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Introduction

A compact, P2-irreducible 3-manifold M is said to be sufficiently large
if it admits a proper 2-sided embedding of a compact surface ¥ not S®
or P2, such that =, (F) maps injectively into m,(M). Such an embedding
is said to be tncompressible. Waldhausen has shown in (12) that a
homotopy equivalence between two closed sufficiently large 3-manifolds
is homotopic to & homeomorphism and that two homotopic homeo-
morphisms are isotopic. He also had similar results for manifolds with
boundary. Heil in (3) extended these results to the non-orientable case.

If a sufficiently large 3-manifold M contains a separating incompres-
sible surface F then m,(M) is of the form A4 %, B, and if F is non-
separating then =,(M) is of the form A *, . This paper was originally
intended to be & short note devoted to proving converses of the above
statements, given as Theorem 2.3 and Theorem 2.4 below.

Theorem 2.3 together with results of Waldhausen in (12) imply that
Neuwirth’s Conjecture H in (7) is correct. It also provides a partial
answer to his Conjecture T.

It was pointed out to the author by G. A. Swarup that it should be
possible to extend the methods used in the proofs of these theorems to
greatly simplify the proof of Waldhausen’s results in (12). This the
author has done and & complete proof that homotopy equivalent
sufficiently large 3-manifolds are homeomorphic is included in this paper.

The plan of the paper is as follows. In § 1 we present new proofs of
results of Feustel (2) and Jaco (4). Theorem 1.3 has also been proved
by G. A.Swarupin (11). We present these proofs partly for completeness
and partly because they seem to be simpler and more direct than the
original ones.

In § 2, we prove a theorem which has as immediate corollaries Wald-
hausen’s result in (12) and Theorems 2.3 and 2.4Jstated above. In§ 3,
we give some applications of these results showing that most of the
interesting theorems on surfaces in 3-manifolds proved in (12) are
corollaries of Waldhausen’s main result.

Quart. J. Math. Oxford (3), 323 (1972), 159-72.
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160 G. P. SCOTT

The results we obtain in § 1 and 2 are not as strong as those obtained
by other authors, but it follows at once from § 3 that we can in fact
prove them in full strength after all.

We work throughout in the piecewise-linear category but all our results
hold also in the differential and topological categories. The author would
like to express his gratitude to G. A. Swarup for pointing out the possi-
bility of simplifying the proofs of (12). He would also like to thank
D. B. A. Epstein for a helpful conversation.

1. Some preliminary results

We will need the following definitions.

A 3-manifold M is P2-irreducible if any 2-sphere embedded in M
bounds a 3-ball, and M admits no 2-sided embedding of the projective
plane.

A map f: M - N, where M and N are manifolds, is proper if

f-1(8N) = oM.

Note that we shall not use the word ‘proper’ to mean that the inverse
image of a compact set is compact.

A compact surface F, not S2 or P2, which is properly embedded in
a 3-manifold M is incompressible if m,(F) maps injectively into = (M ).

We will also use the standard result that any sufficiently large
3-manifold M is aspherical. For the Projective Plane Theorem in (1)
implies that my(M) = Oand either 7,(M)is infinite or M is homeomorphic
to 3. We now look at the universal cover of M.

Finally the following classical theorem will be needed. The simplest
proof of this result is analogous to our proof of Waldhausen’s theorem.

TaeoreM 1.1. If f: M - N 18 a proper map of compact surfaces
tnducing an isomorphism of fundamental groups and if M = S% or P?
or D3, then f 18 properly homotopic to a map g such that either

(@) g %8 a homeomorphism, or

(b) g(M)c oN and M i3 S' X I or the Moebius band.

We start with the following result, which though trivial appears not
to be well known.

Lenmma 1.2, Let Fn-! be a closed orientable manifold in the snterior of
the orientable manifold M™. Denote by [F] a generator of H,_,(¥,Z).
Then if [F] 18 non-zero tn H, (M, Z), 1t 18 also sndivisidle.
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ON SUFFICIENTLY LARGE 3-MANIFOLDS 161

Proof. If F fails to separate M, we can find a circle in M cutting ¥
transversely in one point. This circle represents an element of H, (M)
dual to an element z of H"-1(M, 9M) such that z[F] = 1. Asevaluation
is & homomorphism the result follows in this case.

If ¥ separates M into X and Y, then neither X nor Y can be compact
with boundary F, as [F] is non-zero in H,_,(M, Z). Therefore we can
find a path cutting F transversely at one point and ending either in
some boundary component of M or ‘at infinity’. The same argument.
now applies using if necessary duality between homology with infinite
chains and cohomology with finite chains.

We can now prove the following two theorems. As we may not quote
any of Waldhausen’s results in (12), our Theorem 1.4 is weaker than
the result in (4). This will be rectified at the end of § 3.

TaEOREM 1.3. Let M3 be irreducible and orientable and F2c M3 a
closed incompressible surface. If ni(F) c G c m\(M), where G i3 isomorphic
to the fundamental group of a closed orientable surface L, then @ = m(F).

Proof. Let N be the covering space of M determined by G c = (M).
Our embedding of F in M lifts to N. As M is aspherical so is N and
hence ¥ is homotopy equivalent to L.

So we have F > N Lr where f is a homotopy equivalence. Now
f o 1is homotopic to a covering map of some finite degree r, by Theorem
1.1. Hence t,: Z ~ Hy(F,Z) > Hy(N, Z) ~ Z is multiplication by r.
Lemma 1.2 now tells us that r = 41 and hence G = m,(F) as required.

THEOREM 1.4. Let M3 be P2-irreducible and F® c M? a closed incom-
pressible surface. If m(F)c G cm (M) where |G: my(F)| 18 finite then
esther

(@) G = 7 (F), or

(b) |G: 7 (F)| =2 and F bounds a compact submanifold X of M
with m(X) = G.

Note that if @ is the fundamental group of a closed surface then
|@: 7y(F)| is automatically finite.

Proof. Take the covering space N of M determined by G c m(M).
Our embedding of F in M lifts to N.

If F fails to separate N then m(N) =~ H *, 4 for some group H which
contradicts the fact that |G: m,(F)| is finite. Therefore F separates N
into X and Y and 7 (N) = =,(X) %, g m(Y). As|G: 7 (F)] is finite, we
deduce that m;(X) = G and = (Y) = m(F).

8605.2.28 M
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162 G. P. 3COTT

Now if @  m,(F) then X has a non-trivial finite covering space X
determined by w,(F) c m(X). Our embedding of F in 2X lifts to X
and the inclusion of F in X is a homotopy equivalence. Note that as
X is a non-trivial covering space of X, its boundary cannot consist
only of F.

Consider the following exact sequence

HyX,0%;2Z,) > Hy,(0X; Z;) > HyX; Z,).

As the dimension of the third group is one, and of the middle group at
least two, we deduce that X is compact with two boundary components.
Now consider the exact sequence

HyZX,o%;2) % H,(%;2) % H/(R; 7).

The map g is onto as the inclusion of F in X induces an isomorphism
H\(F,Z)-> H\(X, Z). If X is orientable then f and g are dual maps and
it follows that the rank of H,(0X, Z) is twice the rank of H (X, Z).
Hence 09X consists of two copies of F, say F and F’. Consider the
composite F' c X — F where thc map £ - F is a homotopy equiva-
lence. As the inclusion of F’ in X induces an isomorphism

Hy(F', Z) ~ HyX, 7),

the composite map F’ -» F is of degree one, so induces an epimorphism
of fundamental groups. Now fundamental groups of compact surfaces
are Hopfian, so our map must actually induce an isomorphism of funda-
mental groups. Hence the inclusion of F’ in X is also a homotopy
equivalence. If X isnon-orientable, we get the same result by considering
the orientable double cover of X. It follows that |G: = (F)| = 2 and
that X is compact and bounded by F.

Now consider the projection map =: N - M. As X is compact,
7 YF)N X consists of X and a finite number of compact covering
spaces of F. Let L be a component of »~'(F)N X. Then L c X and
fr(X): 7wy(L)| is finite. It follows from what we have already proved
that this index must be one or two. Hence as m (L) ¢ m(F) c =, (X) we
must have L ~ F.

Thus #-1(F) N X consists of a finite number of copies of F which we
denote by F,..., F, and each F; bounds a submanifold X; of X. Note
that =, (X;) =~ G for =,(F}) c m(X,) c @ and F; cannot bound a compact
3-manifold X; with = /(X,) = =(¥F;). This follows from the previous
argument about X. There must be an F; such that X, contains no other F,,
and then 7 | X will be a homeomorphism. To see this define S c X; by
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ON SUFFICIENTLY LARGE 3-MANIFOLDS 163
S={reX;:IyeX,y+#z, nz) =n(y)}. Sisopen and closed in X,
and does not meet F.

Therefore if G 5= m(F), F bounds #(X,) in M as required, and this
completes the proof of Theorem 1.4.

2. The main result

We are now in a position to prove the following.

THEOREM 2.1. Let M and N be compact P?-trreducible 3-manifolds
with incompressible boundaries and let f: M — N be a proper map which
18 a homotopy equivalence. Let F be an incompressible surface tn N which
etther fails to separate N or separates N into components neither of which
has fundamental group equal to = (F). Then f is properly homotopic to
a map g such that either

(a) g|:g7(F)—~ F is a homeomorphism, or
(b) g(M)coN. In this case oM consists of two copies of F and
m (M) = = (F), or 0M consists of one copy of F and |m(M): = (F)| = 2.

Remarks. Our conditions on F are simply to ensure that f-1(F) can
never be empty.

Using Theorems 3.1 and 3.7, the result in case (b) can be improved to
say that M ~ Fx I or M is a non-trivial bundle with fibre I over a
closed surface.

Proof of 2.1. The proof falls naturally into two cases, the second one
being very much easier.

Case 1. oF is empty.

We make f transverse to F by a homotopy fixed on oM. Then f-1(F)
is & union of closed surfaces in M and by applying the Loop Theorem
as in (9), we can suppose that each component is incompressible. Note
that no component can be homeomorphic to P2. Also if a component
is homeomorphic to 82 it must bound a 3-ball in M. Hence, as N is
aspherical, we can homotop f so as to remove this component.

Now let L be a component of f~1(F). L is not 82 or P? and

f*: 17'1(L) - 771(F)

is injective so Theorem 1.1 implies that we can homotop f so that
f|: L > Fis a covering map. Theorem 1.4 implies that either the map
is a homeomorphism or a double covering. In the latter case L bounds
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164 G. P. SCOTT

a submanifold X of M with m,(X) = fi}(=(F)). This implies that we
can homotop f| X modulo L to a map f’ with f'(X) c F. To construct
this homotopy we choose a triangulation of X and define our homotopy
on simplices of X working upward in dimension. Asm(X) = fil(my(F)),
we can construct the required homotopy on the 1-skeleton of X. As N
and F are aspherical, it is trivial to extend our homotopy over the rest
of X. Thus we can homotop f 8o as to remove the component L from
J~Y(F). Hence we can suppose that every component of f ~1( F') is mapped
homeomorphically to F.

Suppose f-1(F) is not connected. We denote the components by
E,,..., F,,. We also choose a bage-point ¢ € ¥’ and bage-points ¢,,..., ¢, in
E,,..., F, such that f(e,) = e. We know that f,: = (F,e,) > = (F,e) is
an isomorphism for each <.

We now come to the method of arc-chaging. Similar methods have
been used by Kneser and Stallings in (5) and (10). Choose two com-
ponents F, and F, of f-1(F) and choose a path Ain M from e, to e,. Then
f(A) is a loop in N and so represents an element I of m (V,e). Let L be
a loop in M based at e, representing fy 1(I-!) € m,(M,e,). Then the path
I' = AL is a path from ¢, to ey such that f(I') is a contractible loop in N.

We may suppose that I' is immersed in M transversely to f-1(F)
except at the end points, and that I" meets each ¥, only in e,. Then
I'n f-1(F) divides I' into a finite number of arcs I,..., I} and each f(I})
is a loop in N representing some element g, € 7,(¥,e). Now our map
of I"into NV defines a map S - NV which is inessential by our construction
and 8o extends to a map k: D? - N. We can suppose that 4 is transverse
to F, as F is collared in N, so that A-*(F) is a union of circles in the
interior of D? and of properly embedded arcs. We denote A-1(F') by S.
If S contains a circle C then C bounds a 2-disc B in D2 As A(C) is
inessential in N, it must be inessential in F, so we can replace A by a
map of A’ equal to & outside B and such that A'(B) c F. Hence we can
homotop A further so as to remove C.

By repeating this we can suppose that § contains no circles. Now
any arc of S separates D? and there must be an arc 4 such that one of
the corresponding components E of D? does not meet § in its interior.
Then E N 2D2 is an arc and A(E n aD2) = f(I;) for some 3. The disc
defines a homotopy fixed on S n aD2 of £ N 8D? to 4 and so g, lies in
m(F,e).

If the corresponding arc I} has both its end points at the same point e,
of M, we can homotop I; modulo its endpoints to lie in F,. Hence we
can homotop T 80 as to remove these two intersection points of I" with
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ON SUFFICIENTLY LARGE 3-MANIFOLDS 165

S7YF). Thus we can suppose that there is an arc I; with the property
that g, liesin m (F, ¢) and such that I has distinct endpoints e, and ¢, say.

If we cut M along F, and F, there will be a unique component X
containing copies of F, and ¥ in its boundary and containing the arc Ij.
If we take the covering space X of X corresponding to =,(Z.) then our
embeddings of F, and F,in X will lift to X. For =,(F, e,) = m(F, e,) via
the arc I[;. The method of proof of the last part of Theorem 1.4 will
now show that X is compact with boundary two copies of F,. It follows
that the inclusion of ¥, in X is already a homotopy equivalence. This
implies that we can homotop f| X modulo ¥, U F, to a map f' such that
f(X)c F. As before, we can define this homotopy simplex by simplex
of a triangulation of X.

As X does not meet 0, we can homotop f modulo 2M so as to remove
F, and F, from f-1(F). By repeating this process we can arrange that
f~Y(F)is connected as required. This completes the proof of Theorem 2.1
in Case 1.

Case 2. OF 18 non-empty.

We first show that either the restriction of f to M is homotopic to
a homeomorphism or we can prove case (b) of the theorem.

Jet L be a component of oM and S be the component of N with
f(L)c 8. Then = (L) c fi}(my(8)) c #,(M) and Theorem 1.4 implies that
(L) = fo}(my(8)) or has index two in it. In this second case L bounds
a submanifold X of M with = (X) = fy*(=(8)). As L is a boundary
component of M we must have X = M. Therefore either f|: L > S is
homotopic to & homeomorphism or we have case (b) of the theorem as
required.

We now suppose that the restriction of f to each boundary component
of M is a homeomorphism. Suppose there are two distinct boundary
components R, and R, of M mapped to the same boundary component
S of N. Choose a point ¢ € § and points e, ¢, in R, and R, such that
f(e,) = e. As in the proof of Case 1, we can find an arc I' in M with
endpoints at e, and e, such that f(I") is a contractible loop in N. Again
as in the proof of Case 1 this implies that 2 = R, U R, and that the
inclusion of R, in M is a homotopy equivalence. As XV is aspherical, we
can prove case (b) of the theorem as required.

Now suppose that f|0M is a homéomorphism. We make f transverse
to F and make f-1(F) incompressible, as usual with no component of
f-Y(F)being S%or P2 Now choose a component L of f~1(F). Theorem 1.1
tells us that we can homotop f 8o that L covers ¥ and hence f|: L - F

€202 19G0J00 1.0 U0 Jasn moBsels Jo Ausienun Aq Ly42/G1/6G1L/Z/Sg/e0me/yyewlb/wod dno-oiwepese//:sdjy woiy papeojumoq



166 G. P. 8COTT

is 4 homeomorphism, unless L = D?, S1x I or the Moebius band. But
we know f | 9L is & homeomorphism, therefore the result is true in these
cases also. If L = D2 this is obvious, and if L = S [ it follows from
Theorem 1.1. If L is the Moebius band and the result is false, then
Theorem 1.1 implies that we can homotop L into a component circle §
of 2F. But this would imply that the map f|: 0L - S was of even degree
which contradicts the fact that it is & homeomorphism.

As any component L of f~1(¥) maps homeomorphically onto ¥ we
deduce that f-1(F) must already be connected and our result follows.

The following theorems are easy consequences of this result and its
method of proof.

TaEEOREM 2.2 (Waldhausen and Heil). Let M and N be compact
P2-irreducible 3-manifolds with incompressible boundaries and suppose
that N 1is suffictently large. Let f: M - N be a proper map which is a
komotopy equivalence. Then f i3 properly homotopic to a map g such that
either

(a) g 8 a homeomorphism, or

(b) g(M)c oN. Inthiscaseeither M consists of two copiesof a surface I,
withm (M) = my(F), or M consists of one copy of F with |n\(M):7,(F)| = 2.

Proof. We first choose a hierarchy for N [see (12)]. Our proof is by
induction on the length of the hierarchy. Take an incompressible surface
Fin N, and apply Theorem 2.1. If case (b) of Theorem 2.1 holds, then
we have proved case (b) of Theorem 2.2. If case (a) of Theorem 2.1 holds,
we cut N along F and cut M along f-1(F) to get a map f': M' > N’
satisfying all the hypotheses of Theorem 2.2 and in addition we can
suppose that f' | M’ is a homeomorphism. We now apply our induction
hypothesis for Theorem 2.2 to the map f’. Asf’|2M’ is & homeomorph-
ism, f* must satisfy case (@) of Theorem 2.2 and therefore we have proved
case (@) of Theorem 2.2 for the map f. If N has a hierarchy of length one,
then in the above we must have N’ o~ D® and M’ ~ D3 so f’ is still
homotopic to & homeomorphism. '

Remarks. Waldhausen considers a proper map f: M — N which
induces an injection of fundamental groups. In order to obtain his
results we take the covering N of N corresponding to m (M) C m(N)
and apply Theorem 2.2 to the map f: M - N. Note that N need not
be compact. But the proof of Case 2 of Theorem 2.1 shows that either
we can prove case (b) of Theorem 2.2 or the restriction of f to 93/ is a
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ON SUFFICIENTLY LARGE 3-MANIFOLDS 167

homeomorphism. A simple homology argument now shows that N is
compact so IV is a finite covering space of N and is also sufficiently large.
Again the result stated here is weaker than Waldhausen’s, for in
case (b) of the theorem Waldhausen says M is a line bundle over a
surface. We will be able to prove this also in § 3 of this paper.

TaEOREM 2.3. Let M3 be closed and Pr-irreductble and suppose
m (M) =~ A %; B, where C % A or B and C is isomorphic to the funda-
mental group of a closed surface L. Then there 18 an tncompressible
embedding of L in M separating M into M, and M, with =,(M,) = A,
m (M) = B, and = (L) = C.

TEEOREM 2.4. Let M3 be closed and Pt-irreducible and suppose
(M) o2 A %, where C ts tsomorphic to the fundamental group of a closed
surface L. Then there is an incompresstble embedding of L in M such that
(L) = Cand M cut along L 18 a connected 3-manifold N withm (N) >~ 4.

Proofs of Theorems 2.3 and 2.4. The idea is simply to work through
the proof of Theorem 2.1 using an appropriate Eilenberg—Maclane space
instead of the 3-manifold N. In the first case, we construct an E-M space
K(A »; B,1) as follows. Choose Eilenberg-Maclane spaces, K(4,1),
K(B,1),and K(C, 1), which are simplicial complexes. We have simplicial
maps 1,: K(C,1) > K(4,1) and 3,: K(C,1) » K(B, 1) induced by the
inclusion mayps of C in 4 and B. We take K(4 % B, 1) to be

K(4,1) J K(C,1)xI U K(B,1).
14x0 f1x1
In the second case, we have two inclusion maps ,,%,: K(C,1) > K(4,1)
and we take K(A *.,1) to be K(4,1) fojo K(C,1)x1I.
i1x1

Now choose a simplicial map f: M - K(@, 1) inducing an isomorphism
of fundamental groups where G = 4 %, B or A %, as appropriate. We
can choose ¢ € (0, 1) so that K(C, 1) X {t} contains no vertices of f(}) and
we can suppose that ¢ = 4 without loss of generality. Then

SHE(C, 1) x{3})

is a closed surface possibly not connected in M. Denote this surface by 7'.
As usual we can suppose 7T is non-empty, incompressible, and has no
components homeomorphic to 82 or P2. Hence F is not S% or P2. Note
that in either case @ is infinite, hence M is aspherical. We can now
proceed precisely as in the proof of Theorem 2.1.
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168 G. P. SCOTT

Remarks. Theorem 2.3 is falge if we relax our condition that C be the
fundamental group of a closed surface. For let M = M, U M, U M,
where M; N M, is empty, M, N M, = oM;, M,n M, = oM,, and M, is
connected. Then =, (M) =~ =, (M, U M,) %, 3y m(Mp VU M) and ()
need not be isomorphic to the fundamental group of a closed surface.

A similar example will give a counter-example to Theorem 2.4.

Theorem 2.3 is also false if we relax the condition that M be P2-
irreducible. In Theorem 2.2 of (13) Waldhausen shows that there exists
an irreducible closed 3-manifold X which does not admit an incom-
pressibly embedded torus but has ZxZcm(X). Let M = X, ¢ X,
where X, o~ X, o~ X. Then m(M) = my(X,) %55 ((ZX Z) % 7 (Xy)).
Hence if Theorem 2.3 held we could embed a torus incompressibly in M.
But by the methods of (6), we could isotop this torus so as not to meet
the sphere along which X, and X, are joined and this would contradict
our hypothesis on X.

3. Applications

Tn this section, we apply Theorem 2.2 to prove some of the theorems
of (12). We can then go back to Theorems 1.4 and 2.2 to prove them
in full-strength by applying Theorems 3.1 and 3.7. We need to use the
following results to carry out this strengthening. Our first theorem was
originally proved by Stallings in (9).

TuroreM 3.1. If X is8 a compact, P2-irreducible 3-manifold with a
compact surface F ¢ 8X where inclusion in X 18 a homotopy equivalence,
then X ~ Fx 1.

Proof. If F is closed then as we showed in the proof of Theorem 1.4,
X must have boundary consisting of two copies of F such that the
inclusion of each in X is a homotopy equivalence. It follows that there
is a proper map f: F X I > X which is a homeomorphism on a(F x I)
and is a homotopy equivalence. Theorem 2.2 implies that X ~ Fx I
as required.

If F is not closed, we show similarly that X is the double of F and
the inclusion of each copy of ¥ in X is a homotopy equivalence. We
can then define a map f: F X I > X which is a homeomorphism on
8(F x I) and is & homotopy equivalence. Again this implies our result
by Theorem 2.2. Note that dX is not incompressible, but as f is a
homeomorphism on 8(F X I) anyway the proof of Theorem 2.2 goes
through.
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ON SUFFICIENTLY LARGE 3-MANIFOLDS 169

THEOREM 3.2. Let F be a closed surface not S% or P? and let G be an
sncompressible surface in F x I with G c F x 1 or G empty. Then G 13
parallel to a surface in F X 1, t.e. there is an embedding of GX I in Fx I
with @ = Gx0and Gx1U3GXIc FxI.

Proof. We first note that G must separate Fx I, for the map
H\(G,0G; Z,) > Hy(F x I, Fx1; Z,) is zero, as the second group is zero.
Let the complementary components be X and ¥ with F X0 c X. Then
m(F X 1) = 7 (X) *, () 7,(Y). As the composite

m(F X 0) > my(X) > my(F X I)
i8 an isomorphism we deduce that = (X) = #,(F) and =, (¥Y) = = (G).
Theorem 3.1 implies that ¥ ~ G' X I and this proves the required result.

The final result we need is Theorem 3.7 below. We prove this by
quoting the following theorem which was proved in the orientable case
by Nielsen in (8) and extended to the non-orientable case by Zieschang
in (14).

THEOREM 3.3. Let F be a closed surface and f: F - F a map whose
n-th composite f™ 18 homotopic to the identity map. Then f is homotopic
to a homeomorphism g where g™ 18 the identily map of F.

I am grateful to C. T. C. Wall for suggesting the following application
of this result which seems to be of some general interest.

COROLLARY 3.4. Let F be a closed surface and let G be a torsion-free
group which 18 an extension of m(F) by Z,. Then G is the fundamental
group of a closed surface.

Proof. Any extension of a group H by a group K determines a homo-
morphism K — O(H), the outer automorphism group of H. If H is
centreless, then conversely such a homomorphism determines a unique
extension of H by K.

We consider first the case when ¥ is not a torus or Klein bottle and
8o 7 (F) is centreless. Corresponding to G we have a homomorphism
é: Z,, > O(my(F)). Let « be a generator of Z,. Then ¢(x) determines
a map f: F - F such that f is homotopic to the identity. Theorem 3.3
says that we can take f to be a homeomorphism of order n. Hence some
extension G’ of =;(F) by Z, acts by homeomorphisms on R? extending
the standard action of 7, (F). But corresponding to ¢' we have a homo-
morphism ¢': Z, - O(m(F)) and ¢’ = ¢. It follows that G' =~ G and
80 ( acts on R%. As (@ is torsion-free this action must be free. For if the
action of g € @ has & fixed point so does the action of any power of g.
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But some power of ¢ lies in 7,(F') which we know acts freely. This proves
the required result.

In the case when F is a torus or Klein bottle the argument is much
eagier.

Suppose that F is a torus and let ¢: Z, > O(m(F)) be the homo-
morphism corresponding to our extension G. Let « be a generator of Z,,.
By choosing a suitable basis of m(F), we can suppose that ¢(a) has

matrix 1 a 1 0
0 1 0 —1/)

In the first case we must have a = 0 as the matrix must be of finite
order. Hence @ is abelian and as @ is torsion-free we have G =~ Z X Z.
In the second case, G has a subgroup of index 2 which is abelian and
hence isomorphic to Z x Z, so G itself is isomorphic to the fundamental
group of a Klein bottle.

Now suppose that F is a Klein bottle with ¢ and « as before. We
know that = (F) ~ {a,b: b-'ab = a-1} and that =,(F) has infinite centre
generated by b2. We also know that O(my(F)) =2 Z,X Z, where auto-
morphisms representing the four elements of O(m(F)) are given by
a - atl, b - b+l. Hence ¢(a) can take four possible values and we check
that in each case either @ is isomorphic to the fundamental group of the
Klein bottle or that @ cannot be torsion-free. In the case when ¢ is
trivial, there exists g € @ projecting down to « € Z,, such that ¢ com-
mutes with ¢ and b. Now ¢™ € 7,(F) has the same property so g is a
power of b2. Hence gp{b, g} =~ Z with generator k say. We can easily
see that G =~ {a, h: h~'ah = a~1}, proving the required result.

In the general case, (¢ will have a subgroup of index 2 corresponding
to ker(¢) which will be isomorphic to =,(F). So we will only consider
the case n = 2.

Case 1. Thereisg € G projecting down to « € Z; such that g-lag = a1,
g'bg = b. Then g2 is central in @ and hence in =,(F), so g* = b¥ for
some r. Hence (gh—")% = 1, 8o ¢ = b” as @ is torsion-free and we have
a contradiction.

Case 2. There is g € G projecting to « € Z, such that g-lag = a1,
g~lbg = b-1. Again g% = b¥, 80 g and b* commute. But g-1b%g = b2,
80 r = 0 which implies g2 = 1 and is again a contradiction.

CorOLLARY 3.5. Let M™ be a manifold homotopy equivalent to a closed
surface not 82 or P2. If a cyclic group acts freely on M then the quotient
space N 18 also homotopy equivalent to a closed surface.
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Proof. We simply note that M is aspherical and hence so is the
quotient space N. Hence m,(V) is torsion-free as NV is finite-dimensional.
We now apply Corollary 3.4.

THEOREM 3.6. Let M3 be compact and P2-trreducible with incompresstble
boundary and let F be a closed surface homotopy equivalent to M. Then M
18 homeomorphic to a bundle with fibre I over F.

Proof. The boundary of M contains no 2-spheres or projective planes
as M is P?-irreducible. Also note that M is aspherical so ¥ cannot be
82 or P2. Finally Hy(M,Z,) = 0 so M has non-empty boundary. Let
L be a component of M. Then Theorem 1.4 implies that = (L) = = (F)
or [m(F): m (L)} = 2and L = oM. In the first case, Theorem 3.1 says
that M ~ Fx 1. In the second case we can show 3 is a non-trivial
bundle with fibre I over ¥ as follows. The composite map

LoedMcSF

is homotopic to a double covering map and this determines a bundle
with fibre I over F and projection 7 say. Let X be the total space of

this bundle. Then the composite map X > F 5> M is a homotopy
equivalence. Also the inclusion L ~ M c M is homotopic to the map
L ~ 0X - M. Hence we can homotop our map X - M to be a homeo-
morphism of X to M. The required result now follows by Theorem 2.2.

THEOREM 3.7. Let M3 be a bundle with fibre I over a closed surface not S*
or P2 If m: M — N 8 a covering map then N is also a bundle with fibre 1
over a closed surface.

Proof. We first show that N has incompressible boundary. Let L be
a component of M and F = »(L) and consider the natural map
1y m(F) > 7(N). Now 7,(L) is of finite index in 7, (¥) and injects into
m,(N). Hence the kernel of 1, is finite and so trivial.

Now Theorem 1.4 shows that =,(F) = 7 (N) or |my(N): m(F)| = 2,
and Theorem 3.1 shows that N o~ F x I or N is doubly covered by F X 1.
Our result now follows from Corollary 3.5 and Theorem 3.6.
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