are all distinct
then no two of W, X, Y, and Z are congruent, and (2.5) and the second
half of (2.3) follow.

Otherwise A is a principal ideal generated by some element a. The
ideals (@°) and (1+¢) are equal, so a® = u(1+¢) for some unit u. L
is a totally imaginary field of degree 4, so its units are of the form *e"
for some fundamental unit e. The fundamental unit of K= Q(w)=Q(/97)
can be found in tables (e.g. in [4]); expressed in terms of w itis 7=
~655 + 1138w. (This can in fact be shown to be a fundamental unit for L,
but we do not need that fact.) There are two homomorphisms f, g of R
onto Z/31Z, characterized by f({)=7 and g({)= -6. Under both f
and g, w maps to —11 and n to 2. The fifth powers modulo 31 are
*1, 5, and *6. Since 2 is not a fifth power modulo 31, 7 is not a
fifth power in R. Hence every unit is some power of 7 times a fifth
power, and if u(1+¢) has a fifth root for any unit u, then so has one of
ni(1+(:), 0<i<4. Under g, 1+{ maps to =5 which is a fifth power,
S0 ni(1+£:) cannot be a fifth power unless 5 divides i. Under f, 1+¢
maps into 8, so 1+ is not itself a fifth power. This exhausts the
possibilities, and we conclude that A cannot be principal.

There is perhaps some interest in indicating the result of an example
in which the Seifert matrices turned out to be congruent. For the surfaces

FQ1,5,7,-3,-3) and F(1,7,-3,-3,5) the Seifert matrices are

3 3 0 4 0 0

2 6 0 3 2 -1 0
W = and V =

0 3 -1 0 -2 -3 -1

0 0 -2 -3 0 0 -2 1

Then W = PVP’, with
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39 -151  —19  -22
37 106 -2 -16
T2 -3 10 -6
39  —144 —16 -21

P is not the only matrix which will transform V into W, but it can be
shown to be the ‘‘smallest’’ one that will do so. One may conclude that
congruence of Seifert matrices is not always determinable by inspection.
The calculations reported here were first done while the author held a
visiting appointment in the Mathematical Sciences department at the
T. J. Watson Research Laboratories of the IBM Corporation. Extensive
use was made of the APL interactive programming system, which is very
well adapted to calculation with small matrices. It is feasible to verify
the assertions made in this section by hand calculation, but the partly
trial and error process of arriving at them could hardly have been carried
out without mechanical assistance. It is also a pleasure to acknowledge

the pleasant and stimulating atmosphere of the Laboratories.

PRINCETON UNIVERSITY
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GROUPS AND MANIFOLDS CHARACTERIZING LINKS

Wilbur Whitten

Let L denote the tame link K, U U Kll in the oriented three-sphere
S, and let p and 7n be fixed integers; p, arbitrary; n=*2. For each
of i=1,-,p, let V; be a closed, second-regular neighborhood of K.,
and let Ki be a tame knot in Int V;. For i#j, we assume that V; N Vj
= @. We also assume that V; has order greater than zero with respect to
Ki(i= 1,---,n); that is, each meridional disk of Vi meets Ki' We set
R(L) = Kl u...u Kﬂ, and we call R(L) a revision of L. If, for each of
i=1,-+,u, the knot Ki bounds a disk Di that lies in Int Vi , that has
exactly one clasping singularity, and that has Ki as its diagonal, p as
its twisting number, and 7 as its self-intersection number {13, §20, p. 2321,
then we shall denote R(L) by D(L;p,n), which we call the (p,n)-double
of L; we call D; a clasping disk. In this paper, we prove that the group
of D(L;p,n) characterizes the (ambient) isotopy type {Li of L when
1> 1; see the announcement [25] for an outline of the proof.

I recently proved the same result for knots in s® [24]. J. Simon had
previously characterized a knot’s type by the free product of two, suitably
chosen, cable-knot groups [18). The ‘‘doubled-link’’ characterizations,
presented here and in [24] and [25], are, however, more direct, cover links
as well as knots, and yield characterizations of amphicheiral knots [24
and 25, Corollary 2.3]. Moreover, because ﬂl(S3—D(L;p, 1)) characterizes
IL{, so does S3—D(L;p,7]); see [24, Theorem 2.1, p. 263] and Corollary 2.2.

41. Preliminaries
Throughout this work, the three-sphere has a fixed orientation; all

mappings are piecewise lincar; all submanifolds, subpolyhedra; and all
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regular neighborhoods, at least second regular. If L is a link in SS,

then {L} denotes the (ambient) isotopy type of L; L*, the mirror image
of L. The complement C of an open solid torus in S? is a toral solid,
if a core K of the solid torus is knotted, the manifold C is a K-knot mani-
fold. The complement of u(> 1) mutually disjoint, open, solid tori in s3
is a p-link manifold.

Let U; and U, denote solid tori in S3. The orientation of S in-
duces an orientation in each of U; and U,. A homeomorphism U, - U2
that preserves these orientations and that maps a longitude of U, ontoa
longitude of U, is faithful.

All links are to be oriented, but the orientation of a link has no bearing
on either the link’s type or the link’s isotopy type. For a knot K, a
meridian-longitude pair (m,A) of oriented, simple, closed curves is always
oriented with respect to K; that is, m has linking number +1 with K,

and A and K are homologous in some second-regular neighborhood of K.

LEMMA 1.1. Let L bea link in S3, and let R(L) be any revision of L.
Then L is splittable if and only if R(L) is splittable.

Proof. If L is splittable, there is a polyhedral 2-sphere S in s3 with
disjoint complementary regions C; and C, such that S3=C1 usuc,,
such that LM S =@, and such that L N Cj £ @ (=1,2). There is an
autohomeomorphism h of S3 that is isotopic to the identity, that leaves
each knot .Ki fixed point for point, and that moves each solid torus v
away from S; thatis, SN h(V,) =@ (i=1,,p). Evidently, R(L)Nh~'(S)
=@ and R(L) N h_l(Cj) £ @ (j=1,2); hence, R(L) is splittable.

Now suppose that L is unsplittable; we can assume that x> 1. Let
G = nl(SS— L), and let Q; = nl(Vi-—Ki)(i= 1,---,u). Because L is un-
splittable, the group G is indecomposable; that is, G is not the free
product of two nontrivial groups {12, Theorem (27.1), p. 19]. If p; is a
meridian of Vi , then I8 U Ki is unsplittable because Vi has order
greater than zero with respect to Ki' Evidently, Qi ~ m (S3 - ([li U Ki));

hence, Qi is indecomposable; sce [12] (loc. c¢it.).
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Set §; =7 (8°~K, U--UK, UK,  U--U K))(i=1,,p=1), set
90 = G, and set Qﬂ = nl(S3—R(L)). Because each of the links L and
py U Kl is unsplittable, one can easily prove, with the loop theorem and
the Dehn lemma, that the inclusion 5V1 - (S3 —Int (V; u--.u V#)) induces
a monomorphism 7, (dV;) - 711(53 —Int(V, U---U V#)); the inclusion dV, -
Vv - Kl, a monomorphism 7,(dV;) » Q;. Because 771(53 —Int(V;U---U V#))

&~ G, the Seifert-van Kampen theorem implies that Ql ~ G x Q-
m (@)

But the free produce of two indecomposable groups amalgamated over a
nontrivial group is itself indecomposable [8, p. 246]. Thus, (‘}1 is inde-
composable.

Suppose, for some i=1,---,u—1, that 6}1 is indecomposable. Then,
clearly, Kl u...u Ki UK;,,U-U K# is unsplittable. Because p;, , U

Q
X, Qi+1' But ((ji

b1 IS also unsplittable, we have giﬂ ~

gi *

71 (0Vi,q)
and Q; , are indecomposable, hence, so is 9i+1' Induction now implies
that Q# is indecomposable; hence, R(L) is unsplittable [12] (loc. cit.),

concluding the lemma’s proof.

REMARK. In the foregoing proof, we saw that, if L is unsplittable, then
so is Kl u-..u K#_l U K#. Permuting indices, one can, therefore, show,

for i=1,---,p and for KO-—-®=K# that

+17

K,u-uK,_ UK UK, U-U K#

is unsplittable, if L is unsplittable.

LEMMA 1.2. Let L and L’ be links in S3, and let (p,q) and (p’,7")
be pairs of integers; p and p’, arbitrary; n and 7, in {2, -2} If
{LY . {LY, if p=p’, andif 5 =7’ then {D(L;p,ni=1{D(L5p’ 7"}
Conversely, if {D(L;p,7)} = {D(L5p , 7")}, then {L}={L"}; further-
more, p = p’ and 7 =17" unless

(1) some componcent Ki of D(L;p,n) is a maximal unsplittable sub-

link of D(.;p, ) and
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) K, is either the trivial or the figure-eight knot.
In particular, {D(L;p,n)}={D(L%p’, n")} if and only if dLY p,n) =
&L}, p%n"), provided that the number of components of L is > 2 and
that D(L;p,n) is unsplittable.

Proof. Assume that {L}{={L"}, that p =p’, and that 5 =7’ The links
L and L’ then have the same number of components; we have L =
Kl u...u Kll and L’= K'l U...u K’u, say. Foreachof i=1,---,pu, let

V; be a closed regular neighborhood of Ki; V’., aclosed regular neigh-

i

borhood of K. We assume that V; N Vj =@=Vv;Nn V'j , if i#]j.
Because {L}={L’}, there is an orientation-preserving autohomeomor-

phism h; of $3 and there is a permutation p of {1,---,ul such that

hy (V)= Vip(gy G=1,+, ). The knots hy(K;) and K7

of K’p(i) (i=1,---,p). W. Graeub has shown that, for any knot K, the

’

y are (p,n)-doubles

system ({Ki,p,n) determines {D(K;p,n)} {6, p. 47]. Hence, for each of
i=1,---,u, there is an orientation-preserving autohomeomorphism ¢; of
3 s ’

S taking hl(Ki) onto Kp(i)'

We examine the map ¢;. According to our definition of a doubled
knot, there are clasping disks Y; and Y in Int V’p(i) such that
hl(Ki) = dY; and K,p(i) =dY’. Eachof Y, and Y has a line segment
as its set of singularities. On Y; lays a core k; of V’p(i) meeting
h, (Ki) in exactly two points and containing the set s; of singularities of
Y;; similarly, there is a core k7 of V’p(i) on Y’ containing the singu-
larities s% of Y7. There is an orientation-preserving autohomeomorphism
¢’i1 of §3 acting as the identity on S3 _ Int V’p(i) and taking (ki’ si)
onto (k,s%) [13, Lemma 1, p. 158]. Beginning at Step 2 on p. 47 of (6],
one can see how Graeub constructs an autohomeomorphism ¢;, of s3
leaving k; fixed point for point and mapping ¢;,(Y;) onto Y. We set
P; = $i2Pin-

Choose a simplicial decomposition for V’p(i) containing some triangu-
lation of Y’i. If the natural number n is sufficiently large, the closure

’

N; of the nth-regular neighborhood of Y’ belongs to both Int Vp(i) and
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Int (¢.i2(V’p(i))) (=1Int (qSi(V'p(i)))). The polyhedron N; is a handlebody,

the singular disk Y] is a strong deformation retract of N;, and the

group 7;(Y"}) & Z. Hence, N; is a solid torus.

i

The core k7 of V,p(i) and of qSi(V'p(i)) belongs to Int N,. I claim
that k% is also a core of N;. Let c; be a core of N;. If k is a knot
in a solid torus V, let Ov(k) denote the order of V with respect to k.

We have Oy- (k'i) = Oy~ (.)(Ci)ON-(k,i) (13, Theorem 3, p. 175]. Be-
p p(i i

i)
cause Oy- (k%) =1, we also have Oy - (c;)=1= 0y (k). Hence,
Ve Ve i

there exist knots d; and e; suchthat c;=d; # k} and kj=e; #c;
|13, Theorem 2, p. 171]. Therefore, c; = (d; # e;) # c;. Because factori-
zation is unique in the semigroup of oriented-knot types, d; # e; is
trivial. But this implies that each of di and e; is trivial [5, p. 142].

Consequently, k% is a core of Ni [13, Theorem 2, p. 1711.

i

We now construct an autohomeomorphism ¢, of S3 that takes
(rbi(v’p(i)) onto V/p(i) and that acts as the identity on Ni . Define
(j;ii(S3 —Int (¢.i(V’p(i)))) = ¢’i_21 1S3 —Int (qSi(V’p(i)))) and l!/iiNi = 1. The
inclusion 6(¢.i(V'p(i))) > qSi(V’p(i)) — Int N; induces an isomorphism
nl(c')(qSi(V'p(i)))) - nl(qSi(V'p(i))—- Int N;); the inclusion 6(V’p(i)) > V/p(i)
— Int N;, an isomorphism =, (B(V’p(i))) - nl(V’p(i)—Int N;). Hence, the
isomorphism (t/fi18(¢i(V’p(i))))* induces an isomorphism nl(qsi(v’p(i)) -
Int Ni) - nl(V’p(i)—Int Ni)' There is a homeomorphism (j/’i : (¢.i(V’p(i)) -
Int N;) > (V'p(i)—lnt N;) inducing the latter isomorphism [21, Corollary
6.5, p. 80]. Because qSi"'zl leaves k| pointwise fixed, (//i{a(qsi(V'p(i)))
takes a meridian-longitude pair onto a meridian-longitude pair. Therefore,
% takes meridian-longitude pairs for each of ¢’i(v’p(i)) and N; onto
meridian-longitude pairs for each of V’p(i) and N;, respectively.

But this means that df’i!a(qSi(V'p(i))—Int N;) and (j;ila(qSi(V'p(i)) —
Int N;) differ on aV'p(i) U JN; by a map o; such that each of UilaV'p(i)
and oilaNi is isotopic to the identity [11]; that is, there is an auto-
homeomorphism ¢; of ()V’p(i) U dN; such that ¢, is isotopic to the

1

identity and such that ¢, ;4" on (?((/)i(V’p(i))) U JN;. Because
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each of 8V'p(i) and 6Ni is collared in V’p(i) — Int N;, the map o; can
be extended to an autohomeomorphism of V’p(i) —Int N;,. We set
t//ig(gbi(V'p(i))—Int N;) = 0,4} to complete the definition of vy

We now define h,l(S® — Int (VpayUrU Vi =1 and (hy|V7iy)-
((l//iq‘)i){V’p(i)) (i=1,---,n). Then the autohomeomorphism h = h,h; of s3
takes D(L;p,n) onto D(Lp,7), thereby finishing the proof of the
lemma’s first conclusion, ({L},p,n) determines {D(L;p, ).

Now, the ‘‘converse.”” H. Seifert showed in [17; §§9, 10, 11; pp. 77-79]
that, when L is a knot, {D(L;p, 7} determines {L}; that, when L is a
nontrivial knot, {D(L;p,n)} also determines each of p and 7; and that,
when L is unknotted, D(L;p,7) is amphicheiral, if {D(L;p,n)} does
not determine (p,7n). Finally, H. Schubert proved that the only amphicheiral,
doubled knots are the trivial knot and the figure-eight knot {14, Theorem 5,
p. 145]; this completes the lemma’s proof when p = 1.

Assume now that p > 2, and suppose that D(L;p,7) is unsplittable.
For eachof i=1,---,p, let Y; and Y| be clasping disks that Ki
bounds; assume that Y; CInt V; and that Y N Y'j - @ when k#j.
Lemma 1.1 and the unsplittability of D(L;p,n) imply that L is also un-
splittable. Hence, S3 _ Int (V,u---u V#) is boundary irreducible, and
there is an orientation-preserving autohomeomorphism of s? moving Y'i
onto Y;(i=1,---,p) and leaving each point of D(L;p,n) fixed. Seifert
essentially constructed such a homeomorphism in his proof in [17] of
Lemmas 5 and 7; for our proof, one need make only minor changes in
Seifert’s work. Therefore, if > 2 and if D(L;p,7n) is unsplittable,
then {D(L;p,n)} determines the triple (L},p,n); cf. [17, §9, p. 771.

Finally, suppose that {D(L;;p,7),--,D(L;p,m} is the set of maxi-
mal unsplittable sublinks of D(L;p, 7). We have seen that {D(Lj; p, i
determines {LJ-§ (j=1,---,m); consequently, {D(L;p, )} determines {L},
because L=1L,U---U L. If, furthermore, no D(Lj;p, n) satisfies
simultaneously the conditions (1) and (2) of the hypothesis, then
{D(Lj ;p,m)} determines (p,7) as well as {Ljf (G-1,---,m); therefore,
{D(L;p, )} determines (L}, p,7), as claimed, completing the lemma’s
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32. The characterizations

Let L denote the link K;U--U K, in S°, let D(L;p,7) be the
(p,m)-double of L, and, for each of i =1,---,u, let W, be a closed
regular neighborhood of Ki' We assume that W, C Int V,(i=1,-+,u), and
we set C3(L;p,7) = S® —Int (W, U...U W),

THEOREM 2.1. Let L and L’ be links in SS, and let p and 7 be
fixed integers; p, arbitrary; n=+2. Then L and L’ are of the same

(ambient) isotopy type if and only if 771(C3(L;p, ) ~ 771(C3(L';p, 7).

COROLLARY 2.2. Let L and L’ be links in S°, and let p and 7 be
fixed integers; p, arbitrary; n= 12, Then L and L’ belong to the same

(ambient) isotopy type if and only if C3(L; p, M) = C3(L’; P, .

Proof. The necessity follows from Lemma 1.2; the sufficiency, from

Theorem 2.1.

Proof of Theorem 2.1. Lemma 1.2 immediately establishes the necessity.

To prove the sufficiency, we assume, henceforth, that 771(C3(L; P, ~

7, (C3 (L% p, ).
Let Ly, L

pose m > 1. Applying Lemma 1.1, one can easily show that

m Pe the maximal unsplittable sublinks of L, and sup-
D(Ly;p,m), -, D(L;p,n) are the maximal unsplittable sublinks of

D(L; p,n). Hence, m(C3(L;p,m) = 7, (C3 (L ;p, m) % 7 (C3(L_; p, M);
furthermore, each factor is indecomposable [12, Theorem (27.1), p. 19].
Since 7,(C3(L;p,n)) ~ 7,(C3(L’p, 7)), we have 7, (C3(L’p, 7)) =
Gy G, with Gj ~m (C3(Lj;p, 7)) (j-1,---,m). Therefore, D(L’p,n)
is splittable [12] (loc. cit.). Let D(L’;p,m), -, D(L7 »; p,7) be the maxi-
mal unsplittable sublinks of D(L%p,7); we have m’>1, and L7, -, L’m,
are the maximal unsplittable sublinks of L’ Setting G'k 771(C3(L’k;p,7]))
(k 1,---,m"), we have 771(C3(L'; p,m) = G *+-* G -. Each factor G

i indecomposable because of [12] (loc. cit.). Therefore, m = m’, and
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G%. ® G; (j=1,---,m) for some rearrangement (G} ,-,G} ) of
] ] k1 km

(G7,++,G%)) 18, p. 245]. Consequently, m, (C3(L'ki;p,7])) ~ m (C3(Lj;p,7]))
(i=1,---,m); thus, if the sufficiency of our condition holds for each pair
(Lj' L’kj) (j=1,---,m) of unsplittable links, then it holds for the pair

(L, L") “of splittable links, because, for any link L, if the maximal un-

splittable sublinks are L1 ,oo, L then the collection } {Ll §,---, {Lm§ }

determines {L}, as one can eas?lly prove.

We shall, therefore, assume not only that ™y (C3(L;p,7])) ~ (C3(L’;p,7])),
but also that each of L and L’ and, hence, each of D(L;p,7) and
D(L p,n) is unsplittable. Finally, note that the number of components
ineachof L,L,D(L;p,7n), and D(L%p,n) is p; we shall assume that
¢ > 1, because the theorem is true when pu =1 [24].

Now, some notation. We have L’= K U.--U K’# and D(L;p,7n) =
K,l J...u K’# Foreachof i=1,--,u, set T;=9V;, and let W'i denote
a closed regular neighborhood of K’i(z D(K’i;p,n)); assume that
Wi NWj=0 when k#j. Set C'-C(Lip,m) = $® — Int(W, U---U W)
and set C = C3(L;p,7]). Also, set M= S3 _Int vV, u---u V#) and set
A=V, = Int W, i=1,,p).

The space M is an aspherical p-link manifold and /\i is an aspheri-
cal 2-link manifold [12] (loc. cit.). We have C = (---((MUTIAI)UTZ/\Z)---)
Ur /\#. For each of i=1,---,p, set M;=C —1IntV;. The link

K1U---U Ki—lu KU KiHUn-U K# is unsplittable; see the remark preceding
Lemma 1.2, p. 65. Furthermore, each Ai is a deformation retract of an un-
splittable 2-link’s complement. Thus, because p> 1, each of M; and
Ai(i= 1,---,p) is boundary irreducible. Moreover, it is not hard to show
that none of the inclusion-induced monomorphisms (Ti) >y (Mi) and

7 (Ti) > "I(Ai) (i=1,---,u) is surjective, because there is only one link
whose group is free abelian of rank two [9). Therefore, for each of

i=1,,p, itfollows that 7,(C) =~ m (M) x "I(Ai) and that this
m (T))
group is a nontrivial free-product with amalgamated subgroup.
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Because 7,(C") = 7,(C) and because each of C" and C is aspheri-
cal, there exists a homotopy equivalence f:C”-» C; cf. [10, p. 93]. Set
T=T, U...u T#. A result of J. R. Stallings and F. Waldhausen [20,
Lemma 1.1, p. 506) guarantees the existence of a mapping g:C’~> C with
the following properties:
@ eg=f
(2) g is transverse with respect to T; that is, there exist product
neighborhoods U(g~1(T)) and U(T) such that g maps each
fiber of U(g—l(T)) homeomorphically onto a fiber of U(T),

3) g_l(T) is a compact, orientable, and, as we shall see, discon-
nected surface properly imbedded in C’

(4) if F is any component of g"l(T), then ker (77]-(F) > nj(C'))

=1(=1,2).

We divide the remainder of the proof into seven parts.
1. Foreachof i=1,---,u, the space g_l(Ti) is not empty.

If g~'(T,)= @, then either g(C)CM; or g(C)CA;, because T;
separates C. Let x be a point in C’, and let y be a point in T;. When a
suitable path is chosen from y to g(x), then either g (m, (C,x)) C ™ (Mi,y)
or g, (m(Cx)<C ™ (Ai' y), depending on whether g(C”)C M; or g(CH
" A;. Thus, g.(7,(C’,x)) is a proper subgroup of 7,(C,y), because
7,(C,y) is a nontrivial free-product with amalgamation. But g is a
homotopy equivalence (by (1)); therefore, g*(nl(C', X)) = ﬂl(C, y), yield-
ing a contradiction.

We digress to prove a lemma needed in part 2.

1.LEMMA 2.3. Any properly imbedded, incompressible annulus A in C is

houndary parallel.

Proof, Let a and 3 denote the components of dA, and suppose that
w: (?Wj and BC 6Wj . Assume that A is in general position with re-
1 2

spect to T]- :_avi ; the components of AN ’TJ are mutually disjoint,
1 71 1
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simple, closed curves. Because le is incompressible in C and because
D(L;p,n) is unsplittable, we can remove those curves in AN le bound-
ing disks in A. Assuming this has been done, choose the curve a’ in
AN le cobounding with @ a subannulus A" of A properly imbedded
in le — Int le; we are assuming, of course, that A N T still has
curves in it. The winding number of a in VJ1 is 0 [13 Theorem 4,
p. 175]. Thus, because a’~ ta in le, the winding number of a” in
le is 0. But if a curve is on the boundary of a solid torus, then the
curve’s winding number and order coincide [13, Lemma 1, p. 170]. There-
fore, the order of le with respect to a” is 0, and so a” either bounds
a disk in le or is a meridian of le.

Clearly, the incompressibility of A prevents a’ from bounding in

iy

is 0, the linking number of a’Ua is also 0 [23, p. 374]. Thus, two

T. ; thus, @’ is a meridian. Because the winding number of a in Vj
1

trivial knots with linking number 0 bound the annulus A% hence, A’ is

planar {7, p. 136], implying that a’U a is splittable. Hence, the order

of W- with respect to @ must be 0, because, otherwise, the order of

le w1th respect to @ would be > 0 because the order of V with re-
is 2 [13, Theorem 3, p. 175; Lemma 2, p. 238] and

spect to Kjl
Oy (a)> 0 implies that a’U a is unsplittable. Therefore, either a
1

bounds a disk on 6Wj or a is a meridian of le. Certainly, a does
1

not bound on 6Wj1. But if a is a meridian of le, then a’U Kjl has
linking number *1, which is a contradiction. Consequently, A N le
must now be empty; hence, j; =j, and A Clnt Vj (j=jj=ip), because
le separates le and sz when j, £ ip

We now have dA=a U 3C aWj as well as A ClInt V;. Neither a
nor (3 bounds a disk on BWJ-; therefore, a U 8 bounds two annuli, A
and A,, on BWj.

I claim that there exists a toral solid X; and a 2-link manifold X,
such that Vj — Int Wj =X U, X,. To see this, consider the torus A; UA.

There are toral solids, U, and U,, such that S° U, UAIUAU2' If
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both Wj and S3 — Int VJ belong to the same solid, say U,, then, ob-
viously, the claim holds: take X; =U; and X, = VJ — Int (U, U Wj). On
the other hand, suppose Wj CU;, say, and suppose S3 — Int Vj cU,.
Then A, separates U;, and so there is a toral solid X; such that

U =X, U, WJ; note that dX; = A, U A, But S3 — Int X, is a toral
solid contammg both W and S3 - Int Vj . Because this situation is
analogous to the first case with both WJ- and S% — Int Vj in U,, the
claim’s proof follows.

Suppose X; is a knot manifold. Then X; belongs to a polyhedral
3-cell in v; [1, Lemma 1, p. 226]. Consequently, Oy (a)= 0 = Oy, (B)
{13, Theorem 1, p. 171]. Because Oy (a) Oy (K ) O J(a) and bec‘J’:luse
Oy (K Y= 2, we see that O (@)=0. Thus because é does not bound
on 6W , eachof a and 8 gnust be a meridian of W But if V(0 2y 18
a second regular neighborhood of a clasping disk D in $3 with trivial
diagonal, with p = 0, and with 7 = +2, then there is a homeomorphism

(Vj,KJ-) > (V(O,z)’aD); each of e(a) and e(B) is a meridian of dD,
the knot dD is trivial, and e(X;) is a knot manifold. Therefore, the
trivial knot is the composite of two knots one of which is nontrivial. Be-
cause this is impossible [5, pp. 141-142], X, is a solid torus.

Suppose now that the inclusion-induced homomorphism 7 (A)->m, (Xl)
is not surjective; we shall deduce a contradiction. Assume that dX; =
A, U A. The space X, UAl Wj is, evidently, a toral solid. If X, UAl WJ
were a knot manifold, then we could find a 3-cell in V; containing it [1]
(loc. cit.), implying that OV-(Kj) =0 [13, Theorem 1, p. 171]. Because
()V_(Kj) = 2, however, the s;J)ace X, UAl Wj is a solid torus. If x isa
penerator of nl(Xl), and if y is a generator of "l(wj)' we have
(X4 UAl Wj) = |x,y:xP=y4]. Because A is incompressible, we have
p £ 0; because the inclusion-induced homomorphism 7;(A)~> 7(X,) is
not surjective, we have p# *1. Therefore, because 7;(X; UAle) ~Z,
we have q = *1; first, q is certainly not 0; second, if q ¢ {0,1, -1},
then ix,y:xP-y9] is the group of a torus link different from a trivial knot

|5, p. 144]. Becausc q ‘!, the inclusion-induced homomorphism
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m(Ay) > my (W) is surjective, and so Ow.(a) == 1, Thus, Oy (a) -
0y (K )0, (a) - ! !

Now let k be acore of X;. We have OVi(a) = Oxl(a)OVi(k), the
order OX (@) is clearly ip!, and Ipl £ 1; therefore, 2 = Ipi Oy (K),
order Ox (a) =lpl =2, and Oy (k) =1 If W, (k) denotes the vjvmdmg
number of k in Vi, then W, (k)~ 1, because Oy (k=1 [13, Lemma 1,

p. 170]. Thus, because WV_(aJ)= xl(a)WVj(k) [13,JTheorem 4, p. 1751
and because WVj(a) = ij( j)ij(a) = 0, we have le(a) ~ 0. But

a C dX;; thus, le(a) = Oxl(a) =2 and le(a) = 0 — an absurdity.
Consequently, the inclusion-induced homomorphism 7, (A) » 7, (X,) is

surjective. Thus, the inclusion A - X is a homotopy equivalence [22];

therefore, A is boundary parallel in C [15, Theorem 3.1, p. 168].

2. We can assume that each component F of g_l(Ti) and, hence,

each component of g_l(T) is a torus that is not boundary parallel.

Because g =~ f, the mapping g is a homotopy equivalence; thus,
gyiTy (Cc) -~ 7,(C) is an isomorphism. Moreover, because Ti is incom-
pressible in C, property (4) implies that 7,(F) is isomorphic to a sub-
group of (Ti)' Therefore, because F is orientable, it is either a
2-sphere, a disk, an annulus, or a torus. Property (4) implies that m,(F)
= 0, sothat F is nota 2-sphere. If F is a disk, one can construct a
map g’:C’ » C satisfying the properties (1) through (4) and the property
that g’_l(Ti) has fewer components than g_l(Ti); see the second para-
graph in [24, 2, p. 265]. Therefore, we can assume that F is either an
annulus or a torus.

Suppose F is an annulus. Because D(L%p,n) and L’ are un-
splittable, and because p > 1, Lemma 2.3 applies toc C’, and so F is
boundary parallel. As when F was a disk, we now easily replace g by
a map g satisfying the properties (1) through (4) and the further property

that g'_1

(Ti) has fewer components than g_l(Ti). Thus, we can assume
that F is not an annulus, and that, therefore, each component of g_l(Ti)

is a torus. Finally, we can assume that the torus Fis not boundary
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parallel, because, otherwise, we could ‘‘remove’’ it in the obvious way;

cf. [24, 21.

3. For each of i::1,---,u and for each component F of g—l(Ti),

we can assume that g|F is a homeomorphism.

Let x be a point on F. The homomorphism (g!F), : 7 (F,x)-

71(T;, g(x)) is a monomorphism, because g has properties (4) and (1) and
because T, is incompressible in C. Hence, giF is homotopic to a
covering map k:F - Ti ({16}, [21, Lemma 1.4.3, p. 61]). Because g is
transverse with respect to T;, this homotopy extends to a homotopy

’ht} (0<t<1) of g that is constant off a small product neighborhood of
F. Note that h;x is an isomorphism. Now nl(F,x) C hl_,z (771(Ti,h1 O);
therefore, hy« (7 (F,x)) = 7y (T;, h;(x)) (I3, Theorem 1, p. 575] or [15,
Theorem 1.3, p. 161]). Thus, k = hliF is a homeomorphism, verifying 3.

4. For eachof i~ 1,---,, we can assume that g—l(Ti) is connected.

The proof is inductive. If g_l(Tl) is connected, the first inductive
step, for i =1, is complete. Otherwise, suppose that g_l(Tl) is dis-
connected. The construction of a map g”:C” > C with the same properties,
(1) through (4), as g, but with g”—l(Tl) having fewer components than
g"l(Tl), involves essentially three steps. First, construct a path a in
C’ so that a and g_l(Tl) meet only in the endpoints of a - each end-
point on a different component of g"'l(Tl) — and so that ga is a null-
homotopic loop in C. Second, split C” along g_l(Tl); the path a be-
longs to some component X resulting from this splitting. Using a, con-
struct a homotopy from g to g’ taking X onto T;. Third, using g’
construct a map g”:C’-> C such that g” satisfies properties (1) through
(4), such that g”~}(T)C g~ (T), and such that g

cxactly one component less than g_l(Tl). We shall omit the details of

»—1

(Tl) contains

this construction, because these details are in 4, §6, p. 155].
If necessary, we continue the constructions inductively — an induction

within the original one - and we obtain @ map hy :C"~> C such that h,
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satisfies properties (1) through (4), such that hl—l(T) C g_l(T), and such
that hl_l(Tl) contains exactly one component. Note that h;l(Ti) £ 0,
for any i, for the same reason that g_l(Ti) # @ (seel). The remaining
steps in the original induction are now clear, completing the proof of 4,
and we can assume that g_l(T) has exactly u components, T7,, T,[.l.’
with g~ (T =T =1, p).

LEMMA 2.4, Any properly imbedded, incompressible annulus A in Ai

is boundary parallel.

Proof. Because the inclusion-induced homomorphism 74 (Ai) »>m(C) is a
monomorphism and because A is incompressible in Ai , it follows that
A is also incompressible in C. The proof of Lemma 2.3, therefore, shows
two things: (1) we cannot have one component of dA in T; and the
other component of dA in dW;; (2)if JA C oW, then A is boundary
parallel. Thus, we shall assume that JA C T;.

Now A, is homeomorphic to a link manifold of a Whitehead link
(Figure 1 depicts a Whitehead link) each of whose components is trivial.
As one can readily see, such a link is interchangeable. Consequently,
there is an autohomeomorphism ¢ of A, taking T; onto dW, and
taking (?Wi onto T;. The foregoing paragraph implies that @(A) is
boundary parallel; therefore, A itself is boundary parallel, concluding

Zl_}

the proof of Lemma 2.4.
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LEMMA 2.5. Every properly imbedded, incompressible torus in
A; (i=1,---,1) is boundary parallel.

Proof. Let S be a properly imbedded, incompressible torus in /\i not
parallel to GWi, let V” be a knotted solid torus in S3, and let h:Vi—>V”
be a faithful homeomorphism. The torus h(S) is obviously incompressible

in 83 — Int (h(W;)) as well as in h(Ai)' Hence, there is a knot manifold

Q and a solid torus B such that $3=QU h(S)B' The torus JdB(=h(S))

is not parallel to h(d(W,)); thus, a core of B must be a companion of
h(D(K;;p,n)). But this implies that JdB is parallel to h(T}) {13, Lemma 3,
p. 238] and, therefore, that S is parallel to T, which establishes the lemma.

5. (a) There are mutually disjoint, solid tori, V’,--, V,/.L’ such that
0V'i = T and such that W5 Clnt V5 (i=1,---,p) for a suitable change in

the subscripts of W’l,---,W'#.
(b) Setting M'=S> — Int (V7 U---U V'), we have M'=M, and we

can assume that g|M’ is a homeomorphism.

Let x; be a point in T'i. There are submanifolds M'i and A’i of

C’ such that C’= M U A’%; because Tj is incompressible in C’,
i

i’

, . . -1 . .
7, (Cx;) = my (M, x;) ﬂl(T*{,xi) 7 (ALxp). Now g7 (T) =T, g, isan

isomorphism, and 7, (M;, g(x,)) nl(/\i, g(x;)) is a nontrivial

*

7y (T,g(x)
free-product with amalgamation; therefore, one of the sets g(M’i) and
g(A7}) belongs to M;, and the other belongs to A;. Assume that g(M’) C M;
and gA)DCA;. Then g, (m; (M%) C 7y (M;,g(x;)) and g, (m (N x)) €
7 (Ai’g(xi))' Because g, is an isomorphism and because g, (Tx)

7, (T,g(x;)) (because of 3), we have g, (7  (M,x;)) = m; (M;,g(x;)) and
)1*(771 (A’i,xi)) = nl(/\i,g(xi)) [2, Proposition 2.5, p. 485]. But /\’i is
either a toral solid or a link manifold; therefore, A’i is a 2-link manifold,
because its group is that of a link with two components. Consequently,

dA} T;U W] for some W3 with i replacing j. Set Vi=AjUW;.
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To prove that V', is a solid torus, we first show that the following
supposition leads to an absurdity. Suppose A’i contains a properly im-
bedded, incompressible torus Q'i that is not boundary parallel. We have
A= X, UQiYi, and nl(A'i) = m(X;) 771(* : 7y (Y;). Eachof X, and Y;
is clearly either a knot manifold or a link manifold. As we have seen,

m (A'i) ~ nl(/\i). Hence, [12, Theorem (27.1), p. 19] implies that A/i is

a deformation retract of an unsplittable 2-link’s complement, because Ai
has this property (recall that Ai is a deformation retract of the complement
of a Whitehead link). Therefore, A,i is irreducible; consequently, each

of X; and Y, is irreducible, because Q'i is incompressible in A’i. Thus,
each of X; and Y; is aspherical.

If the inclusion-induced monomorphism = (Q'i) »m(X;) is surjective,
then the asphericity of X, implies that the inclusion map Qi X, isa
homotopy equivalence [22]. Therefore, Xi = Q'i x 1 [15, Theorem 3.1,

p. 1681, But then Q’; is boundary parallel, contrary to our supposition.
Thus, the inclusion-induced monomorphism (Q'i) »m,(X;) is not sur-
jective; similarly, the inclusion-induced monomorphism nl(Q'i) > "1(Yi)

is not surjective; therefore, m; (Xi) * ”1(Yi) is a nontrivial free-
product with amalgamation. m @)

Because the 2-link manifold A’i is irreducible, it is aspherical. As
we have seen, (g!l\'i)*:nl(/\’i) > "1(Ai) is an isomorphism. Consequently,
glA’ is a homotopy equivalence [22]. Let 7:A; > A be a homotopy in-
verse of gIA7. There is a mapping 7: A; » Ay satisfying the following
properties: (1) r =~ 7% (2) 7 is transverse with respect to Q'i;

3 7_1(Q'i) is a compact orientable surface properly imbedded in Ai;
(4) if S is any component of 7"1(Q’i), then ker(nj(S)~+nj(Ai))=l (G=1,2).

Because "1(Xi) kT (Yi) is a nontrivial free-product with amalga-
1V¥i
mation, r"l(Q'i) is not empty; the proof is similar to that in step .

Property (4) implies that 7;(S) is isomorphic to a subgroup of 7,(Q%),
because Q is incompressible in /\’i. Hence, S is either a 2-sphere,
a disk, an annulus, or a torus. It is neither a 2-sphere nor a disk (cf. the

proof of step 2).
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If S is an annulus, Lemma 2.4 says that it is boundary parallel. But
then, as in the proof of 2, we could ‘‘remove’ it. Thus, we can assume
that S is not an annulus; therefore, it is a torus. Moreover, we can
assume that this torus is not boundary parallel, because otherwise, we
could ‘‘remove’’ it; cf. [24, 2]. Thus, if A’i contains a properly imbedded,
incompressible torus that is not boundary parallel, then so does /\i , con-
tradicting Lemma 2.5.

We interrupt the proof of 5 to prove the following lemma.

LEMMA 2.6. The linking number of K’i with any closed curve on
T'(=dV?) is zero.

Proof. Let c be any closed oriented curve on T, and let Si)(c,](’i)
denote the linking number of ¢ and K,i' Let (a,f3) denote a meridian-
longitude pair for the toral solid V7. Orient each of ¢ and 3, and
assume that a ~ 0 in S — Int V', and that 8 ~ 0 in V. Furthermore,
if V7 is a knot manifold, assume that (3 is homologous to a core of

s3 — Int V. There are integers a and b such that ¢ ~ az + b3 on T7.
Now 771(53 —(ﬁUK’i)) ~ nl(/\'i) ~ nl(/\i), and 7 (A;) is the group of a
2-link with linking number O; moreover, a 2-link’s Alexander polynomial
determines (independent of the link) the absolute value of the linking num-
ber [19]. Thus, f(ﬁ,K,i) = 0. Furthermore, £(a,]<'i) = 0, because a
bounds in S$* — Int V. But £(c,K)=aLe X))+ 2B, K)), and the
lemma follows.

Continuing the proof of 5, we let D be a clasping disk spanning K’i
and missing KIJ when j# i. Seifert’s proof of Lemma 7 in {17, p. 75]
yields an ambient isotopy holding D(L%p,7) fixed and moving D’ into
Int V5. To insure that Seifert’s work can be applied here, we need only
note that T'i(:(?V’i) is incompressible in C’ and that the linking number
of K’i with any closed curve on T’; is zero; see Lemma 2.6.

Assume now that D’ Int V. There exists a solid torus N such

that D7 < Int N5 and such that the diagonal k% of D% is a core of N
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{13, Proof of Theorem 1, p. 235]. Because D'i is obviously a strong
deformation retract of N'i (see [13] (loc. cit.)), we can assume that

N’i C Int V’i; evidently, we can also arrange for W'i to be in Int N'i.
Because N’; has order 2 with respect to K,i (13, Lemma 2, p. 238] and
because D(L’p,7n) is unsplittable, dN’; is incompressible in C’ and,
hence, incompressible in A’;. Because JN is not parallel to dW’ and
because, as we have proved, every properly imbedded, incompressible
torus in /\'i is boundary parallel, dN’; is parallel to T’;. But this im-
plies that T’(=dV7) is compressible in V’;. Therefore, V7 is a solid
torus. Consequently, A% = N — Int W'i. Furthermore, there is a faithful

i
homeomorphism (N’i,K’i) > (Vi’Ki)’ which one can easily construct with
results in {6, pp. 47-54]. Therefore, N|—IntW; = Ai’ and so A’i = Ai

Because g(A})C Ai CV; (i=1,-+,p) and because V; N Vj =@ when
i#j, we obviously have V0 V'j = @ when i# j. This concludes the
proof of 5 (a).

To prove 3 (b), notice in the first paragraph of this step 5 that g(M")
C M, and that (g[M"),:7(M],%{)~ 7 My, g(x,)) is an isomorphism.
Notice also that M’ -~ (M} —Int V7)) Usz A%, and that M;=(M; ~Int V,)
UT2A2' Now (g!M'l),'< is an isomorphism, (g!M'l)*(ﬂl(M’1 —Int V7,,x,))
Cwy (M —Int V,, g(x,)), and (gIM] )*(nl(/\'z, X,)) = my (Az, g(x,)); thus
(gIM)) (M) —Int V7, x,)) = 7y (M; —Int V,, g(x,)); that is, 7, (M —

Int V') =~ 7y My —Int V,) [2, Proposition 2.5, p. 485].

Arguing inductively, we see that ;M —Int (V,U---U V’#)) ~ 7y (My
~Int (V,U--U V#)); that is, (giM"), 7 (M)~ 7 (M) is an isomorphism.
The mappings g[T'i (i=1,---,p) are homeomorphisms. Therefore, there
M):M > M

exists a homotopy from g to a map g:C"~ C such that (g
is a homeomorphism and such that the homotopy is constant on C’'—Int M’
[21, Theorem 6.1, p. 77]. Thus, M"= M, and we can assume that g|/M’

is a homeomorphism, concluding 5 (b)’s proof.

6. (a) Foreachof i=1,,u, we have /\’.l = Ai'
() If k; is a core of V', then kU4 kll(- Lt
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From the proof of 5(a), we know that A’i = /\i; this proves 6(a). To
prove 6 (b), recall that the diagonal k’; of the clasping disk D7, used
in the proof of 5(a), is a core of N’; and that NN N’j = @ whenever
i £ j. The definition of a doubled link (see the introduction) implies that
D(Lp, ) = Dk’ U---U k'li;p,n). Lemma 1.2 now implies that {k'IU--»U kl'l}
={L’}. Assuming that D’ has been moved into Int V' (i=1,---,4), we
see that kj is alsoa core of V. There is an autohomeomorphism of
s3 acting as the identity on S% _ Int (ViU V’#) and taking k’ onto
k (i=1,---,p) (13, Lemma 1, p. 158]. Therefore, tk, U---U kﬂi =
{k’l U.--uJ k'#f ={L’}, proving 6 (b).

7. The links L” and L belong to the same (ambient) isotopy type.

The proof of 7 is similar to the proof of 6 in [24]. Recall that p and
n are fixed integers; p, arbitrary; n =*2. We shall prove 7 for p arbi-
trary and n = +2. The claim then holds for the pair (p,~2): first notice
that D(L*; —p,~n) is the mirror image of D(L;p,7n); hence, if
7 (C3(L;p, ~2) ~ m,(C3(L5p, =2)), then my(C3(LY—p12)) ~ my (CHL"p,42)),
whence {L*1={L""} and, therefore, {L}=1{L’}. Thus, to prove 7, it
suffices, by 6(b), to prove that fkl u---u k#% ={L} when n=4+2,
Set G1 = nl(A'i) and set G2 = nl(Ai). Choose a basepoint of G,
on T7; choose a basepoint of G, on T;. Now read a presentation for

Gj (j=1,2) from Figure 1.

REMARK., We shall assume that the orientation of S3 has been chosen

so that the twist knot of Figure 1 has 5 = +2.

We have

25Xt z.u.z._lu.—ly u: = x.u’.)z.—lx'._lz.u'._px._lupz—lx.z.u._p! .

L= ;
(*)GJ S 10 A TRl o o R J A 0 A A T A S S

The pair (u;,z;) is a meridian-longitude pair in the link manifold M}
the pair (u,, 22), a meridian-longitude pair in M. Now abolish the sub-
scripts in G- Because ¢'M’ is a homeomorphism, we can assume that

i )
24z u'zV and that p(ug) 29, Notice, however, that if
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a@:G > G/G’ is the canonical abelianization of G, then the second rela-
tion for G; in (x) becomes la(z)}9=1 under the homomorphism
ag,:G, »G/G" The integer q is, therefore, zero, because a(z) is a
free generator of G/G”. Consequently, g/M’ matches meridians with
meridians or their inverses; hence, k, U---U k# and L and, therefore,
L and L (by 6 (b)) are equivalent.

The orientation of S° induces an orientation in each of Vi and V;;
in turn, the oriented solid torus V'i induces an orientation in T'i; the
solid torus V;, an orientation in T;. A pair of transverse, simple,
closed curves on T’ oriented with respect to k; represents the meridian-
longitude pair (uy,z); a similar pair of curves on T; oriented with
respect to K; represents the pair (u,z). Each of these paits of curves
has intersection number +1 or each has intersection number —1, because
there is an orientation-preserving homeomorphism e: V'i -V, satisfying
e, (uy)=u and e, (z;)=z. Therefore, to prove that {kIU---U kﬂi ={L},
we suppose that g does not preserve the intersection number; that is, we
suppose that one of the following holds: (a) g, (z{) =z, g*(u1)= u—l;
®) gulz) =270, gulu)=u.

If S is a subset of a group H, then <S> denotes the consequence
(or normal closure) of S in H. Set I = G, /< zlul_(p+1)> and set
Q =G/ z2u®PtD> A straightforward argument shows that g_(< zlu'l“(p+1)>)
=< zu(pﬂ)> in either case (a) or case (b). Hence, g, induces an isomor-
phism 1" - Q.

If H is a knot group, let AH(t) denote its Alexander polynomial. We
have Ap(t) =t? —t+1 and Aq(t) = —2p+1)t? + (4p+3)t — (2p+1). Ob-
viously, Ap(t) # Aq(t), unless p = —1. Therefore, neither (a) nor (b)
can hold when p £ —1.

To prove that neither (a) nor (b) holds when p = -1, set p=~1 in
the presentation (x), set X = G, /< zlul_1 > (= [ul, Xy iy =
xlul_zxflu%xl_lul_leufl), and set 0 = G/<zu> (&~ Z). The isomor-
phism g, in either case, induces an isomorphism % > 0. But AE(t) =

2t — 3t 2 and A{)(t) 1, showing that X % (). Consequently, neither
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(a) nor (b) can occur; thus, ik, U---U k#% = {L!{ and, therefore, {L"} = {L},

completing the theorem’s proof.
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HNN GROUPS AND GROUPS WITH CENTER

John Cossey and N. Smythe

We shall show that if H is a subgroup with nontrivial center of a
group in a certain class G, then H is an extension of a free group by a
subgroup of the rationals. The class Q is described in Section 1; essen-
tially it consists of groups which can be constructed by a sequence of
free products with amalgamation and HNN-constructions with free amalga-
mated and associated subgroups, starting with free groups. The class @
contains all torsion-free 1-relator groups, and also fundamental groups of
3-manifolds with incompressible boundary, in particular knot groups and
link groups. The proof is modelled on [8], but note that we do not assume

H to be finitely generated.

§1. For our own convenience in the definition of the class @ we shall
ollow the development of the subgroup theorem for HNN-groups given in
[13], summarized below. The reader familiar with this theory as developed
by Karrass, Pietrowski and Solitar [8] or Cohen [4] should have little dif-
{iculty with translation.

A diagram of groups (D,A) consists of

(i) a (connected) directed graph D

(ii) for each vertex v of D, agroup A,

(iii) for each directed edge e of D leading from the vertex Ae to

the vertex pe, a homomorphism A :A), > Ape'
The mapping cylinder of (D, A) is a group m(D, A) given by

generators : U AU {te:e an edge of D}
veD

87
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relations : relations of A, teAe(a) t;l =a for ae AP\e
te = 1l for eeT

where T is a maximal tree in D.

The isomorphism type of m(D, A) is independent of the choice of T.
If each A, is a monomorphism then each vertex group A, is embedded
in the mapping cylinder in the obvious manner; in this case the mapping
cylinder is called the graph product of (D, A).

If D is a tree, the mapping cylinder is simply the colimit of (D, A),
the graph product in this case is called a ‘‘tree product’’ by Karrass and

Solitar (although their tree is slightly different). For the diagram

N

A B

the graph product is A *- B, the free product of A and B amalgamating
f(C) with g(C).
For the diagram

K

the graph product is the HNN-construction with base K and associated

subgroups f(L) and g(L), i.e.
<K, t: It = gL)> .

The mapping cylinder has a universal description in the category of
groupoids [13]; its description in the category of groups is complicated by
the non-uniqueness of the maximal tree T. However we only need here
the fact that there is a homomorphism from the mapping cylinder of (D,A)
onto the colimit of (D, A), the kernel of which is normally generated by
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{te e an edge of D). Thus if we are given a group G and homomorphism

(;Sv ‘A, » G for each vertex v, such that each diagram

A
e
Ale Ape
Pre d’pe
G

commutes, then there is a uniquely determined homomorphism from the
mapping cylinder of (D, A) into G.

As developed in [13], the theory of mapping cylinders allows groupoids
at the vertices of a diagram; in particular we need to allow disjoint unions
of groups to occur. An example should suffice to illustrate how the map-

ping cylinder is then obtained. Consider the diagram
AUB

)
CuUpD

the vertices being disjoint unions of groups A and B, C and D re-

spectively. Suppose f(A)CC, g(A)CC, f(B)CC and g(B)CD. The

diagram can then be expanded to a diagram in which only groups appear at

A B
Q / g|B
£1A \ £|B
c/ D

The mapping cylinder (or graph product) of the original diagram is

u

u

cach vertex

then defined to be the mapping cylinder of this expanded diagram.

The subgroup theorem for graph products can now be stated.
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THEOREM 1. Suppose M is the graph product of a diagram (D, A) and

H is a subgroup of M. Then H is the graph product of a diagram (D,B),

where the vertex groupoid B, is a disjoint union of groups dAVd_1 N H,

with d ranging over a set of double coset representatives for M mod (H,A).

The edge maps B, are induced from the maps A,

(The theorem also holds for mapping cylinders with an appropriate
modification to allow for the fact that AV is not necessarily embedded
in M in this case.)

Finally we come to the description of the class §. Let 90 be the
class consisting of the trivial group alone. If '@n—l has been defined,

) . . .

((jn is to consist of graph products of diagrams
L
K

where L is a disjoint union of free groups

K is a disjoint union of members of '@n—l

(Thus Ql consists of all free groups, 92 contains free products of
free groups with amalgamations, etc.) Let Q = Uf)n. It is an immediate
corollary of the subgroup theorem stated above that G is closed with
respect (o subgroups.

It is a consequence of work of Magnus (see [11]) that G contains all
torsion-free 1l-relator groups. It is a consequence of work of Haken (6];
see also Waldhausen [14]) that fundamental groups of 3-manifolds with
incompressible boundary, in particular knot groups and link groups, arte
in Q

Note that every group G ¢ & has cohomological dimension < 2 since

a 2-complex which is a K(G, 1) can be constructed.
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$2. THEOREM 2. Let H be a group in © having non-trivial center.
Then there is a homomorphism ¢ from H into the rationals 2, whose
kernel is a free group. If H is non-abelian, then the centre of H Is

infinite cyclic and is mapped monomorphically by .

Proof. Note firstly that if H is abelian, then it is either free abelian of
rank at most 2 or is locally infinite cyclic (hence isomorphic to a sub-
group of 2y (5], Theorem 5, p. 149). Thus in the following we may
assume H is non-abelian.

We may assume H ¢ Qn, and that the theorem is true for members of

Thus H is a graph product of a diagram

()

where L is a disjoint union of free groups

(')
“n-1°

K is a disjoint union of members of Qn_l

Expand this diagram to one in which groups occur at each vertex. In
this expanded diagram we have

(i) Qn_l-groups Ka’ for a in a set of vertices A

(ii) free groups L,B’ for 8 in a set of vertices B

(iii) for each B ¢ B, two edges from B to vertices in A with

corresponding injections f,B : LB - KfB and g3 : L.B - KgB.

Within B choose a subset B’ such that the complete subgraph con-
taining A U B is a tree. The graph product S of this subdiagram is a
trce product which is embedded in H, and H may be regarded as an

lINN-construction with base S, that is, the graph product of the diagram

&ULB
3 ¢ B\B’
S



92 JOHN COSSEY AND N. SMYTHE

Case I: B=B’'=@.

Then A must be a singleton {a} and H = K, ¢ ¢ The result

follows from the induction assumption, "
Case2: B=B'£ Q.

Then H=S, a free product of the groups K, amalgamating the sub-
group fB(LB) in KfB with the subgroup gIB(LB) in Kgﬁ' Then the
center of H, ZH, is contained in the intersection N fa(Ly) of all

BeB’ BB
these amalgamated subgroups.

Hence each LB has nontrivial center. Since L,B is free, it must be
infinite cyclic. Thus ZH is infinite cyclic. Furthermore each K, con-
tains ZH so has nontrivial center. By the induction assumption, if Ka
is non-abelian there is a homomorphism D 2 which is one to one
on the center of K,. If K, is abelian, there is a homomorphism
by Ky~ 2 which is one to one on ZH. Since L.B is cyclic, ¢, is
one to one on fB(LB)' for a = {8, and on gB(L,B)’ for a == gf.

The tree product S can be built up inductively vertex by vertex. Then
we can inductively construct a map d)'a ‘K, » 2 as follows. Suppose we

have defined ¢, for a in a subset A" of A, and a* is a vertex of A

joined to A’ via a vertex B of B, for example

Define ¢/ x=q-¢,x where q= ¢;Zf[3(x)/¢a* gB(x)
for x a generator of LB .

Thus (,/S'fB fff = d)’gﬁ g for all B¢ B. The collection 1(/)’(1 tac Al there

. 4 . .
fore induces a homomorphism ¢ :S » 2 which is one to one on the center
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The kernel of ¢ is free; this can be seen using a cohomological argu-
ment or directly, from the subgroup theorem. Thus, since (ker ¢b) x ZH
is a subgroup of H, ker ¢» can have cohomological dimension at most 1;
the Swan-Stallings theorem tells us that ker ¢ is free. Alternatively,

the subgroup theorem says that ker ¢ is a graph product of a diagram

L*

L)

K*

where each group in L* is of the form (ker )N dLB 4! = (ker ) N LB
{1}, and each group in K* is of the form (ker ¢) N dKad—1 == (ker ¢b)
01 K, = ker ¢, which is free; the graph product of such a diagram is free.

Case 3: B\B'£ @, zHnsH -1,

Then H/SH is freely generated by {tIB:BfB\B'}, with nontrivial
center. Hence H/SH is infinite cyeclic.

By the cohomological argument given above, SH is free. Since H is
assumed non-abelian, s® is non-trivial so the cohomological argument
also gives us that ZH has cohomological dimension 1. Thus ZH is

infinite cyclic. It is mapped monomorphically by the quotient map to H/SH

Case 4: B\B'={g}, ZHN S" £ 1.

Suppose ZH is not contained in s, Now H isa split extension
of sH by <tB ; suppose tBX ¢ ZH, with m#£0,x¢ s, Then
sthn <th> =1, so H contains st <tB x>. Hence SP has
cohomological dimension at most 1, and is therefore free. But ZH N sH
/1, so S® has non-trivial center, and so must be infinite cyclic. Now
there is only one non-abelian extension of an infinite cyclic sH (=<a>,
say) by <tB>, that is

-1

<tﬁ,a : tBatl—?l =a > .

2
But the center of this proup is - t/'§ ™, which does not meet <a> = st
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Thus ZHC S, We shall in fact show that ZHC S. ST is a graph

product of an infinite diagram

NN

t St—n thSt—-n—l

that is to say, a free product of conjugates of S amalgamating conjugates
of fB(LB) with conjugates of gB(LB)' The center of ST is therefore
contained in the intersection of all these conjugates. In particular L has
non-trivial center so must be infinite cyclic. Therefore ZH is infinite
cyclic and is contained in S. The arguments of cases 1 and 2 apply to S;
hence there is a homomorphism ¢ :S - 2 which is one to one on ZH.

Let ze ZH N fB(LB)' z#£1; then gB(fl[_gl(z)) = tﬁ)zté1 =z. Since
LB is cyclic, tB must act trivially on fB(LB) mod ker d)_and qﬁfﬁ = d)gB.
There is therefore an extension of ¢ to a homomorphism ¢ :H - 2 which
is one to one on fB(LB) therefore on ZH. By the prev1ous argument

using cohomological dimension or the subgroup theorem, ker (,/5 is free.

Case 5: B\B’ has more than one element.
Then H is a free product of groups <tB’S>’ B ¢ B\ B’ amalgamated
over S. Hence ZHC S. Choose B ¢ B\B’ and let S, = <S’t,8 (BEBy>.

Then H is the graph product of

The argument for case 4 shows that ZH is cyclic, ZH is contained in
fﬁ (LB ) and tB commutes with fB (LB ). Hence as in the previous
case there is a map ¢:S -~ 2 which is one to one on ZH, which may be
extended to «/):H » 2 by setting (/)(l/,;) 1 forall 3. This map (/) is

one to one on Z1I and has free kernel, qg.e.d.
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§3. As an application of Theorem 2, we derive two results about embed-
ding knot groups in other knot groups due to Chang [3].
We start by proving

THEOREM 3. Let G ¢, and suppose that G has a non-abelian sub-
group H with the properties (i) ZH 41 and (ii) H is either normal or
of finite index in G. Then either ZG # 1, or G has a free normal sub-
group F, with G/F isomorphic to a subgroup of the rationals extended
by an automorphism of order 2 acting invertingly (so that if G is

finitely generated, G/F is isomorphic to the infinite dihedral group).

Proof. Note first that if H is of finite index, sois N HE = Hy.
geG

From Theorem 2, if ZH# 1, ZH, # 1, and so we may assume that H
is normal in G.

Since ZH is normal in G, and infinite cyclic, the centralizer of ZH
in G, C say, is also normal, and G/C is isomorphic to a subgroup of
Aut (ZH). Thus 'G/Cl =1 or 2, andif G~ C, ZH< ZG and we are
finished.

Hence suppose |G/C! =2. Now ZC#£ 1, and hence C has a free
normal subgroup F with C/F isomorphic to a subgroup of the rationals.
We claim F=FnN xe_l, where x ¢ G\C, and hence F is normal in
G. Put E=F x ZC; then C/E is periodic, and hence so is C/ENxEx™
But E N xEx~! - (Fﬂxe_l) N ZC, and so C/F N xFx~ ! is infinite
cyclic-by-periodic. On the other hand C/F N xFx~1 is isomorphic to a
subgroup of C/F x C/xe—1 , and contains a subgroup isomorphic to
ZxZ if F#FNxFx~!. Thus we get F=F NxFx~ !,

We now have C/F locally cyclic and G/F non-abelian. If x¢G\C,
then it is easy to check that x2 € F, and that conjugation by xF inverts

the elements of C/F.

The next lemma is casy to establish: we include a proof for com-

pleteness.
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LEMMA 4. Suppose H is normal or of finite index in the group G=Z_*Z_,
and H is isomorphic to Z x Zs’ where m,n,r,s are integers, and
neither m nor n is 1, at least one of m,n is not 2, and at least one

of r,s isnot 1, Then H = G.

Proof. By the subgroup theorem, H is the graph product of the diagram
-1
lala " ORI
f \g
-1 -1
{Bzmﬁ nHEB(B {yZny l"’lH}yE

where A is a set of (double) coset representatives for G mod (H, 1), B

C

is a set of double coset representatives for G mod (H,Zm), and C isa
set of double coset representatives for G mod (H,Z ). The map f sends
the component ala~! N H corresponding to a ¢ A into the component
,BZmB—l N H corresponding to the double coset HBZ ~ containing a.
Similarly for g.

Since H = Z =« Z_, there can be no loops in this diagram, for other-
wise H would contain a free factor. Furthermore exactly two of the
factors BZm,B_1 N H, yZny_1 N H are non-trivial.

Now, if H is normal BZ_B~' NH=Z_ NH forall B. Thus there
can be at most two elements in B, and hence H has finite index in G.
Thus. we need only consider the case H of finite index in G. If

H=<x,y:x5=y'=1>, then x must be contained in a conjugate of zZ.
orof Z: say xe meg—l, and so r divides m. The image of H in
the quotient group Zm/r * Z  is finite and of finite index, and hence
m=r. Similarly, s=m or s=n. Let A] =a, Bl =b, ICl =¢. From
Kurosh [10] p. 63, the number of cosets of H contained in the double
coset HBZ  is precisely the index of ,BZmB'1 NH in BZmB‘l.

If just one of the ,BZm,B_1 M H is non-trivial, then precisely one of

-1 . i
the yZ y~ N H is non-trivial and we get
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b-)m+1=a=(-1n+1.

If two of the BZmB_1 M H are non-trivial, then all the yZny_1 NH are
trivial, and so
b-2)m+2 = a=cn .
But the diagram is connected and has no loops, and so its Euler
characteristic is 1. Since there are a+b+c vertices and 2a edges, we
have b+c—a=1. These equations quickly give a contradiction.

We are now in a position to prove

THEOREM 5 (Chang [3]). Let H be the group <a,b:a™=b">, m,n
coprime, and let G be a knot group containing H either as a normal
subgroup or a subgroup of finite index. Then G =<A,B:AM=B"> and

a= Ah, b - Bh, where h is prime to mn.

Proof. Since G is a knot group it follows from Theorem 3 that ZG # 1,
and so by Burde and Zieschang |2] G has generators A,B such that
G=<A,B: Ak: Bg> with k,{ coprime.

Thus G/ZG = Zy * Z(Z' and clearly a non-cyclic subgroup of such a
group has trivial center. Thus ZH = ZG N H, and so HZG/ZG = Zm *Zn
From Lemma 4 we conclude HZG = G, giving H normal in G, and,
by a suitable change of generators if necessary, k=m, £=n, and H=
<AYBV:AYM_BYD> where (u,m)= (v,n)=1. But AY™ = BYT - BVI,

and so u=v, and the result is proved.

§4. REMARKS:
1. Karras, Pietrowski and Solitar prove in [9] that every finitely
generated (free-by-infinite cyclic) group with non-trivial center lies in G.
2. If H is a finitely generated group with center in G, then H is
the split extension of a finitely generated free group by an infinite cyclic
group. It follows that H is finitely presented.

3. There do exist non-abelian groups H with center in § with H/H

isomorphic to a non-cyclic subgroup of the rationals. The subgroup
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generated by {yaxzy—a :a a positive integer} in the one relator group

1.x*> isan easy example.

<x,y: yxzy—

4. The subgroups of a group with center in § are either groups with
center or free groups. It follows that all the finitely generated subgroups
of such a group are finitely presented, or, groups with center in § are
coherent.

Unfortunately not every group in Q is coherent. For F, x F,, the
direct product of two free groups of rank 2, is in § and it is well known
that F, x F, is not coherent.

It is known that knot groups are coherent (Scott [12]): it is still not
known if one-relator groups are coherent. It would be interesting to be
able to distinguish the coherent groups in §.

5. It follows from the previous remarks that the groups H with non-
trivial center in Q are locally indicable, and hence the integral group
ring of H has no zero divisors and only trivial units (see Higman [7]).

‘‘amalgamating and

6. In defining the class ?, we restricted the
associated’’ subgroups L to be free. We could allow L to belong to
any class of groups which (i) is closed under subgroups and (ii) for
which the only groups with non-trivial center are infinite cyclic (for in-
stance, choose L as a subgroup of a parafree group [1]), provided we
restrict ourselves to groups of cohomological dimension two. We have not
however come across any interesting new groups this way.

7. Finally, we would like to pose the question which provoked the
results of this paper: namely is Theotem 2 true for groups of cohomologi-
cal dimension two, or, put in a slightly different way, if G has
cohomological dimension 2, and ZG#£ 1, is G’ free?”

JOHN COSSEY
AUSTRALIAN NATIONAL UNIVERSITY

NEVILLE SMYTHE
AUSTRALIAN NATIONAL UNIVERSITY

Added in proof: R, Bieri has verified this conjecture for a class of groups
slightly wider than finitely presented groups.
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QUOTIENTS OF THE POWERS OF THE AUGMENTATION IDEAL
IN A GROUP RING*

John R. Stallings

Introduction

Let I' be a commutative ring with 1; G a group, £:1'G » 1" the
augmentation of the group ring taking G » 1; J = Ker e, the augmentation
ideal. This paper shows how to compute the quotient groups Jn/Jn+1
(as well as the multiplicative structure of the graded ring consisting of
these quotient groups). This is done in terms of a spectral sequence
whose boundary maps are homology operations on groups, 'with certain
functorial properties. We can obtain the spectral sequence either ab-
stractly, in terms of the cobar construction on K(G, 1), or practically
(losing a certain amount of homological data) in terms of a presentation
of G. We give an application to a group-theoretic problem. In particular,
following a suggestion of R. Lyndon, we give an example of a group with
n generators and one relation, which cannot be mapped homomorphically
onto a free group of rank 2.

Some of this paper was suggested by Brian K. Schmidt’s thesis [8],

which computed the additive structure of I'G/J" in terms of a presenta-

tion of G.

~1. The basic idea
Let P={x:r} be a presentation of G. Let F = Fix} be the free

proup with basis {x}. Let I be the augmentation ideal in I'F. For

' This work was done under the auspices of the Miller Institute for Basic Re-

wearch, the National Scicence IFoundation, and the University of California, Berkeley
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we¢F, let w=1-w. The graded ring associated to the filtration of I'F
by powers of I is well-known to be the I'-tensor algebra on the free
I"-module X generated by the elements {x}. Let R be the free [-module
generated by ir}, which will here be confused with the 1'-sub-module of
I'F generated by {rl. Then I'G is the quotient of I'F by the 2-sided
ideal generated by R. Recall that J is the augmentation ideal in I'G.
Then: 9 9
J/177 = 1/(I°+R) ,

which is the cokernel of a certain map d,:R » 1/1> = X. This defines
additionally a map

R®X + X®R - X®X = 12/13 .

The cokernel of this is
12/(13 +RI+ IR) .

To obtain _]2/_]3 we have to factor the above by something more,
namely RN 12, which comes from the kernel K of dy. There is then
& map d; : K » Coker (R®X + X®R » X®X) ,
whose cokernel is isomorphic to ]2/]3.

The description of _]3/_]4 is even more complex: First factor
X®X®X by the image of R®X®X + X®R®X + X®X@R. Then factor
this by the image of the kernel of R®X + X®R > X®X. Then factor this
by the image of the kernel of K -» Coker (R®X + X@R - X®X). In the
end, ]3/]4 will be isomorphic to something like this:

13/0% (RI2+IRI+ I°R) + RI+ IR)NI3 r RN (@3 +RI+ IR)NI3) .

Etc. We shall arrange these successively more complex computations

into a spectral sequence.

§2. Some notational conventions
P = {x:r} will be a presentation of G; |’ a commutative ring with

1. I'G the group ring; ] its augmentation ideal. Modules, tensor
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products, etc., will be construed to be over 1'. II means ‘‘product,’’ i.e.,
infinite direct product, while II means “‘coproduct’’ or infinite direct sum
Also, A+B usually means direct sum.

X will denote the free module with basis {x} in 1-1 correspondence
with the generators in P. R will denote the free module with basis {r}
in 1-1 correspondence with the relators in P.

If M is amodule, M =1, m®*! = M®M", and T(M) = 1; M? s
n>0

the tensor algebra of M, whose multiplication is given by the canonical

isomorphism Mk+£ =~ Mk®MB. TM) = 13 M" is the completed tensor
n>0
algebra, which is the topological algebra obtained from T(M) by comple-

tion with respect to the descending sequence of two-sided ideals

zi -~ [ » .

n>k

A basic fact, due to Magnus [5,4] is that if ['F is the group ring of
the free group on the generators of P, then its completion with respect
to the powers I" of its augmentation ideal is isomorphic to T(X), the

isomorphism being given by x <> 1—x.

§3. The spectral sequence from a presentation
Let A, or A(P), be the completed tensor algebra T(X+R).
Define K;=X, K,=R, K =0 otherwise. Then A is the product

of terms called:

P _ . ®...8K.
AP, - H Klle Klp )
fj+etip=q

Here, AO0 = I". Note that the product of qu and ArS is contained in

p+r
A g+s”

. = AP
We define A—p,q A q

- P
A T ALpq ™ Bi+KP .
q
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Let B denote the uncompleted tensor algebra T(X+ R), which is the
coproduct of the qu.

An element a ¢ qu will be said to have total degree n{a) = —p+q.
An element in B has total degree n if it is a sum of finitely many ele-
ments of total degtee n. An element of A has total degree n if it is in
the closure of the elements of B with total degree n; 0 has any total
degree. Note that the elements of A of total degree 0 form a sub-algebra
isomorphic to ’f‘(X).

A homomorphism of I'-modules, ¢ :B > A is said to be a derivation,

if it is zero on Ay, = I", and if:

b@eB) = p@ef + (-1)PDaey(g) .

We define 3:A > A as follows:
(1) 9(X)=0.
(2) JIR is defined on the basis {r} thus: r>1~te¢'F > A, by
completion. In other words, dr is the infinite series, in terms

of the Fox derivatives D; = d/dx;, and augmentation e:I'F ST

o=y (-1 (eD; ~-D; (Ni; 8 @%;
Cf. [4].
(3) 9|B is the unique derivation extending the map already defined.
(4) J is the unique continuous extension of this to A.
Now, we note that 9% = 0, since Jd is a derivation on B and =0
on X + R which generates B.
If we define ® = 11 A__ ,,
pzr p!
A, and 9®fC &
Also note that @ lowers total degree by 1.

then ® is a decreasing filtration on

Now, what we have, consisting of A, @, ®, is a filtered chain-

complex. It leads therefore to a spectral sequence Er_p q where:

E' is an algebra .

Eo_p’q = A—p,q’ and E° ~ B as an algebra.
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The boundary maps:

. r r
d B pq 2 B porqir-1

are themselves derivations induced by J, and E™! s the homology of

(Ef,d)).
Furthermore, the shape of the possibly non-zero terms in Er__p q is
of interest: Except for the term Ero 0= I', we have Er_p q= 0 unless

q>p and p> 1. We say that such a spectral sequence is an upper upper

left octant spectral sequence.

3'1‘ E —P,p E —p,p ~P,p )

This is true for any upper upper left octant spectral sequence. We refer
to this as convergence on the anti-diagonal. In general, there will be no
convergence phenomenon elsewhere.

The presentation {x:r} determines a 2-dimensional cell-complex K.
There is a single O-cell e,, a l-cell for each generator x, and a 2-cell
for each relator r; the attaching map of the boundary of the 2-cell is
determined by the recipe that r gives as a word in the generators. The
smash product #n(K,eo) is the n-fold Cartesian product K®, modulo the
subspace consisting of all points having at least one coordinate equal to e

1 ~ p :
3.2, E'_pq ~ Hy(#PK,ep),I') .

This can be proved by noting that EC is just the chain complex of

—~p,*
#P(K, ey), because d, is a derivation and coincides with the boundary

. 0
map of the chain-complex of (K,e,) on E 1%

44. Functorality on presentations

Let P={x:r} and Q =1{y:s! be two presentations. We shall define
@ notion of map from P to Q that will induce a homomorphism of spectral
scequences E(P) to E(Q).

If {ul is a set then Flul will denote the free group with that set as

basis. A map {:I? > Q consisis of two group homomorphisms:
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¢, : Fixl > Fiyl
¢, : Fix,t} > Fly, sl

satisfying these rules: Define dp : Fix,t} - Fix}, by x >x and r, as
basis element of Fix,r}, »r as a word in {x}. Define dg similarly.

Then we must have:
¢1dp =do¢, and ¢, !lxl=o,iix]
®,(r) is a product of terms of the form wstw!

where w e Fly} and €=1+1 or —1.
¢, defines, by extension to the completed group rings, a homomor-
phism f; :X » %(Y), which is the O-degree part of A(Q).
¢, gives one a way to define a map f,:R - the 1l-degree part of
A(Q), as follows: If o
$,0 = I wisy twyh

define i=1
Oi = (Ei-——l)/2 and H] = H WS, lwi"1 .

Then

n

0.

1-¢y = Y eilliwis; Td-spw™h
j=1

1

0.
So, let u; = dQ(Ejijjsj )y and v, = wj_ , both being taken as being

]
elements of T(Y). Then we define:

n
fz(;) = 2 uj~sjvj
j=1
The fact that ¢,dp = dQ ¢, now implies that f; +f,:X+R - ”f‘(Y+ S) -
A(Q) commutes with d in A(P) and A(Q). Extend f; + f, toa con-
tinuous algebra homomorphism f, : A(P) » A(Q). Since the two boundary
maps in A(P) and A(Q) are derivations which commute with f, on

generators of A(P), it follows that {, is a chain-mapping.
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So in the end we have f,:A(P) - A(Q), commuting with d, preserv-
ing total degree and filtration. Thus, f, defines a map of spectral

sequences f,:E(P)- E(Q).

4.1. With these definitions, the spectral sequence is a functor from the
category of presentations and presentation maps to the category of upper

upper left octant spectral sequences.

To show that the map of spectral sequences induced by the composi-
tion of two presentation maps is the composition of the two induced maps
of spectral sequences is an exercise in keeping your head while the

indices proliferate and will be omitted.

4.2. If the map f:P > Q induces a homology isomorphism of the two-

dimensional complexes of the presentations, then
f, : EfP) » EfQ)
is an isomorphism for r > 1.

This follows from 4.1 and 3.2.
In particular, the complex of P can always be subdivided into a semi-
simplicial two-dimensional complex, giving a presentation Q in which all

relators are of the form

In such a complex:

4.3. Of = (=%, @ %, +X; +x; —x; )® (1—x; )7L .
1 2 3 3

§5. Cobar construction [1] [9]
A coalgebra A (over the commutative ring [7) is:
(1) A graded module with A =0 for n<0 and Ay=1". By A
we mean A; +A,+-+. By £:A >I" is meant A - A/A.
(2) A chain-complex, with (?:Arl > An_1 such that 9% = 0 and
r')Al 0.
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(3) With a diagonal map A:A » A®A, which is a chain-mapping
(relative to the usual 0 on A®A, such that d@®f)=
@a)ef + (=1)dima a®df3), that is strictly associative:

Aely)oA = (1,0A)A
and for which ¢ is a 2-sided co-unit:
(C®1A)°/\ = (1A®E)°A =1, .

These equations have to be interpreted in terms of the standard identifica-
tions of various tensor products, where 1, is the identity map on A.

The example of a coalgebra one needs to have in mind is the chain-
complex of a semi-simplicial complex K which has only one vertex, and
which is provided with the Alexander-Cech diagonal:

n

A(UQ...n) = 2 90...i% 0.4 -
i=0

Here 5.k is the semisimplicial analogue of that face of the convex
simplex with vertices (x,,"'*,%,) which has the vertices (xj,---, Xy)-
We now construct the tensor algebra T = T(A), giving it the bigrada-

tion where qu is the coproduct of the terms

A. ®...8A.
iy i
over all positive p-tuples iy, ip such that ip ot ip = q. As in the
earlier construction, T__p q= qu is distributed over the upper upper left

octant.
The homomorphism 9:A » A restricts to d:A » A. We extend this
to a derivation 9:T(&) » T(K). As before, a derivation is a homomor-

phism D:T(A) » T(A), such that
D@ef) - D@ep + («1)"DasD()

where u ¢ qu and the total degrce n(a) --p 1 q.
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The resultant 9:T » T maps Tp »Tp _; and satisfies 9% -
It differs from the ‘‘usual 8” on AP by 51gn differences; nevertheless,

the homology groups of these two boundary maps are isomorphic.

Let e:A®A > A®A be defined by
e@®f) = (~1)3a®B, where a ¢ Aq

The diagonal map A determines a diagonal map A >A®A, and we de-

fine A; to be the composition
A >A®A S AeA .

Then /\1 maps A - T(A) and so extends to a unique derivation
A :T(A) > T(A). This derivation maps Tp to Tp+1q

The assumption that A is a chain- mappmg implies now that A 8 +
aAl = 0 on elements of 1l «» and thence by induction on p, using the
fact that Al and Jd are derivations, it can be proved in general.

The assumption that A is associative now implies that Alz =0,
first on T! «» and then by induction on p, using the fact that Al is a

derivation, on Tp*

In summary:

9:TP TP and A TP o TP

are derivations.

=0, A2=0, A 0409, =0.

Therefore, defining D=0 + Al we see that D? = 0, D is a derivation,

and D lowers total degree by 1.

We are now in the standard situation of a double complex; so there is

a spectral sequence using p as the filtration degree.
ET is a graded algebra with a derivation

et ol
dos B BT e
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induced somehow from D, with respect to which, the homology of E' is
El’+1 .

EO—p,q ~ qu(K), on which dy =9 .

1 ~ Ap
E —P,q HQ(A )

E is an upper upper left octant spectral sequence, and so there is
convergence on the anti-diagonal.
E is obviously a functor of coalgebras A and appropriately de-

fined coalgebra maps.

§5.1. Suppose A and B are coalgebras and ¢:A »B is a map of
coalgebras such that ¢, : H;(A) > H,(B) is an isomorphism and

by HZ(A) - HZ(B) is onto. Then in the induced map of spectral sequences
by E(A) > EB), for r>1;

Er__p p Er__p p is an isomorphism, and

E

r T .
—p,p+l E —p,ptl IS onto.

Le., ¢, is isomorphic on terms of total degree 0 and epimorphic on
terms of total degree 1.

The proof is by induction on r, using the hypothesis for r =1 and
the fact that the terms of total degrees 0 and 1 in E! can be described
(by the Kunneth formula) in terms of H,(A) and HZ(A)‘ The induction

step is an ordinary diagram-chasing argument using the 5-lemma.

5.2. COROLLARY. If ¢  is isomorphic on H; and epimorphic on H,,
then E —p,p(A) ~ E —p,p(B)'

5.3. COROLLARY. If A is the coalgebra of a semisimplicial complex K
with one vertex, and =,(K)= G, and B is the coalgebra of the semi-
simplicial Eilenberg-MacLane space K(G,1), then EM_p p(A) ~ E°°_p

This is because there is a map satisfying 5.2 from K to K(G, 1).
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Now consider the Eilenberg-MacLane space K(G,1). In a sense, the
coalgebra of K(G,1) is the bar-construction of I'G. Our spectral
sequence is the cobar construction of this. The result, if there is any
justice, should be equivalent to I'G. This is a theorem of E. Brown [2].

The key point to note is that on a 2-simplex (glh), a basis element

of A12, the total boundary D is
D(glh) = ~(g)®(h) + (g) + (h) — (gh) .

The first term here is derived from the diagonal map, the rest from the
boundary map in the semisimplicial complex K(G, 1). It follows that the
mep (g)ee(g,) ~ (1-g) (1-g,)
from the terms of total degree 0 in the cobar construction to the ring 1'G
cxactly annihilates the image of D. Thus the total 0-dimensional homology
of the cobar construction is 1'G, and the filtration on it is that of the
powers of the augmentation ideal. It follows that the E*_ term is

p,p
then JP/JP! 1 Combined with 5.3, this shows:

5.4, THEOREM. If A is the coalgebra with coefficients 1° of a one-
vertex semisimplicial complex K, and ] is the kernel I'G - 1", where

G = 7,(K), then oo
! E¥_, ,(A) ~ JP/IPT .

%6. Comparison of the two spectral sequences

Given a presentation P, we subdivide it to obtain a homologically
cquivalent presentation Q whose complex K can be considered to be
semi-simplicial. By 4.2, we have E'(P) ~ Ef(Q) for r> 1. Comparing
the boundary formula 4.3 of E*(Q) with the boundary formula in the cobar
spectral sequence of K, we see there is an isomorphism taking the ele-
ment 7 of E(Q) to oe(1—T)"! in E(K), where - xyz—!, o is the
?.simplex corresponding to r and T is the l-simplex corresponding to z,
and IE(K) is the completion of F(K) in the p-filtration. The composed

map defines an wsomorphieam Fiy o YK for c o 1.
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Hence, by 5.4:

6.1. THEOREM. Let E(P) be the spectral sequence defined in §4 for the
presentation P of a group G, Then, where ] is the augmentation ideal
in the group ring T'G, Ep_p’p(p) ~ JP/7PL
§7. A group-theoretic application

Suppose G is a group with a presentation with just one relator, P =
{xl X i 1}. We want to investigate the question: Onto which free
groups can G be mapped?

A free group F of rank m has a presentation Q = {yl,“',ym¥ with
no relators. If h:G - F is a homomorphism onto, there are maps of pre-
sentations 4:P+Q, B:0-P
such that a¢f8:Q > Q is the identity map, in other words « and h are
retractions.

Now, with a given coefficient ring 1', we can write, when

1—r e INI¥,
1-—1’ = 2 ail '”ik(l-—xil)"'(l—xik)

modulo Ik“. Thus, in the spectral sequence E(P), the derivations ds
are all zero for s < k-1, and
(%) dy_, (@) = 2 aj, "'ik§i1®m®iik = Xy, Xg)
We think of 7, which is a homogeneous form of degree k in non-
commuting variables, as a sort of homology operation.

Since a:P > Q is forced to be trivial on r, and the spectral se-

quence is functorial, it follows that

n(ail,---,a;(n) =0.
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Now suppose a;(i = zbij§j . The fact that a is a retraction implies, if
I is an integral domain, that the nxm matrix (bij) = B has rank m.
Furthermore, we could follow a by any automorphism «, Q » Q, and the
same would be true of ya as is true of a. The result is to multiply B
on the right by an arbitrary invertible mxm integer matrix. Thus, if the
ring I' is one of the prime fields Zp we can fix it up so that B is in

column echelon form.

7.1. For I' = Zp a necessary condition that G can be mapped onto a

free group of rank m is that for the form 7 defined by (¥x%), there is a

matrix B = (bij) over I' of size nxm and rank m, in column echelon

1( 3 bigFps 3 bagig) = 0

form, such that

Le.,
. . b.. «-'b. . Vv, ®-..®y, =
2 By 1y bl111 b‘ka Yiy ka 0

Le., for every k-tuple of integers j;,, Ji € [1,ml],

2 ai1 "'ik biljl mbikjk =0
il’-”ik
cl1,a]

7.2. Suppose the group G has the presentation

.. € e_
P = {xl,-n,xn DRy ey = 1}, where e > 1 .

Then if G can be homomorphically mapped onto a free group of rank m,
it follows that m < n/2.

Proof. Select a prime p dividing e. Therefore e = qf where q = pk

and f £0 mod p. Then with coefficient ring Zp, where x =1-x,

1or - 1-A=x8 1-x )9 = 1o -z, Of - =% 9

f(;(l(l | e ;(l](l) modulo Iq;l '
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So, in the form 7% all the coefficients are zero except for those whose
indices are all the same, in which case the coefficient is f.

Now if (bij) =B is an nxm matrix of rank m in column echelon
form and we take the k-tuple jl""’jk =s,s,,s,t in 7.1, we find that
for all s,tell,m], n
() £ b9 by = 0.

i=1

The matrix C - (cg;) with c; = bisq"l is obtained from B by trans-

s
posing and setting every non-zero entry to 1. Since B is in echelon
form, C has the same rank, namely m.

Since f£0 in Zp’ the equation (#) says:
C-B=0.

Thus the row-space of C is contained in the null space of B. The
dimensions of these are m and n—-m, respectively, and so m<n—m,
or m< n/2, as asserted.

Note that, conversely, by mapping the odd generators to themselves,
the even generators to the inverse of the preceding one, but the last one
to 1 if n is odd, we can retract the above group onto a free subgroup of
rank (n—1)/2 or n/2, whichever is an integer.

Another interesting example is this (a similar thing was pointed out to
me by R. Lyndon in a letter about 15 years ago): Let [u,v]= avu vl
Given an integer n, for 1< i< j<n, let {aiji be n(n-1)/2 pairwise
distinct powers of 2. Let ¢ be a power of 2 at least as large as each
a;;. Define e;; = C/aij'

1) J
Define an expression

a.- a;: e
0) ey xg) = L g % 010

The product has to be taken in some fixed order, which is not going to

make any difference for our purposes.
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Define a group G now by the presentation:

P - H{l,---,xn Sr(Xyp,en,xg) = 1} .

7.3. The above-defined group with one relation cannot be mapped onto a

free group of rank 2.

Proof. Take I = Z,. In the spectral sequence E(P) all boundary maps

are zero until d,. ; is reached, and then

- a.._a..e..
doe1® = nGyn i) = 3 G R e M

i<j

If there were a retraction G -» Fiu,vl, we would have an mx2 matrix of

rank 2 (bij) with

(%) (byqu by, b U+ b V) = 0.

We can analyze each summand of this expression somewhat. Suppose

P.q,r,s€Z, and a is a power of 2. Look at
(pu+qv)? (ru+ sv)@ 4 (ru+sv)? (pu+qv)® .
We can say the following:
(1) The coefficient of 12@ s p?r® + rfp? = 0 and similarly the
coefficient of v22 is 0.
(2) The coefficient of u?v? is p?s? + 1¥q® = ps +1q =
Determinant of (p,q;r,s).
(3) If k divides a and t=a/k>1, and f=t/2, (of course,
k"k)t is

k, t, f are powers of 2), then the coefficient of (u*v
f
eFa ksl sk kg -
Therefore, in the expression (¥) above, the coefficient of the term

lu IJ) 1]
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comes solely from the ij-th summand of 7, and is therefore, by (2) above,
biy bjy + byy by,

This must be zero for every pair i,j with i< j. Thus, every 2x2 sub-
determinant of B is zero, and so B has rank at most one.

7.3 can be rephrased in the following rather curious form:

7.4. If F is a free group, and xl,---,xn(F then fxl,---,xn} generates

a cyclic subgroup if and only if (where r is given by (!) above)
r(xl,---,xn) =1.

Proof. Sufficiency is 7.3, since every subgroup of F is free. Necessity
follows from the fact that r would be in the commutator subgroup of the

cyclic subgroup.

Another remark. If one makes an expression 1’ by replacing the com-

mutators in r by the expression:

<u,v> = (uv)2 u? v2
then the resulting form in the one-relator group with this relation r’= 1,
is identical with that for r, and so the result 7.3 holds for this group
also. Every generator of the group occurs in r’ with only positive ex-

ponents.

§8. Related questions

The examples in §7 are simple in the sense that they could have been
described without spectral sequences. This is probably true of any spec-
tral sequence argument that only depends on facts about the first non-
vanishing d . One unsolved problem is therefore to derive interesting
group-theoretic results using the machinery derived here in a more essen-
tial way.

For another thing, it is my impression that Milnor’s isotopy invariants
{6] can be described in terms of the spectral sequence of the fundamental

proup of the complement of a link. But this is not perfectly clear.
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Finally, Rips [7] has shown that there is a difference between the
‘““‘dimension subgroups’’ and the terms of the lower central series. This
paper has discussed powers of the augmentation ideal, which are related
to the dimension subgroups. It would be worthwhile to describe some
computable spectral sequence which would compute the quotient groups
of the lower central series. There should be a map of that spectral se-
quence into the one defined here, and then homological algebra should be
developed sufficiently for one to perceive clearly why it is that when
torsion appears in the quotients of the lower central series it is possible
for the lower central series to differ from the dimension series. My idea
for this is to substitute the Curtis spectral sequence [3] for the cobar
construction; this would probably converge on the anti-diagonal to the
quotients of the lower central series. The problem would be, how to com-
pute with the Curtis spectral sequence, at least to the point of going
through the Rips example in detail? And how to describe a similar spectra’

sequence in terms of generators and relations?
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KNOT-LIKE GROUPS

Elvira Rapaport Strasser

Abstract

If K is a knot, the fundamental group of its complement in the three-
sphere is called a knot group. Every knot group having finite presenta-
tions, has one consisting of one more generator than the number of defining
relations; that is, a presentation of deficiency 1. Abelianized, the knot
group is free cyclic. I call a finitely presented group, G, knot-like if it
has these two properties.

If G is knot-like, G” its commutator subgroup, and G/G” is finitely
generated, then G/G” is free (Abelian) and its rank is equal to the degree,
d, of the Alexander polynomial of G [8]. If G is actually a knot group,
and G’ is finitely generated, then G’ is free of rank d; the proof [7] is
topological.

Let P be a presentation of deficiency 1 of the knot-like group G;
then P gives rise to a presentation of G’ as a product of groups H;,
i:0, *1,-.., and a certain presentation of H,. Let M be the deficiency
of the presentation of H; so gotten, and suppose P such that M is
least possible. The main result of the present paper is that any two of
the following conditions imply the third: 1. G’ is finitely generated;

2. G’ is free; 3. M =d. For one-relator presentations, either of the first
two conditions implies the rest.

While d is independent of the presentation of a group, M is not:
d<M and G may have presentations P; and P, of deficiency 1 such
that M; >d, M, = d.

119
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§1. Introduction

Let P*=(x,ay,»8p; T12""7In ) present the group G for which the
factor commutator subgroup, G/G’, is cyclic. Then I will say that G is
knot-like. It is no loss of generality to assume that the a-symbols are
elements of the commutator subgroup, G’; that 13 has the form a;C; for
some elements C; of G’ [4]; and that G/G’ is generated by the coset
containing x. Then the set of all conjugates, %a; sJ itl,--,n,
j:0,%1,--, generates G’, and the r; can be expressed as words in
these conjugates.

Set P* = (x,a; 1), SO that a is an n- -tuple of symbols a;, and 1
an n-tuple of words in X and a. Set xJa x] = a8y let R, be the re-
write of r as an n-tuple of aij—words, and Ry the rewrite of the n- -tuple

7%xX. Then
P = (al)’ R]’ i‘-l,"',ﬂ, )Oyily)

is a presentation of G’; it makes sense to speak of aj; as an element

of G"
All terms used in the sequel without definition may be found in {51
Take all defining relators reduced and cyclically reduced, and suppose

that Ry contains aj mq. but not aj g if k<m. Suppose further that
b 1 ’

regardless of first subscripts, t is the smallest second subscript occur-
ring in the rewrite of 1y; then the rewrite of X r1 xt contains aj o for
gome i but no negative subscripts. Replacing 1y by S('trlxt and pro-
ceeding similarly with the rest of makes m; non-negative for each 1i.
If now my £ 0, then replacing 2a; by xmlalx_—m1 everywhere in 1
leads to a rewrite containing a; o S© that my = 0. Similarly for the re-
maining mj- If M is the sum of the numbers M, i:1l,---,n, then the
¢gpread’’ of the aj; in Ry is M.

If the ajj are allowed to commute — that is, if the second commuta-
tor subgroup, G”, of G is factored out — then Ry will consist of

words of the form

(alo) 10(311) - Ml(azo)bm”'



KNOT-LIKE GROUPS 121

for certain integers b,

o j
1j’b’ etc. For a moment write i’aixj as (ai)X in

P*. Then w becomes
(a,)P10(a )P 11% .. (al)bxml(az)bzo-.-

which can be written as
(al)b10+b11x+'”+be1(82)b20'“ ]

Then, modulo G”,

Py (x) )p12(x)__ P1a®)

rp = (ap) (a,

()
pil (x) (x)

P.
r; = (a;) @) M

Let P(x)= xq(c0+c1x+---+ cdxd) be the determinant of the nxn matrix
of the Pij(x)’ so that d <M and co+c1x+-~~+cdxd is the Alexander
polynomial of G. The constant cj is zero only if P(x) is zero. But
this cannot happen: since r; = a; modulo G’, the exponent sum of a;

in r; is 1, and the exponent sum of a in r; is zero for j#£1i, sotha

setting x = 1 in the expression for r; given above reduces it to a; and
so P(1)=1. That is, P(x) is not the zero polynomial, and so ¢ £0,
and cy # 0. While M varies with the presentation, d is an invariant of
G (1l

From the presentation P of G’ one gets a presentation of a certain
group
HO = (al,o’ al,l’“.’ al:Ml’ 82,0;"'y 82,M2:"'y an!Mn; Ro) .
The deficiency of this is (M+n)—n =M.

Adding the integer t to all second subscripts in H, gives a group

Ht = (al,t’“" al,Ml+t ’ 82,t 2Ty an,Mn+t; Rt) .
Clearly, the union of the H; is the presentation P of G
Anelement of H, is 1 in G’ if it is consequence (product of con-

jugates) in G* of the members: of the n-tuples of relators Ry, Ry -+
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in G% itis 1 in H, if it is consequence of the relators Ry in H,.
In general, then, H is not a subgroup of G’. But there is a normal sub-
group, call it Kg, in Hj such that H,/K; is subgroup of G" Similarly
for the H;. Writing H:‘ for these factorgroups, one gets a presentation
of G’ as a free product of the H’tk with amalgamated subgroups as
follows.

Let Hgl be the subgroup of Hg generated by every symbol in HE‘;
except the a; .o Lt 1,---,n; and let ng be the subgroup of Hg gener-

™

ated by all but the aj gr 1° 1,---,n, Then mapping each aj; into 3j j+1
changes H;l into ng and this mapping is an isomorphism since it
corresponds to a conjugation by x in G. The subgroups H:j are simi-
larly defined for j:1,2 and all integral t.

Let a;.. of H:"I be matched with a, . ; of H:‘H,I; this gives an

ij i,jt
isomorphism. Let aj; of H’tk2 be matched with a;; of H;l 15 this
also gives an isomorphism and provides an identification of the subgroup

H;k’z of H:‘ with the subgroup H:+1,1 of H::rl along that isomorphism,

§2. An example
Let G be a one-relator group and P* = (x,a; r) a presentation of it

with a=a, and r= = azx_lax2a~1x‘3a”1x2, so that r= a modulo G
-1 2
The rewrite of r in the exponential form is a2tX=X " —X"  The rewrite

3 2
of x 1r~1x is a¥ *17X" ~2X  Modulo G”, this can be written as aL(x),
with L(x) = x3-%%_2x+1 the Alexander polynomial of G. Rep.lacing I
by 1% in P*, one gets

B 1 -2
Ry = azaga; "3

and
HO ~ (80,81,82,83; Ro) .
Then
Hoy - (agrap,az;)

H02 - (81,82, 33;)
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(that is, free groups of rank 3 because of [3]); d - M= M, =3, and
=m; = 0.

Though Hoi is free of rank 3 in view of the Freiheitssatz, in this
case inspection is sufficient to establish this fact. For example one can
argue that R, and the symbols a;, a,, a; freely generate the symbols
ag, a1, a,, 83 S0 that H, is free on ay, a,, as. But then Hj is con-
tained in H,, and vice versa.

Hy; and H,, are isomorphic under the matching of a; in Hg, with

a;,;; in Hy, so G is the free product of the H; with amalgamated sub-
groups
Hi, = (1 85,2:8535) of Hy = (a5 Ry)
and
Hip1 = Giarsagggs) of Hipy = (@085, Rigy)
in the ‘“‘natural’’ way.

The presentation P of G is (aj; Rj,j:O,tl,-‘-), or
P = (ay; a,,:a:a;ha72%,j:0,%1,--)
NP T343%172+H 1+J’J' rT :

In this example one can get rid of all a and Ry of P that are not

in Hy by using Tietze transformations. When only H, is left, one more
Tietze transformation reduces it to Hy; (or Hoz). So G’ is free of

rank 3 and any triple a;, a; ,, a;,, generates it.

$3. Summary of results

Let G be knot-like.

If G is finitely generated, is G’ free? For knot groups the answer
is in the affirmative; the rank of G’ is then the degree, d, of the
Alexander polynomial {7]. The proof is topological, based on the van
Kampen theorem, available since there is a knot. If G is only knot-like,
it is known only that when G7/G” is finitely generated then it is free of

cank d [81.

More gencrally, one can ask when is G free.
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For presentations with one defining relation, the answer is complete
(Theorem 2): exactly when it is finitely generated. For one relator
presentations of these groups M turns out to be an invariant of G and
so d =M. (Lemma 5.)

On the other hand, if G” is free of rank t, then there exists a
presentation with d =M =t since G is extension of a free group F; by
a free cyclic group. In the general case, one would therefore like to have
a presentation P* of G of deficiency 1 for which M —d is as small
as possible (this number is non-negative as d < M). As this runs into the
unsolved problem of finding the deficiency of a group [9], the condition
M =d had to be used. This condition forces a Freiheitssatz for many-
relator presentations by weeding out cases where we cannot tell at the
present state of our knowledge of these matters whether certain subgroups
are free. If a knot-like group were such that every presentation P* of
deficiency I gave d <M then this group would be weeded out. I do not
know whether such a group could have either a free or a finitely generated
commutator subgroup. I think not. That is, I suspect that a free G’ is
finitely generated, as in the one-relator case.

An example of G having a presentation Pr with d <M, and another
presentation P; with d=M, (Mi representing for the moment the value

of M for P’;) is easily concocted. The following one has G’=F,.

PT = (x,a,b,c; c"la_lx_lax,x"‘la"lxb_lx—lbx,x—lb_lcx)
gives
=1 1 ~1,-1 -1
Hg = (ag, by, Cqr81, by, 0155 ¢ ag ay,ay by by, byiey)
and M= 3. Rewriting the relators modulo H'; gives them the form

c_lax’"l, a_xbx_l, b—XcX
and the determinant of

x~1 0 -1

®p-| —x x1 0
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: 2
is x(x"-3x+1). Thus d =2, The Alexander polynomial is x?—3x+1.
G is the fundamental group of Listing’s knot (4 crossings).

Another presentation

P; = (x,a,b; b_la—lx_lax,x_la_lxb_lx-lbx)
gives
: =11 -1, -1
Hy = (ao,bo,al,bl,bo agaj,a; by by)

and M, =2 =d.

The lemmata in the next section, while they give a little more informa-
tion, lead to the following theorems.

G will be knot-like, P* a presentation of deficiency 1, G’ the com-

mutator subgroup, and M the ensuing deficiency of the presentation Hy.

THEOREM 1. Suppose M is least possible for all presentations P* of
G. Then any two of the following three statements imply the third. (1) G’
is finitely generated. (2) G’ is free. (3) The degree of the Alexander
polynomial of G is M.

THEOREM 2. For one-relator P* either of the first two statements in
Theorem 1 implies the rest.

i,j+1) both be elements of Hy. Then
H, is a subgroup of G’ if and only if for all such pairs, either both are

THEOREM 3. Let w(aij) and w(a
relators in HO or neither is.

The last theorem means that from knowledge of H, alone, one can deter-
mine the factor group Hy/K, which is subgroup of G’

Conversations with colleagues at York University, Downsview, Ontario
especially with Abe Karrass enabled me to put the material of this paper

in the present improved form.
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§4. Proofs
G will be a knot-like group in a fixed presentation, P*. The proofs

will be based on a series of lemmata.

LEMMA 1. If G’ is finitely generated then H, | contains a full set of

generators of G,

Proof. Let H; be the subgroup of G” generated by the elements of Hq'

If the lemma holds for H*

0,1 then it holds for Ho,l' I will prove it for the

former.

As subgroups of G’ H; and H;+1 are isomorphic under matching

* . *
each aij of Hq with a of Hq+1'

of the subgroups H; with H;z and H

i,j+1 Therefore G’ is the free product
*
q+1

isomorphism. Writing G’= UZH; for this, the segments

1 amalgamated along this

SF=H'*Hf*...xH' and S*, = Hf*xH* *...xH*
t OAIAAt —t OA——IAA—t
are seen to be subgroups of G’ for every t.

As G’ is finitely generated there is a non-negative number t for
which S:< contains a full set of generators of G° and so it is isomorphic
to G’ Therefore, in S::+l S:‘ ZH:H there are n relaiions, one for
each i, of the form A M.t - Wio and the element w; is in . S:.

Now the amalgamation in S’tk+1 (as a product of two groups given
above) is along an isomorphism identifying the subgroup H:z of S:‘
with H’tk+1,l of H:‘H. Therefore, if some element w of S:‘ equals an
element v of H:+l then w must be in H:,z and v must be in H:‘+1,1‘

. * . . .
Thus, the n relations a M.itel = Wi imply that for each i there exist

* *
elements v in Ht+1,1 such that

* . . *
ai,Mi+t+1 = v, isa relation in Ht+1

*
and there exist elements u; in H:Z such that
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* * R . *
wi = u; is a relation in Ht ,
and uik = vh-k under the amalgamation in S, - S¥ x HF These giv
i i g t+1 7 7t A t+qg’ s€ give
the relations
v, i1 in H
FMprte1 T Vio TP TR My

. *
of H:‘+1,15 that is the v§

. *
expressing ai,Mi+t+1 as an element, v;,

contain no symbols a5 M. t+1 for any j.
For any integer k, tl!le groups HE and Hi: are isomorphic under
matching aj . of H; and aj ik of Hf;, i:1,---,n. Then, for any non-

negative number p similar results obtain for the subgroups
* *
* H
HopiHlip
subgroup S:‘. It follows that there exist elements, v

Xoor % H; whenever g+p =t; the latter are conjugate to the

{» in H3,1 such that

a; = v;,1:1,---,n are relations in H
I,Mi 1 0

and the v; contain none of the aj M,
"

Similar considerations, starting with Sit , yield elements z; in

H3’2 such that

. . . *
aj o - Zj, i 1,---,n are relations in H

and the z; contain none of the a; o-

By the same token, like relations hold in each Hi';.

Then, in G’, one can express aj _; asan element in HS,I and so
one can express every element of Ht1 in H;,l' Likewise, the a; _,
are equal to elements of Htl, and so Ht2 can be expressed in the

generators of H; {» etc. Similarly for aj M.» 3 M.4+1° and so forth.
? ’ l ’ i
This shows: H; {» qua subgroup of G’ is actually G’, so that
H, ; contains a full set of generators of G’, which proves Lemma 1.
Note that H;’l is a factor group of Hy, so that if Hy 4 itself is
a subgroup of G” it is G’ in the sense indicated.

0,1 qnnd ll“’.‘,_

with the A II“_-A.

are isomorphic under matching the ajj in

il and only if Hg is a subgroup of G~

[LEMMA 2. H

Hy
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Proof. 1t is clear from the definition of the H; . that the groups Hg

)

and H; , are isomorphic in G” under matching the aj j

the aj i+l of Hl,l' If now HO’1 is isomorphic to HO,Z in the required

of Ho,l and

manner, then matching the aj of H0,2 with the aj of Hl,l is an

isomorphism. A similar statement holds for all the groups Hq' But then

G’ is the free product of the H_ with Hq'2 and Hqul.1 amalgamated

q

along this isomorphism, and so H_ is a subgroup of G° for each integer

q
qg. As the converse is obvious, this proves Lemma 2.

LEMMA 3, If d=M then Hy and H, , are free of rank M.

Proof. Let G, be the free group generated by the symbols a; j which

belong to Hy 1, so that G0 has rank M. Then

Hy = (G, ai,Mi’ i:1,--,n; Ry) .

R, consists of n relators, say Ry=wy,-,w,. Let bij be the exponent

j» so that (bij) is an nxn matrix; let D; be its

determinant. It follows from a theorem of Gerstenhaber and Rothaus [2]

sum of a; in w
1,Mi

that if Dy #0 then G, is a subgroup of Hy. But in that case G0=H0’1
and so H, , is free of rank M.

Replacing HO,1 by HO‘2 in this argument and D,; by the like deter-
minant, D,, for the a; o, gives the same result for HO,Z‘ If now d=M
then by the remarks of Section 1 about the coefficients of the Alexander
polynomial, ¢4 is D; and ¢ is D,, sothat D, #0 and D, £ 0.

Thus the H, j are free of rank M, and Lemma 3 is proven.

LEMMA 4, If G’ is finitely generated and H, is subgroup of it, then G’

is free of rank d = M.

Proof. By Lemma 1, Hy , contains a full set of generators of G’ and by

assumption it is a subgroup of G’ Therefore HO’1 is a presentation of G"



KNOT-LIKE GROUPS 129

Since the set of relations ai,Mi =vy, i:1,--,n, withthe v; elements
of Ho,l’ found in the proof of Lemma 1, hold in H,, the words ai—'h_vi
are relators in Hy. The determinant of the exponent sums of the ai,Mli
in these words is not zero. It follows easily that the like determinant, Dy,
for the n-tuple of relators R, is also not zero. As in the proof of Lemma 3,
one gets that Hy is free of rank M. Therefore, G’ is free of rank M,

As the Abelianized commutator subgroup, G7/G”, is free of rank d [8],
this proves: G’ is free of rank M =d, as Lemma 4 claims.

Concerning the matrix of the exponent sums for the aj . in RO,
0

respectively of those of the a; , in R, it is true not only tnat they are
non-singular but that their determinants are *1. For if the normal closure,

N, of n elements, w;,~:-,w,, of a free group F contains a subset

n’

Sy, Sy of some free generating set of F, then it easily follows that

the normal closure of s,y S, is again N. (See for example [4] or [5].)

LEMMA 5. If G is finitely generated and free then there is a presenta-
tion, P*, of G for which M = d.

Proof. Let G” be free on the generators. ap,cr,ag- Then G is defined
by the number d and the automorphism which the element x in

(x,al,'--,ad; R) = G induces in G”:

1 .
X Tagx = Wi(al""’ad)’ i:1,---,n.

The relator set R consists of the words x_lai— XW; . Their rewrites as
-1
aij-words have the form ai,lwi(al,o’a2,0"'°’ad,0)’ and so Mi =1 and

M=2 Mi =d, as claimed.

LEMMA 6. If G” is free and there exists a presentation of G for which

M =d, then G’ 1s finitely generated.
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Proof. Let P* be the presentation for which M = d. By Lemma 3, Hy
and H0’2 are free of rank M and isomorphic under matching a. ; of

1’.]
Hy, and a; .., of Hg 5 — Similarly for H_ and H__ for all natural q.

i,j+
By Lemma 2 then, H;

Hi,2 and Hi+1,1 amalgamated, is a subgroup of G’. By assumption, G’

q q
and every product S;=H, by H; XX H; with

is free so these groups are free. In particular, S, = H, presents a free
group. Since c # 0, elementary considerations of the group HO/H’0
show that H, has rank d = M. Further, since M is the deficiency of
the presentation H; of this free group (there are M+n generators and

n defining relators), the defining relator set R, must be an independent
set (in the strong sense that the normal subgroup N in H,=F/N is not
the normal closure of any n—1 of its elements). The same holds for each
n-tuple Rq‘ The following then is immediate.

As H, presents a free group, Fy, of rank d, one can put

S, = (HO’ai,Mi+1’ i:l,-,n; Ry) = (Fd’ai,Mi+1’ i:1,--,n; R))

and this is a free group. The presentation has deficiency d and the de-
fining relators are independent. Thus the rank of S; is again d. Simi-
larly, S, is free of rank d for each t.

If the sequence S;C S, , C - of free groups of fixed rank is infinite,
then the limit group is not free [6]. Since the latter is contained in G,
then G’ is not free. Under the assumption that G’ is free, the sequence
must therefore terminate: there is a non-negative number k such that
Si.h = S for all natural h.

Now let
= (Spoaj _ysitly g R_p ,

S = (S—l'ai,—Z’ i:l,,n R_2) ,

etc. These groups form a sequence
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Using the fact that c # 0, the same arguments lead to the conclusion

that this sequence breaks off: S__q =S -+, for some q. Thus S—q

_.q._l =
must be G” and so G’ is finitely generated. This proves Lemma 6.

LEMMA 7. If G’ is finitely generatedand M =d then G’ is free of
rank d.

Proof. By Lemma 3, H, ; and H, , are free of rank M. Then H, ,
is isomorphic to Hy o under matching aj ; of Hy 4 and 35 j+1 of
H, ,. By Lemma 2, then H, is subgroup of G" Since G’ is finitely
generated, Lemma 4 applies, and G’ is free of rank d, as claimed.
As the last three lemmata cover the statements in Theorem 1, its

proof is now complete.

To prove Theorem 2, let (ay,a;y, ", ay; Rg) be the one-relator pre-
sentation H, obtained from the one-relator presentation P* of G. The
word R;, reduced and cyclically reduced, contains the symbols a, and
ay by assumption. Therefore (3] Hy 4 and H0,2 are free subgroups of
H,
larly for all pairs Hq’2 and Hq+1,l' Then Lemma 2 is applicable and

isomorphic under matching a; of HO’1 with a; ; of -.H0’2. Simi-

so H, is a subgroup of G, with G” the free product of the Hq with
amalgamation, U % Hq’ along the indicated isomorphism.

If G is finitely generated then Lemma 4 applies and so G" is free
of rank d =M.

On the other hand, if G” is free, so is the subgroup H, =
(ao,al,---,aM; RO) and its rank is M or M+1. Since P* has deficiency
1, RO is not the empty word, and so the rank is M. Similarly for H1 =
(@, ay,gs R;). Then S; = (Hg,ay.y; R,;)=H, XHI is also a sub-
group and free, and its rank is M or M+ 1. Were the rank M+1, then —
H, being free of rank M — S would be (HO,aM+1;) = (aO,---,aM+1; RO)
so that R; would be a consequence of R in the free group generated

by ag,-r-,ap, - But R, contains ag and R; does not, so — again by



132 ELVIRA RAPAPORT STRASSER

the Freiheitssatz — this is impossible [3]. It follows that S, is free of
rank M.
The same holds for all subgroups St =S4 * H;, for any natural t.
As in Lemma 6, the sequence of the S; breaks off: Sy = Sg,q for some k.
Similarly for S_, - (Hy,a_y; R_,), etc. Thus G’ is finitely generated.
It follows from this that Lemma 4 applies, and so the rank of G’ is

M = d. This proves Theorem 2.

It remains to deduce Theorem 3.
If Hy is a subgroup of G’ then HO,I and H0,2 are subgroups of
G’ and so of G. Then, in G, Hy,=x""Hy ;x, with w(a

x-lw(aij)x for all elements w of G’, as claimed.

i,j+1) =

If both w(ai j) and w(ai i+1) are relators in Hg, or else neither is,

then matching of the a of HO,1 with the aj j+1 of H0'2 produces

i'j
the isomorphism of Lemma 2 and so H, is a subgroup of G" This com-

pletes the proof.

Thus, one can — in theory — read off H, what to factor out of it to
make it a subgroup of G”:

Suppose that w(ai’j) contains no symbols ay m for any k and that
v(a; j) contains no symbols ay , for any k, and that both words are re-
lators in HO' Form the factorgroup (Hy; w(ai,jH )3 V(ai,j—l)); then s
apply the same operation to the new group using some further word w

* .
and/or v . Let H; be the largest factorgroup of H, that is closed
under this operation. Then Hg satisfies the assumptions of Theorem 3,

and so it is a subgroup of G’.

REMARK. If there are no such w and/or v then H, is a subgroup

free subgroups Hq j as in the case M =d.

free, so G’ is the free product of the Hy with amalgamated

For example, the group

-3 - 2 1 -3 -1 _
(x,a; x 3axZax®ax2a x a7 x%a 2x)
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gives

_ . -1_-1_-2
Hy = (ag, a5 ajagaga, ‘ag ay )

with M=5, d = 3. Since a, and ag are present in every relator (31,
H, is subgroup of G This H, presents a free group but G’ is neither

free nor finitely generated.
STATE UNIVERSITY OF NEW YORK, STONY BROOK
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3-Dimensional Manifolds



ON THE EQUIVALENCE OF HEEGAARD SPLITTINGS OF
CLOSED, ORIENTABLE 3-MANIFOLDS

. *
Joan S. Birman

I. Introduction

Let Xg be a oriented handlebody of genus g, and let X’g = r(Xg)
be a homeomorphic imgge of Xg, with an orientation inherited from that
on Xg. If 6Xg and GX’g are identified via an orientation-reversing
homeomorphism, then the resulting oriented 3-manifold M is said to be
represented by a Heegaard splitting of genus g. To make this explicit we
will assume that &: GXg - 6Xg is an arbitrary but henceforth fixed
orientation-reversing homeomorphism which extends to an orientation-
reversing homeomorphism of Xg - Xg, and that ¢: axg > axg is

orientation-preserving. Then we may identify 6Xg and 6X'g by the rule

1) r8¢(p) = p, Vp e axg

/

to obtain a 3-manifold X U¢ o If two Heegaard splittings Xg U¢ o
and X Ug[/ ,g define homeomorphic 3-manifolds, we will write ¢ = .
It is immediate that ¢ = if the isotopy classes of ¢ and ¢ coincide.
itti : u,X” il id to b
The Heegaard splittings Xg U¢Xg and Xg z/;xg will be said to be
(i) strongly equivalent, denoted ¢ & s, if there is an
orientation-preserving homeomorphism h: Xg U¢X'g - Xg Ug[;X,g
such that h(Xg) = Xg’ h(X g) = X o
(ii) equivalent, denoted ¢ = ¢, if there is an orientation-
preserving homeomorphism h: Xg U¢X'g - X Ul,[/ ,g such
that either h(X“) Xg, h(X g) - Xg or h(Xg) Xg h(X g) Xg'

Supported in part by NS Grant No, G 32803,
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(iii) weakly equivalent, denoted ¢ ~ i, if there is a homeomor-
phism h: XgU¢X e XgUl// X e such that either h(Xg) =X
h(X g) =X g or h(Xg) - Xg, h(X g) = Xg'

g,

Note that ¢ Xy = p =y = ¢ ~  => ¢ =y. These definitions place
equivalence relations on the class of all Heegaard splittings of any given
genus,

It was proved by Waldhausen in [8] that all Heegaard splittings of the
same genus of S3, and also that all Heegaard splittings of the same
genus of the n-fold connected sum #(S2 ><S1) of n copies of S2 X Sl,
are strongly equivalent, In this papre1r we study the corresponding question
for other closed orientable 3-manifolds. We begin by establishing
(Theorem 1) that each strong equivalence class (respectively equivalence
class, weak equivalence class) of Heegaard splittings may be identified
with a double coset (respectively two double cosets, four double cosets)
modulo a certain subgroup &, in the group S.Wg of isotopy classes of
orientation-preserving homeomorphisms of 0Xg; invariants of these
double cosets will then be invariants of Heegaard splittings. We then pro-
ceed to study in Section II, computable invariants of double cosets in
th mod &, (see Theorems 2 and 3). These ideas are applied first in
Corollary 2.1 to classify the equivalence classes of Heegaard splittings
of genus 1, and again in Corollary 2.2 to prove that Waldhausen’s results
do not generalize to arbitrary 3-manifolds, by exhibiting a 3-manifold of
Heegaard genus 2 which admits two weak equivalence classes of genus 2

Heegaard splittings.1 Thus, in general, ¢ :.¢ does not imply ¢ ~ .

1 After this manuscript was completed, we learned that similar examples of com-
posite manifolds that admit more than one weak equivalence class of Heegaard
splittings had been obtained carlier by Enpgmann lll |, using, different methods.
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In Section III we discuss the use of our methods to determine finer in-
variants of Heegaard splittings than those given in Theorem 2. We will
show that there is a natural generalization of the integer pairs (p,q)
which are known to characterize the lens spaces up to homeomorphism to
a set of 4 mutually related gxg matrices (P,Q,R,S) of integers which
are invariants of strong equivalence (resp. equivalence, weak equivalence)
classes of Heegaard splittings of genus g > 1. Theorem 3 treats the
problem of distinguishing between classes of Heegaard splittings on the
basis of our integer matrices, however the solution is not as neat as the
classical solution for the case of the lens spaces, and is not given in
closed form.

Methods which are similar to those used here were used earlier by
Reidemeister [7] to study topological invariants of closed orientable
3-manifolds. His approach was to utilize the fact that all Heegaard split-
ting of a 3-manifold are stably-equivalent [7, 10}. The relationship
between stable equivalence and equivalence is discussed in Section IV,

together with a brief review of Reidemeister’s earlier results.

II. Heegaard Splittings and Double Cosets

Let ‘gg denote the group of isotopy classes of self-homeomorphisms
of a closed, orientable surface axg of genus g, and let ﬂng denote
the subgroup of those classes which are represented by maps which pre-
serve orientation. Let %g denote the subgroup of ng consisting of
those mapping classes which have representatives that extend to homeo-
morphisms of Xg. Note that g)g is naturally isomorphic to the group of
outer automorphisms, Out nlaxg, of nlaxg.

If ¢: 8Xg - 8Xg, we will use the symbol ¢, for the induced auto-
morphism of nlaxg, and ® for the isotopy class of. ¢>.2 Recall that 0

was a fixed orientalion reversing homeomorphism of axg - 8Xg. We assert:

)
" Similarly, ¥ohod A denote dlie tiotopy classes of Y and 0.
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THEOREM 1. Let X U¢ X’ and XgU('/I X’g be Heegaard splittings.
Then:
(i) J=y ifandonly if ® and ¥ are in the same double coset
in Sﬁg (mod %g)‘
(ii) o=~y ifand only if ¥ is in the same double coset as ®
or AQ~IA-T
(iii) ¢~y if and only if ¥V is in the same double coset as @
or AO~IA~! or ®=1 o ADA-T,

Proof. Suppose that ¢ = ¥, and that h:X U¢ ’g - X U('/I X’, is the
homeomorphism which defines the equivalence. (Thus h is orlentation—
preserving.) Let h, = h'{Xg, h, = hIX'g, h, = hoiaxg, hy = /g’
T, = rlaxg. In order for h to be well-defined on 8Xg = 8X'g it is neces-

sary that the diagram

' b 5 "1 ,
8Xg 8Xg 8Xg 8Xg
h ,
1 h’,
U 5 1 ]
X, axg X, X o

be commutative, that is
-1 _~1,., -1
) /) 1rl hyr 8éhy" .

Since 67~ 1h 7,6 and hl_l are each orientation-preserving homeomor-

phisms of 8Xg which extend to Xg, this implies
(3) ¥ = é-l(bé-z: 51752 € %g

Conversely, if (3) is satisfied, then (2) is likewise satisfied, and we
may use the extensions of 5*1r1—1h’1715 and hj ' {0 construct a homeo-

morphism h which defines an equivalence hetween the Heegaard splittingy
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Next, suppose that there is an orientation-preserving homeomorphism
h: X U >X . ¢ =X’ Y=
¢> g ('/I e such that h(X ) g and h(Xg) Xg. Let
ho,hl,ho,hl, 1 be defined as before. In order for h to be well-defined

on 8Xg it is now necessary that the diagram

. ¢ . 8 . T1 . )
8Xg 8Xg 8Xg 8Xg
h1 h’l
, 1 b ¥
8Xg 8Xg 8Xg 8Xg
be commutative, that is
) ¢ =8 L 87867 7T

Since (S_ITI'IhIS_1 and ri'lh'l—l are each orientation-preserving homeo

morphisms of axg > 8Xg which extend to the solid handlebody, we have:
(5) ¥ = £ADIATE, £.6, ¢ 8

Exactly as before, if equation (5) is satisfied, then we may construct a
homeomorphism h which defines the required equivalence between the
Heegaard splittings, with h(Xg) = X'g and h(X'g) =X

The remaining cases ate similar. If the equivalence is via an
orientation-reversing homeomorphism h which maps Xg > Xg’ then ¢
and ¢ are again related by equation (2), but now 8'17;1}1'171(75 and
hl_1 are orientation-reversing homeomorphisms of 8Xg which extend to

Xg. However, we may rewrite equation (2) as
(6) b O T @8 THE T

Now, 5'17'1"1h'171 and  6h ' 4re each orientation-preserving homeomor-

phisms of (')Xg v()Xr which extend, hence
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@ U = ENAPATY)(E), £1.6, ¢ By .

In the last case equation (4) applies, but since h is orientation reversing,
the products 5—171—1}11 and 5_171_1h'1_1 are each orientation-preserving

homeomorphisms of 8Xg > 8Xg which extend to X, 1

In order to apply Theorem 1, we will make use of the natural repre-
sentation of -S§g in the automorphism group of the first homology group
H, ((?Xg). Invariants of double cosets (modulo the image of %g) in that
group will then be invariants of equivalence classes of Heegaard splittings.

To fix conventions, choose generators w; and 0, 1<i<2g, for

nlaxg and 7718X’g, making the choice so that 7 maps representatives
i

34
that the w; satisfy the relation @ [“’j’“’jeg] =1, and that if
i=1

L:r?Xg - Xg is the homomorphism induced by inclusion, that her ¢, is

of w; onto representatives of w’; foreach 1<i< 2g. Suppose also

the normal closure N in nl(?Xg of g("j+g; 1._<> i< gl

Choose any element @ ¢ $_, and let ¢: 8Xg > 8Xg be a homeomor-

g’
phism which represents ®. Suppose that the action of b, on nlaxg is
given by

<. e
11 712 1,2
®) D)) =~ w; o, oy g mod[nlaxg,nlaxg] ,

for each 1< i< 2g. Then we may define an anti-homomorphism a :L‘{)g >

Aut H; (9X,) by the rule

9) a(®) = ”Eij” , a 2gx?2g matrix of integers.

This definition is independent of the choice of the representative ¢ of
® because maps which are isotopic to the identity induce the identity
automorphism on Hl(axg).

The symplectic group Sp(2g, Z) is the group of all 2gx2g matrices

of integers M which satisfy the condition

0 I

(10)  MJM - +J, where J:LI )

:] , M- transpose of M .
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LEMMA 2.1. The anti-homomorphism a maps @g onto Sp(2¢,Z). The sub-
group a@TRg) of Sp(2g,Z) is the subgroup of the matrices M for which

1) MIM = -] .

If ¢ =1, then a is an anti-isomorphism from @1 onto GL(2,2).
Proof. See [5, p. 178].

LEMMA 2.2, Let

12) vag - [[g g] ] spf(zg,Z)} ,

where O denotes a gxg block of zeros. Then the group Cﬁg is the

semi-direct product of its normal subgroup ® and subgroup T, where

~ G_l o) _
13) U-4DU)-- , U=transpose of U, detU - %1

O U
(14) - I S .
® - {F(@O) = , S symmetric | .
O I
Moreover, a maps %g onto S}g.

Proof, The symplectic condition (11) implies that if M ¢ S}g, then the
matrices U, V in (12) have the property UV =1, hence V = G-l 1t

then follows that we may rewrite M ¢ %}g in the form

o BRI D

Since M ¢ Sp'(2g,Z), and also D(U) ¢ Sp*(2g,Z), it follows that the
matrices F(UW) and F(WU_l) in (15) are also in Sp'(2g,Z), and there-
fore also satisfy equation (11)., This implies that OW and WU ! are
symmetric, hence rfig is the semi-direct product of its normal subgroup

® and subgroup L.
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T? see that a maps %g onto C{’;g, it suffices to show that l~l and
and ® are generated by the images under a of elements in %g' Accord-
ing to [4], an element ® ¢ %g if and only if, for every representative ¢
of ®, it is true that by (N) = N, where N is the normal closure in
7718X of {(u 1<J<g¥

Accordmg to [2, p. 85], generators of 11 are the matrices D(U)), i =

1,2,3 whose U,’s are the gxg matrices:

010---0 -1 10

001---0 .. 11°. 0
(16) U, = 000---1 U2 = U= .

100---0 0 "1 0 1

These matrices are induced by the following automorphisms of nlaxg:

a7n ¢ ro;rw i=1,-,g-1,g+1,--,2e-1,
*

i+1? g " @1 Wog Doy
. -1 -1 -1
(18) ¢>2* S B “)lwg+1(“1 g+1w
-1 -1
Wgp 7 D 0GP
w0y if k#1, g+1 .

) -1 -1 _1 -1
19) ‘753*"‘)1 *“’1“’2“’g+2“’2 W)WyWg, Wy ¥y

0)2 hid (L)l(t)2

-1 -1

-1 -1 -1 1 -1
Doyl > D1WWg oWy @) @D g, 202 @1 0109Wg 2@ @y

wp ok if k#1,2,g+1.

Since ¢; (N)=N for i=1,2,3 the assertion is true for U.
% -
Generators of ® ate the set of matrices F(S) whose S’s are the

matrices S_ ‘“S]”" 1<r<t<g, where s; —0 if iZr or t, while

S = 1. The matrix in (‘5 belonging to F(S“) is induced by the

followmg automorphism of "l()xg‘
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0) <7.’>rr*:w SO, @ YDy if ki£r

while for 1<r<t<g, the matrix F(Srt) is induced by:

(21) ¢>rt*:wk - Wy if k;ér,t,g+r,g¢.“.1,...’g+t_l,

-1
@, _’(“’r)(wr+l"""t‘°g+twt Hl)
wy @ o e, o oo, )
t t grtt +17g+rr+l t)g+t
-1 -1 -
Dgrr 7 (wr+1'"wtwg+twt -“le)ng
-1
(wr+1"'wtwg+twt ” r+1)

-1
Dork @y twg+tw (")k+1)

(@} Lo lo o w)
r+1%g+rr+1 k

(‘“k+1”""t‘°g+t‘“t wkﬂ)
1 -1 -1
((L) . wr\'lwg+r l'+1 wk)(wg+k)’ k=r+ 1’-..,t_
Since d’rt (N) = N for each pair (r,t) of interest, the assertion is like-
* -~

wise true for @, Hence Lemma 2.2 is true. |l

LEMMA 2.3. Let @, ¥ (Emg, with g > 2. Then
(i) ¢ =y onlyif a¥) is in the same double coset in
Sp(2g, Z) modulo ég as a(®).
(ii) ¢ =~y only if a¥) is in the same double coset as a(P)
or a(A®~IATY,
(iii) ¢ ~ & only if a¥) is in the same double coset as a(®)
or a(A(D_IA_l) or a((D'"l) or a(A(DA_l).

({f g=1, the conditions above are not only necessary but also sufficient.

Proof. This is an immediate consequence of Theorem 1, Lemma 2.1 and

lLLemma 2.2. "
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LEMMA 2.4, Let & ¢ EDEg, and suppose that

2) «a@ - B ST,
P Q
Then
(23) a(ND—lA“){g E], a(@®@ 1) = [9 ‘E], a(Ach):[ R ‘S]
P R P R P Q
Proof. Since a(®) ¢ Sp(2g,Z), and P « Emg, equation (11) tells us that
_ — ~ Q -S
(24) a@ 1) = @@ = J ’a(<I>>J=[ O _].
-P R
To see that a(APA™Y) and a(A® 'A~!) have the stated forms, recall
that 6 can be any orientation-reversing homeomorphism of 8Xg which
extends to an orientation-reversing map of Xg' By Lemma 2.1, every
symplectic matrix M which satisfies the condition MJM = —] lifts to an

orientation-reversing homeomorphism of 8Xg. It then follows that the

matrix

-1 O
(25) aA) = [ o I]

lifts to an orientation-reversing homeomorphism of 8Xg which extends to

Xg' The remaining assertions of Lemma 2.4 follow immediately. ||

We are now ready to determine invariants of double cosets modulo %
in Sp(2g,Z). Note first that the negative identity matrix belongs to %
and second, that, for any gxg matrix P, one may always find ummodular

matrices UO,VO such that
151

Py
(26) UyPV, = . ;where p;ip;4,1<i<r-1<g, p_,

and Pro = Py 0.
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(See, for example, [6, p. 26].) Hence, by multiplying the four matrices
given in Lemma 2.4 on the left by D(U,) and on the right by D(V,), and
possibly also on the right by the negative identity matrix, we may choose
representatives of the double cosets of a(®), a(A(D—l/\—l), a((b_l), and
a(ADA) of the form:

o (G (0D (5
P1 Q1 , P1 ﬁl ’ P1 *ﬁl ’ P1 _Ql ,

where P, = UOP\_/E;I has the form given in (26), and where Q, = UjPV,,,
T—1pi—1 7—1
Ry =Uy RVyS, S; =Uy SV,

LEMMA 2.5. The diagonal entries in P, are invariants of the double

cosets modulo %g of the four matrices in (27).

Proof. By Lemma 2.2, the group & is the semi-direct product of its nor-
mal subgroup U and subgroup &, hence every element & ¢ ¥ can be

written in the form
(28) & = F(S)D(U) = DU)F@~1su1)

for some unimodular matrix U and some symmetric matrix S. Now, if

M ¢ Sp(2g,Z) is any of the matrices in (27), the effect of multiplying M
on the left by F(S;)D(U;) and on the right by D(U2)F(Sz) will be to
replace P; by P, = UIPII_JEI. Since P; and P, have the same ele-

mentary invariants, Lemma 2.5 is true. ||

(REMARK. It is easy to see that the matrix P; in each lower left box in
(27) is a matrix of integral one-dimensional homology for Xg U¢> X'g.
Hence if py == pk = 1, 1< Pk+1r""pr_.1’ and pr = eee pg - 0,

then g—r + 1 is the Betti number of XgU¢> X'g and py, ,,,p,_q are

the coefficients of torsion.)
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THEOREM 2. Let ®,07¢ Emg, and suppose that

R S R” &
29 D) .. Y=
@9 a(@®) [P Q] a(®) [P, Q,]-

A necessary condition for ® = ®’ is that the elementary invariants of the
submatrices P and P’ coincide. If they coincide, and if the elementary

invariants of P are notall 0, and if p, =p, then ¢ = ¢  only if
B0 det Q"= det Q(mod p) and det R”= det R(mod p);

@ ~ ¢  only if either (30) is satisfied, or

(31 det Q"= det R(mod p) and det R"= det Q(mod p);

¢ ~ ¢~ only if either (30) or (31) are satisfied, or

32) det Q"= — det Q(mod p) and det R"= —~ det R(mod p),
or
33) det Q"= — det R(mod p) and det R"= — det Q(mod p).

Proof. Let U;, U, be any pair of unimodular matrices which satisfy the

condition
i—1
(34) U1P1U2 =P,

and let S; and S, be arbitrary symmetric matrices. Then, left multipli-
cation of the matrices in (27) by F(S;)D(U;) and right multiplication by
D(U,)F(S,) will not disturb the normal form of P; in any of the matrices
in (27). Consider, first, the effect of the latter operation on a(®) in (27).
It will be replaced by

[Rz *:l R, = U;R U, + 5,Py,

(35) =_1. =1
P, Q Q=U7 QU +PFyS,.

Since pip; for each diagonal entry p; in Py, it then follows that:
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(36) det Q, - det Q,(mod p) = det Q(mod p)
@37 det R, = det R;(mod p) det R(mod p) .

A similar argument applies to the remaining cases. |

We wish to use Theorem 2 to establish that there are 3-manifolds
which admit more than one weak equivalence class of Heegaard splittings.
The example we construct will be a connected sum of lens spaces, hence
as a first step we use Theorem 2 to examine equivalence classes of
Heegaard splittings of lens spaces.

Lens spaces are 3-manifolds of Heegaard genus 1 which have finite
cyclic fundamental groups. We consider, then, two 3-manifolds Xy UqS X'1
and X, qu, X'l, where ¢,¢" ¢ ED?I, and

. r. s . i’ s’
(38) b, 0 >0, Py 0 > 0w,
w, »w?wg Wy aw?wg

with p > 1. Thus, X; qu X’| is the lens space L(p,q) and X, UQS,X'1
is the lens space L{p,q"). We assert:

COROLLARY 2.1,
(i) ¢ = ¢ iff q'=q(mod p),
(ii) ¢ =~ ¢ iff q= q(mod p) or q'q =1(mod p),
(iii) ¢ ~ ¢~ iff q"= *tq(mod p) or qiq = *1(mod p).
Moreover, ¢ ~ " iff ¢ = ¢”.

Proof. By results in [1], the lens spaces L(p,q) and L(p’q") are homeo-
morphic iff q”: £q(mod p) or qq == 1(mod p), and in view of the fact
that rq — ps = r'q"— ps“= 1, these are precisely the conditions given in
Theorem 2 for weak equivalence of ¢ and ¢". To see that the conditions
of Theorem 2 for ¢ = ¢, ¢ ~ " and ¢ ~ ¢" are not only necessary

but also sufficient if y 1, one need only produce the homeomorphisms
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which define the equivalence, and this is easily done by examining the
proof of Theorem 1, which is constructive, and using the fact that a is

an anti-isomorphism if g=1. ||

As a second application of Theorem 2, we prove that Heegaard spilit-
tings are not unique, by exhibiting a 3-manifold of Heegaard genus 2

which admits two weak equivalence classes of Heegaard splittings.

COROLLARY 2.2. Let ?,9’¢ Emz be represented by homeomorphisms

¢,¢” which induce the automorphisms:
. 3
41) by Wy > W W30]
Wo > W® W
2 27472

—1 3 2
w3 » 0] (W wz07)

—1 3,2
wy > Wy (wyw307)

, 3
(42) QS *Z a)l > w1w3w1
Wy > WW Wy

2

w5 >w;1(a)1w30)f)

4

2 ~1
wy > (w4a)2) w,

Then X, qu X', is homeomorphic to X, U¢, X'Z, but the Heegaard
splittings ¢ and ¢  are not weakly equivalent.

Proof. Consider the lens space L(7,2), which admits equivalent
Heegaard splittings X, UB X] and X;UsX7, defined by the automor-
phisms

2
(43) By oy *w?mz 8,1 w > wjw,

7 4
(1)2 *(1)’170)% (:)2 '(H](r),2 .
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By Corollary 2.1, 8 and & are equivalent, but not strongly equivalent.
Hence there is an orientation-preserving homeomorphism h: XIUBX'1 >
X;UsX7 suchthat h(X;) =X, h(X]) =X

The connected sum M#M’ of two closed oriented 3-manifolds M, M’
is defined in the following manner: remove a 3-cell D from M, and a
3-cell D* from M’ and identify JD with dD" by an orientation-
reversing homeomorphism. If M and M’ are defined by Heegaard split-
tings, one may always choose the 3-cells D and D’ so that they inter-
sect the Heegaard surfaces in discs on dD and JD’ respectively. Then
M#M’" will also have a natural representation as a Heegaard splitting, in-
duced by the Heegaard splittings of M and M’ We will carry this out
explicitly in the case where M and M’ are each copies of L(7,2).

Let 7;(9X,-disc) be the free group freely generated by ©;,®,,

where the boundary of the deleted disc represents the homotopy class of

6162&3;1&32—1. Then B,, 8, lift to automorphisms B, 8, of
7, (90X -disc) defined by:
B, 6y ~0,0,03 8,15, »6,0,0
* ° 1 17271 * M1 1%2%1
~ ~ ~ ~ -~ o |
W, > O] l(wlwzw‘?) Wy > (wl ) w .

We may now define two isomorphisms from 7,(dX;-disc) into 7, (0X,)

by the rules

« - M (0X -disc) » 771(3)(2) k, : 7,(0X,-disc) » 771(8)(2)
Wy > oy Wy > W,
5)2 > wy &32 W,

Now define automorphisms ¢, and ¢’ of 7,(0X,) by

by@;) = [3*1* w),1=1,3
-1
*@*k* (wi)_, -2,4
(/';(mi) i*_ lf*];l ((:)i), i- 1’3
0,k ), 12,4
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Then ¢, and ¢’ each define Heegaard splittings of genus 2 of the
3-manifold 1(7,2) # L(7, 2).3 To see that these are not weakly equiva-
lent Heegaard splittings, we apply Theorem 2. Observe that

(44) a@®) = , a¥) =

ON O A
No O
O N O =
N O = O
oNo N
NOoONO
ON O ==
Hh O = O

Then, p=7, det Q=4, det R= 16, det Q":: 8, det R"= 8. Since none
of the congruences (30)-(33) is satisfied, it follows that @ #* ¥. This
proves Corollary 2.2. I

REMARK. After this manuscript was completed, we learned that similar
examples of composite 3-manifolds which admit more than one weak
equivalence class of Heegaard splittings had been obtained earlier by

Engmann [11]. Her methods are different than those used here.

III. Finer Invariants of Equivalence Classes of
Heegaard Splittings

In this section we study the question of determining finer invariants
of the double coset modulo I:*g of an element A = a(®) in the group
Sp(2g, Z). In view of the results in Section II, any such invariants will
also be invariants of the equivalence class of Heegaard splittings which

are strongly equivalent to qS.4 If

3

Note that care is needed in this definition, because if M’ denotes the
3-manifold which is homeomorphic to M but oppositely oriented, then M#M’ and
M#M’ are not homeomorphic. In our definition, the first and second copies of
L(7,2) in the two cases are coherently oriented, so that our connected sums define
homeomorphic 3-manifolds. This would not be the case if 3 and & were weakly
equivalent, but not equivalent splittings.

4 We restrict our attention herc to strong equivalence, however the results are
easily modificd to include the four cases constdered carlier,
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(44) a@®) - A - [lf Z]

then one such set of invariants were shown in Lemma 2.5 to be the ele-
mentary divisors of P. Therefore we may without loss of generality
assume that P is in Smith normal form, and restrict our attenfion to
multiplication of A on the right and the left by elements in %g which
leave P invariant. This is equivalent to the restriction that in consider-
ing multiplication by elements of the subgroup llg of %g we restrict our
attention to left multiplication by elements D(U) and right multiplication

by elements D(V), where U and V satisfy the condition
(45) UP = PV .

We begin by considering the case where P is singular. The diagonal

entries of P will be denoted p,,--, Pg-

LEMMA 3.1. Suppose that p =p, 4 = =pg=0, but p_, #0. Let
A, be matrix obtained from A by deleting rows r through g and g+t
through 2g from A. Then A, is in Sp(2(r—1),Z) and invariants of A,
mod %r—l are invariants of A mod %g’

Proof. Since A is in Sp(2g,Z), it satisfies equation (11). Equivalently,
the gxg blocks R, S, P, Q satisfy:

(46) 46.1 PQ = QP 46.4 RQ -PS =1
46.2 RP = PR 46.5 RS = SR
46.3 RO -SP =1 46.6 QS = SQ .
Since p,=pyq - "= Pg = 0, equations 46.1 and 46.2 imply that A de-

composes as:

R, 0, S, S, R;,S,,P{,Q; are (r—Dx(r-1)
R, S, S, 0,,5,,0Q, are (g—r+1)x(r—1)
0, Q Q, R,,S,,04 are (r—1)x(g—r+1)

o

0, 0, 0O, O l\’,1,S4,04,Q4 are (g—ri ) x(g-ri1)
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where the blocks labeled O denote blocks of zeros. Equation (46.3) now
implies that R4Q4 = I4, the (g—r+1)x(g—ri1) identity matrix. Hence
det Ry =*1 and R, = 6;1. Define the unimodular matrix U* by

0; R,

The D(U#)A is equivalent to A and has the simpler block decomposition

R, 0, S, S,
R 1, st s*

1 02 Ql Q2
0, 0, 0 I,

In any further modifications of A" mod %g we may now restrict ourselves
to modifications which not only preserve the normal form of P, but also
preserve the blocks O, and I, in R, and the blocks O; and I, in Q.

Let A, be the 2(r—1)x2(r—1) matrix

Ay = :
1:’1 Ql

The fact that A¥ satisfies equations (46) is now seen to imply that A

3

satisfies the corresponding conditions, hence A, is an element of
Sp(2(r-1), Z).

We consider now the effect on A, of left and right multiplication of
A? by elements D(U), D(V) which preserve the normal form of P and
the partial normal forms of R and Q. The condition that left multiplica-
tion of A" by D(U) and right multiplication by D(V) not alter P is
given by equation (45). This implies that U and V have the block de-

U, U vV, Vv
U:[ 1 QJ V=[ 1 QJ
o, U, 0, v,

where U P = Plvl' The condition that the normal forms of Q and R

compositions
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be preserved then implies that U4V4 - I4, hence det U4 = det V= +1
and V4 = U;l. This, in turn, implies that det U, -det V; = £1. It then
follows that left (respectively right) multiplication of A* by D(U)
(respectively D(V)) has the same effect on A, as left (right) multiplica-
tion of A; by D(U;) (D(V,)), where D(U;) and D(V,) denote elements
of Sp(2(r-1), Z).

Left (respectively right) multiplication of A* by elements F(L) (or F(K
will not change the normal form of P or the partial normal forms of Q
and R, no matter how one chooses the symmetric matrices L and K.
Moreover, if L. and K are partitioned as before into blocks, then the
effect on A, of replacing A* by F(L) A? F(K) is the same as the
effect of replacing A; by F(L;) A; F(K,). This proves Lemma 3.1. |l

REMARK. Modifications in A; mod {fr_l do not, in general, preserve
the subblocks Q2,R§,Sl,Sz,Sg or SZ of A", However, each modifica-
tion of A, lifts to a modification of A#, defined by setting U, =V, =0,
and U, = v, = I,. Moreover, subsequent modifications of A" with

U, Vy =1 and L; = K; = O, will then leave any normal form which
we find for A; invariant, hence it is possible to treat the subblock A

separately from the rest of A*.

LEMMA 3.2. The matrix S, in the upper right corner of any matrix which
is %r_l-equivalent to A, and has its P, in Smith normal form is de-

termined by the remaining entries.

Proof. This is an immediate consequence of the fact that every symplectic
matrix must satisfy the six equations (46.1)-(46.6), and since P, is
diagonal and non-singular, equations (46.3) and (46.4) determine S,
uniquely.

Since P, is in normal form, and since by Lemma 3.2 the matrix S,
need not be considered further, we have reduced the problem of finding

invariants of A mad 47\" ; tothat of studying the effect of equivalence
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mod %r—l on Q; and R;. The most general type of modification which

we must consider is one which replaces Q; and R, with
*
(48) Q =U;Q;V; + PIK
* —1 v—1
R =U; RV + LyPy

where U; and V; satisfy (45), i.e. U,P, = Pl\_ll, also det U; =
det Vi =1, and where K; and L, are arbitrary (r—1)x(r—1) symmetric
matrices.

It will now be helpful to note the effect of (45) and (46) on the indi-
vidual entries of admissible Uy, vy, Ql, R,. Let mg,--, m._q denote

the ratios of the diagonal entries of Py, i.e.
(49) pt+1 = ptmt: t = 1721"'7 I'—2 .

Let U, = a1l

ijl!! Vl = ”V“, Ql = ”ql_]”: Rl = Hrl_]“' Then (45) is

ijt
equivalent to the conditions

(50) Vip = UgMmymyg cmy_ g if i<j
Vii = Yij
Ujj = VMM My if i>j .

Similarly, the symmetries imposed on Q; and R; by virtue of equations
(46.1) and (46.2) imply that
i = 9jMiMigy Mg O I<

- m; if i>j.

Tij = T3iM M1 7 M1

LEMMA 3.3. Let A; A’} be matrices in Sp(2(r—1), Z) which have the

R, 5 , Ry 84
A, = A = ol
P, ¢ P, Q]

Suppose also that P is non-singular, and is in Smith normal form. Con-

block form
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sider the sets C of all ordered pairs of matrices (Q* R¥), as defined in
(48) and also the corresponding set C’ of all ordered pairs (Q'*, R’*).
Let E, E’ denote the congruence class of C, respectively C’ mod Pr_1»
where congruence means congruence elementwise of the individual matrices
in C, C. Then A, A7 are in the same double coset mod izgr_l if and

only if the sets E and E’ coincide.

Proof. 1t is a consequence of the remarks following the proof of Lemma 3.2
that A; and A’} are in the same double coset mod ér—l if and only if
C coincides with C, If C and C’ coincide, then it is clearly necessary
that E and E’ coincide. To see that the converse is also true, suppose
that E and E’ coincide. Then, for some admissible U,, A\ Kl, L1 as

above it must be true that

(52) Q7 = U,Q;V;  + P,K (mod p,_,)
(53) Ry = O7'R V! + LP (mod p,_,) .
Since p;lp,_; foreach i=1,+,r~2, and since K, and L; range over

all possible symmetric integer matrices, we now assert that by possibly
choosing a new pair of symmetric matrices K,, L, the congruences of

(52) can be made equalities:

(54 Q = U, Qv + P K + PyK,
. i1 -1

(55) R7 = U'R V™ + LiP; + L,P,;

This is immediate for entries which are on and above the main diagonal in
(52) and those which are on and below the main diagonal in (53). It is
true for every entry because of the symmetries imposed by equations (51).
Thus C and C° have an element in common, which implies that the

entire sets C and C’ coincide, since the entire set can be computed

from any onc entry. {]
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In the computation of the sets E and E’ it was necessary to first
calculate the matrices Q* and R* in (48) over the integers, and then
reduce elementwise mod P;_1- This means that U; and V, are re-
quired to range over the infinite set of pairs U;,V, in SL(r—1,Z) which
satisfy (50). However, it is immediate that we can restrict our attention
to admissible pairs in the finite group SL(r—1, Z ), where U, and
V, are now restricted to matrices which satisfy e{]uatlons (50) mod p,_;-
Thus the sets E and E” of Lemma 3.3 may be computed by a finite pro-
cedure.

The finite set E may now be replaced by a particular member of E,
which will be regarded as a representative of the class. For example, one
might select such a representative by ordering the matrices Q and

“‘smallest’’ one; such an ordering may be based on an ordering

choosing a
of the individual entries q;; of the array of matrices in E. This repre-

sentative then defines a unique martrix

R S
(56) A = [ 10 10]
P Q1o

which we will define to be the normal form for A,.

THEOREM 3. The matrix Ao in (56) is an invariant of the class of

Heegaard splittings which are strongly equivalent to ¢.

Proof. This is an immediate consequence of Lemmas 3.1, 3.2 and 3.3

and the discussion following the proof of Lemma 3.3. i

REMARK. Having chosen the matrix A;, = F(LI)D(UI) A D(VI)F(KI)
one may now enlarge A;, to a suitable modification of the matrix A" of
(47), by replacing the deleted blocks (appropriately modified) to obtain a
new representative A, of the equivalence class of A mod %g

Sp(2g,Z). We are then free to make further modifications in Ay, but

subject to the new restriction that the subblocks corresponding to Aj,
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remain unaltered. It is possible to solve this problem, in order to select
a unique double coset representative for A mod ég, however we omit
that derivation because it is complicated, and not of sufficient interest
since we do not know when the procedure will yield topological invariants
of Xg UqS X'g. That question cannot be settled until one settles the diffi-
cult question of uniqueness of Heegaard splittings which is raised by the

example of Corollary 2.2.

A weaker set of invariants, which may also be computed from our sym-
plectic matrices, and which are true topological invariants, will be dis-

cussed in the next section.

IV. Stable Equivalence

If Xg U¢ X'g is a Heegaard splitting of a 3-manifold M, then it is
always possible to increase the genus of the Heegaard splitting by form-
ing the connected sum M # s3, where S® denotes the 3-sphere, which
is assumed to be represented by a Heegaard splitting X, UB X", and
where the 3-balls B and B’ which are removed from M and $% in
order to define M # S are chosen in such a way that B N OXg and
B’ N JX, are each discs. Iterating this process, we may form a splitting
we denote ¢ # B #---#B  of M of any genus g+n. Two Heegaard split-
tings ¢,¢  are of M of genus g and h are said to be stably equivalent
if there exist integers n,m, with g+n=h+m, and splittings Bl,m,,ﬂn
and B, B, of S° suchthat ¢p#B,# - #B, B S HB YK H B,
This concept is of some interest because it was proved by Singer (10}
that any two Heegaard splittings whatsoever of a 3-manifold are stably
equivalent. Thus stable equivalence implies topological equivalence.

We now wish to determine how the additional freedom which is
allowed under stable equivalence alters the admissible operations which
preserve the equivalence class of the symplectic matrix A = a(®) associ-
ated with a Heepaard splitting . Recall that if ¢,¢° are Heegaard
splittings of penus y, with A (@), A a@), then ¢ =P only if
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A and A’ have identical P-blocks, and also only if there exist gxg
symmetric matrices L and K, and gxg unimodular matrices U,V
satisfying equation (45), such that A = F(L)D(U)A'D(V)F(K). (See
Theorem 1 and Lemma 2.2.) Our next result says, essentially, that the
identical condition is necessary for ¢ =¢’, however the requirement

that U and V be unimodular is replaced by the less restrictive condition
that there exist nxn unimodular matrices, for some integer n > g, say
UO, Vo, such that matrices which play the roles of D(U) and D(V) can
be obtained from D(U,) and D(V,) by striking out rows 1 through n—g
and n+1 through 2n-g+1, and the corresponding columns.

We illustrate this with the example of Corollary 2.2. Recall that the
Heegaard splittings ¢ and ¢  of Corollary 2.2 both define the manifold
L(7,2) # L(7,2). The desired equivalence between the matrices a(®) and

-3

0 -2
0o 0
Up=Vo=| 0 1 0 L:[O 0] K=[ ]
0 9 0 -2 0 —46

The precise statement of the conditions for stable equivalence is

a(®”) may be obtained by choosing n=3 and

given below. It includes the additional freedom that ¢ and ¢’ may be

splittings of distinct genus.
Let XkU¢ X’ and XhU¢,X’h be Heegaard splittings, with

R, so] R, S5
A = a@®) - , A’ =a(‘b')=|: , Lt
07" [po Qo 0 Py, Q)

It will be assumed that P, P{, are in diagonal form, with diagonal

entries pp,-, Py and pp,,Phe I py=-=pg = 1, but py,y # 1,
delete rows 1 through t and k+1 through k+t+1 and the correspond-

ing columns from A, to obtain a new matrix A. Similarly, for A" Sup-

pose then that R R S o [R’ S,:I
’[P Q P’ Q
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Let g=k—t and let g’= k't A necessary condition for ¢ = ¢’ is that
P =P’ This implies that g'= g.

THEOREM 4. A necessary condition for ¢ =@’ is that there exist gxg
symmetric matrices L,K and nxn unimodular matrices UO,VO, for
some n > g, such that if D(U) and D(V) are the 2gx 2g matrices ob-
tained by striking out rows 1 through n—g and n+1 through 2n— grl
and the corresponding columns from D(UO) and D(VO), then

A = F(L) D(U) A’ D(V) F(K) .

In the above, the submatrices U,V obtained from Uy, V, by striking out
the first n—g rows and columns are required to satisfy equations (50).
Proof. Note that if ¢ = ¢°, then H1(XkU¢X'k) Hl(th¢' X%), hence
the diagonal matrices P, P’y can differ only in having a different number
of unit entries on the main diagonal. Considering A, first, suppose
Qo = “qij“ and RO = |ITIJ!I
Define symmetric matrices K, = !:kij“ and L, = ”gij“ by the rules
kij = = qjj if i<j, i=1,---,t and kij =0 if i<j and i~ t+l,---,g;
also f;;= —r;; if i>j and j=1,---,t and Qi-= 0 if i>j and
] ] R* T g*
0 0
* *
p0 Q0

symplectic matrix associated with a Heegaard splitting of genus k which

j=t+tl,, g Let Af=F(L,) A, F(K0)=|: :l Then Aj is the

is strongly equivalent to ¢. By our choice of L, and K, the matrices
R; and Q; will be bordered top and left by t rows and t columns of
zeros. It then follows from (46.3) that Sg will be bordered top and left
by t rows and columns of zeros, except for —1’s on the main diagonal.
Since any matrix which arises from a Heegaard splitting of this same
3-manifold, e.g. A’), may be brought to a similar partial normal form,
except possibly with additional borders of zeros and 1’s, we may with-
out loss of gencerality assume that any further modifications do not alter

the blocks of zeros and 1 We may therefore concentrate our attention
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on the submatrices A and A’ defined in the statement of the theorem
(which were left unaltered in the multiplication by F(LO) and F(KO)).
We must however keep in mind that the freedom to change the size of A
and A’ may introduce a new freedom in the choice of L,K,U and V.
The choice of L and K will not present any problem, since every sym-
metric matrix restricts to a symmetric matrix when one deletes the first
row and column. However the matrix obtained from a unimodular matrix
by a similar deletion may no longer be unimodular, hence we require the

condition given in Theorem 4 for the choice of U and V. l

THEOREM 5 (a generalization of a result due to Reidemeister, {7]). Let
¢,¢" be Heegaard splittings of genus k and h, and let A and A’ be
the deleted matrices defined before the statement of Theorem 4, with
P=P’. If P is singular, perform the additional deletions described in
Lemma 3.2, to obtain submatrices of A and A’ which we will denote by
the symbols Ay and A’l. Denote the diagonal entries of P, by

P17 Pgs with p;=m;_;p;_;,» i=2,,8, and let e; = ged(my, m;_4),
be the ordered array of

X = 1,...’){.

1= 2,...’g’ with el = pl' Let ll i

ix’
distinct prime factors of e;. Let Q; = |||qlJ|| and R, = Hrlll,l Define
two arrays of quadratic characters y; and z;, by the rules:

1. If Hix\qii’ then y;, =0

If H1xir11 s then ij =0
2. If T fqy, then vy = (q;'1Ly)
If Hixk 1y, then z; = (riimix) ’

where the symbol (alb) is the Legendre symbol.5 Then, ¢ =¢  only if

the ordered arrays y;, and z, coincide.

Proof. We examine the manner in which q;; and r;; are altered by the

admissible operations in Theorem 4. Note that, by Lemma 3.1, we may

5 Let a,b be coprime integers. Then (alb) 1 if there exists an integer x
such that x2 a(mod b). If no such integer x exists, then (a[b) - —1.
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restrict our attention to the submatrix which is obtained by deleting the
rows and columns which are associated with zero diagonal entries in P,
(Thus our invariants are associated with the torsion subgroup of the
homology group of the manifold.)

Replacing A by F(L)D(U) A D(V)F(K), we find that Q;, R; go
over to UQ,V + PK, U—IRIV—I + LP. Since pik;; = F‘iipi = 0 (mod II,)
we may restrict our attention to the matrices UQ;V and U—IR]V_I.

The entry q;; will be replaced by

g g
qfi = 2 2 Uik 9kt Vti -

k=1 t=1

This sum decomposes as:

g
qfi = U9Vt 2 2 Uik 9kt Vei ! 2 2 Uit Akt Vti

k<i t=1 k>i t>i
+ 2 2 Wik Akt Vii + 2 Uik ki Vii
k>1 t<i k>i
+ 2 U5 Qi Ve * 2 Wi 95t Vi -
t>i t<i

From equations (50) and (51), we now note that

uii'—vii if k< 1, then mi_1|uik

if t>1, then mllvtl

if k> i, then miiqki .

Thus q’i"i = qiiuizi(mod Hix)' and our assertion follows.
If R’l|< = U‘IRI V"l, then El = VRTU. Thus, exactly as above, we

find that r.. = ol

5 © Tyjui(mod II.), and our theorem is proved. I

The quadratic charucters vy, discovered by Reidemeister, and

described in Thearem 5, wete mterpreted by Seifert 9] to be linking
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invariants of the torsion subgroup of H; Xy U¢ X’k). One expects that
other integer invariants can be associated with those blocks of the matrix
A" in (47) which are related to the infinite part of Hl(XkU¢X’k), i.e. the
subblocks Rg, Q2, and 52' Sg, Sz. However, lacking a normal form
for the submatrix A, of A* under the general operations allowed in
Theorem 4, it appears to be a difficult problem to determine such

invariants .6
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BRANCHED CYCLIC COVERINGS

Sylvain E. Cappell* and Julius L. Shaneson*

The present paper outlines a solution to the following problem of Fox
[4]: When is the p-fold branched cyclic covering space of a manifold,
with a manifold branching set, again a manifold? The solution of this
problem has many consequences for the study of cyclic group actions on
manifolds. A few examples of applications are described below in Section 1
In Section 2 we study branched cyclic covers of S3 and relate a result on

these to the classical P. A. Smith conjecture and the above problem of Fox.

§1. Solution of Fox’s problem

Let M® and W™2 be P.L. manifolds with M compact and f:M->W
a P.L. embedding which is proper, i.e. f(dM)=dW N f(M). A branched
cyclic covering space of W along M is a simplicial complex Y equipped
with a simplicial map #:Y »W so that Y is a branched cover of W along
M [4] with 77—1(M) = M a P.L. homeomorphism and Y-M - W-M a
regular covering space with a finite cyclic group of covering translations.
Note that we do not assume that f(M) is a locally-flat submanifold of W.
It is easy to see that in general W has a p-fold cyclic cover branched
along M if and only if there is a class of order p in H'(W-M; Zp)
which under the composition of the natural maps HI(W—-M; Zp) >
I[l(a_E; Zp) - HQ(E,JE; Zp) goes toa mod p Thom class [3] of the regu-
lar neighborhood E of M in W, with JE = JE — interior (JWNE). If
W - E is a regular neighborhood of M, this condition just means that the
integral Thom class of E, defined by analogy with the Thom class of a

bundle, is divisible by p.

¥
This rescarch was supportead by NSE prants,

1O4
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Fox observed that if M" is a locally-flat submanifold of W™2 Y s
certainly a manifold [4]. A precise but entirely local answer to Fox’s
problem for P.L. but not necessarily locally-flat submanifolds can be
given as follows. Regard M as a subcomplex of a triangulation of W.
For any point in the interior of an i-simplex A(iz of M, the link pair in
(M, W) is the i-th suspension of a P.L. locally flat knot pair (11,
st1-iy [11]. Let X, be the manifold which is the p-fold cyclic cover
of sntl-i along this locally-flat SRR (S easy tosee that Y is a
P.L. manifold if and only if each such X, is a sphere. While this re-
duces Fox’s problem to questions about locally-flat P.L. submanifolds,
it is too local to be very useful in applications.

We are thus led to a reformulation of Fox’s problem. First note that
outside of a regular neighborhood of the branching set M, Y is certainly
a manifold. Thus, Fox’s problem is solved by determining which branched
cyclic cuvers of a manifold regular neighborhood E™2 of M are again
P.L. manifolds. Two manifold oriented regular neighborhoods E8+2 and
EI1”"2 of M" are said to be concordant if there is an oriented regular
neighborhood V of M x 1 which restricts to regular neighborhoods E,
of Mx1 and —E;, of Mx 0. Recall the classifying space for oriented
regular neighborhoods BSRN, constructed in [3] using results of [11] and
analyzed using methods of [2]. See also {6],{1]. Concordance classes of
manifold oriented codimension two regular neighborhoods of M are in 1
to 1 correspondence with elements of (M, BSRNQ]. Theorem 1 provides
a global answer to the following formulation of Fox’s problem. Which P.L.
oriented manifold regular neighborhoods of M are concordant to regular
neighborhoods which have manifold p-fold cyclic covers branched along M?
In applying Theorem 1 it is useful to recall that if f;: M - W2 isa P.L.
embedding, n> 4, with E, the regular neighborhood of f,(M) in W,
and E; is a manifold regular neighborhood of M which is concordant to
EO, then there is an ambient concordance of fo in W toa P.L. embed-
ding f; with E; P.L. homeomorphic to a regular neighborhood of

f, () 131
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THEOREM 1. There exzsts a classilying space BSRN,, Zp equipped with
a natural map w: BSRN p ~ BSRN, such that an oriented manifold regu-
lar neighborhood E3+2 of the P.L. manifold M® Is concordant to an
oriented manifold regular neighborhood E, of M with a manifold p-fold
branched cyclic cover if and only if the map g:M > BSRN, which classi-
fies E, lifts toa map g:M - BSRNQZP so that g Is homotopic to g.

This classifying space for branched cyclic covers BSRNQZp has non-
finitely generated homotopy groups in even dimensions greater than 2. To
see this, note that an element of 77i(BSRN2 P} is represented by a regular
neighborhood Eit2 of Si, which after being modified within its concord-
ance class may be assumed to be locally-flat except possibly at one point
P of S. The p-fold cyclic branched cover of the link pair of P in
(Si, Ei+2) is then, by the local criteria for branched covering spaces to
be manifolds discussed above, a sphere equipped with a semi-free Zp
action with a knot as fixed points. This construction defines a map which
is an isomorphism (except for i =2, when it has kernel Z) of
ni(BSRNQZP) to the groups of concordance classes of ‘‘(i+2)-dimensional
counterexamples to the P. A. Smith conjecture” defined and algebraically
analyzed in (2, §11]. In partlcular, 7721(BSRN p) is not finitely gener-
ated for i>1, m,;. {(BSRN, ZP)=0 for p odd, and 7 ,(BSRN, Zry -z
the classical P.A. Smith conjecture 1s true for Z actions on S3. Thus,
as a consequence of [13], 7,(BSRN, 2) =

The detailed homotopy type of BSRN2 Zp can be studied by combining
the homology surgery method of studying codimension two embedding
problems of [2], the global approach to non-locally flat embeddings de-
veloped in [3] and generalizations of the characteristic variety theorem
developed by Sullivan [12] to study G/PL. That the characteristic
variety theorem could be generalized to spaces other than G/PL was
observed by J. Morgun and by L. Jones.

As an application of Theorem 1 we will consider the following problem:

Which oriented closed nanilold:s M" are the codimension two fixed points
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of semi-free actions on S™2? Theorem 3 which answers this problem
will combine the following criteria for M to have a P.L. embedding in
S™2 with the condition that M be a Zp-homology sphere which is im-

posed by P.A. Smith theory.

THEOREM 2 {3]. Let M" be a closed P.L. manifold with nn+1(2M) >
Hn+1(EM) onto. Then there is a P.L. embedding M C S™?2,

The relationship between the dimension k of the non-locally flat

S™2  and the characteristic classes

points of the embedding of M" in
of M, developed in [3] shows that in many cases k must be at least
n—4. Note that if M" does have a P.L. embedding in S™?2, then by
the Thom-Pontrjagen construction, nn+2(22M) - Hn+2(22M) is onto.
The following result is a kind of converse to P.A. Smith theory. Re-

lated results were obtained by L. Jones in high codimensions {7].

THEOREM 3. Let M" be a z, homology sphere with (M) »
Hn+1(2M) surjective. Assume that HQ(M; 22) = 0. Then there exists a

semi-free P.L. action of Zp on S™2 with M as fixed points.

Many M which satisfy the hypothesis of this theorem do not have
locally-flat embeddings in S™*2  If the condition in Theorem 3 on the
surjectivity of the Hurewicz map is dropped, we can still show, for n odd,
that there is a Zp homology sphere V2 yith a semi-free Zp action
and with M as fixed points. The condition on HQ(M;ZQ) arises from
the 3-dimensional P.A. Smith conjecture in a manner which will be de-
scribed below.

Another result which follows from Theorem 1, an analysis of BSRNQZP
and methods of [2], (3] is the following:

THEOREM 4. Let Wht2  be an oriented compact P.l.. manifold equipped

with a semi-free Zp action, p odd, with [ixcd points MP C interior (W),
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M an oriented closed P.L. manifold with H*(M; Z,)=0. Thenif n is
odd or if w;(W) =0, for every closed P.L. manifold M’ homotopy equiva
lent to M, there exists a compact P.L. manifold W', equipped with a
semi-free P.L. Zp action with M’ as fixed points, with (W', 0W’) equi-
variantly homotopy equivalent to (W,JW).

The conditions on HZ(M; ZZ) in the above results arise in the follow-
ing way. In proving Theorems 3 and 4, we study a natural map of BSRN;p
to G/PL and attempt to find a splitting of it. In particular, on the level
of the second homotopy groups, we are trying to find a splitting of the map
which assigns to a knot which is a counterexample to the classical P.A.
Smith conjecture its Arf invariant. We thus propose the following weak
form of the P.A. Smith conjecture, whose truth would imply the necessity

of the conditions on HZ(M; ZZ)‘

WEAK P.A. SMITH CONJECTURE. Let KCS3, K = S! be the fixed
points of a P.L. Zp action on S3, p odd. Then is AK(—I) =+1
(modulo 8), where AK(t) is the Alexander polynomial of the knot K C s3?

Fox [5] studied restrictions on AK(t). However as his methods, which
involve expressing homology in terms of AK(t), apply in high dimensions,
where for p odd the weak P.A. Smith conjecture is false [2], they alone

will not suffice.
A result on 7,(BSRNZP) is indicated at the end of Section 2 below.

§2. Cyclic branched covering of s3
Let BC S be a knot. Let V be a Seifert surface of 8, with link-
ing form Ly,. Let L be a matrix for Ly, with respect to some basis.

Let L’ denote the transpose of L. If & is complex number of norm 1,

fet ,
© Ke - L1 L —¢L &7,
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Then Ké— is a Hermitian form over the complex numbers; let og B)
denote its signature. Let 2Z(B,p) be the p-fold cyclic branched cover of

s? along B, with the induced orientation.

THEOREM 5. The p-fold cyclic cover 2(8,p) bounds a parallelizable

manifold with signature p—1

2 Ugi(ﬁ) ,
i=1
h

£ a primitive pth root of unity.

NOTES:
L ogB) =0, 1(B).
2. The function og (B) is actually a cobordism invariant of f3.
3. Ué’(B) is continuous in &, except possibly at the negatives of
the roots of the Alexander polynomial of .
4. The manifold constructed to bound X = %(B,p) is simply connected
and has even middle betti number.

5. Analogous results are true in high dimensions.
Theorem 5 has been obtained independently by L. Kauffman {141,

Proof of Theorem 5. Consider

P-gxI Y vxocsixr Y p*=D*.

Bxo s3xo

Then the p-fold cyclic branched cover Q of D? along P is a 4-manifold
with boundary (8, p). Clearly

Q= CExpupdh I PxD?
P><S1

~

where 3 is the part of = lying over the closure of the complement of a
tubular neighborhood of f3, and p(D?) is attached to X x 1 along the
subset of its boundary pS3 sdu...us? consisting of p copies of the
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closure of the complement of a tubular neighborhood of V in s3. qf
7:-S3 is the projection, 77]‘77_1(53—\/) is the trivial p-fold covering
space.)

Let (A)= ixl U pD4 C Q. By excision Hz(é) = HZ(Q,pD4) =
H,(p(VxI, VxdI)) = H;(pV). Moreover, the mapping Hz((A)) - H,(Q) is

surjective, as the composite

H,(Q,Q) ——» Hy(PxD?, PxS') — H(PxS!) — H; (Q)
i
z
£ = linking number with P, is a monomorphism. Hence (5 and Q have
the same index. Since (5 is an unbranched cover of a subset of S°, it
is parallelizable, i.e. for x ¢ Hz(Q), x-x = 0(2). Hence Q is also
parallelizable.

A basis of HZ(Q) is obtained by pushing circles representing a basis
of Hy(V) in each component of 77V in £x 0 to each of the boundary
components of a neighborhood of 7~V and making the results bound in
the corresponding copy of D?. With respect to the basis thus obtained
from the basis of H;V used to obtain L from Ly, it is easy to see

that the intersection form on HZ(Q) has the matrix

I+L° ~L 0 cee 0 -L’
—L* L+L’ 0 ceien.n 0 0
K - 0 —L*  L+L° -L . 0 .- 0
: 0
: L
-L 0 o ... —-L” L+L’

Let H be the matrix

I I 1 ... £

i Spon é’(P—l)ZI.
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where ¢ is a primitive ptl’l root of 1 and I is the identity matrix of

the same size as L. Then H'KH is the matrix

K‘go 0
K 1
p £,
0 Kgp_1

and H'H - pl. The theorem follows.

NOTE. One can easily show that the intersection form on H,(Q) has the

matrix

Kf 0

From this and Poincare Duality, we may recover all known results on Hl(z).

EXAMPLE: B = trefoil knot, p = 5. Then

)
L = ,
0 -1

so that oé-([)’) =-2=0_,(8) for

£=e?™t 1/6<t<5/6,
and

oé-(B) =0 if -~1/6<t<1/6 .
4
Thus X Ué’(B): -8.

i=1

In fact, it is well known [10] that the 5-fold branched cyclic cover of
3, is binary dodecahedral space (‘‘Poincare space”’).

As a consequence of Theorem 5 and Rohlin’s Theorem |9}, and results
of [2] the natural periodicity map 772(BSRN2ZP) : n()(BSRng) is seen to

be not surjective.
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ON THE 3-DIMENSIONAL BRIESKORN MANIFOLDS M(p,q,r)

John Milnor

&1. Iniroduction
Let M= M(p,q,r) be the smooth, compact 3-manifold obtained by

intersecting the complex algebraic surface
zlp+ 22q + z3r = 0

of Pham and Brieskorn with the unit sphere ]zl|2 + Iz2]2 + iz3|2 =1,
Here p,q,r should be integers > 2. In strictly topological terms, M
can be described as the r-fold cyclic branched covering of the 3-sphere,
branched along a torus knot or link of type (p,q). See 1.1 below.

The main result of this paper is that M is diffeomorphic to a coset
space of the form [I\G where G is a simply-connected 3-dimensional
Lie group and Il is a discrete subgroup. In particular the fundamental
group 7,(M) is isomorphic to this discrete subgroup Il C G. There are
three possibilities for G, according as the rational number p_1 1 q—1 +
o1 s positive, negative, or zero. In the positive case discussed in
Section 4, G is the unit 3-sphere group SU(2), and Il is a finite sub-
group of order 4(pqr)_1(p_1 +q_1 vl o 1)”2. (See Section 3.2.) In the
negative case discussed in Section 6, G is the universal covering group
of SL(2,R). The proof in this case is based on a study of automorphic
forms of fractional degree. In both of these cases the discrete subgroup
Il = 7,(M) can be characterized as the commutator subgroup I, I'] of a
certain “‘centrally extended triangle group’> I'C G. [See Section 3. This
result has also been obtained by C. Giffen (unpublished).] The centrally
extended triangle group 17 has a presentation with generators Y1'Y9: Y3

and relations
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i ==y = vy,

(Compare [Coxeterl.) It follows that M is diffeomorphic to the maximal

abelian covering space of the 3-manifold ['\G.

1 1

These statements break down when p”1 +q " +r ~ =1, However,
it is shown in Section 8 that M can still be described as a coset space
IT\G where G is now a nilpotent Lie group, and Il is a (necessarily
nilpotent) discrete subgroup. The proof is based on a more general fibra-
tion criterion. (Section 7.)

The author is indebted to conversations with J. -P. Serre, F. Raymond,

and J. Joel.

HISTORICAL REMARKS. The triangle groups were introduced by

H. A. Schwarz in the last century. [Three-dimensional analogues have
recently been constructed by W. Thurston (unpublished).] The study in
Section 5 of automorphic forms clearly is based on the work of Klein,
Fricke, Poincare and others. The manifolds M = M(p, q,r) and their
(2n—1)-dimensional analogues were introduced by [Brieskorn, 1966}. He
computed the order of the homology group H;(M; 7), showing that M has
the homology of a 3-sphere if and only if the numbers p,q,r are pairwise
relatively prime. From the point of view of branched covering manifolds,
this same result had been obtained much earlier by [Seifert, p. 222]. Those
1 1

+q T+ 71> 1 have long been studied by

algebraic geometers: Compare the discussion in [Milnor, 1968, §9.8] as

Brieskorn manifolds with p™

well as [Milnor, 1974]. Those singular points of algebraic surfaces with
finite local fundamental group have been elegantly characterized by
[Prill] and [Brieskorn, 1967/68]. Those with infinite nilpotent local
fundamental group have been elegantly classified by [Wagreich]l. For
other recent work on such singularities see [Arnol’d], [Conner and
Raymondl, [Orlik], {Saitol, and [Siersmal. The work of [Dolgacev] and
[Raymond and Vasquez] is particularly close to the present manuscript.
To conclude this introduction, here is an alternative description of

M(p, q,r). Recall that the torus link 1.(p,q) of type (p,q) can be
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defined as the set of points (z,z,) on the unit 3-sphere which satisfy
the equation

zlp + z:_,q = 0.
This link has d components, where d is the greatest common divisor of

p and q. The n-th component, 1< n<d, can be parametrized by setting

z; = e(t/p), z, = e((t+n+%—)/q)

for 0<t< pq/d, where e(a) stands for the exponential function e2mia,

Note that this link L(p,q) has a canonical orientation.

LEMMA 1.1. The Brieskorn manifold M(p,q,r) is homeomorphic
to the r-fold cyclic branched covering of S3, branched along a

torus link of type (p,q).

Proof. Let VC C3? be the Pham-Brieskorn variety zlp + 22q + z3r = 0,

non-singular except at the origin. Consider the projection map
(21722!23) > (21722)

from V-0 to C?—0. If we stay away from the branch locus le+ 22q= 0,
then clearly each point of C2_0 has just r pre-images in V. In fact
these t pre-images are permuted cyclically by the group Q of r-th roots

of unity, acting on V-0 by the rule
o : (21’22’7‘3) > (zl,zz,wzs)

for ! = 1. Thus the quotient space £ \(V—-0) maps homeomorphically
onto G2—0. It follows easily that V—0 is an r-fold branched cyclic
covering of C2 -0, branched along the algebraic curve zlp + 22q = 0.

Now let the group R* of positive real numbers operate freely on

V-0 by the rule

1/r

lI(ZI,Z',.,Z.‘)lv(ll/pzl,tl/qzz,t Z4)
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for t> 0. Since every R*-orbit intersects the unit sphere transversally
and precisely once, it follows that V—0 is canonically diffeomorphic to
R* x M(p,q,r). Note that this action of R* on V_0 commutes with the
action of .

Similarly, letting R* act freely on C? -0 by the rule t:(zy,2y)
(tl/pz1 ,tl/qzz), it follows that C%—0 is canonically diffeomorphic to
R* x S3. The projection map V-0 -C2-0 is R*-equivariant. There-
fore, forming quotient spaces under the action of RY, it follows easily
that M(p,q,r) is an r-fold cyclic branched covering of S% with branch

locus L(p,q). m (Compare [Durfee and Kauffmanl, [Neumannl.)

§2. The Schwarz triangle groups ¥ o3

This section will be an exposition of classical material due to
H. A. Schwarz and W. Dyck. (For other presentations see [Caratheodory],
[Siegell, [Magnus].) We will work with any one of the three classical sim-
ply connected 2-dimensional geometries. Thus by the ‘“‘plane’”” P we
will mean either the surface of a unit 2-sphere, or the Lobachevsky plane
le.g., the upper half-plane y > 0 with the Poincaré metric (dx? +dy?)/y?|,
or the Euclidean plane. In different language, P is to be a complete,
simply-connected, 2-dimensional Riemannian manifold of constant curva-
ture +1, -1, or O.

We recall some familiar facts. Given angles a,f,y with 0<a,B,y<wm,
there always exists a triangle T bounded by geodesics, in a suitably
chosen plane P, with interior angles a,, and y. Infact P must be
either spherical, hyperbolic, or Euclidean according as the difference
a+fB+y—n is positive, negative, or zero. In the first two cases the area
of the triangle T is precisely la+B+y —n!, but in the Euclidean case
the area of T can be arbitrary.

We are interested in a triangle with interior angles #/p, #/q, and
7/t respectively, where p,q,r> 2 are fixed integers. Thus this triangle
T = T(p,q,r) lies either in the spherical, hyperbolic, or Euclidean plane

. . -1 -1 -1 . s
according as the rational number p~ " + ¢~ +r1 = — 1 is positive, nega-

tive, or zero.
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DEFINITION. By the full Schwarz triangle group P 2*(p, q,1) we will
mean the group of isometries of P which is generated by reflections

01, 0,,03 in the three edges of T(p,q,r). We will also be interested in
the subgroup = C % of index 2, consisting of all orientation preserving

elements of 3.

REMARK 2.1. Before studying these groups further, it may be helpful to
briefly list the possibilities. Let us assume for convenience that p< gq<r
In the spherical case p_1 + q_1 +rl > 1, it is easily seen that (p,q,r)

must be one of the triples
2,3,3), 2,3,4), (2,3,5); or (2,2,1)

for some r> 2. The corresponding group 2(p,q,r) of rotations of the
sphere is respectively either the tetrahedral, octahedral, or icosahedral
group; or a dihedral group of order 2r. The area of the associated triangle
T can be any number of the form #/n with n> 2. In the Euclidean case

p_1 + q_1 sl =1, the triple (p,q,r) must be either

(213’6)! (214!4)’ or (373’3) .

For all of the infinitely many remaining triples, we are in the hyperbolic
case p~1 + q_1 + =1 < 1. The area of the hyperbolic triangle T can
range from the minimum value of (1 —271.3-1 —7_1)77 = /42 to values
arbitrarily close to #.

The structure of the full triangle group 2* = 2*(p, q,r) is described
in the following basic assertion. Recall that ¥ s generated by reflec-

tions o,,0,,03 inthe three edges of a triangle T C P whose interior

angles are #/p, w/q, and w/r.

THEOREM 2.2 (Poincaré). The triangle T itself serves as
*

fundamental domain for the action of the group X on the

“plane’ P. In othcr words the various images o(T) with

o . .
g ¢ $7 are mutually disjoint except for boundary points, and
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. ¥
cover all of P. This group %~ has a presentation with gener-

ators 0y,0,,0, and relations

and

(01(;'2)p = (0203)q = (03(;'1)r = 1.

Here it is to be understood that the edges are numbered so that the
first two edges e; and e, enclose the angle of #/p, while e, and e,

enclose the angle of 7/q, and e;, e; enclose n/r.

Proof of 2.2. Inspection shows that the composition ¢;0, is a rotation
through the angle 2r/p about the first vertex of the triangle T, so the
relation (0102)p =1 is certainly satisfied in the group 2.* The other
five relations can be verified similarly.

Let i denote the abstract group which is defined by a presentation
with generators 0, 0,,05 and with relations 8i2 =1 and (0, 52)p =
(8283)q = (6381 Y = 1. Thus there is a canonical homomorphism & + o
from i onto E*, and we must prove that this canonical homomorphism
is actually an isomorphism.

Form a simplicial complex K as follows. Start with the product
ﬁ x T, consisting of a union of disjoint triangles o x T, one such triangle
for each group element. Now for each o and each i=1,2,3 paste the
i-th edge of o x T onto the i-th edge of 88i x T. More precisely, let K
be the identification space of i‘. x T in which (0,x) is identified with
(Gai,x) for each 0 ¢ i, for each i=1,2,3, and for each x¢e;C T.

2. 1, we see that precisely two triangles are

Using the relation 51

pasted together along each edge of K.

Consider the canonical mapping i x T » P which sends each pair
(6,%) to the image o(x) (using the homomorphism 0 +~ o from i to
the group s* of isometries of P). This mapping is compatible with the
identification (0,x) = (581, x) for x eec; since the reflection o, fixes

e;. Hence there is an induced map
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f:K—»P.

We must prove that f is actually a homeomorphism.
First consider the situation around a vertex (¢,v) of K. To fix our
ideas, suppose that v is the vertex e, N e, of T. Using the identifi-

cations
(o,v) = (051,v) = (aalﬁz,v) = (3813231,v) e,

together with the relation (51 82)P =1, we see that precisely 2p triangles
of K fit cyclically around the vertex (,v). (These 2p triangles are
distinct since the 2p elements 0y,0,0,,0{0,0;,", (8152)p of S map
to distinct elements of 2*.) Now inspection shows that the star neighbor-
hood, consisting of 2p triangles fitting around a vertex of K maps
homeomorphically onto a neighborhood of the image point o(v) in P, The
image neighborhood is the union of 2p triangles in P, each with interior
angle #/p at the common vertex o(v).

Thus the canonical map f:K » P is locally a homeomorphism. But it
is not difficult to show that every path in P can be lifted to a path in K.
Therefore f is a covering map. Since P is simply connected, this im-
plies that f is actually a homeomorphism. The conclusions that i maps
isomorphically to the group 2*, and that the various images o(T) cover

P with only boundary points in common, now follow immediately. m

REMARK 2.3. More generally, following Dyck, one can consider a convex
n-sided polygon A with interior angles n/py,-+,7/p,. Again A is the
fundamental domain for a group = = 2 (A) of isometries which is gener-

ated by the reflections oy,':+,0, in the edges of A with relations

p.
o = (001, ' = 1

for all i modulo n. In fact the above proof extends to this more general

case without any essential change.
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COROLLARY 2.4, In the spherical case p"1 + q_l +rl> 1,
the full triangle group 2*(p, q,r1) is finite of order 4/(p_1 +

-1 1 1 -1
r

q "+ o 1). In the remaining cases p~  +q  + <1

’

the group 2*(p, q,t) Is infinite.

Proof. Since the various images o (T) form a non-overlapping covering
*
of P, the order of X can be computed as the area of P divided by the

areaof T.m

Recall that X denotes the subgroup of index 2 consisting of all

orientation preserving isometries in the full triangle group Z . Setting
Ty = 0103, T3 = 0303, T3 =030
note that the product
T17273 = 01020293930,

is equal to 1.

COROLLARY 2.5. The subgroup 3(p,q,r) has a presentation

with generators 7,,7,,75 and relations 71p=72q= r3r=7172r3 =1.

Proof, This corollary can be derived, for example, by applying the

*
Reidemeister-Schreier theorem. [More generally, for the Dyck group de-
scribed in 2.3 we obtain a presentation with generators 7,,---,7, and

relations

P1 Py
7-1 - ...:rn =7'17-2...rn=1']

Details will be left to the reader. ®m

We conclude with three remarks which further describe these groups b

See for example [weir].
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REMARK 2.6. Using 2.2, it is easy to show that an element of the group
2 has a fixed point in P if and only if it is conjugate to a power of
7179, or 75. Hence every element of finite order in 2 is conjugate to
a power of 7,,7, or r5. Therefore the three integers p,q,r can be
characterized as the orders of the three conjugate classes of maximal
finite cyclic subgroups of £. (Caution: In the spherical case these

three conjugate classes may not be distinct. In fact in the spherical case,
since each vertex of our canonical triangulation of P is antipodal to

1

some other vertex, it follows that each 7.

i is conjugate to some rj_

where j may be different from i.)
Here we have used the easily verified fact that every orientation

preserving isometry of P of finite order has a fixed point.

THEOREM 2.7 (R. H. Fox). The triangle group 2(p,q,r) con-

tains a normal subgroup N of finite index which has no elements

of finite order.

[Fox] constructs two finite permutations of orders p and q so that
the product permutation has order r. The subgroup N is then defined as
the kernel of the evident homomorphism from X to the finite group gener-
ated by these two permutations. Using 2.6 we see that N has no elements
of finite order. m

Note also that N operates freely on P; that is, no non-trivial group
element has a fixed point in P. Hence the quotient space N\P is a
smooth compact Riemann surface which admits the finite group X/N as
a group of conformal automorphisms. To compute the Euler characteristic
x(N\P) of tkis Riemann surface, we count vertices, edges, and faces of
the canonical triangulation of N\P, induced from the triangulation of

2.2. This yields the formula

Y(N\P)  (p~lrq l+r 1 =1) order (E/N) .
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TR SR 1, it follows that the triangle

In the hyperbolic case p_1 +4q
group X D N contains free non-abelian subgroups. For N is the funda-
mental group of a surface of genus g > 2, hence any subgroup of infinite
index in N is the fundamental group of a non-compact surface and there-
fore is free.

Note that a given finite group ® can occur as such a quotient /N
if and only if ® is generated by two elements, and has order at least 3.
For if @ is generated by elements of order p and q, and if the product
of these two generators has order r, then 2(p,q,r) maps onto ®, and
it follows from 2.6 that the kernel has no element of finite order. As an
example, the triangle group 2(2,3,7) maps onto the simple group of
order 168. (Compare [Klein and Fricke, pp. 109, 7371 as well as [Klein,
Entwicklung ---, p. 369].) Hence this simple group operates conformally
on a Riemann surface N\P whose genus g =3 can be computed from
the equation 2—2g = 168(1—2"1 -3"1_771),

More generally let A be any discrete group of isometries of P with
compact fundamental domain. (That is, assume that there exists a com-
pact set K C P with non-vacuous interior so that the various translates
of K byelements of A cover P, and have only boundary points in
common.) Then A also contains a normal subgroup N of finite index
which operates freely on P. (See [Fox] and |Bungaard, Nielsen]. A much
more general theorem of this nature has been proved by [Selberg, Lemma 8].)
Again the Euler characteristic (N \P) of the smooth compact quotient
surface is directly proportional to the index of N in A. In fact, the
ratio ¥(N \P)/order (A/N) can be computed as a product x(BA)x(P)
where the rational number x(Bp) is the Euler characteristic of A in the
sense of [Walll, and where x(P) = 2 (~1)? rank Hn(P) is the usual Euler
characteristic, equal to 1 or 2. Now assume that A preserves orientation.

The quotient S = A\P can itself be given the structure of a compact
Riemann surface, even if A has elements of finite order. (Compare 6.3.)
In general there will be finitely many ramification points, say Xp,t XK €S,

Let ry,-=, 1~ 2 be the corresponding ramification indices. Then classi-
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cally the data (S; x;, ", %Xy; 1q,-*, 1) provides a complete invariant for
the group A. That is: a second such group A’ is conjugate to A with-
in the group of orientation preserving isometries of P if and only if the
Riemann surface S$"= A’\P is isomorphic to S under an isomorphism
which preserves ramification points and ramification indices. The triangle
group 2(p,q,r) corresponds to the special case where S has genus zero

with three ramification points having ramification indices p,q,r.

REMARK 2.8. It is sometimes possible to deduce inclusion relations
between the various groups 2(p,q,r) by noting that a triangle T(p,q, 1)
can be decomposed into smaller triangles of the form T(p’,q’,1"). For

example if p = q one sees in this way that
2(p,p,1) C Z(2,p,21)

as a necessarily normal subgroup of index 2. Similarly, taking p=r one
sees that

2(2,p,2p) C 2(2,3,2p)
as an abnormal subgroup of index 3. However, not all inclusions can be
derived in this manner. A counterexample is provided by the inclusion
3(2,3,3)C 3(2,3,5) of the alternating group on four letters into the alter-

nating group on five letters,

§3. The centrally extended triangle group I'(p,q,r)

As in the last section, let P denote either the Euclidean plane or
the plane of spherical or hyperbolic geometry. Let G denote the con-
nected Lie group consisting of all orientation preserving isometries of P.

Then we can form the coset space G/Z where
- 3%p,q0CG

is the triangle group of Section 2. Clearly G/X is a compact 3-dimensional
manifold. To compute the fundamental group 171(5/2) it is convenient to

pass to the universal covering proup G of G.
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DEFINITION. The full inverse image in G of the subgroup £ C G will

be called the centrally extended triangle group T" = 1'(p, q, 1).

Evidently the quotient manifold G/2 can be identified with G/,
and hence has fundamental group ,(G/Z) = 1",

To describe the structure of I', let us start with the isomorphism
G/C = G of Lie groups, where the discrete subgroup C = 771(6) is the
center of G. In the spherical case, where G is the rotation group SO(3),
it is well known that this fundamental group C is cyclic of order 2. In
the Euclidean and hyperbolic cases we will see that C is free cyclic.

Evidently 1, defined as the inverse image of X% under the surjection
G - G, contains C as a central subgroup with I'/C = X, [In fact one
can verify that C is precisely the center of 1'.] The main object of this

section is to prove the following.

LEMMA 3.1. The centrally extended triangle group 1" = I'(p,q,r)

has a presentation with generators y,,y,,y; andrelations y1p=

v =v3" = vy

Proof. We will make use of the following construction. Choose some
fixed orientation for the ‘“‘plane’” P. Given a basepoint x and a real
number 0, let _ —~

1, 0) < G
denote the rotation through angle  about the point x. Thus we obtain

a homomorphism :R 5 G which clearly lifts to a unique homomorphism

Tx

t, : R » G

X

into the universal covering group. Since T,(27) is the identity element

of G, it follows that the lifted element

rx(277) ¢ G
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belongs to the central subgroup C. We will use the notation c=r,(2m)eC.
In fact C 1is a cyclic group generated by c, as one easily verifies by

studying the fibration

G »P=gGys!

I

defined by the formula g - g(x). Here s! denotes the group 'r'X(R) CG
consisting of all rotations about x. In the Euclidean and hyperbolic
cases, since P is contractible, it follows that the fundamental group
771(51) = Z maps isomorphically onto nl(a) = C,

Note that this element rx(277) ¢ C depends continuously on x, and
therefore is independent of the choice of x.

Now recall that the subgroup X C G is generated by the three rotation:

where v,,v,,v; are the three vertices of T. It follows that the inverse

image T'C G is generated by the three lifted rotations

Y1 = rvl(2ﬂ/p), Yo = rv2(2ﬂ/q), Y3 = rv3(2ﬂ/r) ,

together with the central element c. Clearly
t
P =rl=vi=c.

Next consider the product y;y,y;. Since 747,75 = 1, it is clear that
Y1Y2Y3 belongs to C, and hence is equal to ck for some integer k.
We must compute this unknown integer k.

It will be convenient to work with a more general triangle, with arbi-
trary angles. In fact, without complicating the argument, we can just as
well consider an n-sided convex polygon A C P with interior angles

Here we assume that 0< a; <g. If 0. denotes the reflection

ay,,a i

0
in the i-th edge (suitably numbered), then aiz =1, and therefore

((ylu.‘!)(n,)‘(r.;) ((Tn_lo'n) ((Inal) =1.
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Lifting each rotation

00:,, =1, (2a;) ¢ G

i7i+1 vy i

to the element

Vi = rvi(Zai) e G,

it follows that the product Y1Y9 'V, belongs to the central subgroup C.-
Now as we vary the polygon A continuously, this central element
Y1 Yy must also vary continuously. But C is a discrete group, so
Y1 " ¥y must remain constant.
In particular we can shrink the polygon A down towards a point x,

in such manner that the angles ay,,a, tend towards the angles

n
By, B, of some Euclidean n-sided polygon. Thus the element
Yi = rv_(2ai) ¢ G tends towards the limit rx(2ﬁi), while the product
i
Y1 "y tends towards the product r, (283, +---4 28,). Therefore, using

the formula

Bl 4ot Bn = (n=2)7

for the sum of the angles of a Euclidean polygon, we see that the constant

product y; ---y, must be equal to
r,(n=2)2m) = "2 |

Finally, specializing to the case n =3, we obtain the required identity

Y1Y2¥Y3 = C.
Thus we have proved that " is generated by elements Y1:Ypr V3o

and ¢ which satisfy the relations

I
)’1p = qu =%Y3 “ ViYo¥z = C .

Conversely, if f‘ denotes the group which is defined abstractly by
generators ;/1,')\/2, §3, ¢ and corresponding relations, then certainlyAthe
element &el' generates a central subgroup é, with quotient ﬁ/C
isomorphic to % by Section 2.5. Thus we obtain the commutative

diagram
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-

onto onto

Q -— )
M —— v
R

f— q—

1

1.

In the Euclidean and hyperbolic cases, C is free cyclic, hence 6 maps
isomorphically to C, and it follows that f maps isomorphically to I'.

In the spherical case, since C is cyclic of order 2, we must prove
that &2 =1 in order to complete the proof. This relation can be verified
by a case by case computation. (Compare [Coxeter].) There is an alterna
tive argument which can be sketched as follows.

2 maps to 1 in the

To prove that &2 = 1, it suffices to show that &
abelianized group ['/[I',I']. For clearly ' is a central extension of the
form . .

1-¢c?251'-T 1.
Such a central extension is determined by a characteristic cohomology

class in Hz(l—'; C2). Consider the universal coefficient theorem
0 » Ext(H,1',c%) » H3(I';C?) > Hom(H,I",C?) » 0

[Spanier, p. 243]. The group H,I" is zero by Poincare duality, since the
finite group I' is fundamental group of a closed 3-manifold. Therefore
our extension is induced from an element of Ext(le, C2), or in other

words from an abelian group extension of the form
0-Cc2-A-HI->0.

Thus we obtain a commutative diagram

1 c? I I 1
0 c2 A H, 1" 0

with A abelian. Therefore, in the spherical case, the group c? gener-

ated by &2 meips injectively into the abelianized group /11
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But a straightforward matrix computation shows that ¢ maps to an

element of order m(p_l + q"1 o 1) in this abelianized group, where
m is the least common multiple of P, q,r. In all of the spherical cases

this product is 1 or 2, so 2.1 m

REMARK. Similarly for the Dyck group of Section 2.3 one obtains a central
extension with generators Y1, Yy and with relations

Y1 ==y, =c¢ and ylmyn::c""z.

COROLLARY 3.2, The abelianized group T'/[",T"| has order

lgr+pr+pa—parl = pgrlp™t+q~l+r 11,

Here we adopt the usual convention that an infinite group has ‘‘order”’

zero. Thus the commutator subgroup has finite index in I" if and only if
-1 -1
p +q

that the order of an abelianized group with n generators and n relations

rrl 41 To prove this corollary, we apply the usual theorem

is equal to the absolute value of the determinant of the nxn relation
matrix. Taking the three relations to be y1y2y3y1_p =1, y1y2y3y2—q =1,

y1y2y3y3"r =1, the relation matrix becomes

Ip 1 1

with determinant qr + pr + pq — pqr, as required. @

In the spherical case p"1 + q—l +rls 1, since I' has order
4/(p_1 +q_1 sl o 1) as a consequence of 2.4, it follows that the com-
mutator subgroup [1',T"] has order 4/(pgr(p~ '+ g l+r o2,

One case of particular interest occurs when p,q,r are pairwise rela-
tively prime. In this case the index i = |qr+pr+pq—pqrl of [I',I'] in

I is relatively prime to pgqr. Therefore, using 2.6, it follows that for any
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element y of 1’ which has finite order modulo the center C there exists
an element yi of I",I'] having the same finite order modulo [I°,I’] N C,
it then follows that the three integers p,q,r are invariants of the group
I",I']. Namely, they can be characterized as the orders of the maximal

finite cyclic subgroups of {I',I"] modulo its center {I",I"]1 N C.

§4. The spherical case p~ 1 +q !+ 1>1

This section gives a concrete description of the Brieskorn manifolds
M(p, q,r) in the spherical case. Since the conclusions are well known,
the presentation is mainly intended as motivation for the analogous argu-
ments in Section 6.

Let 1" be any finite subgroup of the group SU(2) of unimodular 2x2
unitary matrices, acting by matrix multiplication on the complex coordinate
space C2. Note that SU(2) acts simply transitively on each sphere

centered at the origin.
DEFINITION, A complex polynomial f(z) = f(z,,2,) is I'-invariant if

f(y(2)) = £(z)

forall y el and all ze¢ (2. Let H™! denote the finite dimensional

I’
vector space consisting of all homogeneous polynomials of degree n

which are ['-invariant. More generally, given any character of I', that

is any homomorphism

v:FsulctC =C-o

from T' to the unit circle, let H;:’X denote the space of all homogeneous

polynomials f of degree n which transform according to the rule

f(y(z)) = x(Nf(2) .

Note that the product of a polynomial in HF"X and a polynomial in Hin"p

belongs to the space Hln‘+m,xp. Thus the set of HF\'X for all n and ¥

forms a bigraded algebra, which we denote briefly by the symbol H;'*.
0,1

This bigraded algebra possesses an identity element 1 e HI'
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LEMMA 4.1. Let [1=[I",T"] be the commutator subgroup of T.

n,1 . .
Then the space HH of U-invariant homogeneous polynomials
of degree n is equal to the direct sum of its subspaces H;’"X

as Yy varies over all characters of T'.

Proof. Since every character of ' annihilates II, it follows that
b 71

HP‘X C HHn . On the other hand, since Il is normal in I, it follows

1 .
that the quotient group I'/Il operates linearly on Hﬁ’ . In fact, for each
[l-invariant homogeneous polynomial f and each y ¢ [' let fy denote
the polynomial
z + f((2)) .
(Thus I' acts on the right.) This new polynomial is also I-invariant
since 1
B)m = (Gmy” "Ny = fy

for m ¢ II. Clearly fy = fy” whenever y =y mod Il. Since I'/II is
1
finite and abelian, it follows that Ha’ splits as a direct sum of eigen-

spaces corresponding to the various characters of ['/Il. m

Now consider a homogeneous polynomial f ¢ HFJX for some n and y
According to the fundamental theorem of algebra, f must vanish along n
(not necessarily distinct) lines Ly Lrl through the origin in c2,
Given these lines, the polynomial f is uniquely determined up to a multi-
plicative constant. Evidently each element of the group I must permute
these n lines. Conversely, given n lines through the origin which are
permuted by I', the corresponding homogeneous polynomial f(z) of
degree n clearly has the property that the rotated polynomial f(y(z)) is

a scalar multiple of f(z) for each group element y. Setting

foy@)/f(z) = x()

we obtain a character x¥ of I' sothat fe le_’,’x.

Let us apply these constructions to the centrally extended triangle

group ' =1'(p,q,r) of Section 3; where p—l v q r~1> 1. Todo
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this we must identify SU(2) with the universal covering group G of
Section 3. In fact, SU(2) operates naturally on the projective space
P = PI(C) of lines through the origin in C2. or rather, since the central
element —I carries each line to itself, the quotient group G - SU(2)/{11}
operates on P, which is topologically a 2-dimensional sphere. Choosing
a G-invariant metric, we see easily that P will serve as model for
2-dimensional spherical geometry, with G as group of orientation preserv-
ing isometries and G = SU(2) as universal covering group.

Let k=2/(p ' +q7"
S = I'/i+1}. Then, by 2.6, nearly every orbit for the action of 2 on P

sz 1) denote the order of the quotient group

contains k distinct points. The only exceptions are the three orbits con-
taining the three vertices of the triangle T. These three exceptional

orbits contain k/p, k/q, and k/r points respectively.
k/p,
Let f, ¢ H[ X1

which vanishes on the k/p lines through the origin corresponding to the

, for appropriately chosen yy, be the polynomial

orbit of the first vertex of T. Similarly construct the polynomials

X2 k/r,)(3

k/q,
f2 ¢ HI‘ d and f3 € Hr

constant. We will need some partial information about these three

, each well defined up to a multiplicative

characters x;, X, and Xj3-

LEMMA 4.2. The three homomorphisms X;: I - UQ) con-

structed in this way satisfy the relation le = qu = x3r.

Proof. Let y’,--, ¥ €1’ be a set of representatives for the cosets of
the subgroup {*I} CT". Then to each linear form U(z)=a;z; +a,z, we

can associate the homogeneous polynomial
f(z) = €y (@) -+ Uy (2))

k,x
of degree k. The argument above shows that f ¢ Hy O for some Xo
Evidently this character \, depends continuously on the linear form g,

and hence is independent of f. Now specializing to the case where £(z)
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vanishes at the line corresponding to one vertex of the triangle T, we

see easily that le = qu = X3r =Xy ®

REMARK. The characters X; themselves can be computed by the methods
of Section 6.1. In fact, writing P1,Py,P3 in place of p,q,r, the charac-
ter xi(yj) is equal to e(-—k/2pipj) for i£j and to e(l/pj)e(—k/zpjpj)

for i=j.

We are now ready to prove the following basic result.

LEMMA 4.3. These three polynomials £y, f;, f; generate the
bigraded algebra Hlt'*. They satisfy a polynomial relation
which, after multiplying each f; by a suitable constant if neces-

sary, takes the form £,P + £, + f,f=0.

Proof. Let f¢ H?"X be an arbitrary non-zero element of the bigraded
algebra. Then f must have n zeros in P = PI(C). If one of these zeros
lies at the i-th vertex of the triangle T, then clearly f is divisible by
f;. If f does not vanish at any vertex of T, then it must vanish at some

point x ¢ P which lies in an orbit with k distinct elements. Choose

k,x
A # 0 so that the linear combination flp + )tfzq € Hy- 0 also vanishes
at x, and hence vanishes precisely at the points of the orbit containing x.
Then f is divisible by flp + )\f2q. Now it follows easily by induction on
the degree n that f can be expressed as a polynomial in the f;.
A similar argument shows that the polynomial f3r is divisible by

flp + )tfzq for suitably chosen A £ 0, say
£,5 = N(E,P + AL

Multiplying each fi by a suitable constant, we can put this relation in

the required form f;P+f,9+f,"=0.m
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REMARK. More precisely, one can show that the ideal consisting of all
polynomial relations between the f; is actually generated by f1p+f2q+f3r

Compare 4.4 below.

Now let V denote the Pham-Brieskorn variety consisting of all triples

(vl, v2,v3) ¢ C3 with vlp + v2q + vsr = 0. Evidently the correspondence

z +> (f;(2),f,(2), £5(2))
maps C? into V.
Let [l =[I",T'] denote the commutator subgroup of 1. Since every
character of I annihilates II, we have f,(r(2)) = £,(z) for 7 €ll. There-

fore (f;,f,,f;) maps the orbit space II\C? into V.

LEMMA 4.4, In fact, this correspondence [lz — (f1(2), £, (2), £5(2))
maps the orbit space [\ C? homeomorphically onto the Pham-

Brieskorn variety V.

Restricting to the unit sphere in Cz, we will prove the following

statement at the same time.

THEOREM 4.5. The quotient manifold 1I\S® or II\SU(2) is
diffeomorphic to the Brieskorn manifold M(p,q,r).

The orbit space II \S3 can be identified with the coset space
II1\SU(2) since SU(2) operates simply transitively on ss.

Proof. First consider two points z” and z” which do not belong to the
same Il-orbit. Choose a (not necessarily homogeneous) polynomial g(z)
which vanishes at z”, but does not vanish at any of the images m(z").

Setting
h(z) = g(m (z) elny(2)) - g7 (2))

where Il -{my,---, @ |, it follows that h is [l-invariant and h(z")£h(z").

Expressing h as a sum of homogeneous polynomials and applying 4.1, we
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obtain a polynomial f ¢ H?,’X for some n and y satisfying the same
condition f(z”) # f(«”). Finally, applying 4.3, we see that one of the f;
must satisfy f;(z") £ f,(z”). Thus the mapping (f;,f,,f3) embeds n\c?
injectively into V.,

Note that each real half-line from the origin in 2 maps to a curve
t - ((PE @), /98, @), /T, (2))

in V which intersects the unit sphere of c3 transversally and precisely
once. Therefore we can map the unit sphere of C? into M= M(p, q, r) by
following each such image curve until it hits the unit sphere, and hence
hits M. Thus we obtain a smooth one-to-one map from the quotient I\s3
into M.

But a one-to-one map from a compact 3-manifold into a connected
3-manifold must necessarily be a homeomorphism. Therefore nm\s3 maps
homeomorphically onto M, It follows easily that I\ ¢? maps homeomor-
phically onto V, thus proving 4.4.

Now let us apply the theorem that a one-to-one holomorphic mapping
between complex manifolds of the same dimension is necessarily a diffeo-
morphism. (See [Bochner and Martin, p. 179].) Since the complex manifold
IM\C?-0 maps holomorphically onto V-0, this mapping must have non-
singular Jacobian everywhere. It then follows easily that the mapping

N\S3 > M is also a diffeomorphism. ®

§5. Automorphic differential forms of fractional degree
This section will develop some technical tools concerning functions
of one complex variable which will be needed in the next section. Some
of the concepts (e.g., ‘‘labeled’’ biholomorphic mappings) are non-standard.
It is common in the study of Riemann surfaces to consider abelian
differentials (that is, expressions of the form f(z)dz) as well as quad-
ratic differentials (expressions of the form f(z)dzz). More generally, for
any integer k> 0, a differential (= differential form) of degree k on an

open set U of complex numbers can be defined as a complex valued
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function of two variables of the form
b(z,dz) = f(z)dzX ,

where z varies over U and dz varies over C.

To further explain this concept, one must specify how such a differ-
ential transforms under a change of coordinates. In fact, if g:U - U, is
a holomorphic map, and if $b,(zq,dzy) = £, (zl)dzlk is a differential on
U;, then the pull-back ¢ = g*(cﬁl) is defined to be the differential

b(z,dz) = ¢,(e(2), dg(@) = f,(e(2)) g(z) dz*

on U. Here g(z) denotes the derivative dg(z)/dz. This pull-back opera-
tion carries sums into sums and products into products.

We will need to generalize these constructions, replacing the integer k
by an arbitrary rational number a. There are two closely related diffi-
culties: If « is not an integer, then the fractional power dz% is not
uniquely defined, and similarly the fractional power .g(z)a is not uniquely
defined.

To get around the first difficulty we agree that the symbol dz is to
vary, not over the complex numbers, but rather over the universal covering
group € of the multiplicative group € of non-zero complex numbers.
Since every element of C hasa unique n-th root for all n, it follows
that the fractional power dz® is always well defined in c.

~.

REMARK. This universal covering group C is of course canonically
isomorphic to the additive group of complex numbers. In fact, the ex-
ponential homomorphism e(z) = exp(2riz) from C to C lifts uniquely
to an isomorphism ~ .~
P e:C »C

of complex Lie groups. The kernel of the projection homomorphism

C 5C s evidently generated by the image €(1).

We are now ready to describe our basic objects.
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DEFINITION. A differential (= differential form) of degree a on an open

set UC € is a complex valued function of the form

¢(z,dz) = f(z)dz®

~

where z varies over U and dz varies over C . Here it is understood
that the fractional power dz® is to be evaluated in E and then projected
into € to be multiplied by f(z). In practice we will always assume that
f is holomorphic, so that ¢ is holomorphic as a function of two variables.
Note that the product of two holomorphic differentials of degrees a and B
is a holomorphic differential of degree « + 3.

In order to define the pull-back g*(qS) of a differential of fractional

degree, we must impose some additional structure on the map g.

DEFINITION. By a labeled holomorphic map g from U to SH will be
meant a holomorphic map z +> g(z) with nowhere vanishing derivative,

together with a continuous lifting g of the derivative from C to C .

More precisely,

o

é:U >

must be a holomorphic function whose projection into C is precisely the
derivative dg(z)/dz. (Alternatively, a labeling could be defined as a
choice of one single valued branch of the many valued function

log dg(z)/dz on U.) Given two labeled holomorphic maps
g:U-U; and g :U; -U,,

the composition g;g:U > U, has a unique labeling which is determined

by the requirement that the chain law identity

(2,8) @) = g@)g, (&)

should be valid in C .

Now consider a labeled holomorphic map g:U - U, together with a

differential
¢1(z1, dzl) = fl(zl)dzla
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*
on U,. The pull-back g (¢;) is defined to be the differential

$(z,dz) = ¢,(g(2), g(z)dz)

on U. Note that this pull-back operation carries sums into sums and

products into products. Furthermore, given any composition

g
u--8.u —uU

2

of labeled holomorphic maps, the pull-back (g, g)*(¢2) of a differential
on U, is clearly equal to the iterated pull-back g*(g1 *(qﬁz)).

Let I" be a discrete group of labeled biholomorphic maps of U onto
itself.
DEFINITION. A holomorphic differential form ¢(z,dz) = f(z)dz® on U

is ['-automorphic if it satisfies
*
y () =¢

for every y ¢ I'. More generally, given any character x:1" > U(1)C c,

the form ¢ is called y-automorphic if

Vi($) = x0)¢

for every y. (Thus the I'-automorphic forms correspond to the special
case x = 1.) Note that a form ¢(z,dz) = f(z)dz® is y-automorphic if
and only if f satisfies the identity

f(@Ny(E@)" = xME)
forall y eI’ and all zeU.

Evidently the y-automorphic forms of degree a on U form a com-
plex vector space which we denote by the symbol A?’X. In this way we
obtain a bigraded algebra AF’*, where the first index a ranges over
the additive group of rational numbers and the second index x ranges
over the multiplicative group Hom(l", U(1)) of characters. This algebra
possesses an identity element I« A;).'l. It is associative, commutative,

and has no zero-divisor, 5o long as the open set U is connected.
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REMARK. The classical theory of automorphic forms of non-integer
degree is due to [Petersson]. (Compare {Gunning], [Lehner).) It is based

on definitions which superficially look rather different.

Suppose that we are given a normal subgroup of I.

LEMMA 5.1. If NC1' is a normal subgroup, then the quotient
['/N operates as a group of automorphisms of the algebra A:’l
with fixed point set Alt’l. If the quotient group 1'/N is finite

abelian of order m, then each A;’l splits as the direct sum
a

1
I which annihilate N.

of its subspaces A "X as y varies over the m characters of

The proof is easily supplied. (Compare 4.1.) m

COROLLARY 5.2, If NC1' is a normal subgroup of finite
1 .
index m, then every ¢ ¢ A% has a well defined *‘norm’’
1
(yl*q_’>) (ym*qS) € AFa’ . Here Y1 Yy are to be repre-

sentatives for the cosets of N in 1"

Again the proof is easily supplied. m

It will be important in Section 6 to be able to extract n-th roots of

automorphic forms.

LEMMA 5.3. Let ¢(z,dz) = f(z)dz* be a y-automorphic form.
If f possesses an n-throot, f(z)= f;(z)" where f, is holo-
morphic, then the form ¢, (z,dz) = f,(z)dz%/" is itsclf

X1 -automorphic for some character x, of I' satisfying xln_—x.

Proof. For any group element y, since the holomorphic forms ¢, and
y*(qﬁl) both have degree a/n, the quotient y*(d>1 )/d)1 is a well defined

meromorphic function on U. Raising this function to the n-th power we
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obtain the constant function y*(¢)/¢ = ¥(y). Therefore y*(qﬁl)/d)1 must
itself be a constant function. Setting its value equal to X;(¥), it is easy

to check that x, is a character of I' with x,"=x.m

As open set U, let us take the upper half-plane P consisting of all
z=x + iy with y > 0. Then every biholomorphic map from U to itself

has the form ,
zZ 2z = (gllz+g12)/(g212+g22)

where

is an element, well defined up to sign, of the group SL(2,R) of 2x2

real unimodular matrices. The derivative dz’/dz is equal to (B912 +899)”
It follows easily that the group G consisting of all labeled biholomor-

phic maps from P to itself can be identified with the universal covering

group of SL(2,R). This group G contains an infinite cyclic central sub-

group C consisting of group elements which act trivially on P. The

generator ¢ of C is characterized by the formulas
c(z) =z, ¢(z)="1), ¢@2)*=%a) e2mia i, .

A group X C G of conformal automorphisms of P is said to have
compact fundamental domain if there exists a compact subset KC P with
non-vacuous interior so that the various images o(K) cover P, and are
mutually disjoint except for boundary points. We will be interested in sub-

groups of G whose images in G = G/C satisfy this hypothesis.

LEMMA 5.4. Let 1'C G be such that the image F:I‘/(FF’IC)
in G operates on the upper half-plane P with compact funda-
mental domain. Then T is discrete as a subgroup of the Lie
group G, and the coset space I'\G is compact. This group

I' necessarily intersects the center C non-trivially.
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Proof. As noted in Section 2.7 there exists a normal subgroup NCI' of
finite index so that N = N/N N C operates freely on P. The orbit space
under this action, denoted briefly by the symbol N\P, is then a smooth
compact surface S of genus g > 2 with fundamental group
7, (S) = N = NC/C. Here NC denotes the subgroup of G generated by
N and C.

Since the group G/C operates simply transitively on the unit tangent
bundle T;(P) of P, it follows easily that the coset space (NC)\G can
be identified with the unit tangent bundle T,(S) of the quotient surface

N\P. In particular this coset space is compact, with fundamental group
NC = #,(T{(S)) .

Hence the abelianized group NC/[NC,NC] = NC/[N, N] can be identified
with the homology group Hl(T1 ).

It follows that N must intersect C non-trivially. For otherwise NC
would split as a cartesian product NxC with N=N/NNC = 7,(S).
Hence T,(S) would have first Betti number 2g + 1, rather than its actual
value of 2g.

(Carrying out this argument in more detail and using the Gysin sequence
of the tangent circle bundle (see [Spanier, p. 260] as well as [Milnor and
Stasheff, pp. 143, 130]), one finds that the kernel of the natural homomor-
phism from H,(T,(S)) onto H,(S) is cyclic, with order equal to the
absolute value of the Euler characteristic ¥(S) = 2—2g. Identifying these
two groups with NC/[N,N]and N/[N,N] = NC/[N,NIC respectively, we
see that this kernel can be identified with C/IN,N] N C. Therefore the
element c2~28 of C necessarily belongs to the commutator subgroup
[N,NICN)

Thus N has finite index in NC, so N\G is also compact, and it

follows that I'\G is compact. ®

REMARK. Conversely, if ['C G is any discrete subgroup with compact

quotient, then one can show that the hypothesis of 5.4 is necessarily
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satisfied. Such subgroups I" can be partially classified as follows. Re-
call from Section 2.7 that the image I'=-Tc/C is completely classified
by the quotient Riemann surface I"\P together with a specification of
ramification points and ramification indices. But I has index at most
2g—2 in the full inverse image ['C of F Therefore, for each fixed r
there are only finitely many possible choices for 1.

To show that automorphic forms really exist, we can proceed as follows
Again let ' satisfy the hypothesis of 5.4 and let N C 1" be normal of
finite index m, with N/N N C operating freely on P.

LEMMA 5.5. If a is a multiple of m, then the space Al‘i'l is

non-zero. In fact, this space contains a form ¢ which does not

vanish throughout any prescribed finite (or even countable) sub-

sct of P.

Proof. Recall that A;’l can be identified with the space of holomorphic
abelian differentials f(z)dz on the quotient surface S = N\P of genus
g > 2. By a classical theorem, this space has dimension g. Furthermore,
using the Riemann-Roch theorem, the space of abelian differentials
vanishing at some specified point of S has dimension g—1. (Compare
[Springer, pp. 252, 270].) Clearly we can choose an element i of this
g-dimensional vector space so as to avoid any countable collection of
hyperplanes. Now the norm ¢ = yl*(,/,)...ym*(,/,) € A;r:’l of Section 5.2
will be non-zero at any specified countable collection of points. Setting

)1 .
a = km, it follows that ¢k € AT_, has the same properties. B

The density of zeros of an automorphic form can be computed as
follows. We will think of the upper half-plane P as a model for the
Lobachevsky plane, using the Poincare metric (dx2+dy2)/y2, and its
associated area element dxdy/yz.

Again let 1'/1' 1N ¢ operate on P with compact fundamental domain.
Let y:1" > U(1) bea character of finite order. (The hypothesis that y

has finite order 1s not ernential, It is made only to simplify the proof.)
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LEMMA 5.6. If ¢ ¢ A(lzj’x Is a non-zero automorphic form, then
the density of zeros of ¢ is a/2m. More explicitly: the number
of zeros of ¢ ina large disk of Lobachevsky area a, cach
zero being counted with its appropriate multiplicity, tends

asympiotically to aa/2m as a -» o,

In particular it follows that a > 0,

Proof. Again we may choose a normal subgroup N of finite index so that
N = N/N N C operates freely on P. Furthermore, after raising ¢ to
some power if necessary, we may assume that the character ¥ is trivial
and that the degree a = k is an integer. By a classical theorem, the
number of zeros of a k-th degree differential in a compact Riemann surface
N\P of genus g> 2 is equal to (2g—2)k, where k is necessarily non-
negative. (For the case of an abelian differential f(z)dz, see for example
[Springer, pp. 252, 267]. Given such a fixed abelian differential, any k-th
degree differential on N\P can be written uniquely as h(z)f(z)kdzk
where h is meromorphic on N\P, and hence has just as many zeros as
poles.)

Since the quotient N\P has area (2g—2)27 by the Gauss-Bonnet

theorem, it follows that the ratio of number of zeros to area is k/27, as

asserted. B

SXIN .
REMARK. If ¢ £ 0 is a form in A;ﬂ’x C A?q X! , then it follows that the
number of zeros of ¢ in N\P is equal to (2g—2)a. In particular,
(2g—2)a is an integer. Thus we obtain a uniform common denominator

for the rational numbers a which actually occur as degrees.

The algebra of N-automorphic forms can be described rather explicitly

as follows. Let k be the order of the finite cyclic group C/N N C.

LEMMA 5.7. If the rational number a is a multiple of 1/k,

then, a1
dim Ay ™ Reg-2Dat 1—-¢g ,
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with equality whenever a > 1. In particular, this vector space is
1

non-zero whenever a > =. On the other hand, if a is not a

multiple of 1/k, then A% - 0,

It follows incidentally that (2g—2)/k is necessarily an integer.

The following will be proved at the same time.

LEMMA 5.8. If a is a multiple of 1/k and a > g/(g—1), then
given two distinct points of N\P there exists a form in A;’l

which vanishes at the first point but not at the second.

Proof. For any form ¢ of degree a the identity
*
c ($) = e(a)

is easily verified. Thus if ¢ is N-automorphic and non-zero, with cch,
then it follows that e(ka) = 1. Hence a must be a multiple of 1/k.

Conversely, if a is a multiple of 1/k, then it is not difficult to con-
struct a complex analytic line bundle £% over the surface S=N\P so
that the holomorphic sections of €% can be identified with the elements
of A;’l. For example, the total space of £% can be obtained as the
quotient of PxC under the group N/N N C which operates freely by the
rule vi(z,w)  ((2),¥(z)"*w). Every holomorphic section z — f(z) of
the resulting bundle must satisfy the identity f((z)) = v(z)"*f(z) appro-
priate to N-automorphic forms of degree a. Note that the tensor product
£%e f'B can be identified with §a+'8.

To compute the Chern class cl(fa) we raise to the k-th tensor
power so that holomorphic cross-sections exist as in 5.5, and then count
the number of zeros of a holomorphic section as in 5.6. In this way we
obtain the formula

c,; (ENIS] = 2g-2)a .
Now let us apply the Riemann-Roch theorem as stated in [Hirzebruch,

p. 144}: For any analytic Ie bundle & over S,
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dim (space of holomorphic sections) > cl(f)[S] +1—-g.
Taking & = £% this yields

dim A% > Qg~2)a 1 1-g
as asserted.

To decide when equality holds, and to prove 5.8, it is perhaps easier
to use the older form of the Riemann-Roch theorem, as described in
[Springer] or [Hirzebruch, p. 4]. Choosing some fixed ¢ £ 0 in A;’l,
any element of A;’l can be obtained by multiplying ¢ by a meromorphic
function h on N\P which has poles at most on the 2g—~2)a zeros of
¢. More precisely the divisors (h) and (#) of h and ¢ must satisfy
(h) > (qS)—l. According to Riemann-Roch, the number of linearly indepen-
dent h satisfying this condition is > deg(¢) + 1 —g, with equality
whenever the degree (2g—2)a of (¢) is greater than the degree 2g—2
of the divisor of an abelian differential. This proves 5.7.

If we want this form h¢ to vanish at z” [or at both z” and z”l,
then we must use the divisor ($)"'z" [respectively )" 'z’z”1 in
place of (d))—l. A brief computation then shows the following. If the
degree (2g—-2)a — 2 of the divisor (d))z'_lz’_1 satisfies

2g~2)a -2 >2g -2,

,1
or in other words if a > g/(g—1), then the space of forms in A?\I

which vanish at z” [respectively at z" and z”] is equal to (2g—2)a—g
[respectively (2g—2)a—1—gl. Since these two dimensions are different,

there is a form which vanishes at z” but not z”. m

a, «
REMARK. More generally consider the vector space ANp where p is
an arbitrary character of N. Suppose that y = c) is an element of the

intersection N M C. Then the appropriate equation

(N = {@)p()
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takes the form f(z)e(ja) = f(z)p(cj). Evidently there can be a solution
f(z) £ 0 only if the rational number a and the character p satisfy the
relation .

e(ja) = p(ch)
for every ¢! in NNC, Conversely, if this condition is satisfied, then

the argument above can easily be modified so as to show that
. a,
dim Ay” > 2g-2)a 4 1-¢g,

with equality whenever a > 1.
In the next section we will need a sharp estimate which says that
““enough’ automorphic forms exist. To state it we must think of an auto-

morphic form ¢ explicitly as a function
Bz, w) = f(z)w®

of two variables, where z ¢ P and we C. Let the groups I'C G operate

freely on PXE. by the rule
gz, w) = (g(z), g2)w) .

With this notation, the statement that ¢ is [ -automorphic can be ex-

pressed by the equation

dy(z, w)) - @(z,w)

~

forall yel’, ze¢P, and weC .

THEOREM 5.9. With ' as in 5.4, two points (z’,w”") and
(z”,w”) of PxE. belong to the same I'-orbit if and only if
Pz, w) = p(z",w”) for every ['-automorphic form .

Proof. First consider the corresponding statement for the normal subgroup
;o v *,1

NCI' of Section 2.7. If (2, w") = $(2",w”) for every ¢ ¢ Ay note

that z° and z” belong to the same N-orbit. For otherwise by 5.8 there

. . 3,1 . . .
would exist a form » « Ay which vanishes at z” but not z”.
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Thus there exists v e N with v(z”) = z. Note that
#@E,w) = $(2"w") = $(z",w"))

1 ~ -
for every N-automorphic form ¢ ¢ A‘;' . Defining the element e(u) ¢ C

by the equation 1(z”,w”) = (z",w"€(u)), note that
d(z, w (W) = Pz, w)elau) .

Setting this equal to ¢(z’,w"), we see that e(au) =1 whenever ¢ is
non-zero at z". By 5.8, a can be any sufficiently large multiple of 1/k.
Therefore u must be a multiple of k, say u=nk. Hence the correspond-

Y is in N; completing the proof that (z’,w’) and (z”,w")

ing power c
belong to the same N-orbit. Infact ¢”%(z”, w") = (2", w").

To prove the corresponding assertion for I' we will make temporary
use of inhomogeneous automorphic forms, that is, elements of the direct
sum @A;'l, to be summed over a. Given points (z,w”) and (z”, w”)
not in the same I'-orbit, consider the m images yj(z',z”) where

Y1,° ¥y represent the cosets of N in I'. The above argument con-

1
structs forms qu € A;’ with
B W) £ by w) .

P 0,1 _ .
Subtracting the constant qﬁj(z yw”) e Ay = C from each d>j , we obtain
an inhomogeneous form which vanishes at (z”,w”) but not at yj(z’, w).
Now almost any linear combination ¢ of ¢;,--,¢ ~ will vanish at

(z”,w”) but not anywhere in the I'-orbit of (z°, w”). Hence the norm
* * a,l
Y=y (¢))’m (@) « @Ar

of Section 5.2 will vanish at (z”,w™) but not at (z,w”). Expressing ¢
as the sum of its homogeneous constituents, clearly at least one must

take distinct values at (z,w”) and (z’,w’). m
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1yl

§6. The hyperbolic case p~! + q~

The computations in this section will be formally very similar to those
of Section 4. However, automorphic forms will be used in place of homoge-
neous polynomials.

Let I be the extended triangle group 1'(p,q,r) of Section 3, with
1

p 1y q~ "+ r~1 <1 sothat 1" can be considered as a group of labeled
biholomorphic maps of the upper half-plane P. Recall that 1’ has gener-
ators yy,¥,,¥y3 which represent rotations about the three vertices of the
triangle T C P. With this choice of I’, the characters y which actually
occur for non-zero Y-automorphic forms can be described as follows. We
continue to use the abbreviation e(a) = e2mia

LEMMA 6.1. Let yx be a character of the extended triangle

group I'. If ¢ £ 0 isa y-automorphic form of degree a, then

x(yy) = e((k+a)/p)

where k is the order of the zero of ¢ at the first vertex of the
triangle T. The values x(y,) and x(y;) can be computed

similarly.

In particular, if ¢ does not vanish at the first vertex of T, then
x () = e(a/p).
Proof. Since vy - rv1(2n/p) is a lifted rotation through the angle 27/p,

the derivative j/l(vl) equals '€(1/p), hence the fractional power }'/l(vl)a

~

in C projects to the complex number e2"ia/p = e(a/p). Setting ¢(z,dz)

- f(z)dz%*, and substituting the Taylor expansion
f(z) = a(z—vl)k + b(z——vl)k+l + oo
in the identity

@Dy @ = x4 )(2)
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we obtain

a(e(1/p) 2 —v)e(a/p) + - = x(yaz —v )+ - .

Hence e(k/p)e(a/p) = x(y;) as asserted. m

Define a rational number s by the formula s7l=1 —p—l —q'1 1

Thus #/s is the Lobachevsky area of the base triangle T. Define a

character x, of I' by the formulas
Xo(r1) = e(s/p), Xo(yy) = e(s/Q), xoy3) = e(s/1) .
The necessary identities
Xo¥1P) = X002 = Xo03) = Xo(1Y2ys)

are easily verified.

COROLLARY 6.2. [f the automorphic form ¢ ¢ Ail—,'x does not
vanish at any vertex of the triangle T, then the degree a must

be a multiple of s, and the character y must be equal to
Xoa/s'

Proof. By 6.1 we have x(y,) = e(a/p), x(v,) = e(a/q), x(y3) = e(a/1).
Hence the relations

1P = qu = Vsr = Y1Y2Y3

of Section 3.1 imply that )((yl)p = )((yz)q = x(ys)r = e(a) must be equal to

XPOXGIXF) = e +a™ +r Ha) = el -s7Da) .

Therefore e(a/s) = 1, or in other words a must be a multiple of s. The

equation y = Xoa/s clearly follows. m

*l* - .
Now we can begin to describe the algebra Ar more explicitly.
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LEMMA 6.3. With 1',s, and Xo as above, the complex vector
8,X . . . .

space AF ® has dimension 2. This space contains one and

(up to a constant multiple) only one automorphic form which

vanishes at any given point of P.

Proof. We begin with the basic existence Lemma 5.5. For some a there
exists a form ¢ ¢ Al(i'l which is non-zero throughout any specified finite
subset of P. In particular we can choose ¢ to be non-zero on the three
vertices of T. By 6.2, the degree a of this ¢ must be a multiple of s,
say a = ks.

Let us count the number of zeros of ¢. Since the triangle T has

1_ q - ryr = w/s, it follows that a funda-

Lobachevsky area (1—p~
mental domain T U o(T) for the actionof I'/T'NC on P has
Lobachevsky area 27/s. But the number of zeros of ¢ per unit area is
ks/27 by 5.6. Therefore the number of zeros of ¢ in the fundamental
domain T U o(T) is precisely equal to k. [Here each pair of zeros z
and y(z) on the boundary of the fundamental domain must of course be
counted as a single zero. Note that ¢ does not vanish at the corners of
the fundamental domain.] In other words there are precisely k (not neces-
sarily distinct) zeros of ¢ in the quotient space F\P

Next note that this quotient space T\P can be given the structure of
a smooth Riemann surface. If we stay away from the three exceptional
orbits, this is of course clear. To describe the situation near the vertex
v, it is convenient to choose a biholomorphic map h from P onto the
unit disk satisfying h(vl) = 0. Then the coordinate w = h(z) can be
used as a local uniformizing parameter near v;. Since the rotation Y1

of P about v, corresponds to the rotation
hy,h™ (w) = e(1/p)w

of the unit disk about the origin, it follows that a locally defined holomor-
phic function of w is invariant under this rotation if and only if it is

o ) >
actually a holomorphic function of wl. Henee w!” can be used as local
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uniformizing parameter for the quotient surface I:\P about the image of
v;. The other two vertices are handled similarly. Note that a meromor-
phic function on F\P having a simple zero at the image of v, corre-
sponds to a I'-invariant meromorphic function on P having a p-fold zero
at each point of the exceptional orbit Iv,.

Topologically, this quotient T\P can be identified with the “‘double”’
of the triangle T. Hence it is a surface of genus zero. More explicitly,
following Schwarz, r \P can be identified biholomorphically with the
unit 2-sphere by using the Riemann mapping theorem to map T onto a
hemisphere and then applying the reflection principle.

Since I:\P is a compact Riemann surface of genus zero, it possesses
a meromorphic function with k arbitrarily placed zeros and k arbitrarily
placed poles. Starting with the non-zero form b € AF,S’I constructed
above, we can multiply by a I'-invariant meromorphic function h which
has poles precisely at the k zeros of ¢, and thus obtain a new form
= hep ¢ AIIES'I whose k zeros can be prescribed arbitrarily in 1'\P,

In particular we can choose i so as to have a k-fold zero at one point
of I:\P, and no other zeros. (To avoid confusion, let us choose this
point to be distinct from the three ramification points.) Then by 5.3 this
form has a k-th root ¢, ¢ AIS,’X for some character ¥, and by 6.2 the
character y must be precisely Xo- Evidently the form ¢y, has a simple
zero at just one point of F\P.

Xo

S’ . .
Similarly we can choose P A]1 which vanishes at a different

point of F\P. Then Wy andS 152 are linearly independent. A completely
arbitrary element ¢ # 0 of AI‘, 0
in "'\P, using 5.6. Choosing a linear combination Ay, +A,¢, which
vanishes at this zero, we see that the ratio /(A | +A,¥,) € A?:l repre-
sents a holomorphic function defined throughout I'\P, hence a constant.
Thus ¢; and ¢, form a basis for AIS"XO

precisely one 1-dimensional subspace consisting of forms which vanish

must have precisely one simple zero

, and this space contains

at any prescribed point of 1'\P. m
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* %
The structure of A1- can now be described as follows

LEMMA 6.4. With I'=T'(p,q,r) as above, the bigraded algebra

* k|
Al‘ 1s generated by three forms

S/p’Xl S/q,Xz S/r'X3
¢1(Al‘ , ¢>26Ar , ¢3(Ar

where x,X,, X3 are characters satisfying

P

x1P = x% = x3" - xg -

The automorphic form ¢>i has a simple zero at each point of the
orbit rvi , and no other zeros. These three forms satisfy a

polynomial relation (;Slp 1 <Z>2q + ¢>3r =0,

REMARK. The meromorphic function —¢1p/¢3r is the Schwarz triangle
function, which maps the quotient Riemann surface 1'\P biholomorphi-
cally onto the extended complex plane, sending the three vertices of T

to 0,1 and e respectively.

Proof of 6.4. To construct ¢; we use 6.3 to construct a form ¢ in

Als_:Xo which vanishes only along the orbit of v;. This form must have
a p-fold zero at v; by 5.6 or by the proof of 6.3. Since P is simply
connected, it follows that ¢ possesses a holomorphic p-th root ¢;.
Then ¢, is itself an automorphic form by 5.3. The rest of the proof is
completely analogous to the proof of 4.3. w

Let TT denote the commutator subgroup of I'(p,q,r). Then by 3.2,

1
5.1 and 6.4 the graded algebra A;[' is generated by the three forms

by by by

COROLLARY 6.5. The coset space II\G 1is diffeomorphic to

the Bricskorn manifold M(p, q,r).
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Proof. Let VC C3 be the Pham- Brieskorn variety z, P+ z,9 + 23 =0,
singular only at the origin. Since the three functions b1, by, b5 on
PxC satisfy the relation q_’)l + ¢>2 + q.’) = 0, and are never simul-
taneously zero, they together constitute a holomorphic mapping
(</>1 by, b3 ): Px( »V-0cC(C3 between complex 2-dimensional manifolds
Recall from Section 5.9 that the groups [ C G operate freely on Px C
by the rule g:(z,w) ~ (g(z), é(z) w). Setting z = x+iy and identifying
w with dz, this action preserves the Poincare metric Edz|2/y2= iw|2/y2.
In fact, G operates simply transitively on each 3-dimensional manifold
|w|/y = constant. Since Il is a discrete subgroup of G, it follows that
the quotient H\(PXE') is again a complex 2-dimensional manifold.
Since each ¢y is II-automorphic, the triple b1, by D4 give rise to
a holomorphic mapping . ~.
O II\(PxC)
on the quotient manifold. By 5.9, since the ®; generate AF['I, this
mapping P is one-to-one. Hence by |Bochner and Martin, p. 179], ®
maps [I\(PxC) biholomorphically onto an open subset of V-0, (It
will follow in a moment that the image of ® is actually all of V—0.)
Choosing a base point (zg,1) in Pxﬁ', map the coset space II\G
into the Brieskorn manifold M(p,q,r)=V N s5 as follows. For each
coset Ilg the image fD(Hg(zo, 1)) is a well defined point (z1,29,23)

of V—-0. Consider the curve

t o (1 P2y, t1 92,11 /%2 ) = gz, t1/5))

through this point in V-0, where t> 0. Intersecting this curve with

the unit sphere, we obtain the required point W(Ilg) of M(p,q,r). It is
easily verified that ¥ is smooth, well defined, one-to-one, and that its
derivative has maximal rank everywhere. Since II\G is compact while

M(p,q,r) is connected, it follows that ¥ is a diffeomorphism. ®

COROLLARY 6.6. The Brieskorn manifold M(p,q,r) has a
finite covering manifold diffcomorphic (o o non-trivial circle

hundle over a surface.
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Proof. Choosing N C 1 as in 2.7, it is easily verified that N \G fibers

as a circle bundle over the surface N\P.m
This corollary remains true in the spherical and nilmanifold cases.

CONCLUDING REMARKS. It is natural to ask whether there is a generali-
zation of 6.5 in which the group II is replaced by an arbitrary discrete
subgroup of G = SL(2,R) with compact quotient. It seems likely that

such a generalization exists:

CONJECTURE. For any discrete subgroup I'C G with compact quotient,

*,1 ) . .
the algebra AF of I'-automorphic forms is finitely generated.*

Choosing generators ¢, -+, ¢ for this algebra, it would then follow
from 5.9 that the k-tuple (b, -, ¢>k) embeds the complex 2-manifold
I'\(PxE') into the complex coordinate space ck 1tis conjectured that
the image in ck is of the form V-0 where V - Vl_, is an irreducible
algebraic surface, singular only at the origin, Intersecting this image VI‘
with a sphere centered at the origin, we then obtain a 3-manifold diffeo-
morphic to I'\G.

In general it is not claimed that Vl' embeds as a hypersurface. Pre-
sumably Vl, can be embedded in C3 only if the algebra Alt'l happens
to be generated by three elements.

Note that this surface Vl' is weighted homogeneous. That is, if each
variable z; is assigned a weight equal to the degree of ‘bj , then Vl‘
can be defined by polynomial equations f(z,":*,2y) = 0 which are homoge
neous in these weighted variables.

Not every weighted homogeneous algebraic surface can be obtained in
this way. Here is an interesting class of examples. Start with an alge-
braic curve S of genus g > 2 together with a complex analytic line
bundle & over S with Chern number c; < 0. Let V() be obtained
from the total space E(€) by collapsing the zero-section to a point.
Applying the Riemunn-Roch theorem to negative tensor powers M one
can presumably construet enouph holomorphic mappings V() - C toem-

) . . -k
bed V(&) as o werphted homopeneous alpebraic surface in some CR.



216 JOHN MILNOR

CONJECTURE. The algebraic surface V(£) obtained in this way is
isomorphic to Vl-w for some discrete I' C G if and only if some tensor

power fk = ¢ ®...8¢ is isomorphic to the tangent bundle 7(S).

For each fixed S there are uncountably many line bundles ¢ with
negative Chern number. Only finitely many of these (the precise number
is k%2 for each k dividing 2g—2) satisfy the condition that the k-th

tensor power is isomorphic to 7(S).

§7. A fibration crilerion

In this section p,q,r may be any integers > 2.

LEMMA 7.1, If the least common multiples of (p,q) of (p,r)

and of (q,r) are all equal:

l.c.m.(p,q) - f.c.m.(p,r) = L.c.m.(q,1) ,

then the Brieskorn manifold M(p,q,r) fibers smoothly as a

principal circle bundle over an orientable surface. m

The precise surface B and the precise circle bundle will be deter-
mined below.

At the same time we show that the complement of the origin in the
Pham-Brieskorn variety le 4 z2q + zsr = 0 fibers complex analytically
as a principal C -bundle over the Riemann surface B. In other words
this variety V can be obtained from a complex analytic line bundle &
over B by collapsing the zero cross-section to a point.

One special case is particularly transparent. If p=q=r, then the
hypothesis of 7.1 is certainly satisfied. The equation 21p + 22p + Zsp: 0
is then homogeneous, and hence defines an algebraic curve B in the com-
plex projective plane P2(C). Clearly the mapping (z{,2,,23) = (z;:25:23)

fibers M(p, q,r) as a circle bundle over B,

Proof of 7.1. Starting with any values of p,q,r, let m denote the least

common multiple of p,q, and r. Then the group (" of non-zero complex
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numbers operates on the variety zlp + 22q + 23r = 0 by the correspondence

u:(zy,z,,23) + (um/lelum/quum/rZS)

for u# 0. Restricting to the unit circle |ul = 1 and the unit sphere
2 2 . . .

IZI[ + |z2§ + !2312 =1, we obtain a circle action on M = M(p, q, ).
Let us determine whether any group elements have fixed points in M

orin V—0. If
(um/pzl,um/qzz,um/rZS) = (21’22'23) eV-0,

then at least two of the complex numbers zy,z,,z5 must be non-zero,
hence at least two of the numbers um/p, um/q, a™/T must equal 1. If the
three integers m/p,m/q, m/r happen to be pairwise relatively prime, then
it clearly follows that u = 1.

Thus, if m/p,m/q, m/r are pairwise relatively prime, we obtain a
smooth free C  actionon V-0 restricting to a smooth free circle action
on M= M(p,q,r). Evidently M fibers as a smooth circle bundle over the
quotient space ST\ M = B, which must be a compact, orientable,

2-dimensional manifold. In fact, using the alternative description
B=C\(V-0)

we see that B has the structure of a complex analytic 1-manifold. (The
two quotient spaces can be identified since every C -orbit intersects the
unit sphere precisely in a circle orbit.)

Since an elementary number theoretic argument shows that m/p, m/q,
m/r are pairwise relatively prime if and only if the hypothesis of 7.1 is

satisfied, this completes the proof. m

To compute the genus of the surface B = SIA\M=C'\(V-0), we

describe it as a branched covering of the 2-sphere PI(C) by means of

the holomorphic mapping

{: (um/pz| , um/qzz,um/rzs) . (zlp:zzq) .
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Clearly f is well defined. A counting argument, which will be left to the
reader, shows that the pre-image of a general point of p! (C) consists of
precisely pqr/m points of B. Thus f is a map of degree pqr/m from
B to PY(C).

There are just three branch points in p! (C), corresponding to the
possibilities z; =0, z, =0, and z; = 0 respectively. The preimage
of a branch point contains qr/m, or pr/m, or pq/m points respectively.
Again the count will be left to the reader.

Now choose a triangulation of Pl(C) with the three branch points
(0:1), (1:0), and (-1:1) as vertices. Counting the numbers of vertices,
edges, and faces in the induced triangulation of B, we easily obtain the

following.

LEMMA 7.2, Let p,q,r be as in 7.1, with least common multi-

ple m. Then the surface B = S\ M has Euler characteristic

X(B) = (qr + pr+ pq— par)/m = pqr(p™ "+ q~ ' + 17! — 1)/m.

In particular the sign of x(B) is equal to the sign of p—1 +q_1 o
The genus g can now be recovered from the usual formula x = 2—2g.
Note that the genus satisfies g > 2, except in the four special cases
(2,2,2), (2,3,6), (2,4,4), and (3,3,3). (Compare Section 2.1.)

To determine the precise circle bundle in question, we must compute
the Chern class
c; = ¢(6) ¢ HA(B; Z)
or equivalently the Chern number cl(tf )IB] of the associated complex
line bundle &. (The Chern class c; can also be described as the Euler
class of &. Using the Gysin sequence ([Spanier, pp. 260-261], [Milnor
and Stasheff, p. 143]), one sees that H;(M; 7) is the direct sum of a
free abelian group of rank 2g and a cyclic group of order Icl(rf )IBIL)

To compute c; we consider the map

F: (21,22,23) I (zlp,z,zq)
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from V-0 to C2—0. Thus we obtain a commutative diagram

F

V-0 C2_-9

B £ PL(()

where the right hand vertical arrow is the canonical fibration (zy,29)
(z4 :zz) with Chern number —1, associated with the Hopf fibration
$3 .82,

This map F is not quite a bundle map, since inspection shows that
each fiber of the left hand fibration covers the corresponding fiber on the
right m times. To correct this situation we must factor V-0 by the
action of the subgroup

QcC

consisting of all m-th roots of unity. Thus we identify (z[,z,,z3) with

m/r23 for each w™ = 1, obtaining a new commutative

wm/pzl ,mm/qz2 , @
diagram

Q\(V-0) —F L0

B—— PL()
where F is now a bundle map. Since f has degree pqr/m, it follows
that the new C -bundle Q\(V—-0) » B has Chern number —pqr/m. But
this new bundle can be described as the C -bundle associated with the
m-fold tensor product £®---8¢ of the original complex line bundle ¢&.
Therefore ¢ has Chern number cl(tf B = —pqr/mz.

Recapitulating, we have proved the following.

THEOREM 7.3. If the hypothesis

m Poemdp,qy Pem(p,r) - lem(q,1)
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of 7.1 is satisfied, then the Brieskorn manifold M(p, q,1) fibers
as a smooth circle bundle with Chern number —pqr/m2 over a

Riemann surface of Euler characteristic pqr(p_1 + q"1 ol 1)/m.

The number pqr/m2 can be described more simply as the greatest
common divisor of p,q,r.

The negative sign of the Chern number has no particular topological
significance, but is meaningful in the complex analytic context, since ¢
is a complex analytic line bundle with no non-zero holomorphic cross-
sections.

Note that the Euler characteristic of B is always a multiple of the
Chern number of &. In general it is a large multiple, for it is not difficult

to show that the ratio satisfies
X(B)/c (¢)NBl = m1-p~' —q7' =) > m/6

in the hyperbolic case. Hence this ratio tends to infinity with m. There-
fore the genus of B also tends to infinity with m.

Here are two examples to illustrate 7.3.

EXAMPLE 1. Forany g> 0, the manifold M(2,2(g+1),2(g+1)) fibers
as a circle bundle with Chern number —2 over a surface of genus g.
Similarly, for any g > 1, the manifold M(2,2g+1,2(2g+1)) fibers as a

circle bundle with Chern number —1 over a surface of genus g.

EXAMPLE 2. The Brieskorn manifolds M(p, q,r) are not all distinct. For
example, M(2,9,18) and M(3,5,15) are diffeomorphic, since each fibers

as a circle bundle with Chern number —1 over a surface of genus 4.

CONCLUDING REMARK. If it is known that M(p, q,1) fibers as a circle
bundle over a surface, does it follow that the hypothesis of 7.1 must be
satisfied? The lens spaces M(2,2,r) with r>3 provide counter-
examples. These fiber as circle bundles with Chern number *r over a

surface of genus zero. (Presumably there is no associated analytic fibra-
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tion of V—0?) However, these are the only counter-examples. In the

1

cases p_1 +q "4 ! > 1, this can be verified by inspection. Thus we

need only prove the following.

lkr_1<l, if

LEMMA 7.4, In the hyperbolic case p_1 +q°
M(p,q,r) has the fundamental group of a principal circle bundle
over an orientable surface, then the hypothesis of 7.1 must be

satisfied.

The proof can be sketched as follows. First note that the fundamental
group of a principal circle bundle over an orientable surface, modulo its
center, has no elements of finite order. Now consider the fundamental
group II = lI(p, q,1) of Section 6. The center of Il is precisely equal to
1IN C., As noted in 2.6, an element of 1'/C DII/II N C has finite order
if and only if it is conjugate to a power of y;,y,, or y; modulo C. To
decide which powers of say y; belong to Il, we carry out a matrix com-
putation in the abelianized group I'/Il. (Compare Section 3.2.) Setting
p=Ll.c.m.(q,r), it turns out that the order k of y; modulo Il is given by

k = pu(l—p_1 —q-l—r_l) = —pu(mod p) .

Evidently the element ylk of Il belongs to 1IN C if and only if k is
a multiple of p, or in other words if and only if p is a multiple of p.
Thus II/Il N C has no elements of finite order if and only if

f.cm.(q,r) =0 (mod p) ,
and similarly

f.cm.(p,r)=0 (mod q) ,
f.cm.(p,q)=0 (mod 1) .

Clearly these conditions are cquivalent to the hypothesis of 7.1.
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§8. The nil-manifold case p~! +q~ ! i 1=1

As noted in 2.1, we are concerned only with three particular cases.
The triple (p,q,1), suitably ordered, must be either (2,3,6) or (2,4,4)
or (3,3,3). Clearly each of these triples satisfies the hypothesis of 7.1.
Hence by 7.3 the corresponding manifold M = M(p, q,r) is a circle bundle
over a torus. The absolute value of the Chern number of this circle bundle
is the greatest common divisor of p,q,r which is either 1, or 2, or 3
respectively.

But any non-trivial circle bundle over a torus can also be described
as a quotient manifold N/Nk as follows. Let N be the nilpotent Lie

group consisting of all real matrices of the form

1 a c
A=10 1 b,
0 0

and let Ny be the discrete subgroup consisting of all such matrices for
which a, b, and c¢ are integers divisible by k. (Ilere k should be a

positive integer.) Then the correspondence
A ~ (amod k, b mod k)
maps N/Nk to the torus with a circle as fiber. The first homology group
Hy(N/Nyi; 7) = N /IN, N

is isomorphic to 7@ Z & (Z/k), so the Chern number of this fibration

must be equal to *k. Thus we obtain the following three diffeomorphisms

M(2,3,6) = N/N,
M(2,4,4) = N/N,
M@3,3,3) = N/N, .

It must be admitted that this proof is rather ad hoc. I do not know whether

there exists a more natural construction of these diffeomorphisms.

THE INSTITUTE FOR ADVANCED STUDY
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SURGERY ON LINKS AND DOUBLE BRANCHED COVERS OF S3

Jose M. Montesinos

§0. Introduction

This paper deals with the relationship between 2-fold cyclic coverings
of S branched over a link and closed, orientable 3-manifolds which are
obtained by doing surgery on a link in S3. In Theorem 1 it is shown that
every 2-fold cyclic branched covering of S can be obtained by doing
surgery on a ‘‘strongly invertible’’ link, that is, a link L which has the
property that there is an orientation preserving involution of S? which
induces in each component of L an involution with two fixed points.
This result has some interesting consequences. Let K be a non-trivial
knot in S3. Then Theorem 1, which is a constructive result, allows us to
obtain a link L in S such that the 2-fold covering space K of §°
branched over K can be obtained by doing surgery on L. Note that if L
has property P, then K cannot be a counterexample to Poincaré Con-
jecture because n(f() £ 1. Thus, every simply connected 2-fold cyclic
covering of s3 is S? iff every strongly invertible link has property P
(Corollary 1). As a second consequence of Theorem 1 we obtain a new
proof of a result established earlier by Viro [25] and also by Birman and
Hilden (2], that every closed, orientable 3-manifold of Heegaard genus
< 2 is a 2-fold cyclic branched covering of $3 (Corollary 2). In Corol-
lary 3 we will sharpen Theorem 1 showing that every 2-fold cyclic
branched covering of S3 can be obtained by doing surgery on a member
of a special family of strongly invertible links in s3.

Let L be a link such that there is an orientation preserving involu-
tion of S® with fixed points which induces an involution in each com-

ponent of L. Let M be a manifold that is obtained by doing surgery

997
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on L. We will see in Theorem 2 that M is a 2-fold cyclic covering of a
manifold that is obtained by doing surgery on a link in s3. As an applica-
tion of Theorem 2, it is shown that each manifold that is obtained by

doing surgery on a noninvertible pretzel knot or on the noninvertible

?

“‘borromeans rings’’ is a 2-fold cyclic branched covering of a 2-fold cyclic
branched covering of s3. This yields some insight into the answer to a
question (Question 3) raised by Birman and Hilden.

The construction of the link L in Theorem 1 uses some knot modifi-
cations, defined by Wendt, which have the effect of changing K into the
trivial knot. Having in mind the purpose of finding, for a given knot K,
if n(f() is or is not trivial, we define in Section 3 some modifications of
a knot which generalize Wendt’s modifications. These modifications have
the effect of exhibiting K as a manifold which is obtained by doing
‘‘generalized surgery’’ on a link in S3, that is, removing n disjoint
solid tori from S° and replacing each torus with a special ‘‘graph-
manifold’’ which is bounded by a torus. The advantage of this is that if
a link has property P, then a counterexample to the Poincare conjecture
cannot be obtained by doing generalized surgery on it (Theorem 4).

This fact allows us, in Section 4, to establish that there cannot be a
counterexample to the Poincaré Conjecture among the 2-fold cyclic cover-
ings of S3 which are branched over the knots of Kinoshita-Terasaka
(Section 4.1), or over Conway’s 1ll-crossing knot with Alexander poly-
nomial 1 (see Section 4.2), or over a special class of closed 3-braids
(see Section 4.3) first studied by Birman and Hilden.

In Section 5 it is established that graph-manifolds are in the Poincare

Category. This fact was used earlier in the paper, in the proof of

Theorem 4.

Acknowledgement. 1 would like to express my deep gratitude to Professor

J. S. Birman for her valuable suggestions and comments in reading my

manuscript.
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§1. Statement of the problems

In this section we will discuss several interesting questions which
have been posed by Ralph Fox and others about the Poincare Conjecture
and related matters. These questions will serve to motivate the main re-
sults of this paper, which are given in Sections 2, 3, 4 and 5, below.

Let L denote a link in S3, and let I: denote the 2-fold cyclic
covering space of S3 branched over L. Since 2-fold branched covering
spaces are in many ways especially simple (see [2,5,6, 15, 25,271), one
might like to know how they are related to the class of all closed, orient-
able 3-manifolds? Ralph Fox has proved [6] that the 3-dimensional torus
S'xs!'xs! is nota 2-fold cyclic branched cover of S3. However he has
given a conjecture |6, Conjecture A’] that implies an affirmative answer

to the question:

Question 1. Is every closed, orientable, simply-connected 3-manifold a

2-fold cyclic branched cover of S3?

This appears to be a deep and difficult question, and, as will be seen
below, it may even be equivalent to the Poincare Conjecture.

Now, in [17], [18] it was shown that there are Seifert fiber spaces,
different from S!xS!xS!, which are not 2-fold cyclic coverings of s3.
However, all of them, are 2-fold cyclic coverings branched over a 3-sphere

with handles [18].

Question 2. Is every closed, orientable 3-manifold a 2-fold cyclic cover-

ing branched over a 3-sphere with handles?

If Question 2 has an affirmative answer, then each closed, orientable
3-manifold M with H,(M) finite is a 2-fold cyclic covering of S3, be-
cause the lift to M of a non-separating 2-sphere (in s3 with g> 0
handles) must be a non-separating closed, orientable surface in M. Thus
1, (M) and Hl(M) are infinite. Then, an affirmative answer to Question 2

implies an affirmative answer to Question 1.
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Note that a 3-sphere with g > 0 handles is a 2-fold cyclic branched
covering of s3. Joan S. Birman and Hugh M. Hilden have suggested that
it is reasonable to ask the following question, which looks like a weaker

question than Question 2.

Question 3. Is every closed, orientable 3-manifold a 2-fold branched
cyclic covering of a 2-fold branched cyclic covering of - - - of a 2-fold

branched cyclic covering of s32

It was observed by Birman and Hilden that if the answer to Question 3
is affirmative, then Fox’s argument [5] implies that if a counterexamplec
exist to the Poincare Conjecture, then there is also a counterexample
which is a 2-fold branched cyclic covering of s3.

Thus an affirmative answer to one of the three above questions would
reduce the investigation of the Poincare Conjecture, to the case of 2-fold
cyclic coverings of s3,

Now, the trivial knot is the only knot which has S3 as associated
2-fold cyclic covering branched over it [27]. On the other hand, if L has
more than one component, then Hl(I:) £0 [6land if L= L, #L, isa
composite knot, then n(I:) = n(fq) * n(I:2) {15, Theorem V.5.3.1. Thus,

one is led to consider the following Conjecture (see [15, Conjecture 1.1.1.1):
CONJECTURE 1. If N is a non-trivial prime knot, then n(l(I) £ 1,

If one searches for a counterexample to Questions 2, 3, then one need
not consider Seifert fiber spaces or closed graph-manifolds (‘‘Graphen-
mannigfaltigkeiten,”” see [26]) because all of them are 2-fold cyclic
coverings of s3 with handles.! I suggest looking for M among the

. o3
closed, orientable 3-manifolds obtained by doing surgery on a knot in S”.

1 In [18] this was proved for Seifert manifolds and for graph-manifolds M
represented by a graph A(M). Of course, this can be extended to each closed
graph-manifold according to ‘26, Satz 6.3, p. 88| and [15, Tecorema V.5.3.| and
j25; 3.10].
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Therefore, in this paper, we explore the relationship between 2-fold cyclic
coverings of S3 branched over a link and closed, orientable 3-manifolds

which are obtained by doing surgery on a link in s3.

§2. Surgery on links and double branched covers of $3

Let L be alink in S>. L is called strongly-invertible if there is an
orientation-preserving involution of S which induces in each component
of L an involution with two fixed points. Every strongly-invertible link
L is invertible, but I do not know if every invertible link is a strongly-

invertible link.

THEOREM 1. Let M be a closed, orientable 3-manifold that is obtained
by doing surgery on a strongly-invertible link L of n components. Then
M is a 2-fold cyclic covering of S3 branched over a link of at most n+l
components. Conversely, every 2-fold cyclic branched covering of s?

can be obtained in this fashion.

Proof of Theorem 1. Let S3 be represented as Euclidean space with an
ideal point at infinity. It can be supposed without loss of generality [27],
that there is an axis E in S® such that the axial symmetry u with re-
spect to E induces in each component of L an involution with two
fixed points. For the sake of brevity, the first part of Theorem 1 will be
proved for a knot N in s3.

Let U(N) be a regular neighborhood of N such that u induces an
involution in U(N) (a typical case is illustrated in Figure la). Let V
be the solid torus, as represented in Figure 1b, and let u” be the sym-
metry with respect to the axis E’ There is a homeomorphism ¢ of
JU(N) onto dV such that (u’|dV)¢ = (uidU(N)).

Let ¢ now be a homeomorphism of dV onto dU(N). Then ¢ is
an autohomeomorphism of dV and it can be supposed (by composing ¢,

if necessary, with an isotopy) that
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VY(p) . 2

W) @1aV) = (v’

Thus @19V = ¢~ 1@ OV) g = (lJUN)) .

Then, the space M obtained by pasting V to s? ~U(N) by means
of ¢ is compatible with the involutions u and u’, and admits an

£ involution u”, induced by u

and u’. The orbit-space of
(S]-UM) U V under u” can be
obtained by adjoining the orbit
space of V under u” (which is
a ball) to the orbit-space of
s? —U(N) under u, which is s3

minus a ball (see in Figure ic a

fundamental set for the action of
u on U(N)). Then M is a
2-fold cyclic covering of SS,
branched over the image of
E—(ab+cd) + (AB+CD) (see
Figures 1a and 1b). This is a

link in % which has, at most,

two components.

Fig. 1c.

Conversely, suppose that M is a 2-fold cyclic covering of S3,
branched over a link L. We consider two ways to modify this link, by re-
moving certain solid balls from s? and sewing them back differently.
First, it is possible, by applying modifications of type W; (see Figure
2a), to change a given link L in S3 into a knot K in S3. Then, by

This result is contained implicitly in [3], and is proved in [2], [25] and [-18].
In [2] and [25‘ this result has been gencralized for orientable surfaces of genus
v 2. For ¢ ™2 this generalization is not true in general (sce [6] and [17]).
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Fig. 2a.

Fig. 2b.

applying further modifications of type v, (see Figure 2b), it is possible
to change the knot K into the trivial knot T (see [28]). Let n be the
minimal number of modifications of type W;, W, that are necessary in
order to change the given link L into the trivial knot T.

It may be supposed that these modifications are set up in the inner of

n disjointed balls B,---,B_ of s3 (see Figure 2). Note that the

n
2-fold cyclic coverings of B; branched over B; N T are solid tori. Thus,
in order to build up L it is sufficient to do surgery along n solid tori
in T=53

Let éi be the 2-fold cyclic covering of B;, branched over B; N T.

n ~
Then U B, can be interpreted as a regular neighborhood of a strongly-
1
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invertible link in S3. Thus, L can be obtained by doing surgery on a

strongly-invertible link in S® which has, at most, n components. O

Recall that a link L in S has property P when it is not possible
to obtain a counterexample to the Poincare Conjecture by doing surgery

on it,

COROLLARY 1. Conjecture 1 is true iff every strongly invertible link

has property P. D

As property P is known to be true for many links [1], (8], [23],
Corollary 1 implies that Conjecture 1 can be established for a large family
of knots. In Section 4 we will apply Theorem 1 in this way to establish
that there cannot be a counterexample to the Poincare Conjecture among
the 2-fold coverings of S® which are branched over the knots of Kinoshita-
Terasaka (see Section 4.1), or over Conway’s 11l-crossing knot with
Alexander polynomial 1 (see Section 4.2), or over a special class of
closed 3-braids (see Section 4.3).

We now give a different application of Theorem 1. Let g> 1 be an
integer. Let L be a link in R3-83 - (one point) made up of a disjoint
union of circles, each being one of the following: (i) a circle of radius
<1, centerat (2n+ 1,0,0) where 0<n<g, and lying in the x,z
plane, or (ii) a circle of radius < 1, center at (2n,0,0) where 1<n<g,
and lying in the x,y plane, or (iii) a circle of radius < 2, center at
(2n,2,0) where 1< n<g, and lying in a parallel plane P, to the y,z
plane. We assume also that the annulus determinated by two concentric
components of L must be cut by some other component in exactly one
point. Let £g be the family of links defined in this way, for a given g.
It was proved by Lickorish [13] that every closed, orientable 3-manifold
of genus g may be obtained by doing surgery on a link in the class £g‘
Let glg be the subfamily of £g consisting of those links whose com-

ponents in P have radius 2. Note that a link in f,/g is strongly-

invertible.
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Since f’,’g = f’,g for g <2, then according to Theorem 1, we obtain
another proof of the following result by Viro [25] and Birman and Hilden [2]:

COROLLARY 2. Every closed, orientable 3-manifold of genus < 2 is a
2-fold cyclic branched covering of S3. O

COROLLARY 3. Each 2-fold cyclic covering branched over S° can be
obtained doing surgery on a link in f’,’g, for some g> 1.

(43

Proof of Corollary 3. First, we recall the definition of a ‘‘plat on 2m
strings.” If we represent S3 as R3 4 o, then the X,y plane separates
s% in two balls B; and B,, B; containing the positive part of axis z.
Let C be a collection of m circles in the x,z plane of radius 2 and
centers at points (1+5i,0,0), where 0<i<m-1. Let f be any
orientation-preserving autohomeomorphism of JdB; which keeps the set
ch 8B1 fixed as a set. Since f is isotopic to the identity map in GBI,
there is an autohomeomorphism F’:dB, x [0,1] - aBl x [0, 1] such that
F'x,t) = xt), F'(x,1)= (x,1) and F'(x,0)= (fx,0). Then F’ is extended
by the identity map outside dB; x [0,1] to an autohomeomorphism F of
B;. The subset L =F(CNB,)U (CNB,), whichis a link in $°, is
called a plat on 2m strings (for further details, see [2]). It is a known
result (see, for instance, [2]) that every link type is represented by at least
one plat. Note that F(Cﬂ(t.i'B1 x10,1])) is a geometric braid on 2m strings
Thus a plat on 2m strings can be exhibited as a geometric braid on 2m
strings by joining the initial points in pairs, and also the terminal points
in pairs.

The proof of Corollary 3 may be illustrated by the following example
(the general case is left to the reader). Let us consider the plat on 8
strings of Figure 3a. It is possible to change L into the trivial knot by
removing ten solid balls B;(i=1,---,10) from S® and sewing them back
differently (see Figures 3a, 3b, 4a). Note that the 2-fold covering of B,

branched over B, NL or B; N T are solid tori. It is clear that we can
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Fig. 3a.

I, $h.

3
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obtain L by doing surgery on the link in 5?,’3 of Figure 4b. In general,
if L is aplaton 2m strings then L can be obtained by doing surgery

. . 4 3
on a link in gm—l' ]

As a consequence of Corollary 3 we have:

COROLLARY 4. Conjecture 1 is equivalent to the Conjecture that each
member of f’,’g, g > 1, has property P.

To explore further the implications of Theorem 1, observe that if there
is a closed, orientable 3-manifold M which gives a negative answer to
Questions 2 or 3, it must be obtained by doing surgery on a link which is
not strongly invertible. This suggests that one study Questions 2 or 3
by studying the 3-manifolds obtained by doing surgery on a non-invertible
link.

Let L be alinkin S and let suppose that there is an orientation-
preserving involution u in Ss, with fixed points, which induces an in-
volution in each component of L. Let L’ be the link consisting of those
components of L for which the number of fixed points of u is different

from two. Let p:S3 > 83 the 2-fold cyclic branched covering of s?

defined by u.

THEOREM 2. Every manifold obtained by doing surgery ona link L is

a 2-fold cyclic covering branched over a manifold obtained by doing

surgery on p(L").

REMARK. Theorem 1 is a special case of Theorem 2.

3 J. S. Birman has pointed out to me that it is interesting to note that the class
of 3-manifolds which are obtained by doing surgery on links in £’ are exactly
the class of 3-manifolds which are ““2-symmetric’’ in the notation of [2]
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Proof of Theorem 2. For the sake of brevity, suppose that L has only
one component and that either u is without fixed points in L or leaves
each point of L fixed. Let U(L) be a regular neighborhood of L, such
that u induces in U(L) an involution. Let u” = u!dU(L).

Let V be a solid torus (see Figure 5) whose core C is a circle in
the x,y plane with center 0 and radius one. Let z(resp. v) be the
involution of V induced by the symmetry with respect to axis
OZ (tesp. C). There is a homeomorphism ¢y of JU(L) onto JdV such
that zy =y u’. Let p= l//_lP and m= l/;_lM be a pair of simple
oriented curves in JU(L) (see Figure 5).

We now paste V to $3 _ U(L) in the way that M is homologous to
am + Bp, where @ and B are coprime integers. It is easy to see that
there is a homeomorphism ¢ of dV onto JU(L) such that H(M) ~am +
Bp and qS—ll,//*lzg//qS, that is qS“lu’qS, is equal to z if a is odd, or
is equal to v if a is even.

Let W be the space obtained by pasting s3 — UML) to V by &.
The map ¢ is compatible with the involutions u and z (or v, as the
case may be). Thus, there is an involution u” of W, the orbit-space of
which is obtained by adjoining the orbit-space of u (that is s3 minus a
solid torus) with the orbit-space of z (or v, as the case may be), which

is a solid torus. O

Fig. 5
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As an application of Theorem 2 consider the pretzel knot K(p, q,r)
(see [24]). If any of the numbers p,q,r is even, it is clear that K(p,q,r)
is a strongly-invertible link. Thus, one obtains a 2-fold cyclic covering
branched over S3 by doing surgery on K(p,q,r). If the numbers p,q,r
are all odd, then there is an involution u of s which induces in the
knot K(p,q,r) an involution without fixed points. (A typical case is
illustrated in Figure 6a). Thus, every manifold that is obtained by doing
surgery on K(p,q,r) is a 2-fold cyclic covering branched over a manifold
that is obtained by doing surgery on the trivial knot p(K(p, q,r)), where
p is the covering defined by u (see Figure 6b). As the trivial knot is
strongly-invertible it follows that the manifold obtained by doing surgery
on K(p,q,1), (p,q,r odd), is a 2-fold cyclic covering of a 2-fold cyclic

=A
xy X
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covering of S®. This confirms Question 3. Note that Trotter has shown
that K(p,q,r) is non-invertible if p,q,r are distinct odd integers, each
to greater than one. The author does not know whether the manifolds ob-
tained by doing surgery on these knots are also representable as 2-fold
cyclic branched covering of s3.

As a second application, consider the manifold obtained by doing
surgery on the ‘‘borromeans rings,” B, illustrated in Figure 7. If we re-
move the solid tori U(L,), U(L,), U(L;) from $? and sew them back in
such a way that the curves h1 ) h2, h3 are identified with meridians, then
we obtain S! x §! x ! [12], which is not a 2-fold branched cyclic cover-
ing of S® [6]. This shows that B is not a strongly invertible link. But
the axial symmetry with respect to axis E (see Figure 7) induces in each
component of B an involution. Then, by Theorem 2, every manifold that
is obtained by doing surgery on B is a 2-fold cyclic branched covering
of a manifold that is obtained by doing surgery on the trivial knot and this
confirms Question 3. For instance, st x S1 x sl is a 2-fold cyclic
branched covering of st x s2.

It is interesting to note that not only is B non-invertible,4 but also
there is no orientation-preserving involution of S* which induces an invo-
lution in each component of B and which keeps fixed exactly two points

of B.

4 To the author’s knowledge, this fact has not been established elsewhere in

the literature. To prove it, let F2 = {x,y/—f be the group of the link formed by
the components Lj, Lp. The group F2 is a free group on two generators and the
element xyx_ly_l is represented by the loop ha. If ¢ is an automorphism of

—1-1 -1 -1.& -1
l<‘2, then by [14, Theorem 3.9, p. 165], ¢(xyx y Y=wyx 'y ) 'w °, where
w is a word in X,y which can be assumed to be reduced. Now, let us assume that
B is an invertible link. Then there is an automorphism (f) of F2 that carries x
to a conjugate of its inverse, carries y to a conjugate of its inverse and carries
xyx'_ly_1 to its inverse (compare [29]). The abelianizing homomorphism A maps
I, onto the abelian group Z®Z, and (f) induces an automorphism ¢ of Z®2Z.
It is easy to see that £ is equal to the determinant of the matrix of (f)' wlith re-

. -1 -1, -1 -1 -

spect to Ax, Ay. Therefore, it follows that w(xyx 'y~ )w~~ =yxy x . But
mduction on the length of w shows that this is impossible. Thus B is a non-
mvertible link. The same argument implies that there is not an orientation-
preserving involution of S3 which induces an involution in each component of B

and which keeps lixed exactly two points of B.
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At this point, it may be useful to remark there is a possibility of
existence of a knot N such that there is no orientation-preserving involu-
tion of S which induces an involution on N. One of these possible

knots seems to be 8;, (see [4]and [19]).

§3. Generalized surgery on links

In this section we will define modifications of the projection of a link
L that generalize the modifications W;, W, introduced earlier and also
the ones defined in |10]. These modifications have the effect of exhibiting
I: as a manifold which is obtained by doing generalized surgery on a link
in S3, that is, removing n disjoint solid tori from s® and replacing
each torus with a special ‘‘graph-manifold’’ which is bounded by a torus.
The advantage of this is that if a link has property P, then it will be
shown that a counterexample to the Poincaré Conjecture cannot be ob-
tained by doing generalized surgery on it (Theorem 4). This fact will
allow us to establish Conjecture 1 for a large set of knots (see Section 4).

Let R be a finite tree with a distinguished vertex v(R) (the origin
of R). The tree is to be valued as follows: each vertex of R is labeled
either with a hyphen, or with an arbitrary integer, in such a way that each
vertex labeled with a hyphen belong to exactly one edge, and the origin
v(R) is always labeled with an integer. Each edge of R is labeled with
a pair of coprime integers (a,3) where 0< 3 <a. Wecall R a valued
tree.

We will describe a procedure for assigning to each valued tree R a
manifold W(R), such that dW(R) is a torus with a fixed oriented fiber,
and moreover such that W(R) is a 2-fold cyclic covering of a 3-ball B,
which is branched over a system of curves L(R) such that JL(R) is the
set {a,b,c,d} of Figure 8. To do this, we need some definitions.

Let M(s,m) be a manifold obtained as follows. Let M be the
sl-bundle over $% which admits a section, and let H be a fiber of M.
Suppose that S2 and H have a fixed orientation. We remove m + 2

fibered solid tori V; from M,i=—1,0,1,-,m. Then, $* cuts dV;
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Fig. 8.

in a meridian curve m; of V, and we give to m; the orientation induced
by S% _int V;. Let us take in C?Vi a fiber hi , with the orientation in-
herited from H. In order to obtain M(s, m) we now paste a solid torus

in such a way that its meridian curve is homologous to m; + sh;, i=—1.

m
The boundary of M(s,m) is U c?Vi, and m; , hi are fixed oriented
i=0

curves in dV,. M(s,m) is a 2-fold cyclic covering of B—int (B;U---UB_)
branched over the curves L{s,m) of Figure 9 (for further details on the
construction, see {18, Section 2 and Section 3}).

Let B be the ball of Figure 8. We define an autohomeomorphism t
of dB as the composition of a rotation, of angle #/2 about the axis E
which transforms a to d, and a symmetry with respect to the equatorial
plane (see Figure 8). We define an autohomeomorphism v of aB as
follows. Let D be adisc in aB which contains in its interior the

points ¢, d and is disjoint from a, b (see Figure 8). Then, viD is
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Fig. 9.

defined to be a ‘“twist,”’ holding D fixed, in the direction that is indi-
cated in Figure 8, in order to move c¢ to d. Now v is extended by the
identity map outside D.

Now let a,f3 be two coprime integers. If a/f3 is the continued

fraction

we define an autohomeomorphism g(a,3) of JB as the composition
gla, B) = vTtv™t - tv) tvi, where v is the identity map. Let f@@,B) =
g(a, B)t. Extend the homeomorphisms t,v to B. Then, g(a,) and
f(a, B) admit an extension to B, which we denote with the same symbols
gla, B), fa, B).

We are now ready to define W(R) and L(R) by induction on the num-

ber n of vertices of R which are labeled with an integer.
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Let v(R) be labeled with the integer s. Let us suppose also that
v(R) belongs to m edges ty, -+, t, and that t; is labeled with (ai ,Bi).
Let u; denote another vertex of t; and assume that u;, where 1<i<r,
is labeled with a hyphen and that uj, where r+ 1< j<m, is labeled
with an integer. Then, Ui, ot 1<j<m, is the “beginning’’ of a valued
tree Rj .

Let v(Rj) =, Note that the number of vertices of Rj which are
labeled with an integer is < n. W(R) is defined inductively, pasting the
r solid torus Vi,o+, V. and the m—r manifolds W(RJ-), r+1<j<m,
to M(s,m) in such a way that a meridian curve of Vi is homologous to
a;m; + Bihi , and the oriented fiber, fixed in GW(Rj), is homologous to
a;m; + thj' Note that in dJW(R) = dV;, the oriented fiber h, remains
fixed. Then L(R) is obtained replacing f(ai ,Bi) (L(s, 0)ﬂBi), where
1<i<r, by L(s,0) N B, and replacing g(aj ,Bj) L(Rj), where
r+1<j<m, by L(s,0) N Bj (see Figure 9). As an illustration of this
process see the example of Figure 10.

Let L be a link in S having m components Ny, Ny We will
say that a 3-manifold M is obtained by doing general surgery m times
on L if M is obtained by removing from s? a regular neighborhood
U(N;) of N;, 1<i<m, and replacing it with W(R;), where R; is some
valued tree, by pasting JW(R;) to as® — U(N))).

Let L be a link in S and let us suppose that there is a ball B in s3
such that d(BNL) is the set {a,b,c,d} (see Figure 8)and BN L is a
system of curves g(a, 8)L(R), where R is an arbitrary valued tree and
a, 3 are an arbitrary pair of coprime integers. We will say that has made
a general modification on L, if we replace B N L for the pair of curves
C,, C, of Figure 8. Let m be the minimum number of general modifica-
tions which have to be applied to L in order to change L into the
trivial knot. It is clear that L has been obtained by doing general
surgery on a strongly-invertible link in S3 of m components.

The following theorem is proved in the same way as Theorem 1:
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Fig. 10a. Fig. 10b.

Fig. 10c. Fig. 10d.

THEOREM 3. Every manifold that is obtained by doing general surgery on

a strongly-invertible link is a 2-fold cyclic branched covering of s3.
The following theorem indicates a useful application of general surgery.

THEOREM 4. If M is a simply-connected 3-manifold that is obtained by
doing general surgery on a link L with property P, then M - s3.
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In order to prove Theorem 4 we first need the following Lemma:
LEMMA 1. Every homotopy 3-ball that lies in a graph-manifold is a 3-ball.

We defer the proof of this lemma until Section 5.

Proof of Theorem 4. We are going to demonstrate the theorem by induction
on the number n of graph-manifolds distinct from a solid torus which are
introduced by surgery. If n =0, there is nothing to prove, thus let n> 0.
Let L; be a component of L such that a regular neighborhood, U(L,),
of L; has been replaced by a graph-manifold W(R) which is not a solid
torus. If #(M)= 1, then aU(Ll) bounds in M a homotopy solid torus
([1] and {8; Lemma 5.1]). If W(R) were a homotopy solid torus, it would
be a solid torus (by Lemma 1), hence M—int W(R) is a homotopy solid
torus. Then, #(M—int W(R)) is an infinite cyclic group with one generator
which is represented by a simple curve C in a(M—int W(R)). We paste a
solid torus to M—int W(R) in such a way that C is a meridian curve of
it. Thus we have built a manifold M’, with #(M") =1, which is obtained
from S3 by doing surgery on the link L, and replacing n—1 components
of L by n—1 graph-manifolds which are not solid tori. By the induction
hypothesis, M’= $3 and thus M—int W(R) is a solid torus. Therefore,
M is a graph-manifold. Making use of the result of Lemma 1 we conclude

that Theorem 4 is true. 0O

With the purpose of justifying the definitions of general modifications
and general surgery, we make the following remarks. Let K be a non-
trivial knot in S3. If we wish to check Conjecture 1 for K, we can, for
instance, apply m modifications of type W, in order to change K into the
trivial knot. Then, K is a manifold that is obtained by doing surgery on
a strongly invertible link in S3 of m components. By doing this in all
possible ways, we obtain a family LK) of links in S® such that K
can be exhibited as a manifold obtained by doing surgery on an arbitrary

member of £(K). Let m(K) be the minimal number of modifications of
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type W, which we have to apply to K in order to change K into the
trivial knot. We define S‘?’(K), m’(K), in the same way as &)(K) and
m(K), but replacing modifications of type W, for general modifications.
Thus K can be exhibited as a manifold obtained doing general surgery
on an arbitrary member of £'(K).

As a consequence of Theorem 4, if a member of S‘?’(K) has property P,
then n(I-() # 1. On the one hand m’(K) < m(K) and this makes it easier
to check Conjecture 1 for K in many cases, especially when m'(K) =1,
because property P has been intensively studied for knots. On the other
hand, f(K) C S‘?’(K) and this increases our possibilities of finding a link
with property P such that K is obtained by doing general surgery on it.

It could happen that m’(K) = 1, for every non-trivial knot K. If this
was so, then every 2-fold cyclic covering branched over a knot of s3,
would be obtained by doing general surgery on a strongly-invertible knot
of S3. Then, Conjecture 1 would be equivalent to the conjecture that

every strongly-invertible knot has property P.

§4. Applications

If one seeks a counterexample to the Poincaré Conjecture among the
2-fold branched coverings of Ss, it is natural to examine covering spaces
which are branched over knots which share deep properties with the
trivial knot. One such property is that the trivial knot has Alexander poly-
nomial A(t) = 1. Note that if a knot N has Alexander polynomial A(t)=1
then N is a homology 3-sphere.

1. Kinoshita-Terasaka knots

Let us consider the knots of Kinoshita-Terasaka [11, p. 149] k(p,2n)
(k(3, 6) is illustrated in Figure 11a or 11b). All of them have Alexander
polynomial A(t) = 1. Note that k(3,6) can be obtained from the link of
Figure 1lc by substituting B; for Ci(i= 1,2,3). Thus [18] 1;(3, 6) is
the graph-manifold that is represented (in Waldhausen’s notation) by the
graph of Figure 12, where p =3, n= 2. In general, for k(p,2n), l;(p,2n)
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is the graph-manifold represented by the graph of Figure 12. Thus, by
Lemma 1, k(p,2n) cannot give a counterexample to the Poincaré Conjec-

ture.

2. Conway’s 11-crossing knot

Let L be the knot, with Alexander polynomial A(t)= 1, of Figure
13a, which was discovered by J. Conway in his enumeration of the non-
alternating 11l-crossing knots [3] (see also [20, p. 615]).

The trivial knot T can be obtained by doing one general modification
in L (see Figure 13a,b). The 2-fold cyclic covering l_3(resp é) of the
ball B(resp C) branched over B N L(resp C ﬂL) is a solid torus.
Then, L can be obtained by removing C from T=5% and sewing it
back differently. The position of the ball C with respect to the trivial
knot T is shown in Figure 14a. Then, C isa regular neighborhood of
the square knot (Figure 14b). Thus, L can be obtained by doing surgery
on the square knot, hence 77(1:) # 1, because a composite knot has

property P ({11, [8]).

Fig. 13a. Fig. 13b.

/e Ny Vi /’?
S N %

Fig. 14a. [Fig. 14b.
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.

cA

Fig. 15a. Fig. 15b, Fig. 15c.

3. The 3-braid knots (0,07 ')(0;0,)°™, m > 1

In [2] is is proved by Birman and Hilden that if Conjecture 1 is true
for the knots (0201_1)(0102)6"’, m > 1 then Conjecture 1 is true for every
3-braid knot. We prove now that Conjecture 1 is true for the knots
(0201_1)(0102)6m, m > 1. For the sake of brevity, let L be the knot
(0201_1)(0102)12 of Figure 15a,b. The trivial knot T can be obtained
by doing one general modification in L (see Figure 15b,c). The 2-fold
cyclic covering é(resp. é) of the ball B(resp. C) branched over
B M L(resp. CMNL) is a solid torus. The position of the ball C with
respect to the trivial knot T is shown in Figure 16a. Then, é is a
regular neighborhood of the twist knot T; (Figure 16b). Hence L can
be obtained by doing surgery on the twist knot T;, hence 7T(I:) £1
because a twist knot has property P ([1'], 8.

A similar argument applies to the case where m is arbitrary. In

general, the 2-fold cyclic covering branched over the 3-braid knot

(020;1)(0102)6"’ can be obtained by surgery on the twist knot T, ;.
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4. Generalized doubled knots

Let L be the knot of Figure 17a. L is a strongly-invertibie knot
because the symmetry u with respect to the axis E leaves L invariant,
Let p: $3 553 be the 2-fold cyclic branched covering induced by u.
Then, p(L) is the path C of Figure 17b. As a composite knot has
property P ([11, [81) then Conjecture 1 is true for the family of links of
Figure 17c, where R is an arbitrary valued tree and where a,f are an
arbitrary pair of coprime integers. As the same argument can be applied
to an arbitrary strongly-invertible composite knot, we obtain in particular,
that Conjecture 1 is true for every doubled knot (a fact proved by alge-
braic methods by Giffen [7]).

The same method can be applied to an arbitrary strongly-invertible

link with property P (examples of these can be found in [1], [8] and [23]).

5. The idea illustrated in the following example may be useful. Let N
be the knot of Figure 18 and let us consider a plane P with cuts N in
the set la,b,c,d}. Thus P divides $3 into two balls A, B. The 2-fold
cyclic covering ;\(resp. é) of A (resp. B), branched over AM N
(tesp. BNN) is the complement of a regular neighborhood of a non-trivial
knot in S3 (see Section 4.4.). Then, N can be obtained by pasting (9;\
to OB. According to [1] and [8; Lemma 5.1] a(N) £ 1.

L4
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§5. Demonstration of Lemma 1*

Recall that the only simply connected Seifert manifold is s? [221.

On the one hand, every graph-manifold with boundary is a submanifold
of a graph-manifold without boundary. On the other hand, every graph-
manifold without boundary is [26, Satz 6.3] a connected sum of lens-
spaces and reduced graph-manifolds (‘‘Reduzierte Graphenmannigfaltig-
keiten,”” see [26, 6.2]). Then, according to [9] and [26, Satz 7.1], Lemma 1
will be proved if we can show that a simply-connected, reduced, closed
graph-manifold is s3.

A reduced graph-manifold is either defined by a graph A(M) (see
[26;9)), or is a torus-bundle over S!, or is a Seifert manifold over s?
with three exceptional fibers. Thus, according to [9], it is sufficient to
prove Lemma 1 for closed, reduced graph-manifolds M defined by a graph
A(M). All of them [18; 7.5] are 2-fold cyclic coverings branched over a
3-sphere with g handles. If the graph A(M) is not a tree, or if any of
the vertices of A(M) are valued with a triple (gj,O,sj), g > 0, then
g > 0, hence H;(M) # 0. If the graph A(M) is a tree with its vertices
valued with triples (gj,O,sj), g <0, then M is a 2-fold cyclic cover-
ing branched over a link L of s3 [18; 7.3]. This link L has more than
one component if g <0 for any j [18; §3]. In this case, we have
H, (M) £ 0. Then, let M be represented by a tree A(M) whose vertices
are valued with triples (0,0,s;). For (26, 9.2.3., 9.2.4.a), b) and ¢)] the
vertices of A(M) either are of order > 3, or are valued with a hyphen
but there is always a vertex of order > 3. We are going to prove Lemma 1,
for those manifolds, by induction on the number m of vertices of order
>3. If m=1, M is a Seifert manifold and there is nothing to prove.
Assume that m > 1. Then, there is a torus in M that splits M into two
reduced graph-manifolds, M, M,, corresponding to the graphs A(M,),
A(M,) respectively. In order to build A(M;), A(M,) itis sufficient to

In this section we will follow the notation of Waldhausen in [26].
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remove from A(M) an edge which joins two vertices of order >3 and to
value these vertices again with (0,1,-). Then, AM;), i=1,2, has at
least one vertex of order > 2, valued with (0,1, -).

According to [1], [8; Lemma 5.11, if #(M)=1, then either M; or M,
is a homotopy solid torus. We may assume that M; is a homotopy solid
torus. Then, M; may be considered as a submanifold of either a Seifert
manifold with three exceptional fibers, or a graph-manifold that is repre-
sented by a graph with n < m vertices of order > 3. Thus, by the induc-
tion hypothesis and according to [9; 2.2], M, isa solid torus. But then,
{26; Satz, 9.4] A(Ml) is a graph which has exactly one vertex of order

zero, valued with (0, 1,-). This is a contradiction, hence #(M) £ 1.0

Therefore, a simply connected graph-manifold is s3.
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PLANAR REGULAR COVERINGS OF
ORIENTABLE CLOSED SURFACES

C. D. Papakyriakopoulos

§1. Introduction

In 1963 this author reduced the Poincare conjectute to two other con-
jectures ([7], p. 251). The first of those conjectures is a special case of
the group theoretic Conjecture 1 of ([8], p. 205). A special case of Con-
jecture 1 was proved by Karrass, Magnus and Solitar ([4], p. 57). Elvira
Rapaport proved Conjecture 1 in full generality ([9], p. 506). In a recent
paper Eldon Dyer and Vasquez ([1], pp. 348-349) proved the algebraic
topological and stronger Conjecture 1” of ([8], p. 205).

However, Maskit ([6], p. 342, lf. 2-7) gave a new proof and a simpler
statement of our key theorem ([7], p. 290), so that only the second of the
two conjectures ([7], p. 251) is needed for the reduction of the Poincare”

conjecture. That second conjecture leads us to the following problem.

PROBLEM. Let N be an orientable closed surface of genus at least two.
Let g be an element of the fundamental group F of N, and let N be
the regular covering of N corresponding to the normal closure G of g

in F. Is N planar?

The Planarity theorem of Maskit ([6], p. 351) is a theorem of structure,
and describes a way of obtaining any planar regular covering of any com-
pact surface closed or not. However, that theorem does not seem to be
directly applicable to our problem. So we will try to find another way of
solving our problem. We obsetrve that N is planar if and only if the inter-

section number of any two loops on N is zero, see No. 11 of this paper.

We also observe that N and the loops on it depend on g. Thus, we need

201
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a formula which will give us the intersection number of any two loops on
N by means of g. The equation with right hand side zero and left hand
side the right hand side of the formula will give the solution of our
problem.

We find such a formula, and actually in the case where G is the nor-
mal closure in F of a finite or infinite sequence £1,8,, - of elements
of F, see Theorems 10.13 and 11.1 of this paper. Thus, the problem
posed above is solved in theory. However, the result provided by the
solution is not sufficient to solve the second conjecture of ([71, p. 251),
see Section 5 at the end of this paper.

The main theorems of this paper are Theorems 10.13 and 11.1. The
first of those theorems provides us with the intersection and expansion
formulas, and the second provides us with a more explicit expansion
formula and the necessary and sufficient conditions that N be planar.
The core of those formulas is the operator A, which is defined by means
of Fox-derivatives ([3], p. 550). The definition of A and the way we
obtain the formulas are involved, and in the sequel of this Introduction we
will try to explain things briefly.

In Section 2, which is preparatory, we first define the notion of conju-
gation in No. 1. The conjugate of a group ring element is obtained by
replacing every element of the group by its inverse. In No. 2 we define
the notion of inner product in a group ring, the natural way. In No. 3 anti-
derivations are defined. The conjugate of an anti-derivation is a deriva-
tion. In No. 4 biderivations are introduced. A biderivation is a map on
two variables, it is a derivation with respect to the left variable and anti-
derivation with respect to the right variable. In No. 5 biderivations in a
free group ring are examined and proved to be of a special form, see
Theorem 5.3. In No. 6 some propositions concerning biderivations are
proved, Theorem 6.3 will be needed in Section 4.

In Section 3 we study intersection theory on I:I, and we obtain the
intersection formula (8.5). This is an indispensable formula for Section 4,

which expresses the intersection number of two 1-chains on N as a sum
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of inner products of their coefficients. Section 3 was inspired by Reide-
meister’s paper [10]. However, we emphasize that he neither obtains a
formula nor does he introduce the inner product. The notion of inner
product, though so simple and natural, is of decisive importance in obtain-
ing the formulas needed to solve our problem.

The following Section 4 is the main part of our paper. In No. 9 we
introduce the operator A, and in No. 10 after elaborate work we obtain
the intersection formula (10.11) and the expansion formula (10.12). Those
formulas are expressed with the help of the operator A and the inner
product. We then obtain the first main Theorem 10.13, the proof of which
is based on formulas (10.11) and (10.12). Finally in No. 11, we obtain
the second main Theorem 11.1, which provides a more explicit expansion
formula, and the necessary and sufficient conditions that N be planar.
Thus, the second main theorem provides us with a solution of our problem.
The proof of the second main theorem is based on the first one and
Theorem 6.3 of Section 2.

We finish our paper with Section 5, where we formulate a conjecture.
The solution of that conjecture will provide us with a proof of the
Poincare conjecture.

The paper is dedicated to the memory of Ralph Fox. A small sign of
the gratitude the author feels to Ralph, for helping him to come to Prince-

ton and stay here.

§2. Operations in Group Rings
1. Conjugation.

Let I' be a finite or infinite denumerable group with elements g;,
i-1,2,---. Wedenote by Z[I'l the integral group ring of I'. Thus any

element r of ZI1']l is of the form

e N myg., m.oZ, gel, i:12.-
- 1 1

where only a finite number of m e different from zero. We write
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—_ - —- ~1
r=2migi, 8; = B
i

and we call it the conjugate of r. We also denote (-+-) by (--+)7, i.e

°s

(+++)" =(:+). The following hold.

1.1 m - m, for any element m of Z .

1.2) t = r, for any element r of Z[I'].
1.3) TFs = T+5§, forany two elements r,s of Z[I'].
1.4) f§ = ST.

For any finite number of elements oK j=1,-+-,n of ZIT'l we have

(1.5) (2 rj) = 2 5, (H rj) - I =
i i i k

where k=n,---, 1,

Let ¢¥:I" >T"" be a homomorphism of the group I' into another
finite or infinite denumerable group 17, This induces a ring-homomorphism
Y ZITT » ZI1™’]. (N.B. for the sake of simplicity, instead of denoting
the ring-homomorphism by 121, say, we denote it simply by #, see ([3],
p. 548).) The following holds.

(1.6) & () = Y(T), for any element r of Z[I'].

We define % to be the sum of the coefficients of r, where r is

given at the starting of this No. 1, i.e.,
"-3
r = ml
i

see (I3], p. 549, 0. 18-20). A final remark is that the conjugation was
introduced by Reidemeister ([11}, p. 23, £.8).

2. Inner product

Let g; and g be two elements of I', we define the 1nner product

of them by
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(21) gio g] = 811; ll] = 1:2:"'

8ij being the Kronecker index. Let now r and s be two elements of
Zir,
r = 2 migi’ s = 2 njgj’ lr.] = 1,21"' .
i i

We then define the inner product of them by
ros = 2 minj(giOgj) = 2 m;n; .
1,}) 1

This is an element of Z, i.e., integer. We observe that the operation ©
isamap o:Z[I"] x Z["'] » Z, and that, generally, it does not behave
naturally under a homomorphism of 1. However, the following hold,

where r,s and t are elements of Z[I'].

(2.2) The inner product is bilinear, i.e.,
(t+t)es =ros+tos

re(s+t)y=ros+trot

(2.3) The inner product is symmetric, i.e.,

res =sor .,

2.4) I°s = TOo§ .
2.5) mrons = mn(r°s), m,neZ .
2.6) rtos =rost, tres=rots .

(N.B. prove it first for t ¢ I', and then pass to the general case.)

3. Anti-derivations,
Fox ([3], p. 549) introduced the notion of derivation in Z[T']. This
is amap D:Z[T'] » Z[T'] with the following two properties, where r,t

are elements of Z[T'l.
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3.1 D(r4t) = Dr + Dt (linearity) .
(3.2) D(rt) = (D)t° + «(Dt) .

We now introduce the notion of anti-derivation in Z[I']. This is a
map D": Z[I'] » Z[I’] with the following two properties, where r,t are
elements of Z[1'].

3.3) D’(r4t) = D’r + D't (linearity) .

(3.4) D'(rit) = OOt 4+ (D'HT .

It is easily seen that D’ is an anti-derivation if and only if D’ is a

derivation, where D’(r) = D’r. Therefore anti-derivations have properties

similar to those of derivations.

4. Biderivations
A biderivation in Z[T'] is a map ©:Z[I"] x Z[T"] > Z[T"] with the

following two properties, where r,s,t are elements of Z[I'].

“.1) O(r+t,s) = B(r,s) + B, s)
O(r,s+t) = O(r,s) + B(r, t) (bilinearity)

“4.2) 0Gt,s) = O(,s)t? + 10, s)
0@, st) = 0(r,s)t° + O, t)s .

Thus, ® is a derivation with respect to the left variable, and anti-
derivation with respect to the right variable. Hence the following proper-
ties hold.

4.3) O(m,t) = Oit,m) =0, meZ .

“4.4) e (2 m;r;, 2 njsj> = 2 m; n; @(ri,sj)
i J 1]
m;, n; ¢ Z, Iy, S; € Z[I'] .

4.5) O, t) = — TO¢, 1), fel
O, T) = — B, HI, tezZlI' .
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(46) G(?rg) = F®(fy g) £, f: g € I .

(4.7) A linear combination over Z of biderivations in ZIT'} is a bi-

derivation in Z[1'].

5. Biderivations in a free group ring
Let now X be a free group on free generators Xy, Xy, (n < ),

The following is a biderivation in Z[X],

N g 0
O(,s) = 2. (Fl Oij g
(5.1 L )

r,S,@ij e ZIX], i,j=1,--,n

lQ_:

is the Fox-derivative (I3}, p. 550), and

T [\
9x; (gX—J) '

where

RE

Xj

The operator, obtained from the right hand side of the equality (5.1) by

deleting r and s, is a biderivative with matrix ||9in, where
(.2 eij - ®(Xi,xj), i,j-1,---,n .

The general biderivative in a free group ring is provided by (5.1) accord-

ing to the following theorem.

THEOREM 5.3. If ® is a biderivation in the free group ring Z|X], then
® is defined by (5.1) and (5.2).

Proof. Let us consider the following biderivative

R N
00 - _Za_x;@(xi’xJ Ix;
1,)

where i,j=1,--,n. As usual, by the length f(u) of an element u of X
we mean the number of letters in the reduced word representing u. The

following hold
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*

®*(xi,xj) = G(Xi;xj)

@ (xl’i]) = - @ (Xi, Xj)Xj by (4.5)
= — @(xi,xj)xj = @(xi,i('j)

®*()_{_i’xj) _ iiG*(xi’Xj) by (4.5)
= - iiG(Xi, X]) = ®(—ii' x])

G)*(S('i,ij) - iiG*(xi,Xj)Xj by (4.6)
§i®(xi,xj)xj = @(i‘i,ffj) .

From the above and (4.3), it follows that f(u) + {(v) < 2 implies @O(u,v)
= ®*(u,v), where u and v are elements of X. We now proceed by

induction.

(5.4) (Inductive hypothesis). Suppose that l(u) + (v) < m(> 2) implies

O, v) = ®*(u,v), for any two elements u,v of X.

Let us now suppose that u’,v’ are two elements of X, such that

@) + l(v") = m. If either l(u”) or &(v’)= 0 then, by (4.3),
0w, v) = 0 = 8, v) .

Thus, from now on we can suppose that both fu’) and v") are > 1.
We have to consider two cases, (u”)>1 and = 1.
Let us first suppose that {(u”) > 1. Then u’= uw, where u,w,uw

are reduced words, such that
fu?y = ) + B(w), fu) and lw)>1 .

The following hold

O, v) = B, v) +ub(w,v) by (4.2)
= G)*(u, v+ u@*(w, v’ by (5.4)
- 0%w,v) by (4.2) .

Let us now suppose that {(u) = 1. Then f(v)> 1. Thus v’ = vw,

where v,w,vw are reduced words, such that
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(v = €v) + Uw), €(v) and &w)>1 .

The following hold

O, v) = O@,v) + O@’,w)¥v by (4.2)
-0 W, v) + 0 W, W)y by (5.4)
- 0% W, v) by (4.2) .

Hence, for any two elements u,v of X, we have
(5.5) Bu,v) = 0%, v) .

Let now r,s be two elements of Z[X]. Then we have the following,

j are elements of X,

r=2miui, SzzﬂjVj.
1

i

where mi,nj are elements of Z and u, v

By (4.4) and (5.5), the following hold

O(,s) = 2 minj®(ui,vj)
i,j

*
Z minj® (ui,vj)
i,

®*(r,s) .

This completes the proof of our theorem.

6. Special properties of biderivations
Let X be a free group on free generators x;,":*, %, (n < ), and let
P = [Iu® be a finite product where u is an element of X and &=%1,

Then the following ‘‘chain rule’’ holds

JdP _ dP du i=1--.n"
(61) 87'1—25‘69;’1: 1‘1; .

u
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where u ranges over all the different to one another u’s appearing in
the product P. Here some explanation is needed: We consider the differ-
ent to one another u’s as representing free generators of a free group and
we apply Fox-derivatives. Formula (6.1) follows from ([3], p. 549, (1.5)
and (1.6)) and reductions.

LEMMA 6.2. Let ® be a biderivative in the free group ring Z[X], and
let
P-MP, Q-M, &ec-*1

be two products, where u and v are elemenis of X. Then the following

holds aQ
or Q=3 % 9P @y, v =

where the sum ranges over all the different to one another W’s and v’s

appearing in P and Q respectively.

Proof. By Theorem (5.3), and (5.2), we have

8P, Q) - 2 @(x % i,j=1,--,n
1

R

Jp 9 30 v\~
® ;‘i)@(xl, %) <2£ 5;—]> by (6.1)

» P 9 v 90

S(SEsyennSER  woe

i,j u v

Jp J v \ 90

- aa( JEG(Xi”‘j)JXXj>(v

u,v i,j
-3 R o,y R . by (5.1)

u v

This completes the proof of our lemma.
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THEOREM 6.3. Let ¢):X > T be a homomorphism of a free group X on

free generators X1, Xy, (n< <), in a denumerable group I". Let
8. £,
= RIRTH - 2.1y, L=
P—l_‘[ulwl u;, Q—l_‘[vjzJ Vi 51,£J—i1
i j

be two products, i=1,---,p and j= 1,---,q, where uj, vy are elements

of X, and w;,z; are elements of keryy. Then the following holds

Y0P, Q) - 2 81854 (u; O(wy, 2) 7))

i

where ® is a biderivative in Z[X].

Proof. By Lemma 6.2 the following holds

NE 99
O, Q) = Y o O, v) 5
u,v
where u (or v) runs over all the different to one another elements of X

appearing in the finite sequence u;, w; (or Vi zj). By (1.6), we have

vo®,0 = 3, () vew v i(4R)
u,v

where ¢/ : Z[X] » Z[I'] is the ring-homomorphism induced by the group
homomorphism .

We now observe that the set, which u (or v) ranges over, consists
of all w;’s (or zj’s) which are different to one another, and all u;’s
(ot vj’s) which are different to one another and do not appear as w,;’s
(or zj’s). If u (or v) is one of the wi’s (or zj’s) say wy (or Zf)’

then the following holds

(%) - 3 sviw, (o (B)-= £00)
A b
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where 1 <A <p (or 1< u<q) and such that wy =wp (or z, = zp). If

u is none of the wi’s (or zj’s), then the following holds

w(?-fj) -0, (or ¢<§$>=0>.

From the above we obtain the following, where the sum ranges over
all pairs k,f such that, wp (or zp) ranges over all different to one
another w;’s (or zj’s),

veOP,Q = 3 (§ BMb(u)\)) b O(w, 2p) (2 ausb(v#))
k0 I
= 2 BIEJI/I(UIG)(WI, ZJ)VJ)
i,j

where i=1,--,p and j=1,---,q. This completes the proof of our
theorem. Q.E.D.

Let now P be a product as of Theorem 6.3. We define the following
elementary transformations of P.

(i) Deletion of a factor u;w; iﬁi , where w; = 1,

(ii) Insertion of a factor uwl, such that ue X, w=1.

(iii) Deletion of two factors u;w; iﬁi and uhw:hﬁh, such that
i#h, U = up, W= wy, and 8;+dy=0.
(iv) Insertion of two factors uwll and uWu, such that ueX,
w ¢ ker y. (N.B. the inserted factors need not be neighboring
in the final product.)
A product which is obtained from P by a finite number of the above
elementary transformations is called homologous to P. Under the hypoth-

eses of Theorem 6.3 the following holds.

THEOREM 6.4. If P” and Q” are products homologous to P and Q

respectively, then

$B(P”,Q") = yO(P,Q) .
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If P’ and Q' are products similar to P and Q respectively, then
Yy OPP,Q) = ¢yB(P,Q) + y O(P’, Q)
lﬁ@(P: QQ,) = l/l@)(P: Q) + l/lG)(P: Q’) .

Finally, we have

YOP,Q) = -y B(P,Q), yO(P,Q - -y B(P,Q) .

The proof of the theorem follows from Theorem 6.3 and No. 4. We now

observe that P and P” (or Q and Q") represent the same element of
H,(ker ¢, Z) = ker U /lker ¢, ker U] .

This justifies the term homologous. We finally observe that, the operator

y® behaves like an intersection theory operator.

§3. Intersection Theory
7. Topological considerations
Let N be an orientable closed surface of genus p > 2. We denote
by al,Bl,-~~,ap,Bp a fundamental system of N based at a point o,
and let ar,Br,m,a;,B; be the dual to it based at a point o*. The

first system defines a fundamental polygon of N shown in (Figure 1),

Fig. |
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Fig. 2

Fig.3
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the picture indicates also the orientation of N we are going to consider.
In (Figure 2) is shown how the a,f3’s are arranged around o.

Let us write F -7, (N,0), let G be a normal subgroup of F, and
H - F/G. We denote by 1;I the universal covering surface of N, and by
N the regular covering surface of N corresponding to G. The surfaces

N and N have orientations induced by that of N. Thus we have the

following diagram

N
A

where q, a,é are the projections, and the corresponding covering transla-

Z, a———— 7

tions are G, H,F respectively.

We select a point o on N lying over o, and we denote by
al,Bl,al,Bl paths on N lying over aj, l,ar,B: respectively as
shown in (Figure 3), where a,,b; are the elements of F defined by the
loops ai,Bi respectively, i= 1,---,p. We also lift the path oo* (see
(Figure 2)) and we obtain the path 68*, on 1:1 see (Figure 3). By means
of the projection q, we obtain o, al, 1,a: :‘, 56" on N.

For the sake of convenience we denote by p.p,,- "'Pzp 1 pZ&
,;r,pz, . ’pr 1,pzp) the loops ay,B;,",a B (or al,Bl, . ,ap,ﬂ )
respectively. The following hold concerning mtersect10n numbers.

- o~k A Ak
(7.1) Is(pj, pj) = Oij Is(pj,pj) = 9y

ii=1,-,2p, where Bij is the Kronecker symbol.

8. The intersection formula

let x:F »H be the natural epimorphism, and let us denote the
tight cosets of F mod G by GfOK, where fOK are the representatives,
n 1,2,-- (the sequence is finite or infinite, and f01 =1). We write

V(G ) - h

K
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Let y,B* be paths on N based at o, o* and composed of loops
pl,p1 and their inverses respectlvely, i=1,--,2p. Let 5/,8* be the
paths on N based at o, fo and lying over y,B* respectively, where
f e F. We write y = q(y) and 8* = q(é*) These are paths on N based
at o, ho* respectively, where h = y(f). Let c, d and ¢, d be the
1-chains corresponding to the paths ;/,5* and y,B respectively. The
following hold

Ezzriﬁi &*=Esif;;
®.1) ! '

~

¢ =3 xap; " =S xsph;

i i

where i=1,---,2p and I, S;

i or x(r;), x(s;) are elements of the integral

s. can be

group ring Z[F] or Z[H] respectively. We observe that 1 S§

I = % <Emi>\ugu> fox

written as follows

(8.2) g
8i = 2 (E ni?\ugu> fox
AN

where g# e G, Midy and nm# ¢ Z, and the indices A,u have a finite

range. Thus, we have

x(t;) = E (E miM) hy, x(s)) = E (E “i)xu> by

(8.3) A A
=, mizhy =3 by
y A

By (8.1) and the above formulas the following hold
~ ~ "% N
i A

i A
=S mm

S nami -

i,A
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Concerning intersection numbers the following hold

~ Tk ~ ~%
Is(c,d ) = Is<2 mi/\h/\pi, E “juhupj>
i,A

i
- ok
= E M0, Is(h)\pi’hvpj)
i)j’A,l/
where i,j=1,--,2p, v has the range of A, and the range of A is de-

fined by (8.2). We now observe that

Is(hAai,hvﬁ}*) -1 or 0

in case i=7j, A= v or any other case respectively, see (7.1). Hence,

we have

~ %
(8.4) Is(C,d) = ¥ myyn;,
i,A

where i=1,---,2p, and the range of A is defined by (8.2).

We now consider the following sums of inner products, making use of
(8.3), where i,j=1,--,2p, u has the range of A, and the range of A
is defined by (8.2).

S xexe) - 3 (S )« (b
i A 13

i

DIDILICFLNLR
i )\,u

= 2 Emm“i/\
i A

= 2 MiAtin -

iA

The right hand side of the above equalities hold by (2.2), (2.5), and (2.1).

Hence, by (8.4), we obtain the following intersection formula
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(8.5) 1s@,d7) = 3 xGpex(sp, i=1,,2
i

are defined by (8.1).

where I, S

§4. The Main Formulas and Planar Coverings
9. The basic biderivatives
We now are going to introduce some biderivatives, which are indispen-
sable in obtaining the main formulas.
Let ® = (al,bl,---,ap,bp), p > 2, be a free group of rank 2p, and
let Z[®! be the integral group ring of ®. We write

- Or - Js g T Os
/\l(r,s) = 2 [55;(1—31)%; + ga—iab a——

i

9.1)
. ot (95
(?bi(l— ~b) Ga; ?b - b) ]
where i=1,--,p and r,s ¢ Z[®]. The operator A, is a biderivative in

Z[®], see No. 5. We also write
9.2) Ayes) = (2 dir> Ts
j i
where i=j+ 1,-,p, j=1,--,p—1, and the operator dk is defined as

follows

9 ey s I b
(9.3) % Gap D Gy (b—1), k=1--,p .

The operator /\2 is a biderivative in Z[®], as it can be proved easily.

Finally, we write

9.4) Alr,s) = Ay(r,s) + Ay(r,s) .

The operator A is a biderivative in Z[®d], by (4.7), and it appears in

the main formula.
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For any two elements r,s of the integral group ring Z[®] the follow-

ing formula holds

©.5) S T - A + A, i=1p

This is proved by computing the two sides of the formula and comparing
them. The computation makes use of (9.1), (9.3), (1.2) and (1.5), and is
straightforward.

The matrix of each one of the A’s is of the form

where (aa), (ab), (ba), (bb) are ‘‘submatrices’’ pxp. The matrix of

(aa) (ab)
(ba) (bb)

A, has all its other entries zero, except those on the main diagonals of

2 <

the “‘submatrices.’”” Each one of the ‘‘submatrices’” of A2 has all its
entries on and above the main diagonal zero. Hence, each of the ‘‘sub-

matrices’” of A has all its entries above the main diagonal zero, i.e.,

4 b

each of the ‘‘submatrices’ of A is of triangular form.

10. The general case
In the present No. 10 we keep the notation and conventions introduced

in Nos. 7, 8 and 9. We thus have
o Y. F X,y

where @ and y are epimorphisms, and
F = (al,bl,"'yap,bp : H [ai’ b1]> ’ i 11"'!p 2 2.
i

We also have the following sequence
zlol 2. z[Fl X z[H]

concerning the integral group rings.
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Let now y,y” be two loops on N based at o, and composed of
loops ai,Bi and their inverses, i=1,---,p. Let y,y" be the paths on
N based at o and lying over y,y’, and let c,c” be the l-chains corre-
sponding to y,y’ respectively. Let finally w,w’” be the words in
a;,b;’s corresponding to the loops y,y” respectively. By a formula due

to Fox ([2], p. 521) we have

= 2 [m(ui)&i + m(vi)Bi], i=1,,p

Ot
~

(10.1) = 2 lo@)a; + w(v’i)BiJ

To be able to apply formula (8.5), we have to deform y on N toa
loop y* based at o* and composed of loops ar,Bik and their inverses,
i=1,--,p. Thisis done by deforming y on N. We observe that }7 is
Lomposed of paths fal, fBl, where fe¢ F and =11, 1 =1,

If fa appears in y, we then replace it by the path fX , iee (Flgure
4. If fﬁl appears in y, we then replace it by the path le , see
(Figure 5). We thus obtain a new path y on N such that y = q(y )

* %
is a loop based at o*, composed of loops ai’Bi and their inverses,
i=1,--,p, and y* is homotopic to y on N. The 1-chains corres pond-

- - % -~k % .
ing to fX?, fy; are fA;, fB; respectively, where

~ %k

~ %
A; _(l—a)a1+a Bi

s - 3 la-gpa; + (1-5pB;)
(10.2) i o
B = (1-3;—-bpa; + 1-b)B;

b (=by 2 la -Ej)&}k +(1 —_5]')[3;]

i
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~ % ~
where j=1,---,i~1. Hence the l-chain ¢ corresponding to y* is, by

(10.1),

(10.3) " = 3 o)A FotpBl i=1p .

Before applying (8.5), we have to evaluate the right hand-side of the

last formula using (10.2). For the sake of convenience we write

(10.9) ww) = z m(ui) = x4 a)(vi) =y

w(a;) = a w(b;) = by

where i=1,---,p. By (10.3) and (10.2) we have
~ % 3 —
c = 2 <xi(1~ai)ai - Xiaibi'Bi
i

_ ~ % — =k
+ yj(I=a;=bpa; + y;(1-b);

v [xi(l_ai)(1_aj)&]?‘ + xi(l—ai)u_Bj)[%}‘
i B o

where j=1,---,i-1 and i~ 1,---,p. From this we obtain
Y <[ x(1-a;) + y;(1-a;-b;)
i

+ 3 b=y + y;(1-bpl (1-5)) } a;
(10.5) j ~
v [Xiai_Bi t yi(l—bi)

+ 2 [xj(l—aj) + yj(l—‘bj)](l—gi)} BT)

j
where j =it 1,---,p and i=1,---,p. That the right hand sides of the

last two equalities are equal can be seen by computing the coefficients
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- ~ %
of a; and B;. By the fundamental formula of the free differential calcu-

lus (131, p. 551, (2.3)), we have

w-1=2[a_(a_1)+ (b; 1)]

: by (10.1)
2 fu;(a;—1) Vi(bi—l)J

i

Yy

where i=1,---,p. By applying the group ring homomorphism «, we
obtain

S Ik, (1—ap) + y;A-b)l = (1-2) + [x;(a;=1) + y;(b=1)]
: + w <2 dkw>
k

where j=i+1,--,p and k=1,---,i-1, see 9.3).
Replacing the left hand side of the above equality by the right hand

side in (10.5), and performing reductions we obtain the following
E* <‘(1 —z)(1-=, )—x (1 a.)_yib.a. + <2 djw> (I—Ei)} z~11
J

+ l (l—z)(l—T)i)-—Xi(l—ai—gi)-—yi(l—bi) + @ <2 dj“’) (I_Bi)} BT)

i
where j=1,---,i-1 and i=1,---,p. We now write
= (1-w)(1-F) —u;(1-a;) —v;b; + ( S djw> (1-a3)
i

- (1=w) (1B — uj(1-a;-B) = v;(1-b)) + (2 djw> (1-5)
j

where j=1,--+,i~1 and i=1,-,p. From the last three equalities and

(10.4) we obtain the following
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~ %

(10.6) ¢ =Y lepa roVpBLl  i=1p

1

This is the 1l-chain corresponding to the path }7* on I:I based at 6*,
£ . %

and such that y =q(y ) is a loop on N based at 0*, composed of

and their inverses i=1,---,p, and

* %
loops a;,f3;

*

(10.7) y =y on N

*
i.e., y is homotopic to y on N.
We now are ready to apply formula (8.5). Let us consider the paths

oy ~ =~k ~s =,
v, fy* which are based at o,fo, where fe¢F. We write y'=q(y") and
~*

y = q(;/*), whence q(?f/*) =E}7*, where h = y(f). We observe that
— ~ ~ — ~~ A
v, hf/* are paths on N based at o,ho* respectively. Let c,hc be

the 1-chains corresponding to f/',?lf* respectively. By (10.1) and (10.6)

e’ = 2 [Xw(u’l)al + X(‘)(V’i)éi]

1

Re* - S Bxopal + Fxo(vys))

where i=1,--,p and heH. By (8.5), wd have

Is(he’, &%) = 1s(&, R &™)

= 2 [xw(u)) e —h.xw(Ui) + xo(vi) e hyw(Vy]

i
where i=1,---,p. By (2.6), (2.2) and (1.6), we obtain

15(he,&") = 3 [hex U xw?) + hoxoVpxe (vl

1

= ho 2 Ix(U;) xo@?}) + xw(Vi)X(uW'i)]
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where i :1,---,p. Hence the following holds

(10.8) Is(he’, &) = h oy <2 (U] + viv;]>
i

where i=1,---,p, heH, u]

given by the formulas preceding (10.6).

and V’i are given by (10.1), and U, V; are

We now have to compute the second factor of the right hand side of
(10.8). We write
(109) K = 2 [UiTl’i t Viv’i]’ i-= 1,"',[) .
i

From this and the formulas defining U; and V;, after performing some

rearrangement, we obtain

K =~ (1-w) 2 [(1-3) T, + 1-b)V})

1717171

1
— 3 13T} vibET] + ui(l-a;=b) V] + vi(1-b) ¥l
i

5- 2 <2 dJW> [(l—gi)ﬁ’i + (l—T)l)V,l]
i j
where j=1,--,i—1 and i- 1,---,p. By (1.5), (10.1) and (9.3), the
following holds

(1"'51)3,1 + (1_—61)71 = = d-W,, i= 11"'1 p .

1

By the fundamental formula of the free differential calculus (131, p. 551,
(2.3)) and (9.3) we have

(1010) w~1 = 2 diw,, i= L"‘:P .
i

From the last two equations and (1.5) we obtain

S la-a)T; + A-bpvil = 1-F
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where i=1,---,p. By (1.5), (1.2), (10.1) and (9.1) the following holds

Z[U(l ~a;)u; + vibE W + u(1- a-—b)v +vi(1-b)Vil = A (w' w)

where i=1,---,p. From the last five equalities, we have

= (1-w)(1-7") = A (W, w) — 2 <2 djw) dw’

i i

where j < 1,---,i—1 and i--1,---,p. By (10.10), where now w’ is re-

placed by w, we obtain

K+ (1-w)(1-%") = A w)w) = <W_1~ I w) dyw’

i J

where j=1i,--,p and i=1,---,p. By (10.10) and (1.5), the following hold

K = (1-w)(1-%) = A (W, w) — > (w-1) d;w’ > <2 djw) dyw’
i i j

= (L=w)(1-#) = A (W, w) = w=-DEF -1+ 3, <2 djw) diw’
= —Aj(w) w)+2<2dw) W

where j =1i,--,p and i=1,---,p. From the above we obtain
K=—-AWw,w)+ 2 (d;w) d;w” + 2 <2 djw) dyw’
i k i

where j = k+1,-+,p, k-+1,---,p—1 and i=1,--,p. By (9.5), (9.2) and

9.4), h
(9.4), we have K = AGw,w) .

From the above equality, (10.9) and (10.8), we obtain the following

mtersection formula

(10.11) Is(he’, &%) = ho yoA(w,w’) .
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From this we have the following expansion formula

(10.12) xoh@w,w) = 3 Ish, dHh
where the sum runs over all elements h of H. This sum is finite, be-
cause y and y  are compact. The last formula is obtained by observing
that the left hand side is an element of Z[H], and then computing the
coefficients by use of (10.11) and the formulas for inner products.

We now summarize things: Let N be an oriented closed surface of

genus p > 2, with base point o, and let
F= (al’bl’”"ap’bp 1 [ai’bi]>: i=1,,p
i

be the fundamental group of N, see (Figures 1 and 2). Let G bea
normal subgroup of F, let N be the regular covering surface correspond-
ingto G, and let 6 be a point on N lying over o. Let y,y” be two
loops on N based at o, and let w,w’ be words in a;, b; defining the
elements of F represented by y,y’ respectively. Le., w,w’ are ele-

ments of the free group
(D = (allbli...!aplbp)

of rank 2p. Let ¥,y  be two paths on N based at 6 and lying over

v,y  tespectively.

THEOREM 10.13. If the elements of F defined by w,w’ belong to G,

then v,y are loops, and the following formulas hold

Is(hy’,y) = hoyolA(w,w")

ol (W, w')= 2 1s(hy’, y)h

where the sum runs over all h e H=F/G.
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Proof. Without any loss of generality we can suppose that y,y’ are loops
composed of ai,,Bi’s in accordance with the words w,w’ respectively.
In the present case, because of (10.7), }7* is a loop homotopic to ¥ on
N. Let us denote by 8*,6' the l-cycles corresponding to f/*,f/ respec-
tively. The following hold

Is(hy,9) = Isthy,77) = Ish&, &%) .

From the above, (10.11) and (10.12), follow the formulas of our theorem.

REMARK 10.14. Let us now consider the special case G = F. Then
H=1, N - N, q=identity, ¥ =y and y” =y Thus, the formula of

Theorem 10.13 becomes now
((u/\(w,w’))0 = Is(y}y)
see No. 1, or ([3], p. 549, 0. 18-20).

11. Planar coverings
We now suppose that the group G, of the previous No. 10, is the
normal closure in F of the finite or infinite sequence of elements

(u(wl),w(w2),~--, where wy,w,, -+ are words of the free group ®. Thus,
H - F/G = (al,bl,”-,ap,bp : H [ai’bi]’wl’w2"">
i

where i=1,---,p. Hence H= CI)/GO, where G, is the normal closure in
® of the elements Wo, Wy, Wy, and w, is the product of the commuta-

{ors.

Let now w,w’ be two elements of Gy, then the following hold

b} .
w=u H ukw”t'ﬁk, wi=v H ij)\;vj
k j

where u;, v, are words of @, Hy and )\j are positive, 8k and Ej are
i1, the range of the indices k and j is finite, and u,v are products

. . N/
ol transforms of w1 b, 0 11,
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Let y,y" be two loops on N representing the elements w(w), w(w”’)

of F respectively. The loops ¥,7" are those of Theorem 10.13.

THEOREM 11.1. If the group G is the normal closure in F of the ele-

ments w(wy),w(w,),--, then
2 Isthy, )h = 2 5k€j Xw(uk/\(w#k,w)\j)\—fj)
h k,j

where h runs over all elements of H= F/G. Finally, N is planar if

and only if
Xm/\(wK,wV) = 0

where «,v=1,2,--- .

Proof. Let us denote by yo,y#k,y)\_ loops on N based at o represent-
J ~ o~ ~

ing the elements ("(WO)’("(Wuk)’“’(w)\.) of F, and let yo,y#k,y)\. be
J ]

the loops on N based at & and lying over yo,y#k,y)\_ respectively.
]

Then, ?0 is contractible in 1:1, because w(wo) = 1. Thus, by Theorem

10.13, we have the following

xohwg,we) = 3 Ishig, 7g)h = 0

xoAwg, wy ) = 2 1s(h9)\j,90)h: 0
]

X(o/\(w#k, wy) - 2 Is(hfzo,}?”k)h: 0

where the sums run over all h ¢ H. By Theorem 6.3 and the above three

equalities, the following holds

xol(w,w’) = 2 5k8jxw(ukA(w#k,wAj)Vj) .
klj

By Theorem 10.13, we have the following
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xoA(w,w’) = 2 IS(h?’,;)h .

The last two formulas imply the first formula of our theorem.

By (I5], p. 140, €. 26-29 and p. 165, . 15-17), it is easily proved
that N is planar if and only if the intersection number of any two loops
on N based at o is zero. If N is planar, then we apply the first

formula of our theorem for the special case w= W, w'= w,, and we have

XA W, ,w,) = 2 Isthy,y) = 0, x,v—1,2,.

If the second formulas of our theorem hold, then by the first formula the
following holds ~ ~

Is(y,y) = 0
for any two loops ¥,y  on N based at o. Hence, N is planar. This

completes the proof of our theorem.

REMARK 11.2. In the case of actual computations, Theorem 6.4 may turn

out to be very useful sometimes.

§5. A Conjecture

The formulas of Theorem 11.1 provide us with a solution of the problem
we posed in the Introduction. However, as we have already mentioned
there, the result provided by the solution is not sufficient to solve the
second conjecture of ([7], p. 251). Nevertheless, our formulas may be
very helpful for a solution of the conjecture we express in the sequel.

Let us suppose that, on the oriented closed surface N of genus at
least two, we have two oriented simple closed curves A,B meeting at
only one point with intersection number one. Let A’ be an oriented
simple closed cutve on N homologous to B. Let X,Y and X’ be the
primary simple closed geodesics on N, cortesponding to A,B and A’
respectively (171, p. 270, Lemma (12.2)). Let o, k=1,--+,2mi1 (2 1),
be the common points of X and X’ and let Xy and X’k be the loops
with base point o) defined by X and X’ respectively. Let finally wy
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be the element of F = 7;(N,0;) corresponding to the commutator [Xk,X'k].

Under the above hypotheses we formulate the following conjecture.

CONJECTURE. There is a k(2 1 and < 2m+1) such that the regular
covering of N, corresponding to the normal closure of wy in F, is

planar.

This conjecture implies the second conjecture of ({71, p. 251), but not
conversely. That conjecture is more delicate. Hence, a proof of the above

conjecture would imply a proof of the Poincare conjecture.
PRINCETON UNIVERSITY
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INFINITELY DIVISIBLE ELEMENTS IN 3-MANIFOLD GROUPS

Peter B. Shalen

An element g of a group is said to be divisible by an integer n if
g = x" holds for some element x in the group. We will say that g is
infinitely divisible if it is divisible by infinitely many different integers.

L. Neuwirth (I5], Problem S) has asked whether a knot group can have
infinitely divisible elements other than the identity. We show that it can-
not; more generally, we show that the fundamental group of a compact,
orientable, irreducible, piecewise-linear 3-manifold M has no infinitely
divisible elements # 1, provided that M is almost sufficiently large in
the sense of Waldhausen (see Section 7 for definitions). This is the
theorem of Section 7. A weaker result in this direction was obtained in [2]

The result cannot quite extend to an arbitrary compact 3-manifold M
since a lens space (for example) has a finite fundamental group, and any
clement of finite order in a group is clearly infinitely divisible. However,

one can make the

CONJECTURE (Cf. [20], p. 87). Every compact, irreducible, orientable,
piecewise-linear 3-manifold with infinite fundamental group is almost

sufficiently large.

Now it follows from Moise’s triangulation theorem ([8], [9]; also [11;
and [13]) and a theorem of Kneset’s ([5]; see |7] for a good discussion)
(hat for any compact, orientable 3-manifold M, #,;(M) is isomorphic to
a1 finite free product of infinite cyclic groups and fundamental groups of
compact, irreducible, orientable 3-manifolds. It is easy to see that an

infinitely divisible element in a free product must be conjugate to an

YD
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infinitely divisible element of some factor. Using the theorem of Section 7,
the above conjecture would therefore imply that an element of 7 (M) is
infinitely divisible only if it has finite order. By considering the orient-
able double cover, one could extend this result to the non-orientable case
(cf. Lemma 13 in Section 7 below).

It should be noted that the compactness hypothesis is essential, since
there exists an open subset of Euclidean 3-space whose fundamental
group is isomorphic to the additive group of rational numbers (see [3]).

The proof of the theorem depends heavily on Haken’s theory of hierar-
chies; the only facts needed are contained in [20], and we review them in
Section 7. An arbitrary sufficiently large manifold can be built up from
one or two 3-cells by successive application of a boundary-gluing process.
Using this, the proof of the theorem reduces to comparing the divisibility
properties of elements of an incompressible (cf. Section 1) piece of the
boundary of a 3-manifold, with the divisibility properties of the same ele-
ments regarded as lying in the fundamental group of the 3-manifold. This
is done in Sections 2 -4 for boundary pieces that are not tori, and in Sec-
tion 5 for tori. The results obtained in the two cases (Prop. 2 of Section 2
and Prop. 3 of Section 5) are rather different. The problem of extending
the results of Sections 2-4 directly to tori is related to the problem dis-
cussed in Section 3 after the definition of an ‘‘envelope.”’

I would like to thank W. Jaco and B. Evans for pointing out the proof
of Proposition 1 of Section 1 based on Waldhausen’s generalized loop
theorem, which is much simpler than my original proof. They had obtained
a similar result independently. I would also like to thank F. Waldhausen
for a series of interesting discussions on the unsolved problem discussed
in Section 3. Finally, I am indebted to Marcelo Kupferwasser and to the

referee for correcting a good many errors in the original typescript.

§0. Conventions
We work in the piecewise-linear (PL) category everywhere (except

in Section 4 where we briefly consider the simplicial category). Thus all
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manifolds, maps, homeomorphisms, homotopies, isotopies, etc. are under-
stood to be PL. A surface is a connected 2-manifold. A disc is a (PL)
2-cell; an arc is a (PL) 1-cell; tori, annuli, etc. have the usual PL struc-
tures. The boundary and interior of a manifold M are written dM and l\(;l
On the other hand, if X is a subset of a space Y, the frontier and (set-
theoretic) interior of X in Y are denoted Fr X and Int X (or FryX
and Inty X).

By a simple curve we mean simply a (PL) l-sphere. On the other
hand, a singular curve is a (PL) map of the standard 1-sphere s! (bound-
ary of the standard 2-simplex) into a space (polyhedron). A singular curve
which is 1-1 will sometimes be called a parametrized simple curve, or a
parametrization of its image.

In any connected polyhedron P, there is a bijective correspondence
between (free) homotopy classes of singular curves in P, and conjugacy
classes in 7,(P). (Here, as in other statements that are independent of
the choice of a basepoint, we suppress the basepoint.) THE CONJUGACY
CLASS ASSOCIATED WITH A SINGULAR CURVE ¢ WILL BE WRITTEN
lol. If the singular curves o,7 are such that [r] = [o]k, k an integer, we
will say that r is homotopic to a k-th power of o. (Operations in a
group such as raising to the k-th power are clearly defined on conjugacy
classes.) We will say that 7 is a k-th power of o if r(Sl) = U(Sl), and
7 is homotopic to a k-th power of ¢ in the space U(S1 ). Singular curves
o and 7 are said to be anti-homotopic if r is homotopic to a minus-first
power of o. A singular curve is homotopic to a power of a simple curve y
if it is homotopic to a power of an orientation of y. A singular curve is
contractible if it is homotopic to a constant map; a simple curve is con-
tractible if a parametrization of it is contractible.

Two embeddings f,g:P -» Q are isotopic if there is a map H: P x1,Q,
such that for all t eI the map Hi:P-Q defined by Ht(p) = H(p, t) is
an cmbedding, and such that Hy =f, H; = g. They are ambient-isotopic

if there is a homeomorphism h:Q > Q, isotopic to the identity, such that
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heof=g, Two simple curves are isofopic if they have isotopic orienta-
tions; two arcs a, 8 C Q are isolopic with endpoints fixed if there is a
homeomorphism j:a » B which is isotopic in Q to the inclusion, under
an isotopy which is constant on da.

An (n—1)-manifold N contained in a n-manifold M is 2-sided if
there is an embedding c:N x [—1,1] > M such that c(Nx[-1,1]) is a
neighborhood of N in M, and c(n,0)=n for all ne N. Such an embed-
ding c is called a collar neighborhood of N. If N is 2-sided in M,
then in particular NN dM=0JN. If N is 2-sidedin M and f:M > M is
a map, M’ a manifold, we say that f is transversalto N if f~INy = N
is a 2-sided submanifold of M’, and if there exist collar neighborhoods
c,c” of N,N’ such that f(c’(N"x §t})) C c(Nx{t}) for all tel-1,1]. It is

‘‘general-position’’ condition: for ex-

well-known that transversality is a
ample, if M’ is compact, f:M"> M is such that f(OM)C dM, N is
2-sided in M, and floM" is transversal to dN C aM, then f can be
approximated (in the metric sense, say) by a map which agrees with f on
dM and is transversal to N. (These facts will be used only for dimen-
sions < 3.)

The fundamental results of Papakyriakopoulos on 3-manifolds — Dehn’s
lemma, the loop theorem and the sphere theorem ({111, 112]; see also [14],
[16]) are crucial for the arguments in this paper. Many of the applications

are made via two corollaries which we state below, with references or in-

dications of proofs, as Principles 1 and 2.

DEFINITION. Let T be a surface in a connected 3-manifold M such
that either T is 2-sided or T C IM. We say that T is incompressible
in M if T is neither a disc in dM nor the frontier of a 3-cell in M,
but 7;(T) »7;(M) is injective. More generally, if a 2-manifold T is
either 2-sided in M or contained in aM, T is incompressible in M if

each of its components is incompressible.

PRINCIPLE 1. Let M be a connected 3-manifold, and let the 2-manifold

T be either 2-sided in M or contained in dM. Assume that T is neither
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adisc in M nor the frontier of a 3-cell in M. Then T is incompressi-
ble if, and only if, for every disc A CM such that A N T =JdA, JA

bounds a disc in T.

Proof. The ‘‘only if’’ assertion follows from the elementary fact that a
contractible simple curve in a 2-manifold always bounds a disc. The
““if’’ assertion is essentially the second sentence of 2.B.1 on p. 14 of
[17]. (A slight paraphrase of this sentence is, “if T is a compact
2-sided surface in a 3-manifold M and cannot be reduced, then ﬂl(T) -
7;(M) is injective.”” The statement that T ‘‘cannot be reduced’’ is pre-
cisely the hypothesis of our assertion; and the compactness of T is not

used in the proof of the second sentence of 2.B.1.)

DEFINITION. A homotopy 3-cell is a compact, contractible 3-manifold

whose boundary is a 2-sphere.

PRINCIPLE 2. Let M be a connected, orientable 3-manifold. We have
m,(M) = 0 if and only if every 2-sphere in M bounds a homotopy 3-cell
in M.

Proof. This is proved in the same way as Theorem 2 on p. 5 of (7], ex-
cept that the term ‘“cell’’ is replaced in both its occurrence by ‘‘homotopy
3-cell,”’ and the reference to the Poincare hypothesis is deleted. The
fact that a simply connected 3-manifold bounded by a 2-sphere is a
homotopy 3-cell follows from Poincaré duality and the Hurewicz theorem.
Finally we use the following general conventions. All unlabeled
homomorphisms (e.g. 7;(X) »7,(Y)) are understood to be induced by in-
clusion. The Euler characteristic of a finite polyhedron P is denoted
x¥(P). We use c(x) to denote the conjugacy class of an element x of a

group, and <x> to denote the subgroup generated by x.

§1. Divisibility of loops in boundary surfaces
We define a notion of divisibility for conjugacy classes in the funda-

mental group of a surface, and prove a result (Proposition 1) to the effect
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that the divisibility associated to a curve in the boundary of a 3-manifold
depends only on its homotopy class in the manifold. The proof of Proposi-
tion 1 given here is due to W. Jaco and B. Evans; it uses Waldhausen’s

generalization of the loop theorem [19].

LRMMA 1. Let G be the fundamental group of an orientable surface.
Any g« G-{1} can be written as x", where x is primary in G and

n> 0; moreover, n and x are uniquely determined by g.

Proof. This is obvious if G is free abelian. We can therefore assume
G= nl(T, p), where the surface T is not a torus. Let ('i‘,IJ) be the
based covering corresponding to the centralizer of g in G. Then ’i‘ is
an orientable surface, not a torus, and nl(’i‘) has non-trivial center.

In particular, 'i‘ cannot be closed. Hence nl(’i‘) is free. As nl(’i‘)
has a center, it has rank 1. Thus the centralizer of g in G is infinite

cyclic, and the lemma follows.

DEFINITION. In the situation of Lemma 1, x is called the primary root,
and n the divisibility of g in G. As n obviously depends only on the
conjugacy class ¢(g) of g, it may also be called the divisibility of
c(g). The divisibility of a singular curve o in a 2-manifold T is the
divisibility of lo]C 7(T,), where T, is the component of T contain-

ing U(S1 ).

COROLLARY 1. If an element of 7 (T), T an orientable surface, 1S
divisible by an integer k, its divisibility in = (T) is an integer divisi-

ble by k.

COROLLARY 2. If gen (T) has divisibility k, then g™ has divisi-

bility Imik for any integer m # 0.

In particular g™ and g™ have the same divisibility only if m = +m’",

Hence:
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COROLLARY 3. A cyclic subgroup of 7,(T) contains only two elements

of a given divisibility.

The next lemma is well-known and may be proved in the same style as

Lemma 1.

LEMMA 2. If T is an oriented surface, a conjugacy class in 7,(T),
represented by a non-contractible parametrized simple curve in T, is

primary.

PROPOSITION 1. Let T be an incompressible 2-manifold in the bound-
ary of an orientable 3-manifold M. Then a.ny two non-contractible singu-
lar curves in T, that are freely homotopic in M, have the same

divisibility in T.

Proof. Assume the assertion false. Then there are singular curves o .0,
in T, homotopic in M, with respective divisibilities m;,m, in T,
where m; < m,. Write T;(i=1,2) for the component of T containing
ai(Sl). Fix a basepoint t ¢ T,. We may take o0, to be based, so that it
defines an element g, of nl(Tz,t), and denote by x the primary root
of g, in 7,(T,,t). The infinite cyclic subgroup <x> of n](M) deter-
mines a covering space 1\~ll of M with a canonical basepoint t. Let p
denote the covering projection and let &2 be the lifting of 0, based at t.
Identify nl(M) with Z insuch a way that x = 1. As 7 is abelian,
every free homotopy class of singular curves in M defines an integer.
Clearly [72 defines the integer m,. i
By the covering homotopy property, the based lifting ;72 of o, to M
is freely homotopic in M to some lifting 01 of o;, which again repre-
sents the integer m, if regarded as a loop in M. The components Tl,T2
of p ~1(T) that contain (’1' 02 are mcompre551b1e but have non- tr1v1al

fundamental groups; thus nl(T ) = nl(T ) =~ 7., and by orientability T

3]

and T, are open annuli.
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I claim that there exist non-contractible parametrized 51mp1e curves
51 52 in Tl,T2 that are homotoplc in M. This is trivial if T1 = ’i‘

If T1 11:T2’ the open subsets Tl,T2 of aM are disjoint and contain
the mutually homotopic closed curves 01, 02 which are non-contractible
in M. The claim therefore follows from the theorem of [19].

Now since ’i‘z is an annulus and nl(’i‘ ) » nl(M) is surjective by
construction, rfz represents an integer u= 11, Hence so does 51 Let
01(1) q, and let 61 be based at q; then the loop fl u*ol1 represents
0, and is therefore null-homotopic in Tl' It follows that [[71] is divisi-
ble by m, in nl(’i‘l), and therefore that [01] is divisible by m, in
”1(T1 ); thus mzl\m1 by Corollary 1 to Lemma 1, and the assumption

m; <m, is contradicted.

§2. Divisibility of boundary curves in the interior

DEFINITION. A 3-manifold pair is a pair (M, T), where M is a con-
nected 3-manifold and T C IM is a surface. (M, T) is acceptable if
772(M) =0, M is orientable, and T is compact and incompressible (Sec-

tion 0).
N.B. We may have dT # @.

DEFINITION. Let (M,T) be a 3-manifold pair, and let c(g) # {1} be a
conjugacy class in 7 (T) having divisibility k. If the image of c(g)
in 7, (M) is divisible by some integer £> 2k, c(g) will be called
special (with respect to (M, T)).

The object of Sections 3 and 4 is to prove:

PROPOSITION 2. Let (M, T) be an acceptable pair. Then:
(a) Any special conjugacy class in m, (T) can be represented by
a power (Section 0) of a parametrized simple curve in T.
(b) If T is not a torus, then any finite set of special conjuacy
classes in nI(T) can be represented by a set of powers of

disjoint parametrized simple curves.
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Now it is well-known and easy to prove that for any compact orientable
surface T, there is an integer N(T) such that T cannot contain more
than N(T) disjoint, non-homotopic, non-contractible simple curves.

Assuming the truth of Proposition 2, a set of special conjugacy classes
in 7,(T) can be represented by powers of disjoint parametrized

Cl’”" Cn

simple curves 'y, -, y, in T. If we assume in addition that the c;
all have the same divisibility k, Corollary 3 to Lemma 1 of Section 1 im-
plies that at most two of the y; can lie in any given cyclic subgroup of
7,(T); hence by the fact just recalled, n< 2 N(T). In particular we

obtain the

COROLLARY TO PROPOSITION 2. If (M, T) is an acceptable pair and
T is not a torus, 7,(T) contains only finitely many special conjugacy

classes having a prescribed divisibility in = (T).

It is this group-theoretical conclusion that is used in the proof of our

main result.

§3. Cutting and pasting
This section is preliminary to the proof of Proposition 2. 1t is
assumed in this section and the next that (M, T) is an acceptable pair.

The following technical notion is central to the argument:

DEFINITION. Let o be a non-contractible singular curve in T. An
envelope for o is a compact 3-manifold K CM, such that
(i) every component of JdK is a torus and
(ii) the conjugacy class [o] C 7,(B), where B is the component
of dK containing o, is special with respect to the
3-manifold pair (K, B).
Set A=K N dM. The envelope K is called normal if the following

extra conditions hold:
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(iii) A=T if T is a torus, and A, is an annulus otherwise; and
(iv) the 2-sided 2-manifold ((3K)—/Q\ is incompressible in M.

If o has an envelope, it is said to be enveloped.

The obvious examples of enveloped curves are obtained as follows:
Let (MO,TO) be a 3-manifold pair, and let B C T, be an annulus. Let
y be a non-contractible simple curve in (9(D2 xS!) such that
[ylc 771(D2 x S!) has divisibility > 2. In the disjoint union of M, and
D? x st, identify B with a regular neighborhood of y in AD? xSty
this gives a 3-manifold M, and we canset T = (T,U (D2 xSy — 103
It is easy to find conditions guaranteeing that (M, T) is acceptable. In
this case D? x S! is clearly a (normal) envelope for any non-contractible
o in dD?*xsh) - B.

The most vexed (and vexing) question left open in this paper is whether
every enveloped singular curve has an envelope homeomorphic to D? x st.
This could perhaps be settled by F. Waldhausen’s unpublished ‘‘torus-

annulus theorem.”’

LEMMA 3. An enveloped singular curve has a normal envelope.

Proof. Let o have the envelope K. By enlarging K if necessary, we
may assume that KN JM is a 2-manifold. We may further assume that
K N JM is connected and is contained in T; for if this is not the case,
we can modify K by a (non-ambient) isotopy which is constant on a regu-
lar neighborhood N of oy (Sl) in KN oM, and moves (JK)—N into I\o/l
To prove the lemma we must choose K so that (a) the surface A :
K N JOM is a torus or annulus, (b) A- T if T is a torus, and (c) each
component of (aK)——; is incompressible.
We claim, first, that if either (a) or (c) fails to hold, then o has an
envelope K’ suchthat K'NJM is again a surface in T, but such that
M—K’ has fewer components than M—K; and that if K satisfied (b),

then so will K.
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First suppose that (a) does not hold. Let B, denote the component
of JK that contains A; then since B, is a torus, m;(A) » 7,(By) can-
not be injective. Hence some component C of JA bounds a disc
AcC BO——/O\; as T is incompressible, C must also bound a disc D C T.
But since A is connected and contains the non-contractible curve o, we
must have DC T—/i. Now A UD is a 2-sphere, and by Principle 2 of
Section 0 it bounds a homotopy 3-cell E; since K is connected and
contains the non-contractible curve ¢, it can intersect E only in A.

We may set K'= KU E, proving the claim in this case.

Now suppose that (a) holds but that (c) does not. Then some com-
ponent S of (aK)—; fails to be incompressible. Now it follows from
(a) that A is incompressible; for T is incompressible, #,(T) is torsion
free, and A contains a non-contractible curve. Hence if A is an annulus
the annulus A’ C (aK)—;\ which has the same boundary as A is also
incompressible, since its generating curve defines the same conjugacy
class in 7{(M) as the generating curve of A. Therefore S must be a
torus. As S is not incompressible, we may use Principle 1 of Section 0
to replace a non-contractible annulus in S by two discs, thus producing
a 2-sphere S"CM. Then S° is homologically trivial, since 772(M) -0,
and therefore S is also homologically trivial. It follows that S bounds
a compact PL 3-manifold R C M—K. We can set K° = KUR, and the
claim is proved in this case as well.

It follows from the claim just proved that ¢ has an envelope K,
satisfying (a) and (c). Then K, is normal unless (b) fails to hold, i.e.
unless T is a torus but A, = K, N JM is an annulus. In this case, let
K, be a regular neighborhood of K; UT. K, clearly is an envelope for
o and satisfies (b).

Hence by the claim proved above, o has an envelope Kj, satisfying

(a) and (c), and (b) as well.

COROLLARY 1. If o is enveloped then lol| is special with respect to

M, T).
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A converse to Corollary 1 will be proved as Lemma 7 of Section 4.

COROLLARY 2. An enveloped curve is homotopic in T to a power (Sec-

tion 0) of a parametrized simple curve.

Proof. Every singular curve in a torus or annulus is homotopic to a power

of a parametrized simple curve

LEN})MA 4. Let K,,K, be normal envelopes for singular curves oy, 0,
in T. Set A;=K;NJM(i=1,2) and suppose that JA; and dA, inter-
sect each c(J)ther transversally. If (JA;) N (JA,)# O, then there exists a
disc A CT whose boundary is of the form b, U b,, where b, CJA; Iis
an arc (i=1,2), and b, N b, = 8b1 = (9b2.

Proof. By taking K, and K, in general position, without altering A
and A,, we may assume that FrK, and FrK, (which by normality are
2-sided 2-manifolds) intersect transversally.

By hypothesis A, and A, have non-empty boundaries. Since the
envelopes K, and K, are normal, itofollows that A; and A, are annuli
and that T is not a torus. Let y; C A; be a simple curve carrying a
generator of H;(A;). Any 2-sided surface in K; has an integer intersec-

tion number with y;, defined up to sign. We claim that

(%) No 2-sided surface in KX; (i=1,2) can have intersection

number *1 or £2 with y,; .

To see this, fix orientations of Yi and of the 2-sided surface J C Ki’
so that the intersection number y; - J is a well-defined integer. Let
k> 0 denote the divisibility (Section 1) of the singular curve o; in aKi.
Since o; is in Aj, itisa + k-th power (Section 0) of y,. Hence o; -J=
tk(y;+J). On the other hand, since o; is specialin K; by the defini-

tion of an envelope, [O'i] is divisible by some integer > 2k in 7,(K;);
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therefore o; - J is divisible by £. Soif yi - J were *1 or £2, then
?>2k >0 would divide either k or 2k, which is impossible., Thus ()
is proved.

Write A'i (i=1,2) for the 2-sided annulus Bi_;ic M, where B; is
the component of JK; containing A;. We will say that a 2-sided arc a
in an annulus A fraverses A if the endpoints of a lie in different com-
ponents of JA. The lemma is proved by distinguishing two cases, accord-
ing to whether (I) each arc, which is a component of A} N A'2, traverses
both A" and A’,, or (II) some component of A"y M A’, is an arc which

does not simultaneously traverse A’y and A’,

Proof in Case I. By hypothesis, dA; = JA"} has non-empty and trans-
versal intersection with (9A2 = dA’); in particular, JA, intersects A,,
and an arbitrary component of (JA;) N A, is an arc B, 2-sided in A,.
The endpoints of B lie in dA; NJA, = dA7 N JA,. The components
a,a® of A’ N A’ containing these endpoints must be arcs by trans-
versality (A} and A’, are components of FrK, and FrK,). Since we
are in case I, @ and a* must traverse A'l. It follows that a U a® is
the frontier in A"} of a disc [““rectangle”] RC A", suchthat BCR.
The boundary of R consists of a, 3, a* and another arc B*C dAY = dA,
We claim that dR C K,. In fact, by construction we know that a U a*
CA’ and BC A, Hence, by transversality, K, contains some neigh-
borhood of al ,8 Ua* in R. Thus if B* were not contained in A,
K, N aM,B would intersect JA, = dA’); and forany x ¢ B N 0A’,,
the component a, of A’ ;N A2 containing x would be an arc, again by
transversality. But a;, would be contained in R, since it could not
intersect ¢ or a*. Furthermore, since we are in caseI a, would
traverse A’;. Hence a, would have an endpomt in B This is impossi-
ble; for since B is 2-sided in A,, we have B NJA’, = @. Thus the
claim is proved.

By transversality, the component J of A'] nK, containing JR is
a 2-sided surface in K,, and JCR. Since A7 2 J is 2-sided in M
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we have JMN A, C JN IMC JR. This shows that the intersection number
¥, - J in K, is numerically equal to the intersection number ¥y * OR in
B, (both are defined up to sign).

We can now show that 8 and B* do not both traverse A,. Todo
this, consider the simple curve JR C B,. Here B, is the union of the
annuli A, and A’), whose intersection is their common boundary; and
OR consists of the disjoint arcs a and a®, which are 2-sided in A'z,
and the disjoint arcs 8 and B%*, which are 2-sided in A,. Furthermore,

* Dboth traverse A'2. If, in addition,

since we are in case I, a and a
both B and B* were to traverse A,, JR would have intersection num-
ber £2 with y,, since y, represents a generator of H{(A,). By the
last paragraph we would have y,-]J = +2 in K,, contradicting the above
observation ().

Let b, be one of the arcs B,B%, chosen so as not to traverse A,.
Then b, is an arc contained in A, N dA; and 2-sided in A,, and its
endpoints lie in a single component C of JA,. Hence there is an arc

b, CC such that b; U b2 bounds a disc A C A,, and the lemma is

proved in Case I.

Proof in case II. In this case we may assume, by symmetry, that some
component of A} N A’ is anarc a which does not traverse A’|. Hence
there is an arc by C JA"} such that a U b, bounds a disc [““hemi-disc’’|
H, C A’;. We may suppose a to be chosen so that H; is minimal, i.e.
contains no other arcs which are components of A’} N A’,. Thus (by
transversality) Db1 will contain no points of dA7 N JA", = JA; N JA,.

Tt will be shown presently that a cannot traverse A’,. This will im-
ply the lemma via the following argument. Since a does not traverse A'2
there is an arc b, C JA’, such that a U b, C)bounds adisc H, C A%,.
Now b, Ub,CT isa simple curve, since b; contains no points of
dA’] N JA%,. On the other hand, the existence of the discs H; and II,
guarantees that b, and b, are each isotopic in M, with endpoints
fixed, to a. Hence b; U b2 is contractible in M; since T is incom-

pressible, by Ub, musl bound a disc A ¢ T, as required.
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It remains to sh(c))w that @ cannot traverse A'z. For this purpose,
observe that since b, C oA, contairgs no points of dA; N 8A2, we have
either (i) b, C A,, or (ii) b, C T—A,. We will assume that «
traverses A'z, and derive separate contradictions in the subcases (i)
and (ii).

First suppose that (i) holds. Then a and b; are 2-sided arcs in
A% and A, respectively, and they have the same endpoints in JA, =
dA’, (since aUb; =JH,). Hence if we assume that a traverses A%,
it follows that b; traverses A,, and the simple curve (9H1 =a b,
has intersection number +1 with Y, in the torus A, U A, = B, ¢ K,.
Now the component J of A’ N K, that contains dH, is a 2-sided
surface in K,, by transversality, and JC H;. Since A7 D] is 2-sided
in M, we have JM A, CJNOJIMCJH;. It follows that ] also has inter
section number +1 with ¥, But this contradicts () once again.

Finally, suppose that (ii) holds. Let L be a regular neighborhood of
b, in T—/O\z, such that L M JA, is a regular neighborhood of
by NJA, - db; in JA,. Then L is adisc and intersects A, intwo
arcs, which lie in different components of (9A2. Since T is contained
in the boundary of the orientable manifold M, and is therefore orientable,
it follows that L U A, is a disc with one handle.

On the other hand, let L* be a regular neighborhood of a in A%
Since da = db;, we may choose L* sothat L¥N (9A2 =L N (9A2. The
frontier of L (resp. L* in T- 10\2 (resp. A’)) consists of two arcs
Py P, (resp. p’f,p;); we may index these arcs so that dp; - (3p’ik(i= 1,2).
Now the existence of the disc H; guarantees that a is isotopic to b,
in M, with endpoints fixed. It follows that p; is isotopic to p;k in M
with endpoints fixed, for i=1,2.

Assume that a traverses A'Z. Then A'2—L* is a disc, whose
boundary consists of p’f, pz, and two other arcs 71,7, C JA%,. Itis
clear that the boundary of the disc-with-handle L U A, is precisely
pyUryUp,Ur,. Since p; is isotopic to p?,()(LU A,) is isotopic to

the boundury of the disc A, — 1.*, and is therefore contractible in M.
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But T is incompressible, and so d(LU A2) must bound a disc in T.
Thus T contains a disc and a disc with one handle having the same
boundary. This is impossible, since we observed at the beginning of
this argument that T cannot be a torus. This contradiction completes

the proof.

COROLLARY. Assume that T is not a torus. Let O1r 0y be en-

veloped singular curves. Then the o, are homotopic to powers of dis-

joint simple curves.

Proof. 1t is enough to show that the o; are homotopic to enveloped
curves U’i , which have normal envelopes K; (1 <i<n) such that the
sets d(K; MNJM) are disjoint. For then, since T is not a torus, the

normality of the K; will imply that the sets K; M oM are annuli; and

; will be homotopic to a power of either

since ¢’ lies in K; NoM, o

component of d(K; 1 dM).
Inductively we may assume that oy,-:,0, 4 already have normal

envelopes K,,:-,K, ; such that (K, NIM),--, d(K,_,NoM) are dis-

joint. Now by Lemma 3, o¢_ has a normal envelope K. By taking K,

n
in general position we may suppose that d(K,M0oM) intersects
(K, NIM) U - U a(K,_,

in the latter intersection is > 0, we will show how to homotop o, toa

N OM) transversally. If the number v of points

curve o, which has an envelope K; such that 8(K;ﬂ(3M) intersects

d(K; N alr\;l) U--uUdK, ;N OM) transversely in fewer than v points. By
induction on v, this will prove the corollary.

Since v > 0, Lemma 4 gives a disc A C ’;‘ with JdA = b]- U b, where
bj C B(Kj NoM) for some j<n, b, C (K, N dM), and b]- Ub, = ab]. = db,.
Among all such discs let A be taken to be minimal with respect to in-
clusion. Then A is disjoint from d(K;NoM)U---U (K, N oM).

Hence if U is a small neighborhood of A in T, there is a homeo-

morphism J:T » T, isotopic to the identity rel (T —U), such that
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J(A(K,NIM)) has exactly v—2 intersections with K, NoM) U - U
8(Kn_1 N dM), all transversal. Extend ] toa PL homeomorphism
J:M - M, and set Ufl:joan, Kzrjf(Kn).

§4. A tower

We use a ‘‘tower’” argument — following ideas of Papakyriakopoulos
((12}), as refined by Shapiro, Whitehead and Stallings ([14], [16]) — to
produce a converse to Corollary 1 to Lemma 3 of Section 3. Combined
with the corollary to Lemma 4, Section 3, this will prove Proposition 2,
which was stated in Section 2.

It will be useful in what follows to distinguish between simplicial
complexes and polyhedra: by a (finite-dimensional) polyhedron we under-
stand a subset of a Euclidean space which is the underlying set L| of
some (locally finite, geometric) simplicial complex L. Similarly, we dis-
tinguish between simplicial maps and piecewise-linear (PL) maps: a map
f:P > P’ of polyhedra is PL if there are simplicial complexes L, L’
with L} = P, |L’| = P, suchthat f “‘is”’ a simplicial map from L to L"

DEFINITION. Let L and L’ be finite simplicial complexes, and let
¢:L > L" be asimplicial map. The complexity of ¢ is the number of

unordered pairs {v,w} of vertices of L such that &(v)= H(w).
Whereas:

DEFINITION. Let P,Q be polyhedra, and suppose that P is compact.
The complexity of a PL map {:P » Q is the smallest integer v for
which there exist simplicial complexes L,L’ with |[L! = P, |L’] = f(P)
C Q, suchthat f ‘‘is’’ a simplicial map of complexity v from L to L’

We will write v(f) for the complexity of f.

The significance of this notion of complexity (a measure of the failure
of a map to be 1-1) lies in the following lemma, essentially due to
Stallings. Recall that a lifting of a PL map to a PL covering spaces is

Pl.. A covering space is trivial if the covering projection is a homeomor-
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LEMMA 5. Let f:P > Q be a PL map of polyhedra, where P is com-
pact, and suppose that 7 (f(P)) » 7;(Q) is surjective. If f has a lifting
f toa given non-trivial PL covering space Q of Q, then V(f) < v(f).

Proof. Let L and L’ be simplicial complexes such that |L| = P
iL"! = f(P), and f:L » L’ is a simplicial map of complexity v(f). Let
p: é > Q be the covering projection, and let f\(’P\’) denote the component
of p_l(f(P)) that contains I'(P). Then f(IF;) is a covering space of f(P).
Hence f(ﬁ) can be identified (piecewise-linearly) with |I:'|, where L
is a simplicial complex, in such a way that p!fJ(E’) is a simplicial map
from L’ to L% and the lifting f:L oL is automatically simplicial.
To prove the lemma, it suffices to show that this simplicial map
f:L->L" has complexity less than v(f), which is the complexity of the
simplicial map f:L - L" Since f = fo p, any two vertices of L which
have the same image under I' also have the same image under f; so
f:L > L has complexity < v(f). If equality held, then p',%(P) would be
1-1 and would therefore map rrl(%(P)) isomorphically onto 7 (f(P)).
Since by hypothesis 7, (f(P)) » 7,(Q) is surjective, it would follow that
7 (é) » 7,(Q) were surjective, contradicting our hypothesis that é

connected and non-trivial.

It is assumed for the remainder of this section that (M, T) is an
acceptable pair. Note that if M is a finite covering space of M and T
is a component of the induced covering space of T, then (M, T) is

again an acceptable pair.

LEMMA 6. Let o be a non-contractible singular curve in T. Let M
be a 2-sheeted covering space of M, and let T bea component of the
induced covering space of T. Assume that o has a lifting o to ’i‘,
and that [} C 7,(T) has the same divisibility as [0} C 7 (T). Finally,
assume that & is enveloped. Then o is homotopic in T to an en-

veloped singular curve.
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Proof. Let r: M - 1\71 denote the (non-identical) covering transformation.
Then r2 = 1, but 7 has no fixed points. Let p:M - M denote the
covering projection.

By Lemma 3 of Section 3, o has a normal envelope I~( Set A = I~( n
IMC T. By taking K in general position we may assume that dA and
a(r[\) intersect transversally. (Of course this condition, and the following
seven paragraphs, are vacuous in the case that A is a torus.)

We claim that if JA N a(r;\) # @, then there is a disc AC T such
that (i) dA is a union of two arcs by € 9A and b, C a(r;\), (i1) Z is
disjoint from JdA and from Jd(rA), and (iii) A NrA = @.

To prove this, first apply Lemma 4 of Section 3, placmg tildes on M
and T, and taking o, = o, g, = 70, K, = K K, = 7K. This shows that
there is a disc A satisfying (i). If A is taken to be minimal among all
discs satisfying (i), then by transversality [cf. proof of Corollary to
Lemma 4, Section 3] it will satisfy (ii) as well.

The proof of the claim will be completed by showing that (iii) follows
from (i) and (ii).

If (iii) does not hold, then either TA or d(rA) intersects A. In the
first case, since A is a component of the set IM— (aAU a(rA)), which is
invariant under 7, we must have rﬁ A. Hence 7A = A, and the
Brouwer fixed-point theorem implies that 7 has a fixed point. This is a
contradiction,

Now suppose that d(rA) intersects A. Then either b, or b,
intersects A. Suppose for example that rb; N A £ @. Sirice b; is the
closure of a component of 9A — 6(72\), b, is the closure of a component
of O(TA) — JA. The only sets which intersect A and which may be com-
ponents of a(rA) - BA are b2 and y — b2, where y is the component
of a(rA) containing b,. If 7b; = b,, then the simple curve b; U b, is
invariant under 7. But A is the only disc in dM whose boundary is
bl U b2; for otherwise the component of 81\-/1 containing o would be a
2-sphere, and o would be contractible, Hence we again conclude rA=A,

and again we have o contradiction.
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Finally, suppose that rb; =y — ob2, where y is a component of
c?(TA). Note that since 700 is a non-contractible singular curve in the
annulus TA, it is homotopic in T;Ax to a k-th power (k > 0) of some
parametrization y, of y. Since lyo] C ﬂl(’i‘) is primary by Lemma 2 of
Section 1, k is the divisibility of (6] in ﬂl(’i‘). On the other hand,
since b, U b2 bounds a disc AC T, y is isotopic to the simple curve
by U (y—obz); and the latter is invariant under 7, since 7by =y — c{)z.
Hence [poyylC m (T) is divisible by 2, and [poal=Tfol C 7 (T) is
divisible by 2k. But by hypothesis, [o] has the same divisibility in
7 (T) as fo] in nl(’i‘), namely k. But this contradicts Corollary 1to

Lemma 1 of Section 1.

From the claim just proved we can deduce that if dA N B(TA) £ 0,
then there is a singular curve o’ homotopic to o on ’i‘, and a normal
envelope K’ for o', such that if we set A= K'N c?M,aA' and T(&A')
intersect transversally and in fewer points than aA and r(aA). In fact,
the claim implies that there is a PL homeomorphism f)’i‘ - ’i‘, isotopic
to the identity rel c?’i‘, such that f)(aA) N f)(a(n&)) contains four points
fewer than 9A N c?(TA). We can extend § to a PL homeomorphism
E: M-M whichis PL isotopic to the identity. Then o’=Hhoo and
I~(’=B(I~() are the required curve and envelope.

We may therefore assume that
® IANIGA) = & .

By taking K in general position, we may further assume that
2) Fr K and Fr (TI~() intersect transversally .

We now claim that if some component y of (Fr I~() n Fr(TI~() bounds
a disc in Fr I~( orin Fr (Ti() then there is a homotopy 3cell EC M
such that (i’) JE is a union of two discs D, CFr K and D, C Fr (TK)
3ii") D1 is disjoint from Fr(TK) and (iii") (dD; YN 7(dDy) - (i}
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To prove this, recall that since the envelope K is normal, Fr K is
an 1ncompre551ble 2-manifold. Now if y C Fr K NFr (TK) bounds a disc
D; CFr K, say, we may take D; to be minimal, so that D1 contains no
components of Fr KN Fr(TK) By incompressibility, y also bounds a
disc D, C Fr(rK), and the minimality of D, implies that D; U D, isa
2-sphere. By Principle 2 of Section 0, D; UD, bounds a homotopy
3-cell EC 1\71, which therefore satisfies (i"). The minimality of D; im-
plies (ii").

The proof of the claim will be completed by showing that (iii") follows
from (i) and (ii"). Note that dD; and 7(dD;) are components of Fr K
N Fr(K). Hence if (iii") does not hold, we must have 7(dDy) = dD;. Now
D, is the unique disc contained in Fr K and bounded by 0D1; and D2
is the unique disc contained in Fr 7K and bounded by 8D2 = (?D1 = r(aDl).
It follows that 7D, =D,, and hence that D, ubD, = JE is invariant
under 7. But E is the only homotopy 3-cell in M bounded by JE, and
so 7E = E. By a familiar application of the Lefschetz fixed point theorem,
7 must then have a fixed point, which is impossible. Thus (iii") is
established.

From the last claim we can deduce that if some component of Fr KN
Fr 7K bounds a disc in Fr I—( orin Fr rI~(, then there is an envelope I~(
for & suchthat K'N 6M=1~\, but such that Fr K” and FrrK’ intersect
transversally in fewer components than Fr K and Fr K. In fact, if E
is the homotopy 3-cell given by the claim, let P be a small regular
neighborhood of E such that (Fr I~() NP and Fr (rf() NP are discs
D;k 2D, and D; >D,. Let DI*'C JdP be a disc which is disjoint from
D; and which has the same boundary as Dr. Then D;‘ U D’lk' bou~nds a
homotopy 3-cell E* C P. Either E*ﬂ K= @ or E¥C I—(; define K’ to
be, respectively, KUE* or K- E*. Clearly K’ is a 3-manifold and
Fr K'= (Fr K=D}) U D} In view of (ii") and (iii"), this shows that if P
is a small enough neighborhood of E then Fr K’ N Fr(K”") has fewer
components than Fr KN Fr(rl-() - the components dD; and d(D;)
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havmg been removed. On the other hand it is clear that 0K = (aK D ) U
D1 , sothat JK’ is homeomorphic to aK and therefore consists of tori.
To show that K is an envelope for ¢, it remains to show that le] is
special with respect to (K', A). This is obvious if KC K’ The other
possibility is that K=K'n E*, where K'NE*= D’;’. But then, since
E* isa homotopy 3-cell, ﬂl(K') - nl(K) is an isomorphism by van
Kampen’s theorem, and it follows that o is special in K’

We may therefore assume that

3) No component of Fr K NFr (TK) bounds a disc in
Fr K or in Fr TK

From (1), (2), and (3), it follows that every component of (Fr K) n
Fr (rK) is a simple curve, non-contractible both in Fr K and in Fr (TK).
Since each component of Fr K or Fr (rK) is an annulus or a torus, it
now follows that the closures of the components of Fr K — Fr (TK) and
Fr (rK) — Fr K are all annuli and tori. But by (2), K U rK is a
3-manifold; and we have shown that its boundary is a union of annuli and
tori, meeting only pairwise and only in components of their own boundaries.
Hence each component of a(KUTK) has Euler characteristic zero.

Set K= p(KUrK). Then K is covered by KU TK; hence it is a
3-manifold whose boundary components all have Euler characteristic zero.
Since KCM must be orientable, the components of JK must be tori.
Finally, by hypothesis, ¢ and o have the same divisibility k; and
since K’ is an envelope, [olC nl(K) is divisible by some integer
0> 2k. Hence lo]C 7 (K) is divisible by ¢, and is therefore special
with respect to (K, A). It follows that K is an envelope for o, and the

lemma is proved.

In the proof of the next lemma, which is the crucial result of this
section, we use a space constructed as follows. Let A be an annulus,
let b and b” be the components of JA, and let S and S” be l-spheres.
In the disjoint union S'U AU S make the identifications x ~ j(x)(x¢b),
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x ~j(x)(x"¢b’), where j:b-S and j:b">S" are covering maps of
degrees k and [ respectively. The resulting space, which we will de-
note by Plg’ can be identified homeomorphically with a polyhedron in
such a way that the l-spheres S and S  are subpolyhedra. Let S and
S” be identified with the standard S! via orientations that are compati-
ble in the obvious sense. It is then clear that if ¢ and ¢ are singular
curves in a polyhedron Q, such that [o]k = [o']g C 771(Q), then there is
amap f: P£ - Q such that fiS =0, {IS’= 0" and conversely, that if

such an f exists then [G]k = [a'lg.

LEMMA 7. Every special conjugacy class in m,(T) is represented by an

enveloped curve.

Proof. Let c(x) be special in 7,(T) and let k denote its divisibility
in 7,(T). Then c(x) is divisible in #; (M) by an integer ?> 2k. Set
c(x) = c(y)k, where c(y) is primary in 7;(T), and c(x) - c(u)g, c(u) €

¢
kM

7,(M). Then by the above discussion there is a PL map f:P
such that f1S represents c(y) in 7,(T) and f'S” represents c(u) in
7,(M). We may suppose f to be chosen so that f"l(aM) =8S. We will
prove by induction on the complexity v(f) that c(x) is represented by
an enveloped curve.

We can always find a neighborhood N of f(PIE) in M, and a neigh-
borhood U of f(S) in T, suchthat UCN, (N,U) is an acceptable
pair, and (f(P£)) - m (N) is surjective. To see this, let U, be a
regular neighborhood of f(S) in T. If ﬂl(UO) - @, (T) is not injective,
there is adisc DC T suchthat DN U, = dD; then UyUD isa
2-manifold with fewer boundary components than U,. Hence by repeating
this process a finite number of times, we obtain a surface UC T such
that Uy < U and 7,(U)~7(T) is injective. It follows that = (U) -
"I(M) is injective. It is clear from the construction that ﬂl(f(Plg)) -

”1(f(p1€)u U) is surjective. Now if N is a regular neighborhood of
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f(Plg) UU in M, the pair (Ng, U) has all the properties required of
(N, U) except that 7,(Ny) may be non-zero.

But if 772(N0) # 0, then by Principle 2 of Section O there is a
2-sphere X C Ny which does not bound a homotopy 3-cell in Ng-

Since 7,(M)= 0, Principle 2 implies that 3 bounds a simply-connected
3-manifold BC M. Now (NyUB,U) still has all the properties required
of (N, U), except that "Z(NOU B) may still be ngn-zero; but NgUB
has fewer boundary components than N,, since B must contain a com-
ponent of dN,. Hence it is again sufficient to repeat the process a
finite number of times.

Now it is immediate from the definition of (PL) complexity that f
still has complexity wv(f) if it is regarded as a map of Plg into N.
Hence in doing the induction step we may replace (M, T) by (N, U); i.e.
we may assume that "1(f(p1€)) - ﬂl(M) is surjective.

If H;(M; Q) has rank <1, then JM has total genus < 1. If oM
contains a 2-sphere, it follows from Principle 2 of Section 0 that M is a
homotopy 3-cell; this is impossible since dM contains the non-contractibl
singular curve f|S. The boundary of M is therefore exactly a torus.

Hence if H;(M;Q) has rank <1, M is itself an envelope for o, and
the lemma is therefore true in this case.

Now suppose that H;(M; Q) has rank > 1. Note that Hl(Plg;Q) has
4

rank 1, since ”I(P]E) has a presentation <a,b:ak=b‘>. Hence
f.: Hl(P]E; Q) - H;(M; Q) cannot be surjective; thus H; M; Z)/im(f*:Hl(Pﬁ;
- H; (M; 7)) is infinite, and therefore admits a homomorphism onto a group
of order two. It follows that =,(M;Z) has a subgroup H of index 2
which contains the image of f, :nl(PE) - nl(M) (basepoints being irrele-
vant since H is necessarily normal). This means that f lifts to a map
E:P]E - li/l, where l\~/l is some 2-sheeted covering of M.

Let ’i‘ denote the component of the induced covering space of T
which contains I’(S). Let c(y) denote the conjugacy class in #,(T)
determined by EIS, and c(u) the class in 771(1\./1) determined by flS”, Set
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c(x) = c(&)k. Then c(y) is primary, since c(y) is, and c(x) thetefore
has divisibility k in =, (’i‘). But the existence of the map f on Plg
shows that c(x)C c(ﬁ)g. In particular c(x) is special, so that the
hypotheses of the lemma are satisfied by (I\-/I,’i‘) and c(x); in this con-
text f obviously has the property required of f above. But since we
have assumed that 7, (f(Plg ) » 7, (M) is surjective, Lemma 5 implies that
u(%) < v(f). By the induction hypothesis, therefore, x is represented by
an enveloped curve o in ’i‘ Since c(x) and c(x) both have divisibility
k, Lemma 6 now shows that the projection of o in T, which reptesents
c(x), is homotopic to an enveloped curve. This completes the induction.

We can at last give the

Proof of Proposition 2. Statement (a) follows from Lemma 7 above and
Cotollary 2 to Lemma 3 of Section 3. Statement (b) follows from Lemma 7

and the corollary to Lemma 4 of Section 3.

§5. Boundary tori

We must deal separately with acceptable paits (M, T) for which T
is a torus; Proposition 2 gives no useful information in this case.

Note that since a torus T has an abelian fundamental group, it is
natural to speak of elements of 7;(T) where until now we have spoken

of conjugacy classes.

DEFINITION. Let (M, T) be an acceptable pair. A non-contractible
singular curve ¢ in T is called distinguished (relative to (M, T)) if
there is a singular curve in an incompressible component of aM which
is homotopic to o in M, but is neither homotopic nor anti-homotopic

(Section 0) to o in JdM.

DEFINITION. An oriented 3-manifold M is called exceptional if M is
compact, and if each component of dM is a torus T such that

im (7 (T) » 7y (M)) has index <2 in (M)
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REMARK. It may be shown, using the Stallings fibration theorem, than
an exceptional oriented 3-manifold which is irreducible (cf. Section 6) is
a regular neighborhood of a 1-sided Klein bottle or a 2-sided torus. This

fact will not be needed.

PROPOSITION 3. Let (M, T) be an acceptable pair such that T 1is a
torus but M is not exceptional. Then any two distinguished singular
curves in T which have the same divisibility in T are either homotopic

or anti-homotopic (Section 0) in T.

Proof. Let o, and o, be distinguished and let each have divisibility k.
Let ’fi be a singular curve in T (i=1,2) such that [fl] em(T) is pri-
mary and [rfi]k = [aiJ; we may assume that rfi is a parametrized simple
curve, for every primary element of 711(S1 xSl) is represented by such a
curve.

It is enough to show that the simple curves rfl(Sl) and rfz(Sl) are
isotopic to disjoint simple curves; for then rfl and "52 are either homo-
topic or anti-homotopic, and hence so are ¢, and o¢,. We suppose
rfl (Sl) and rfz(Sl) to intersect each other transversally, and to have
been chosen within their isotopy classes so as to minimize the number of
points in their intersection. Under these conditions we will show that
&sHnésh-o.

Note that

(%) there is no disc A C T whose boundary has the form
a; Ua,, where a; C rfi(Sl) isanarcand a; Na, =

da, = 8a2.

For if such a A existed we could take it to be minimal with respect
to inclusion; and rfl(Sl) would then be isotopic, under an ambient
isotopy constant outside a small neighborhood of A, to a curve which

would intersecct rfz(Sl) transversally in a smaller number of points.
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We will study rfl and rf2 by lifting them to an appropriate cover-
ing space. Fix a basepoint x ¢ T, and let M be the covering space of
M determined by the subgroup im (7 (T, x) » 7, (M, x)) of 7;(M,x). Let
X be the canonical basepoint of M, and let p: M >M be the projection.
Then since #,(T) - rrl(M) is injective, rrl(’i‘) - nI(M) is an isomorphism,
where T is the component of p_l(T) containing x. On the other hand,
772(M) ~ m,(M)=0, since (M, T) is acceptable. Since the 3-manifold M
with non-empty boundatry is necessarily without homology in dimensions
> 2, the Hurewicz theorem now implies that ni(M) =0 forall i>1. We
can conclude that T C, M is a homotopy equivalence; this follows, for
example, from Whitehead’s theorem ({15}, p. 405) that a map between con-
nected polyhedra is a homotopy equivalence if it induces isomorphisms of
homotopy groups in all dimensions.

It is clear from the construction that T isa degree-one covering of T.

We claim that no component B # T of dM can be a torus. First of
all, since T < M isa homotopy equivalence, the generator of H2(T Z,)
maps onto a generator of H (M 1,2) hence if B is a torus, a generator
of H (B 12) must either map to zero in H (M Z ), or else have the
same image as the generator of H2(T Z7,). Thus either B or TUB
bounds a compact 3-manifold, which by connectedness must be all of M.
But B cannot bound M, since T C oM. Hence M is compact and oM
- T UB. It follows that p_I(T) is either T or TU B. On the other
hand, since TC, M isa homotopy equivalence, the exact homology
sequence of (M,’i‘) shows that Hi(M,’i‘;Z)= 0 for all i. Now M is
orientable, since M is, and Poincare-Lefschetz duality ([15], p. 298)
shows that Hi(M é 7) =0 for all i. By the universal coefficient
theorem, H; (M B 7)=0 forall i. Again by the exact homology
sequence, H (B) - Hy (M) is an \Somorphlsm, since rrl(B) and "I(M)
are abelian, this means that rrl(B) > rrl(M) is an isomorphism. In the
case that p 1(T) TU B it follows that p.B induces an isomorphism

of rr](l:}) onto w (1), thus l~3, as a covering space of T, has degree
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one. This implies that p—l(T) ~TUB is a degree-two covering space
of T. On the other hand, in the case that p_l(T) =T, p—l(T) is of
course a degree-one covering of T. Hence the degree of M as a cover-
ing space of M, which is equal to the degree of p_l(T) as a covering
space of T, is at most two in any case.

Now let T, beany component of dM. Then T; is covered either by
T or by B (possibly by both), with degree one. In particular T, isa
torus. Moreover, since (T) and nl(B) are mapped isomorphically
onto 771(1\71) via inclusion, the subgroup im (ﬂl(Tl) > m (M) of 7, (M)
(defined a priori up to conjugacy) corresponds to the covering space M
and hence has index at most two. This means that M is exceptional, a

contradiction to the hypothesis. Thus the claim is proved.

Note, however, that any 1ncompre551b1e component B of IM has
abelian fundamental group since M does. Since we have shown that B
is not a torus if B # ’i‘, it must be an open disc or an open annulus.

Now, since the singular curve o; is distinguished for i=1,2, there
is a singular curve p; in dM which is homotopic to o; in M, but not
in dM. By the covering homotopy property for covering spaces, the unique
lifting o, of o to T is homotopic to some lifting pl of p; to aM

i i
and pl cannot be homotopic in oM. If p1 were to lie in T,

but 01
then since T G, M is a homotopy equivalence, f;i would be homotopic
to &i in ’i‘; hence f;i must lie in a component éi AT of M. By the
above remarks éi is an open annulus or disc; since it contains the non-
contractible singular curve f;i , it is an open annulus.

Since o; is homotopic in T to a k-th power of rfi(Sl), &i - and

i
hence f;i — are homotopic in M toa k-th power of the unique lifting
ggi of f to T. Thus if N; is a regular neighborhood of rf-(Sl) in 'i‘,
there are non -contractible singular curves in the disjoint open subsets
Ni and B of M which are homotopic in M. The generalized loop
theorem ([19]) then asserts that there are simple curves x; C N, r; C Bl,

which bound an annulus A C M. Since x; is necessarily ambient
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isotopic to éi(Sl) in Nj, and since ambient-isotopic curves in T are
ambient:isotopic in I;/I, we may assume that x; = efi(sl). Furthermore,
since B; and B, are either disjoint annuli or the same annulus, r; and
r, are ambient-isotopic to disjoint curves, and may therefore be assumed
disjoint. Finally, we may assume that A; N oM = dA;; and since Sl sh
and 52(51) intersect transversally, we may take A; and A, to inter-
sect each other transversally by putting them in general position.
We are at last ready to prove that «fl(Sl) n fz(Sl) = @. Since T is
a degree-one covering of T, it suffices to show that él(Sl) n 52(51) = @.
Assume to the contrary that efl (Sl) n EZ(SI) contains a point y. The
component of A n A, containing y is an arc c¢ (by transversality,
since y ¢ 81\7[) and the other endpoint z of ¢ must lie in (JA;) N (9A,).
But Z cannot lie in r; or 1, since 1y n I, = @ and since él’éz
are disjoint from T Hence z ¢ fl(S )yn fZ(S ). In particular, for
i=1,2, ¢ is a 2-sided arc in the annulus Ai , and the two points of
dc = c N JA; lie in the same component éi(Sl) of JA;; hence c is
the frontier of a disc D; C A, and (0Di)— gi is an arc a; C (_fi(S1 ).
Each choice of a point y ¢ él(sl) n 52(51) determines discs D;CA;,
D, C A, in this way. Let y be chosen so as to make the disc Dy mini-
mal with respect to inclusion. Then a1 contains no point y’e fl(S )yn
§2(S ), for y’ would determine a disc D1 CD;. In partlcular: a1 n a,
= @; since a; and a, have the same endpoints, a; n a, C T is a
simple curve. It is contractible in l\~/l, for a; can be (non-ambiently)
isotoped through D; to c, and then through D, to a,. Since ’i‘ is
incompressible, a; U a2 must actually contract in T and must there-
fore bound a disc A C T. This contradicts the statement (*) proved

above, and thus completes the proof.

COROLLARY 1. Let (M, T) be as in Proposition 3. Then any two

singular curves in T which are homotopic in M are either homotopic

or anti-homotopic in T.
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Proof. If the singular curves ¢ and ¢’ in T are homotopic in M but
are not-homotopic or anti-homotopic in T, then by definition they are
both distinguished. On the other hand, it follows from Proposition 1 (Sec-
tion 1) that ¢ and ¢~ have the same divisibility. Then Proposition 3

asserts that ¢ and ¢’ are homotopic or anti-homotopic, after all.

COROLLARY 2. Let (M, T) be any acceptable pair such that T is a
torus. Then any conjugacy class in m (M) is represented by at most two

elements of m,(T).

Proof. If M is not exceptional this is contained in Corollary 1. If M is
exceptional we can identify =, (T) with its image in 7{(M), which is of
index < 2. Now for any x ¢ 7,(T), the number of conjugates of x in
nl(M) is equal to the index of the centralizer of x in m; (M), which con-
tains 7;(T) since the latter is abelian. Thus any conjugacy class which
intersects nl(T) contains at most two elements.

We will also need

LEMMA 8. If in the acceptable pair (M, T), M is an exceptional
3-manifold and T is a component of oM, then m (T) contains no

special elements (Section 2),

Proof. Identify m; (T) with its image in #;(M). Since nl(T) has index
<2 in nl(M), it is normal; in particular, the square of any element of

7y (M) is in 7 (T). Now if x e (T) is special and has divisibility k
in nl(T), it has the form x = yg, where 1#£ ye¢ nl(M) and £ > 2k. Then
(y2)g = %% has divisibility 2k in ;(T) by Corollary 2 to Lemma 1 of
Section 1, but is divisible by £>2k> 0 in #,(T), since y2 em (T) by

the above. This contradicts Corollary 1 to Lemma 1 of Section 1.

§6. Free products with amalgamation
This section contains the only group theory required for the proof of

the theorem of Section 7.
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Let F, G, and H be groups, and let i:H-F and j:H-> G be
monomorphisms, regarded as identifying H with subgroups of F and G.
Recall that the free product of F and G with amalgamated subgroup H
is the quotient of the free product FxG by the relations i(h) = j(h) for
all h ¢ H. Recall the fundamental property of F;G, as proved for

example on pp. 198-199 of [6]: if ®,I" are complete sets of left coset

representatives for F, G, then every element of F *G has a unique ex-
H

pression in the canonical form ha, =+ap, where h(=i(h)=i(h)) ¢ H,

a; € dUTI" but a; {HA<i<n), and a5 € ® if and only if

aj € I'(1 < i< n). We will call the integer n > 0 the length of the given
element. The element will be called a cyclically reduced word if n< 1,
or if one of the elements a, and a, isin ® and the other is in I'.

LEMMA 9. In a free product with amalgamation F %G,
H

(i) every element is conjugate to a cyclically reduced word,

(ii) two cyclically reduced words which are conjugate in F *xG
H

have the same length, provided that one of them has length > 1
(iii) if w is a cyclically reduced word of length n > 2, then w™

(m > 0) is a cyclically reduced word of length mn.

Proof. Part (i) is the initial statement of Theorem 4.6 from p. 212 of {6].
Part (ii) follows immediately from Part (iii) of the theorem just quoted.

Part (iii) appears on the bottom of p. 208 and the top of p. 209 of [6].

COROLLARY. If weFxG is such that w™ is infinitely divisible for
H

some m> 0, w is conjugate to an element of F or G.

Proof. If the conclusion is false, then by part (i) of the lemma, w is
conjugate to a cyclically reduced word w’ of length > 1. By part (iii)
of the lemma, w’™, which is infinitely divisible, is a cyclically reduced

word of length mf - 1.
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of FxG
H

is conjugate to a

For infinitely many integers n > 0 there exist elements x

n
such that Xy

n

= w'™ By part (i) of the lemma, X,

cyclically reduced word x’, of some length A . I A > 1, then (x'n)n
is cyclically reduced of length nA_ by part (iii) of the lemma; hence by
part (ii), n/\n = ml. Since this is possible for only finitely many values

of n, some x, must be conjugate to an element of F or G; hence

m m

w’" must also be conjugate to an element of F or G. But since w’

is cyclically reduced of length > 1, this contradicts part (ii) of the lemma.

LEMMA 10. Let F and G be subgroups of groups F* and G’ Let H
be a group that is identified isomorphically with subgroups of F and G,

so that FxG and F'xG’ are defined. Then the natural homomorphism
H H

w:F*G - F'*G" is injective, and for any w ¢ F xG, u(w) has the same
H H H

length as w. Furthermore, if w is cyclically reduced then so is p(w).

Proof, Let w be written in the above canonical form as an element of

F *G. Then using the identifications described in the hypothesis, we can
H

regard this as the canonical form of u(w) considered as an element of

F’*G". The lemma follows, since the length of an element, and the

propetrties of being cyclically reduced and of being the identity, can be
read off from the canonical form of the element.

The final result of this section interprets the preceding group theory
in a topological context. Its proof is conveniently worded in terms of a

construction that will be used in a stronger way in Section 7.

Let J be a 2-sided surface in a 3-manifold M. Then it is easy to
construct a 3-manifold M, possibly disconnected, and disjoint surfaces
T, T  in OM, such that M is obtained from M by identifying T with
T’ via some (PL) homeomorphism, and such that J = T = T” under the
identification. Moreover, the pair (M, TUT") is determined up to homeo-
morphism by M and §. We will say that M is obtained from M by
splitting along .
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LEMMA 11, Let J be an incompressible 2-sided surface in a 3-manifold
M. Then any conjugacy class c(x) C nl(m), such that x™ is infinitely

divisible for some m > 0, is represented by a curve in W — J.

Proof. If J separates M, thensince J is incompressible, van Kampen’s
theorem provides an identification of ﬂl(m) with a free product with

amalgamation F - ﬂl(A) st ) ﬂl(B), where A and B are the com-

s
1

ponents of the manifold obtained by the splitting Jl at J. Hence by the

corollary to Lemma 9, c(x) is represented by a (singular) curve in A or
B, and hence by one in ;x or g
Now suppose that g does not separate M. Since M is orientable

we can define a homomorphism from Hl(m; Z) to 7. as intersection num-
ber with the surface J (or with its fundamental class in H Oﬂ oM 7).
This induces a homomorphism from 7, Oﬂ) to 7., whose kernel L deter-
mines an infinite cycllc covering space m of M. Write p: ’ﬂ M for the
projection, and 7: m m for a generator of the covering group. If M is
the closure of a component of ’.l.l - p_l(ff), then M is home~omorphic to
the manifold obtained by splitting M at J; its frontier in M consists
of two surfaces i and rfr, each of which is mapped homeomorphically

onto J by p. We have W = U ™M, /2~ IMN"M =T, and F"MN7"M=0
neZ

for [n"—n] > 1. Note also that j is incompressible in ’h, since J
incompressible in .

The image of the conjugacy class c(x) under the intersection number
homomorphism is an integer v such that myv is infinitely divisible in Z;
this implies v = 0, i.e. c(x) T L. Moreover, for any conjugacy class
c(y) ¢ my (M), such that c(y)P = c(x)™, the same argument shows that
c(y)C L. It follows that c(x)™ is actually infinitely divisible fn ~L.
Hence a singular curve o representing c(x) has a lifting o in M, and
the conjugacy class c(x) determined by o in ﬂl(ﬁ'() has infinitely

divisible m-th power.
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By compactness we can find integers n; < n, such that O(S )C
1(M) uU-.-u 7 (M) Suppose this to have been done in such a way that
n, —n; > 0 has the smallest possible value. Then we c1~a1m that n; =n,.
Assume, to the contrary, that n; <n,. Then since .‘f is incompres—
sible, van Kampen’s theorem allows us to identify 771(1 (M)U Ur 2(M))

n, ~1
with an amalgamated free product F *G where F = 771(7 (M)U Ur 2 M

G= 771(7 (M)), and H = 771(7 (3')). Then the conjugacy class determined
- n

by o in @,(r 1(M)U Urnz(M)) is represented by a cyclically reduced

word w in F;G, by part (i) of Lemma 9. Let { denote the length of w.

Now set F’- 7.(A), G = N\ (B), where A and B are the closures of

ny Np—
the components of J —r (j) containing 7 (M) and 7 (M) respec-
tively. We can identify NIOH) with F’*xG". Furthermore, the natural map
H

F - F’ is injective, for F’ can be identified with F * 7,
NGRIED)

n, n,-1 . o
A-( "MU---Ur (M))); similarly the natural map G - G” is injec-

tive. Identifying F and G with their images under these injections we
see that F, G, F', G, and H satisfy the hypotheses of Lemma 11. chce
c(u(w)), which is the conjugacy class c(x) determined by o in NIOH)
= F';G', is a cyclically reduced word of length ¢ in F';G'. But we

observed above that c(x)™ is infinitely divisible in nl(ﬂﬂ). Thus by the
corollary to Lemma 9, X is conjugate in F"* G” to an element of F’
H
or G, i.e. to a cyclically reduced word of length < 1. Part (ii) of
Lemma 9 therefore shows that < 1.
n n .

Recalling that w e 7, (7 lwu.-ur 2(M)) = F ;:IG is a cyclically
reduced word of length f, we now know that w, which represents the
conjugacy class in F xG determined by o, is an element of F or G;

n,
i. e o is homotoFlc in 7 (M)U Ur (M) to a (singular) curve in
n,
(M)U Ur "2 (M) orin 7 (M) This contradicts the assumed mini-

mality of n,—n; > 0; thus we must have n; = n,.



INFINITELY DIVISIBLE ELEMENTS IN 3-MANIFOLD GROUPS 327

In other words, ¢ lies in a region M (M), and by a homotopy it may
n, o ~ - -
be assumed to lie in 7 1(M) C m—p_l(j). Then po o is a curve in

n-7 representing <x>.

§7. Hierarchies; the main theorem
DEFINITION. A 3-manifold M is irreducible if every 2-sphere in M

bounds a 3-cell.

DEFINITION {cf. [18],[20]). A compact, orientable, irreducible 3-manifold
is sufficiently large if it contains an incompressible 2-sided surface. A
compact irreducible 3-manifold M is almost sufficiently large if some

orientable, irreducible finite covering of M is sufficiently large.

In [18], the sufficiently large manifolds are characterized among the
compact, orientable irreducible 3-manifolds by their fundamental groups.
In particular it is shown that M is sufficiently large if H,(M; 7) is in-
finite. This is true for example if M is the complement of an open regu-
lar neighborhood of a knot in s3.

We now state our main result,

THEOREM. If the compact, irreducible, orientable 3-manifold M is

almost sufficiently large then = (M) has no infinitely divisible elements.

The proof of this theorem occupies the rest of the present section.

The following standard argument shows that for J{ almost sufficiently
large, nIOR) is torsion-free. Since M is irreducible and orientable,
Principle 2 of Section 0 implies that 7720]'() =0. On t}~1e other hand, since
some finite cover ’h of M is sufficiently large, 7710“) is either a non-
trivial free product with amalgamation or admits a homomorphism onto the
integers: this is shown in [18]. In either case, ﬂloﬂ) is infinite. By
applying the Hurewicz theorem to the universal covering space of M, one

concludes that M is aspherical (nn(j]'()zo for n>1). By a theorem of
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P. A. Smith’s (Theorem 16.1 on p. 287 of {4] applied to the universal
covering of M), finiteness of dimension then implies that 771(5]'() is
torsion-free.

The proof of the above theorem now reduces to the case where M is

orientable and sufficiently large via the following fact:

LEMMA 12. If a torsion-free group G has an infinitely divisible element

£ 1, so does each of its subgroups of finite index.

Proof. If a is infinitely divisible in G, sois a™ forany m> 0. If
a1, then a™# 1 since G is torsion-free.
The proof in the case that M is sufficiently large depends on Haken’s

theory of hierarchies; we review the relevant results from [20].

DEFINITION. A hierarchy for a 3-manifold M is a sequence of 3-manifolds
M= Mg, M,,, not necessarily connected, such that

(i) each component of M, isa 3-cell, and

(ii) for 0< i< n, M

2-sided incompressible surface T; (Section 6).

is obtained by splitting M; along a

The integer n > 0 is called the length of the hierarchy.

REMARK. Any component of a manifold obtained by splitting an irreduci-

ble manifold J at an incompressible surface J is irreducible.

We extract the following result from [16]. It seems to be essentially

due to Haken.

LEMMA 13. Every sufficiently large, compact, irreducible, orientable,

connected 3-manifold M has a hierarchy.

Proof. 1f M £ @, this is contained in Theorem 1.2, p. 60 of [20]. If N
is closed, it has an incompressible surface 9. we can split Ma T to

obtain a 3-manifold M. Each component of M is irreducible, by the
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remark following the definition of a hierarchy, and has non-empty boundary
Hence each component of M has a hierarchy, and it follows that N has
one.

To prove the theorem when M is sufficiently large, we argue by in-
duction on the length of a hierarchy of W. By definition, if M has a
hierarchy of length n, then W can be split at some incompressible
2-sided surface J to produce a manifold M" which has a hierarchy of

length < n. Arguing inductively, we assume that

(*) for any component M of m’, ﬂl(M) is without

infinitely divisible elements # 1.
Assuming in addition that
D) 7y O has an infinitely divisible element «a,

we will produce a contradiction.
Let T, and T; denote the surfaces in o that are identified to
produce g for i=0,1, let M; denote the component of W containing

T; (sothat M, # M, if and only if T separates M).
LEMMA 14. For i=0,1, (M;, T}) is an acceptable pair.

Proof. Since J is incompressible in M, T; is clearly incompressible
in M;. On the other hand, M; is orientable, and is irreducible by the
remark following the definition of a hierarchy. Hence by Principle 2 of
Section 0, ﬂz(Mi) = 0.

Let ¢ M > M denote the identification map.

DEFINITION. A lifting of a singular curve o in M is a singular curve

6 in M such that ¢oo=o.

The following elementary fact will be used twice.



330 PETER B. SHALEN

LEMMA 15. If B and B’ are non-contractible (singular) curves in
M ~T which are homotopic in M, then there are singular curves 3 =
B Bl,n-,ﬁs =B (s> 1) such that

(i) By, Bg_y arein T,

and
(ii) B; and Bi,1 admit homotopic liftings in M for 0<i<s.

Proof. Let f:S'xI-M bea PL homotopy between B and B% thus
f(x,0) = B(x) and f(x,1)= B°(x), for all x¢S!. We may take f to be
transversal to J. Suppose that in addition we can choose f so that no
component of f—l(j) bounds a disc in S!x 1. Then it will be possible
to index the components of =1Tyu (S'xa1) as s! x {0} - Sg: Syt
Ss—1’§s = sl —11}, insuch a way that Si U Si+.1 bounds an annulus Ai s
with Ai n f_l(.cj') =@, for 0<i<n. The lemma will then follow, for we
can set Bi = f| S;, where S; is identified with s! via an appropriate
homeomorphism.

It is therefore enough to show that if some component y of f_l(j')
bounds a disc A C S1 X i then there is a PL homotopy f':S1 xI - ’ﬂ,
transversal to J and agreeing with f on st x dl, but such that f'—l(j)
has fewer components than f_l(j). To do this, let A’ be a regular
neighborhood of A in st x f, such that A"— A is disjoint from f_l(j')
and such that f(A'—/i) is contained in a regular neighborhood N of J.
Then f|dA’ is homotopic to a constant in M, and therefore also in
N-J since J is 2-sided and incompressible. Hence we can extend

f|((S1 XI)-—Z’) toa PL map f’ S'x1 M such that fFAYCN-T.

Clearly f° has the required properties.

COROLLARY. The conjugacy class c{a) (see T above) is represented

by a singular curve o, in J.

Proof. Since a is infinitely divisible, there exists an element x, of

nl(?ll), for each of infinitely many integers n > 0, such that xnn -,
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By Lemma 11 of Section 6, c(a) is represented by a singular curve o in
M_T, and each c(x,) is represented by a curve £, in M—T. Now
by the above assumption (¥*) ¢ cannot be homotopic in M — T to the
n-th power (Section 0) of rfn for infinitely many n; fix n so that o is
not homotopic to the n-th power Tn of rfn in M —J. Since ¢ and Tn
are homotopic in W, Lemma 15 applies with 8=a, B'= N, The integer
S appearing in the conclusion of Lemma 15 must be > 1, since otherwise
o and 7, would be homotopic in N — J. Hence we can define o, to
be the singular curve [31. Since o and 0, admit homotopic liftings in
M, they are certainly homotopic in .

Let k denote the divisibility (Section 1) of [UO] Cmy .

LEMMA 16. For each of infinitely many integers n> 0, there exists a
singular curve o, In J such that

Q) lo 1<) has divisibility k;

(ii) for some lifting (}n of o, to some Tj (=0 or 1), [5n] C
nl(Tj) is special (Section 2) with respect to the pair (Mj,Tj),
and is divisible by n in ﬂl(Mj);

(iii) o, is either homotopic to o, in J, or else has a lifting
a'n to some ij(j': 0 or 1) which is distinguished (Sec-
tion 5) with respect to the pair (Mj/, ij);

and
(iv) if S is a torus and separates i, then oy has a lifting

which is homotopic in N’ = My U M, [disjoint] to some

lifting of o,

Proof. Since a is infinitely divisible in nl(jﬂ), there are infinitely

many integers n > 2k such that a - x." for some X, € ﬂl(m). It follows,

n
moreover, from L.emma 11 of Section 6, that each c(xn) is represented

by a curve & ¢ M — . On the other hand, any lifting 0, of gg to m

is certainly homotopic to a curve o o in M, and if T, is an n-th power

(Section 0) ol ("“ m M oy </>~(~r’0 and 7, are homotopic in m.

So by Lemma 15, there e compnbiar carves o, /)'U,/fI ,'-',/‘S U/
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such that Bl""'Bs_l are in J, and B; and Bii1
liftings to M for 0<i<s. If we now define Bo=o0y Bi= B;(1<i<n)
it is still true that B7 and B,1 have homotopic liftings to Wo<i<m);
and B'O,-”,B'S__l are in J.

We claim that the conclusions of the lemma are true if we set o :Bé—l

n
First of all, since for 1< i< s-1, b"i and B’i+1 have liftings in

have homotopic

’

ToUT,; C MM" which are homotopic in Proposition 1 of Section 1
shows that 3 and B7,; have the same divisibility in J; hence

0, = Bs_1 has the same divisibility as Bg = 0y, namely k. This is
conclusion (i). On the other hand, since some lifting o, of o= Bs—l

to Tj, j=0 or 1, is homotopic in Mj to ,BS =7 _, which is an n-th

n’
power of £ in M, [&n] C 771(Mj) is divisible by n. But since, by con-
clusion (i), 5nC 771(Tj) has divisibility k, our restriction of n to

values > 2k guarantees that o_ is special. Thus (ii) is proved.

n

We may assume that B8, and B are never homotopic or anti-

i+1
homotopic (Section 0) in J for 1< i< m-1; for if they are we can re-
place the sequence B7%),--+, B by a sequence with fewer terms but having
the same properties. Now if s> 1, this assumption implies in particular
that o = 'B’s-l and ,8’5_2 are not homotopic or anti-homotopic in J,
although they have homotopic liftings o, and B’S_z to M. Thus o
is not homotopic or anti-homotopic to B,s—z in an,, where j° is de-
fined by &'n(sl) C ij. This says that &/n is distinguished with respect
to the pair (Mjf, ij). On the other hand, if s = 1, then obviously o, =
B’O = 04. This proves (iid).

Finally, suppose that J is a torus and separates . Then we can
identify My and M; with submanifolds of Y, and within each M; we
can identify T; with J. Note also that T, is disjoint from M, (in
m’), and T, from M;.

By (ii), [‘;n] is special with respect to some (M;, T;) for j=0 or 1;
by symmetry we can take j= 0. Then the manifold M, is not exceptional
according to Lemma 8 of Section 5. (Note that M;, on the other hand,

may very well be exceptional.) Our assumption that (37 and B, are
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never homotopic or anti-homotopic in J therefore implies, by Corollary 1
to Proposition 3 of Section 5, that they are never homotopic in M,. But
our original condition on the [3; means, in this case, that 87 and £ ;
are homotopic in My orin M; for 1<i<s—1. Thus o,=f7, and

o, =51 are homotopic in M,;, and conclusion (iv) is proved.

LEMMA 17. The singular curves o given by Lemma 16 represent only

finitely many homotopy classes in J.

Proof. First consider the case where J is not a torus. By conclusion
(ii) of Lemma 16, each o, has a lifting in Tj , j=0 or 1, which repre-
sents a special conjugacy class in 771(Tj). But in this case, by the
corollary to Proposition 2, Section 2, each 771(Tj) contains only finitely
many special conjugacy classes (relative to (Mj, Tj)). The lemma follows
in this case.

Next suppose that J is a torus but does not separate . Then the
split manifold M is connected and has T, and T; among its boundary
components., By conclusion (ii) of Lemma 16, there are special curves
6n with respect to one of the pairs (‘m,, Ty) and (‘m,, T,)- It therefore
follows from Lemma 8 of Section 5 that JU is not exceptional. Hence by
Proposition 3 of Section 5, each of T, and T, contains at most two
homotopy classes of distinguished curves of divisibility k. But by con-

clusion (iii) of Lemma 16, each o, either is homotopic to oy in g, or

’

n
by conclusion (i) of the same lemma, has divisibility k. It follows that

else has a lifting 0’ to T, or T; whichis distinguished, and which,

in this case the o, represent at most five different homotopy classes
in J.

Finally, suppose that g is a torus and separates . Then we can
identify M, and M, with submanifolds of M, and T; with J, within
M;. By conclusion (iv) of Lemma 16, each o is homotopic to 0y in
MO

at most onc homotopy class of curves in T which are homotopic to 7,

orin M,. Bul by Corollary 2 to Proposition 3 of Section 5, there is
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in Mg, apart from the class of o, itself; and similarly in M;. Hence

in this case the o, represent at most three distinct homotopy classes.

Proof of the theorem concluded. Lemma 16 gives singular curves o, in
J for an infinity of integers n > 0. By Lemma 17, these represent only
finitely many homotopy classes in J; thus by restricting n to a smaller
infinite set of integers we may assume that the o are all homotopic in
J. Furthermore, by (ii) of Lemma 16, each o, has a lifting &n to some
Tj (=0 or 1) such that [&n] is divisible by n in 771(Mj). By restrict-
ing n to a still smaller infinite set of integers, and perhaps re-indexing,
we may assume that these j are all equal to 0. Then the 6n all repre-
sent the same non-trivial conjugacy class in ﬂl(MO), which is divisible
by each of integers n in our infinite set. This contradicts our induction

hypothesis (), and the theorem is thereby proved.
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