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Abstract

The problems of classifying Hurewicz fibrations whose fibres
have just two non-zero homotopy groups and classifying 3-stage
Postnikov towers are substantially equivalent.

We investigate the case where the fibres have the homotopy
type of K(G,m)x K(H,n), for 1 <m < n. Our solution uses
a classifying space M, i.e. a mapping space whose under-
lying set consists of all null homotopic maps from individual
fibres of the path fibration PK(G,m +1) — K(G,m+1) to
the space K(H,n+ 1), and the group £(K(G,m)x K(H,n))
of based homotopy classes of based self-homotopy equivalences
of K(G,m)x K(H,n). If B is a given space, then a group
action

E(K(G,m)xK(H,n)) x [B,My)° — [B, My]°

is defined, and the orbit set [B, M|/ E(K(G,m)x K(H,n))
is shown to classify the above fibrations over B up to fibrewise
homotopy type.

Our explicit definitions of the classifying spaces, together
with our computationally effective group actions, are advanta-
geous for computations and further developments. Two stable
range simplifications are given here, together with a classifica-
tion result for cases where B is a product of spheres.
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1. Main Results

Let F and B be spaces. Then FHT(F': B) will denote the set of fibrewise homotopy
types (= fibre homotopy types) of Hurewicz fibrations over B with fibres homotopy
equivalent to F'.

If K(G,m) is an Eilenberg-MacLane space with m > 0, and B is a space, then
there is an obvious group action

AutG x [B,K(G,m+1)]° — [B,K(G,m+1)]°,

where the [—, —]° notation refers to based homotopy classes of based maps. It has
long been known that if B has the homotopy type of a simply connected CW-
complex, then FHT(K (G, m) : B) is determined — via a canonical bijection — by
the orbit set

[B,K(G,m+1)]°/AutG ~ H™(B;G)/AutG.
(see Section 23 of [St] for an early version of the result, and 5.2.2 of [Ba] for a proof).

In this paper, we generalize that theorem to the case where the fibre is a prod-
uct of two Eilenberg—MacLane spaces. Our solution uses the classifying space My,
introduced on p.89 of [B1], with underlying set consisting of all null homotopic
maps from individual fibres of the path fibration p: PK(G,m + 1) — K(G,m + 1)
[S, Cor.2.8.8] to the space K(H,n + 1). More details are given in Section 4.

If X and Y are spaces and y € Y, then ¢(y) will be used to denote the constant
map from X to Y with value y. In particular, the basepoint of M., will be the
constant map c(e): QK(G,m+ 1) — K(H,n + 1), where Q indicates a loop space
and e is the identity of K(H,n + 1).

Let X be a based space. Then £(X) will denote the group of based homotopy
classes of based self-homotopy equivalences of X, with the operation of composition.

The group E(K (G, m) x K(H,n)) can be identified with the collection of all 2 x 2

ma riCGS Of ‘he fOI‘m
[w] (b ’

where 0 € AutG, ¢ € Aut H, v is a based map from K(G,m) to K(H,n), and [¢/]
the corresponding homotopy class in [K(G,m), K(H,n)]° (see [R, Example 4.1]).
Multiplication within this group agrees with matrix multiplication and composition
of terms, in the expected sense (see also (2.7)).

If g: Y — B is a fibration and b € B, then we will use Y'|b to denote the fibre of
q overb.

A pointed space will be said to be well pointed if the inclusion of the basepoint
in the space satifies the homotopy extension property.

Proposition 1.1 (The Basic Group Action). Let m and n be integers such that
0<m<n, G and H be Abelian groups, and B be a well pointed space. Then there
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18 a group action
E(K(G,m)xK(H,n)) x [B,My]® — [B,My]°

defined by the following procedure.

Letk: B — My, be a based map, and the map pso: Moo — K(G,m + 1) the obvi-
ous projection (see (4.1)). Then there is a useful based map ki = psok: B —
K(G,m+1). We note that if b€ B, then k(b) maps PK (G, m+1)|k1(b) to K(H,n+
1).

The automorphisms 0 € Aut(G) and ¢ € Aut(H) induce associated homeomor-
phisms 0: K(G,m+1) - K(G,m+1) and ¢: K(H,n+1) > K(H,n+ 1), respec-
tively. Then 8 induces a homeomorphism N

0,: PK(G,m+ 1)z — PK(G,m+ 1)|8(x), 0,(y) =080y,
where € K(G,m + 1) and y € PK(G,m + 1)|z. The map
¢ o k(b) 00 1y : PE(G,ym +1)|0(k1(b)) — K(H,n + 1)

s an element of M.
We then have maps

B x {0} = Meo, (0,0) = ¢ok(b)ob ),

where b € B, and

{bo} x I — Mas, (bo,t) = (y = (87" 0y))(2)),

where by is the basepoint of B,t € I, y € K(G,m) = QK(G,m+1) C PK(G,m +
1) is viewed as a loop in K(G,m + 1), and v is a based map K(G,m) — K(H,n).
We notice that these two maps into My, agree at (bg,0), i.e. both take that point to
the constant map c(e): QK(G,m+1) — K(H,n+1).

A single application of the homotopy extension property then determines — up
to based homotopy class — a based map

0 0 o ~
(w ¢)~k.BB><{1} M.

The required group action is then induced by the rule
6 0 6 0
, k k.
(( ¢ ¢ ) ) - ( v @ )

We define the three-stage Postnikov tower over B, 7(ki,ks), to consist of the
principal fibrations p: F1 — B and py: EFs — E7, determined by the k-invariants
k1 and ks, respectively.

We define t(k1, ko), the Postnikov fibration over B asssociated with 7(k1,k2), to
be the fibration p; o ps

The based map k: B — M., determines a Postnikov fibration ¢(k1, k2) over B,
where the first k-invariant is kq, as described in Proposition 1.1, and the second
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k-invariant ko is specified by the rule

b,y) —  kO)(y),

where k1 (b) = p(y). Thus kg denotes a map from the second stage of the tower,
i.e. the pullback space BM PK(G,m + 1) determined by k; and p, to the space
K(H,n+ 1). Further details concerning k and ¢(k1, ko) are given in (4.2).

Now k is basepoint preserving, so ka|({bo} x QK (G, m + 1)) is the constant map
with value the identity e of K(H,n + 1). It follows that the fibration t(k1,ks) has
distinguished fibre K(G,m) x K(H,n) (see (2.7.7) of [B1]).

Theorem 1.2 (The Basic Classification Theorem). Let m and n be integers
such that 1 <m <mn, and G and H be Abelian groups. Further the well pointed
space B has the homotopy type of a simply connected CW -complex, so B could be
any simply connected CW-complex.

Then there is a canonical bijection:

(B, Mao]®/E(K (G, m) x K (H,n)) — FHT(K(G,m) x K(H,n) : B)

determined by the rule [[k]] — [t(k1, ke)]. Thus the orbit [[k]] of the based homotopy
class [k] of the based map k: B — My, corresponds to the fibrewise homotopy type
[t(k1, k2)] of the Postnikov fibration t(ki1, ko) over B with distinguished fibre K x L.
The bijection is natural relative to B.

We recall that if p: X — B is a fibration with fibre of the homotopy type of
K(G,m) x K(H,n), then p has the fibrewise homotopy type of an associated Post-
nikov fibration over B. Hence FHT(K x L : B) can be interpreted either as previ-
ously, or as the set of FHT's of Postnikov fibrations over B with distinguished fibre
K(G,m) x K(H,n).

We now give a handier version of this theorem, at least for stable range situa-
tions. The essential difference is that the previous group action was defined using
composition of functions and the often harder to compute homotopy extension prop-
erty, whereas, in the following case, the action is more conveniently defined using
composition and pointwise addition of functions only.

Proposition 1.3 (The Second Group Action). Let m and n be integers such
that 0 <m <n, and G and H be Abelian groups. Then there is an explicit group
action

E(K(G,m+1)xK(H,n+1)) x [B,My]® — [B,My]°
induced by the rule

((i 2)’“) = (b= @ok(b) oy +cliki (b)),

where 0 € AutG,¢ € AutH, x: K(G,m+1) — K(H,n+1) and k: B — My, are
based maps, and b € B. We note that the constant map c(xk1(b)), the composite ¢ o
k(D) o Hk_ll(b) and their sum are all maps from PK (G, m + 1)|0(k1(b)) to K(H,n + 1).

We will show in Section 6 that, under stable range conditions, this action is
equivalent to that of Proposition 1.1, leading to the following result.
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Theorem 1.4 (A Stable Range Classification Theorem). Let m and n be inte-
gers such that 1 <m <n < 2m, G and H be Abelian groups, and the well pointed
space B have the homotopy type of a simply connected CW -complex. Then there is
a canonical bijection

[B, M)’ /E(K(G,m +1) x K(H,n+1)) — FHT(K(G,m) x K(H,n) : B)

determined by the rule [[k]] — [t(k1,k2)]. Thus the based map k: B — My, is the
classifying map for the Postnikov fibration t(k1, ke) over B with distinguished fibre
K xL,[k] is the homotopy class of k,[[k]] the orbit of that homotopy class, and
[t(k1, k2)] the fibrewise homotopy type of t(k1,ke). The bijection is natural relative
to B.

Let 6, and ¢, be the automorphisms of H™+!(B;G) and H""1(B; H) that are
induced by the automorphisms 6 and ¢ of their coefficient groups G and H, respec-
tively, and x.: H™(B;G) — H"TY(B; H) be induced by the cohomology opera-
tion [x] € H"™H(K(G,m + 1); H).

Proposition 1.5 (The Third Group Action). Let m and n be integers such that
0<m<mn, and G and H be Abelian groups. Then there is a group action

E(K(G,m+1)x K(H,n+1)) x (H"(B;G)® H"™(B; H))
— (H""{(B;G) & H" " (B; H)),
determined by the rule

(0. X 9), 5, A) = (04(K), @x(A) + X (),
where k € H"TY(B;G) and A € H""(B, H).

Theorem 1.6 (Another Stable Range Classification Theorem). Let G and
H be Abelian groups, m and n be integers, and the well pointed space B have the
homotopy type of a CW-complex. We will assume that 1 < m <n < 2m, and that
the connectivity of B is greater than n —m + 1.

(i) The stable range assumptions ensure that the fibrations in question have the
fibrewise homotopy types of principal K(G,m) x K(H,n)—fibrations. So, in
this particular situation, FHT(K(G,m) x K(H,n) : B) can be interpreted in
three ways, i.e. as the set of fibrewise homotopy types of either Hurewicz fibra-
tions over B with fibres of the homotopy type of K x L, or Postnikov fibrations
over B with distinguished fibre K x L, or principal K x L-fibrations over B.

(i) The group action of Proposition 1.5 determines an orbit set
(H™Y(B;G)s H" ™ (B; H)) | E(K(G,m + 1) x K(H,n + 1)),
and there is a canonical bijection from this orbit set to FHT(K(G,m) x
K(H,n) : B) that is natural in B.

(iii) Let us assume that k € H™TY(B;G) corresponds to [u] € [B, K(G,m + 1)]°
and X € H""1(B; H) corresponds to [v] € [B, K(H,n +1)]°. Then the bijec-
tion of (ii) takes [(k,\)], the orbit of (k,\), to the fibrewise homotopy type of
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the principal K x L-fibration over B induced by the map
B - K(G,m+1)x K(H,n+1), b (u(b),v(d))
from the path fibration over K(G,m+1) x K(H,n+1).

2. Notations and other Preliminaries.

We work in the context of the category of compactly generated spaces or cg-
spaces [V].

2.1. f p: X — B and f: A — B are maps, then there is an associated pullback
space AT (f)X. The associated projections will be written p*f: AN (f)X — X
and f*p: AN ()X — A.

Let 7(k1, k2) be a Postnikov tower consisting of the principal fibrations p;: E; —
B andpzz E2 — El. Then El = BT (kl)PK, E2 = (B I (kl)PK) M (kz)PL, andp1
and po are the obvious projections.

2.2. Let M(X,Y) and M°(X,Y) denote the spaces of free and based maps from
X to Y, respectively, in each case carrying the cg-ified version of the compact
open topology. If (X, X’) and (Y,Y”) are topological pairs, then M (X, X’; YY)
will denote the corresponding mapping space. The path components of M(X,Y)
and M°(X,Y) that contain a given map f will be denoted by M(X,Y;f) and
MOY(X,Y; f), respectively.

2.3. Free and based homotopies will be denoted by ~ and ~°, respectively, and the
set of based homotopy classes of maps from X to Y by [X,Y]°.

2.4. The spaces K(G,m + 1), K(H,n+ 1), K(G,m) and K(H,n) will be abbrevi-
ated to K, L, K and L, respectively. Thus K = QK and L = QL. Often these spaces
require basepoints, in such cases their identities e will play that role.

2.5. The path fibrations over K and L will be denoted by p: PK — K and q: PL —
L, respectively.

2.6. If # € AutG, then : K — K and §: K — K will be the associated induced
homeomorphisms. Then # induces a homeomorphism 6, : PK — PK by covariant
composition. If ¢ € Aut H, then ¢: L — L, ¢: L — L and ¢, : PL — PL will denote
the analagous homeomorphisms for that case.

2.7. We will use the notations (6,1, ¢) and (y, z) to denote the matrices

(vo) = (¥)

respectively, where § € AutG, ¢ € Aut H, € M*(K,L),y € K, and z € L. Matrix
multiplication, i.e. the rule

(W,2) = 0.0.0) x(y,2) = (0(y),¥(y) +(2)),

determines a based self-homeomorphism of K x L.
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2.8. We will abbreviate the concept of fibrewise homotopy equivalence (or fibre
homotopy equivalence) to FHE. Let h be an FHE between fibrations with distin-
guished fibres K x L. Then h|(K x L) is a self-homotopy equivalence of K x L, and
necessarily determines a unique matrix (6, [¢)], ¢ ), by restriction to the distinguished
fibres (see the discussion before Proposition 1.1). Such an h will be referred to as a
(0,4, ¢)FHE.

In what follows we will make use of a stronger than usual form of FHE, that
applies to fibrations with identical distinguished fibres. Two such fibrations, over
the same pointed base space, will be said to be 1FHE if there is an FHE between
them whose restriction to those fibres is homotopic to the identity on that space.
Equivalently, if the base space is well pointed, we can require that there exists an
FHE whose restriction to the distinguished fibres is the identity on that space (see
[B1, (2.4.6)]). We will denote the set of 1-fibrewise homotopy types of fibrations over
B with distinguished fibres F' by 1IFHT(F : B).

We notice that a 1FHE, between fibrations with distinguished fibres K x L, is an
example of a (1, 0, 1)FHE.

The following standard results will be quoted repeatedly in what follows.

2.9. Let Ay C A be a cofibration, and K, L: A x I — W be homotopies that extend
a given map N: (A x {0}) U (Ag x I) — W. Then K|A x {1} ~ L|A x {1} relative
to Ag x {1}, i.e. this last homotopy extends the homotopy

AO xI— VV? (avt) = N(a71)7
where a € Ap and t € I (this is immediate from [W, Ch.1, Thm.7.18], with B of
that result taken to be a point).

2.10. Let r: Z — B beafibration and H: A x I — B be a homotopy from f to g. It
is well known that there is an FHE h: AN (f)Z — AN (g)Z over A [S, Thm.2.8.14].

3. Group Actions on Sets of Postnikov Fibrations

In this section, we introduce group actions of Aut H, AutG and [K,L]° on
IFHT(K x L, B), and blend them together to produce the action of £(K x L) refer-
red to in Proposition 1.1. The proofs of the Lemmas used are removed to Section 9.

Let ¢ € Aut H and the Postnikov fibration ¢(k1, k2) be over B and have distin-
guished fibre K x L. Then we can define an associated Postnikov fibration over B,
as follows:

3.1. ¢ - t(k1, k2) = t(k1, ¢ o k2)
If follows via [B1, 2.7.7] that ¢ - t(ki, k2) also has distinguished fibre K x L.
Lemma 3.2. (i) There is a group action
Aut H x IFHT(KxL: B) — 1FHT(K xL : B),

(¢, [t(k1,k2)]) = [¢-t(k1,k2)], where ¢ € Aut H and the Postnikov fibration
t(k1, ko) is over B and has distinguished fibre K X L.
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(i) There is a (1,0, ¢)FHE from t(k1, k) to ¢ - t(k1,k2), i.e. the homeomorphism
® = d(¢): (BN (k1) PK) M (ko)PL — (B (k1)PK) M (poky)PL,
with B(b,, 2) = (b, 6()), for (b,y,2) € (B (k1) PK) 1 (ky)PL.

Let 0 € Aut(G) and t(k1, k2) be a Postnikov fibration over B with distinguished
fibre K x L. We notice that there is a homeomorphism

1M6,: BN(k)PK — BN (8oky)PK,
with inverse 1M 65", Then we can define an associated Postnikov fibration, again
over B with distinguished fibre K x L, i.e.
3.3. 0-t(ky, ko) =t(Qoki, koo (1M165Y))
Lemma 3.4. (i) There is a group action
AutG x IFHT(KxL : B) — 1FHT(KxL : B),

(0, [t(k1,k2)]) = [0 t(k1,k2)], where 8 € AutG and the Postnikov fibration

t(k1, ko) is over B and has distinguished fibre K X L.

(i) There is a (6,0, 1)FHE from t(ky,k2) to 0 - t(ki1,k2), i.e. the homeomorphism
0=0(9): (BN (k)PK)MN (ky)PL — (BN (80 k1)PK) M (kyo (1M6;Y))PL,
(bayaz) = (b7 H/\(y)az)7 fOT (b,y,Z) € (B r (kl)PK) M (kQ)PL

We will now consider the action of a third group whose elements appear in
several different guises. It is standard, of course, that H"(K; H) can be identified
with [K, L]°. Viewing L as 2L, we can interpret the members of the above group
— or, to be more precise, the maps that make up the aforementioned members —
in several different ways.

Lemma 3.5. (i) There are bijections between the sets of:
(a) based maps : K — L,
(b) maps 1: (K x I,(K x {0,1}) U ({e} x I)) — (L, {e}), and
(c) maps Po: I — MO(K, L;c(e)) such that 1(0) = 12 (1) = c(e).

determined by the rule ¥(2)(t) = 1(z,t) = ¥2(t)(2), where z € K and t € I.

(i) The above carries over to homotopy classes. Thus there are bijective corre-
spondences ()] < [¢1] < [th2], where [—] denotes homotopy class, in each case
defined in the sense appropriate to the maps in question.

Let v: K — L be a based map, and t(ky, k2) a Postnikov fibration over B with
distinguished fibre K x L. It follows, via the cofibration property for {by} x K C
B (k1)PK (see [Bl, 2.4.4 and 2.4.8]) that there is a homotopy

3.6. S:S(k17k‘2,¢)(Bﬂ(kl)PK)XIHL

that extends the second k-invariant ko: (B M (k1)PK) x {0} = (BN (k1)PK) — L
as well as the homotopy 91: {bo} x K x [ 2 K x I — L. Let 1 - ko: B} — L be
determined by the rule (¢ - k2)(b,y) = S(b,y, 1), where k1 (b) = p(y). We define an
associated Postnikov fibration, i.e.
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3.7. wt(kth) :t(khka)u

which again is over B and has distinguished fibre K x L. Then (¢ - k2)(bo, ) =
S(bo,y,1) = ¢1(bo,y,1) =e. So (¢ - k2)({bo} x K) = e and it follows [B1, (2.7.7)]
that 1 - t(k1, k2) also has distinguished fibre K x L.

The map 1 - ko is not uniquely determined, but the homotopy class [¢] - [ka] =
[¢ - ko] in [(BM (k1)PK),{by} x K; L,e] is so defined (see (2.9)). It follows, via the
relative version of (2.10), that ¢(ky, 1) - k2) is unique up to 1FHT.

Lemma 3.8. (i) There is a group action
K, L] x IFHT(K xL: B) — 1FHT(K xL: B),

[
defined by ([¢], [t(k1, k2)]) — [ - t(k1, k2)].

(it) Let t(ki,kz) be a Postnikov fibration over B with distinguished fibre K x L,

and ¢ € M°(K, L). Then there is a (1,v, 1)FHE from t(ky, k2) to 1 - t(ki, k2),

1.e.

U =U)): (BMN(k)PK)N (ko)PL — (BT (k1)PK) M (¢ - ko) PL.
We are almost ready to blend together the actions of AutG, Aut H and [K, L]°

on 1IFHT(K x L : B). We must first, however, determine the extent to which these
actions commute with each other.

Lemma 3.9. Let 0, 0 €Aut G, ¢, ¢' € Aut H, ¢, ¢’ € ]\ﬁo(K, L) and t(ky,k2) be a
Postnikov fibration over B that has distinguished fibre K x L. Then:
(i) ¢' - (¢-t(ki,k2)) is IFHE to (¢’ o @) - t(ky, k2),
(i1) 6" -(0-t(k1,ke)) is LFHE to (0’ 0 0) - t(ky, k2),
(iti) ¢+ (¢ - t(k1, ko)) is IFHE to (¢ + ) - t(k1, k2),
(i) 0-(¢-t(k1,k2)) is LFHE to ¢ - (0 - t(k1,k2)),
(v) - (0-t(ky,ks)) is IFHE to 0 - (¢ 0 0) - t(k1, ko)), and
(vi) ¢- (1 -t(ky, k) is IFHE to (¢ o) - (¢ - t(k1, k2)).

Let 0 € AutG,¢ € M°(K,L),¢ € Aut H, and t(ki,k2) be a Postnikov fibration
over B with distinguished fibre K x L. We define

3.10. (0,9,0) - t(ki,ka) =0 (- (¢ t(k1,k2))).

The actions of Aut(G), Aut(H), and [K,L]° all preserve both the base space B
and the property of having distinguished fibre K x L, hence the Postnikov fibration
(0,1, ) - t(k1,ke) also has these same properties.

Proposition 3.11. (i) There is a group action
E(KxL)x IFHT(K XL : B) — 1IFHT(K x L : B)
(0, [¥], ), [t(k1, k2)]) — [(0, 4, 0) - t(ky, k2)],

where (0, 1], ¢) € E(K x L) and t(ky, ks) is a Postnikov fibration over B with
distinguished fibre K x L.
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(ii) If t(k1, ko) is a Postnikov fibration over B with distinguished fibre K x L, then
there is a (0,1, ¢)FHE from t(k1, ks) to (0,1, @) - t(k1,ka).

(i4) Let t(ky,k2) and t(€1,02) be Postnikov fibrations over B, each with distin-
guished fibre K x L. Then t(ky, k) is FHE to t(¢y,4s) if and only if there exists
0eAutG, e M°(K,L), and ¢ € Aut H such that (0,1, ¢) - t(ky, ko) is IFHE
to t(fl, 62) .

Proof. (i) Let 0,0' € AutG, ¢, ¢’ € Aut H and 4,9’ € M°(K, L), with (0,1, ¢) and
(0", ¢, @) denoting the associated 2 x 2 matrices, and ¢(k1, k2) be a Postnikov fibra-
tion of the required type. Then it follows from Lemma 3.9 that the following fibra-
tions are 1FHE:
(a) (¢, 4", @) - ((0,%,0) - t(k1, k2)),
) 00 ap - @ t(k, ke) by 3.10,
c) 9' 1// 0-¢" -1 ¢-t(ki, ke) by (iv) of 3.9,
d) 0 -0- (¢ 08) (¢ o) ¢ - ¢-t(ka, k) by 3.9 (v) and (vi) ,
€) (9’ 0f) - (¢ 0B+ o9h) - (¢ 0¢) - ki, k2) by 3.9(1), (ii) and (ii), and
f) {008, Y ob+¢ orp, ¢ o) t(ky,ks) by 3.10.

Now (', ¢') x (0,1),¢) = (0 06, ' 0O+ ¢' o1), ¢' - #), so we do have an
action.

(ii) There are (6,0,1), (1,%,1) and (1,0, ¢)FHEs, i.e. © from ¢ - ¢ - t(ky1, k2) to

0 - d) . ¢ . t(k’h kg), VU from Qﬁ . t(kl, kg) to 1/) . (b . t(kl, kz), and ¢ from t(kl, kg) to
¢ - t(k1,ke) (see parts (ii) of Lemmas 3.4, 3.8 and 3.2, respectively). Multiplying
matrices

(b
(
(
(
(

<0707 ]‘> >< <17w7 ]‘> X <]‘707 ¢> = <97 w’ ¢>7
soBOoWod: t(kl,k'g) — <0,¢,¢> . t(kl,kﬁz) is a (9,¢,¢)FHE

(iii) The “if” condition is immediate from the data and (ii). Now an FHE from
t(ky, ko) to t(£1,42) is a (0,1, ¢)FHE, for suitable choices of § € Aut G, € MY (K, L)
and ¢ € Aut H (see (2.8)). The result follows after applying (ii) to ¢(ki, k2). O

Theorem 3.12 (Preliminary Classification Theorem). Let m and n be inte-
gers such that 0 <m <n, G and H be Abelian groups, and B be a well pointed
space. Then there is a bijection:

IFHT(KxL: B)/§(KxL) — FHT(K xL : B)

determined by the rule [[t(k1,k2)]] — [t(k1,ke2)]. Thus if t(ki,ks) is a Postnikov
fibration over B with distinguished fibre K x L, the orbit [[t(k1,k2)]] of the 1IFHT
class of t(k1,ka) corresponds to the FHT class [t(k1, k2)] of t(k1,ks). The bijection
is natural relative to B.

Proof. This is immediate from (iii) of Proposition 3.11. O

4. Classifying Spaces and Exponential Laws

The next part of our main argument requires the use of the fibred or freerange
mapping space M., and a fibred or freerange exponential law. We give a few basic
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ideas concerning these concepts here; the reader can find more information in [B1]
and [B3].

4.1. Classifying Spaces.

We define the set M, as the set of null homotopic maps from individual fibres of
ptoL,ie U,cx M(PK|z,L;c(e)). The function py: Mo, — K is the projection
that takes maps PK|x — L to x, where z € K.

We topologize M, with the cg-ification of the topology that has subbasis con-
sisting of all sets of maps of the forms:

(i) p=t(U), where U is open in K, and

(ii) W(C, V) = Uper{f € M(PK|z, L; c(e))| f(C N (PK]z)) C V},
where C is compact in PK and V is open in L. Then p., is obviously continuous,
in fact it is a fibration (see (M3) of [B1, p.90]).

The distinguished fibre of po, is M (K, L; c(e)) (see (M4) of [B1, p.90]). We will use

ico: M(K, L;c(e)) — My to denote the corresponding inclusion map. The constant
map c(e): K — L will be taken as basepoint for both M (K, L; c¢(e)) and M.

4.2. A Fibred Exponential Law and Classifying Maps.

Let B be a pointed weak Hausdorff space (see [B1, p.91]), and k1: B — K be a
fized pointed map. The following rule is (M6) of [B1, p.90].
There is a bijective correspondence between:

(i) the set of pointed maps k: B — My, such that pe o k = ki, and
(ii) the set of maps ko: BN (k1)PK — L, extending c(e): {bg} x K — L,

determined by the rule

k(b)(y) = ka2(b,y), where ky(b) = p(y).
If we allow k1 to vary through M°(B, My,), we obtain a bijective correspondence
between
(i) the set of based maps k: B — My, and
(i) the set of Postnikov fibrations over B with distinguished fibres K x L

determined by the rule k +— t(pso 0 k, ka), where ko is determined by k as specified
previously.
In that situation the map k will be referred to as the classifying map for t(ky, k).

4.8. Universal Postnikov Fibrations.

The maps poo: My — K and p: PK — K determine a pullback space M, M
(poo)PK, and there is an associated evaluation map

€ - Mool_l(poo)PK_’Lv (f»y) '_)f(y)v

where poo (f) = p(y). We recall, from (M9) of [B1, p.90], that the Postnikov fibration
t(Poo, €00 ) 18 universal amongst Postnikov fibrations. Thus, for each t(k1, ko) over B
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with distinguished fibre K x L, t(k1, k2) = k*t(Poo; €00 ), and so the rule k +— t(kq, k2)
can alternatively be defined as k — k*t(poo, €00 )-

4.4. A 1FHT Classification Theorem.

Let m and n be integers with 1 < m < n, G and H be Abelian groups, and B be
a well pointed space having the homotopy type of a simply connected CW-complex.
Then [B1, Theorem 7.5] asserts that there is a bijection

[B, My]" — 1IFHT(K x L : B),

determined by the rule [k] — [t(k1,k2)] of (4.2).

The Postnikov fibration t(peo, €co) s universal amongst Postnikov fibrations over
B with distinguished fibre K x L, in the sense that the rule [k] — [k*t(Poo, €00)]
defines the last bijection.

5. The Basic FHT Classification Theorem

In this section, we use (4.4) to replace the orbit set 1IFHT(K x L : B)/E(K x L)
of Theorem 3.12 by a more computable orbit set [B, M,.]°/E(K x L).

If ke MY(B, M), we recall that k(b): PK|ki(b) — L and then define ¢ -k €
M°(B, M) by

5.1, (¢-k)(b) = pok(b): PK|ki(b) — L where b€ B.

Lemma 5.2. (i) There is a group action
Aut H x [B,My]® — [B,Mx]°, (¢,[k]) — [¢- k],

where ¢ € Aut H and k € M°(B, M.).

(ii) Let t(k1, ko) be a Postnikov fibration over B with distinguished fibre K x L
and ¢ € Aut(H). Then t(kyi, ko) is classified by k if and only if ¢ - t(k1, ke) is
classified by ¢ - k.

Proof. (i) (1 (¢2-k))(b) = d1 0 (¢ 0 k(b)) = (¢1 © d2) 0 k(D) = (¢1 0 §2) 0 k(D) =
((¢1 0 ¢2) - k)(b). Hence ¢y - (¢2 - k) = (¢1 0 ¢2) - k.

(ii) If ¢(k1, k2) is classified by k, then the Postnikov fibration ¢ - t(k1, k2) has sec-
ond k-invariant ¢ o ko, and (¢ o k2) (b, y) = ¢(k(b)(y)) = (¢ - k)(b)(y), where (b,y) €
B (k) PK. Further, po o (¢ - k) = ky, and so ¢ - t(ky1, k) is classified by ¢ - k. The
argument is reversible, so the proof is complete. O

If € Aut G, then there is a based homeomorphism 6 ': PK — PK over §~: K —
K (2.6). So, if x € K, we then have a homeomorphism 6 '|(PK|0(x)): PK|0(x) —
PK|z. If k € M°(B, M), then k1 = po, o k € M°(B, K), and we can define 6 - k €
M®(B, M) by

5.3. (0 k) (b) = k(b) 0 (0,4, |(PK[(8 0 k1) (D))
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Lemma 5.4. (i) There is a group action
AutG x [B, My )° — [B,My]° (8,[k]) — [0-FK],
where 0 € AutG and k € M°(B, M..).
(ii) Let t(k1,ks) be a Postnikov fibration over B with distinguished fibre K X L and

0 € Aut(G). Then t(ky, kz) is classified by k if and only if 0 - t(ky, k2) is clas-
sified by 6 - k.

Proof. (i) (61 - (02 - k))(b)
= (02 k)(b) © (02)1'|(PK](8 08 © k1)(b))
= (k(b) o (02)5" [(PK (03 0 k1) (b)) © ((01) 1 [PE (6, © 05 © k1) (D))
= k(b) 0 (01 0 02) ' |(PE|((6; © 05 © k1) (b))
= ((01 - 02) - k)(b).
Hence 64 - (65 - k) (01 009) - k.
(ii) Let us assume that k classifies t(k1, k). Then (8- k)(b)(y) = k(b)0:*(y) =
ka(b,0x 1 (y)) = k2 (111051 (b, ). Also (8- k)(b): PK|0ki(b) — L, 50 pog 0 (8- k) =
6o ky. Hence 6 - k classifies t(0 o k1, ky 0 (LM1OY)) = 0 - t(ky, k). O

Let v € M°(K, L) and k € M°(B, M,). Identifying B with B x {0} and I
with {bo} x I, we can consider 1, to be a map {by} x I — M°(K,L;c(e)) and
k€ M°(B x {0}, M,). Now both k and v take the value c(e) at (by,0), so the
non-degeneracy of {by} C B [B1, (2.4.8)] allows us to apply the homotopy extension
property. We obtain a homotopy

5.5. T=T(k,Y): BxI— My

that extends both k and iy, 0 19 (see (4.1) for i ). Restricting T to B = B x {1},
we define a based map

5.6. ¢k B— My, (¢-k)(b) =T(b,1), where b € B.

As with v - ko, the map v - k is not uniquely determined, but it is unique up to
based homotopy.

Lemma 5.7. (i) There is a group action
[F’E]O X [BvMOO]O - [BaMOO]Ov ([1/1]7 [k]) = W)k]

(ii) Lett(ky,ka) be a Postnikov fibration over B with distinguished fibre KxL, and
€ MU((K,L). Then t(k1,ko) is classified by k if and only if 1 - t(ky, ks) is
classified by 1 - k.

Proof. (i) This is similar to the proof of Proposition 3.8(i), which has been removed
to Section 9.

(ii) The composition of k1 and the projection 7: B x I — B determines a homo-
topy k1 om: B x I — K. Pulling p: PK — K back over this homotopy defines (B x
I) N (k1 o ) PK. Identifying this pullback space with (B M (k1)PK) x I, and apply-
ing the fibred exponential law to S of (3.6), we obtain a homotopy S<: B x I — M,
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that agrees with T on B x {0}, i.e. both start at k: B x {0} = B — M. It follows
via (2.9) that the classifying map for ¢(k1, - ko), i.e. S<|B x {1}, is based homo-
topic to ¢ - k. The above argument is reversible, so the proof is complete. O

We are now ready to specify the action of £(K x L) on [B, M]° that determines
the orbit set used in our basic classification theorem.

If k € M°(B, Bw), then we define
5.8. (0.9,0) k=0-(¢-(¢-k)) € M°(B, Mc).

It follows from (ii) of Lemmas 5.2, 5.4 and 5.7, that (6,1, ¢) - k is unique up to
based homotopy.

Proposition 5.9. (i) There is a group action
E(KxL) x [B, M)’ — [B, M]’, ({6, [¢], ), [K]) = [0, %, ) - K]
(ii) Let t(ky,k2) be a Postnikov fibration over B with distinguished fibre K x L.
The actions of Propositions 3.11(3) and 5.9(i) agree in the sense that t(k1, ko)
is classified by k if, and only if, (0,1, @) - t(k1, ka) is classified by (0,1, P) - k.

Proof. We will prove (ii) first. Let us consider:

53

(a) t(k1, ko) is classified by k,

(b) ¢ - t(k1, k) is classified by ¢ - k,

(¢) Y- - t(ky, ko) is classified by ¢ - ¢ - k, and
(d) 6 - ¢-t(ky, ko) is classified by 0 - - ¢ - k.

Then (a) < (b) by Lemma 5.2(ii), (b) < (c¢) by Lemma 5.7(ii), and (c) < (d) by
Lemma 5.4(ii). Hence (ii) is verified.

(i) We have just seen that the function of (i) agrees with the group action of
Proposition 3.11(i). It follows that the function of (i) is a group action. O

Proposition 1.1 is a reformulated version of Proposition 5.9(i), in that we use
an alternative description of the group action. With the Proposition 1.1 approach
the action is slightly easier to describe in elementary notation. In particular, we do
not need to introduce additional terminology concerning maps, produced via the
homotopy extension property.

Proof of Proposition 1.1. Let 0€AutG, ¢ € Aut(H),»€ M°(K, L), and t(kq, ko) be
the Postnikov fibration corresponding to k € M?° (B, M), We know by Proposition
3.9(v) that v - (0 - t(k1,k2)) is IFHE to 0 - ((¢ 0 0) - t(k1, k2)). Applying the fibred
exponential law (4.2), it follows that the corresponding based maps, B — M, i.e.
- (6-k)and 0 - ((1)00) - k), are based homotopic. Replacing v by 1) o8 ' and k
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by v - k, we obtain:
(ol ) (0-(6-k) ~° 0-(-(6-K)).
It follows that the rule
1

(0, [, 0), [K]) = [(Wob ")-(0-(6-F)

is an alternative description of group action of Proposition 5.9. It is in this alterna-
tive form that the action is described in Proposition 1.1. O

Proof of the Basic Classification Theorem 1.2. We see by (ii) of Proposition 5.9
that the bijection

[B,My]° — IFHT(KxL:B), [k] — [t(k1,k2)]

(see 4.4) is equivariant relative to the actions of Propositions 5.9 and 3.11. Hence
there is an induced bijection between the two orbit sets corresponding to these
actions. The result follows via Theorem 3.12. O

6. A Stable Range Version of the FHT Classification Theorem

We now show that in situations where ¢ can be delooped, i.e. where there is a
X € M°(K, L) such that Qy =~ 1, then (0,1, ®) - k is specified using only compo-
sition and pointwise addition of functions. This enables us to use such a x to give
formulae defining both the homotopy T of (5.5) and the corresponding group action
on [B, My)°.

Let x: K — L be a based map, and t(kq, k2) a Postnikov fibration over B and
with distinguished fibre K x L. We define the map ki Mp: B (k;)PK — K by
(k1 M p)(b,y) = k1(b) = p(y), where (b,y) € BN PK, and

6.1. X ks = ka+xo(kiMp) € M(BN (k)PK,{bo} x K;L,e),

where + denotes pointwise addition relative to L.
If k: B — M is the based classifying map for t(kq, k2), then we define x - k €
M°(B, M) by

6.2. (x - k) (0) = k(b) + c(xk1 (D).

In this definition k(b) and ¢(xk1(b)) are both maps PK |k1(b) — L, and the + refers
to pointwise addition. The function x - k£ is continuous because it corresponds to
X - ko via the fibred exponential law (4.2).

If = Qx € M°(K, L), the homotopy

6.3, S: (BN (k)PK)xI— L, S(b,y,t)=ka(b,y)+ xy(t)

meets the specifications of (3.6), i.e. relative to ko and ;.

Recalling that (BN (k1)PK) x I = (B xI)M(kion)PK by the rule (b,y,t)—
(b, t,y), as explained in the proof of Lemma 5.7(ii), we see that S determines a
map (B x I) M (ky om)PK — L, (b,t,y) — ka(b,y) + xy(t). Then (4.2) determines
a map
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6.4. T:BxI— My, T(bt)=k(b)+eps,

where b € B,t € I, and k(b) and ey, are in M(PK|k1(b),L;c(e)), with ep,(y) =
xXy(t)-

Thus T'(b,t)(y) = k(b)(y) + b1 (y) = ka(b,y) + xy(t). Further, T extends k and
(3

Hence T meets the requirements of the homotopy of (5.5), and can be used to
define ¢ - k. Thus if k1 (b) = y(1)

(W-k)®)(y) = T(b1)(y)
k(b)(y) + €51 (y)
= k(b)(y) +xy(1)
k() (y) + xka(b).
Hence (v - k)(b) = k(b) + c(xk1(b)) = x - k(b). So if ¢ = Qx, then ¥ -k=x-k. It
follows, by (2.9), that

6.5. e MY(K,L)and ¢ ~° Qx = -k =0 x-k.
Let 0 € AutG, x € M°(K,L), ¢ € Aut H and k € M°(B, M,,). Then we define

So it follows by (5.8), (6.5) and (6.6) that
6.7. € MU(K,L)and ¢ = Qx = (0,x,8) - k= (0,¢,¢) - k
We recall the cohomology suspension function [MT, p.139]
H"Y(K;H) — H"(K;H)
which, in homotopy theoretic terms, is the covariant looping function
Q. [K,L° — [K,L], [x] = [

There is also an associated function

At E(K x L) — E(K x L), A0, [x], 0)) = (0,[2], ¢)-
It is well known that if n < 2m, then €, is an isomorphism (see [MT, Prop.4,
p-152]), and follows easily that A, is also an isomorphism.
Proposition 6.8. (i) If 0 < m < n < 2m, then there is a group action:

0 (K % L)  [B, Ma)® = [B, Mocl®, ({6,[x], ), [K]) — (8, x, ) - K]

(i) If B denotes the action of Proposition 5.9(i), then a = 3o (A, X 1).
Proof. (ii) follows by (6.7), and (i) is a consequence of (ii) O

Proof of Proposition 1.3. This result is just (i) of Proposition 6.8, but with the
formula describing the action spelled out in more detail. O

Proof of the Stable Range Classification Theorem 1.4. The two orbit sets
[B, M.]°/E(K x L) of Theorem 1.2 and [B, M.]°/E(K x L) of Theorem 1.4 agree
(see Proposition 6.8(ii) and use the fact that A* is an isomorphism). The result
follows immediately from Theorem 1.2. O
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7. The Principal Fibration Case

7.1. Let X,Y and Z be spaces, and f: X — Y and ¢g: Y — Z be maps. Then we
will use the notation

<fig=:X—>YxZ forthemap 2z (f(x),g(x)).

It is standard that principal K x L-fibrations over B are classified up to equivariant
FHE by maps B — K x L (see [B2, Thm.5.8 and Prop.5.9]). Thus p x ¢: PK X
PL — K x L is universal amongst such principal fibrations. If k; € M°(B, K) and
k5 € M°(B, L), then the classifying map

<k1,ké\>-lB—>K><L

corresponds to the principal fibration < k1, k5 =* (p X q). Interpreted as a Postnikov
fibration, this fibration is t(k1, k5 o ((k1)*p)), with classifying map

B — My, b — c(ky(b)): PK|ki(b) — L.
7.2. Tt is explained in (M1) of [B1, p.89] that there is a based embedding
Joot: KX L — My, (x,w) — c(w): PK|lx — L,
where x € K and w € L, that is fibrewise over K.

We now relate joo to the universal fibration #(pe, €so) of (4.3).

Proposition 7.3 (Properties of j.). (i) The induced fibration (joo)*t(Poo, €oo)
is — to within a canonical homeomorphism of its total space — the principal
K x L-fibration p x ¢: PK x PL — K x L
(11) Then joo o <k1,kb = is the classifying map — in the sense of (4.3) — for
the principal fibration < k1, kb =* (p X q).
(iii) Lett(k1, ko) be a Postnikov fibration over B with distinguished fibre K x L, and
associated classifying map k. Then t(ky1, k) is a principal fibration if and only

if k factors through jeo, i.e. if and only if there exists a map f: B — K X L
such that jo o f = k.

Proof. (i) Viewing the induced fibration as a Postnikov fibration Fy — E; — K X
L, E; is obtained by pulling back p: PK — K over p, © joo, i-€. over the projection
K x L — K. Hence the principal K -fibration B; — K x Lis px 1;: PK x L —
K x L.

Then FE5 is obtained by pulling back the path fibration ¢: PL — L over the
projection PK x L — L. Hence the principal L-fibration E; — E; may be taken
to be the map 1px X q: PK x PL — PK x L. The result follows.

(ii) This follows from (i) by elementary properties of pullbacks.

(iii) = Ift(ky, ko) is a principal fibration then, for some choice of f € M°?(B, K x
L), t(k1,k2) = f*(p X q) = [ 55t (Poos c0) = (Joo © f) t(Poo, €00). Now ki and k
determine k uniquely, so k = j o f, and k factors through k...
< t(k1, ko) = K" t(Doos €oo) = [ It (Pooy €00) = [*(p X q). So t(ky,ka) is the pull-
back of a principal fibration, and hence is itself principal. O
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Let D, W and X be pointed spaces and g: W — X be a pointed map. Then there
is a covariantly induced function g.: [D, W]° — [D, X1°, g.([f]) = [g o f]-

Lemma 7.4. Let D have the pointed homotopy type of a pointed CW-complex
and connectivity greater than or equal to some positive integer n. If g induces
isomorphisms of homotopy groups in dimensions > n, then the induced function
g« [D,W]° — [D, X]° is a bijection.

Proof. This is a slight variation of the corresponding result where g is a weak
homotopy equivalence [S, Cor.7.6.23]. O

Proposition 7.5. Let 1 <m < n < 2m, and B have connectivity greater than n —
m + 1. Then the induced function (joo)«: [B, K x L] — [B, M]° is a bijection.

Proof. mi(M°(K,L;c(e))) ~ [K,Q'L]° (utilizing repeated applications of the expo-
nential law for cg-spaces) ~ [K,K(H,n+1—14)]° ~ H"*1=¢(K; H). This is 0 if
n+l—i<m,ie ifi>n—m-+1.

If N is a CW-complex, with distinguished point ng, then the based map v =
v(N): M(N,L;c(e)) — L, that evaluates at ng, is a fibration (the proof follows
easily via the expononential law for cg-spaces [V, Thm.3.6]).

Now K has the homotopy type of a CW-complex N, so the analogue of v for K,
i.e. v(K): M(K,L;c(e)) — L, is a quasi-fibration with essentially the same exact
homotopy sequence as v(N). Further, v(K) has a section jo: L — M (K, L;c(e)),
with jo(w)(y) = w, where y € K and w € L, and its distinguished fibre is
MOE, L; (e)).

Inserting known zero values of m;(M°(K, L;c(e)) into the exact homotopy se-
quence for v(K), we see that m;(v): m;(M (K, L;c(e))) — m;(L) is an isomorphism
for i > n —m+ 1. Now m;(jo) is a right inverse to m;(v), so m;(jo) is an isomorphism
for the same range of values.

The map joo (see 7.2) is a fibrewise map from the projection K x L — K to
the fibration ps: Mo — K. Its restriction to the distinguished fibre {e} x L = L
is jo. It follows, via the associated exact homotopy ladder and the five-lemma, that
Ti(Joo): i (K x L) — m;(Ms) is an isomorphism for ¢ > n —m + 1. Hence (joo )« is
a bijection for the specified range of values of ¢ (Lemma 7.4). O

Proof of Proposition 1.5. There is a group action
E(K x L) x [B,K x L] — [B,K x L]°

defined by composition. The action of Proposition 1.5 is just the cohomology inter-
pretation of that action. O

Proof of the Stable Range Classification Theorem 1.6. (i) We have to verify that
the Hurewicz fibration case is equivalent to the principal fibration case, and this
follows immediately from (2.10), Proposition 7.3(ii) and Proposition 7.5.

(ii) The function (joo)« is equivariant relative to the group actions described in
the proof of Proposition 1.5 and in Proposition 6.8(i). Then Proposition 7.5 ensures
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that the function induced by j, i.e.
[B,K x L]°/E(K x L) — [B, M4 /E(K x L,)

is a bijection.

The result follows if we compose the last bijection with that of Theorem 1.4, and
reinterpret [B, K x L]°/£(K x L) in terms of cohomology.

(iii) The orbit of (k,\) € H™TY(B; G) ® H""(B; H) corresponds to the orbit of
the homotopy class of (u,v) in [B, K x L]°. This in turn corresponds via Proposi-
tion 7.5 to the orbit of the homotopy class of js o (u,v) in [B, Ms]°, which then cor-
responds via Theorem 1.4 to the fibrewise homotopy type of (joo © (u, v))*t(Poo, €0 )-
We know via Proposition 7.3(ii) that this is the orbit of (u,v)*(p x q) as required.

O

8. Examples

Ezample 8.1. If H =0, then K(H,n) can be a one point space, and M, = K (see
(M2) of [B1, p.89]). Hence

[B, My]°/E(K(G,m) x K(0,n)) ~ H™""(B; G)/Aut G,

so we have retrieved the classification theorem for fibrations whose fibres have a
single non-zero homotopy group.

Ezample 8.2. If G = 0, then K(G, m) can be a one point space, and My, = L (see
(M2) of [B1, p.89]). Hence

(B, Mac)” /(K (0,m) x K(H.n)) ~ H™(B; H)/Aut H,

and we have again retrieved the classification theorem for fibrations whose fibres
have a single non-zero homotopy group.

Ezample 8.3. We use Theorem 1.6 to compute the set FHT(K(G,m) x K(H,n) :
St x S%), where m, n, t and u are positive integers with 0 < m < n < min(2m,
m+t—2).

(i) If t < u, the above set of fibrewise homotopy types is in bijective correspon-

dence with:
(a) (G/Aut G) x (H/Aut H) ifm=t—1andn=u—1.

(b) G/Aut G fm=t—1<n<2t—3, butn#u-—1,
orm=u—1l<n<t+u-—3, or
m=t+u—1<n<2t+u-—3.

(c) H/Aut H if St <m<t—1=n,or
max(“T_l,u—t+1)<m<u—1:n,
butm#t—1, or

ut+rl<m<t+u—1=n.

(d) 0 if mné{t—1u—1,t+u—1}.
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(ii) If t = u, the above set of fibrewise homotopy types is in bijective correspondence
with:

(a) (G®G)/Aut G fm=t—1<n<2t—3.
(b) G/Aut G ifm=2t—1<n<3t-3.
(c) (H® H)/Aut H if S <m<t—1=n.
(d) H/Aut H ift+l<m<2t—1=n.
(e) 0 if myn ¢ {t—1,2t—1}.

(iii) The cases where the classifying set has a single element, i.e. (i)(d) and (ii)(e),
are independent of the n < min(2m, m +t — 2) assumption.

The actions of G and H on G @ G and H & H, respectively, are the diagonal
actions. Thus, in the former case, the rule is defined by (6,u,v) — (6(u),8(v)),
where 0 € Aut(G), and u,v € G.

9. Proofs for Section 3
Proof of Lemma 3.2. (i) If ¢ and ¢’ € Aut H, then

¢ (p-t(ki,k2)) = ¢ - (t(k1,¢oka))
= t(k1, ¢' 0o gpoky)

= t(k1, (¢' 0 @)oko)
= ((;5/ Od)) 't(kl,kz).

(ii) The fibrewise map ®(¢) is a homeomorphism, since it has an inverse ®(¢~1),
and so is certainly a FHE. Also the restriction of ®(¢) to the distinguished fibre
{bo} x K x L, or equivalently K x L, is 1 x ¢: K x L — K x L, as required. O

Proof of Lemma 3.4. This argument is parallel to that of Lemma 3.2, and uses
routine properties of pullbacks. The verification of (i) depends on the facts that
postcomposition with § and precomposition by 6;' both depend covariantly on 6.
The fibrewise map ©(#) of (ii) is a homeomorphism, since it has inverse ©(6~1). The
restriction of ©(f) to the distinguished fibre {bg} x K x L=K x Lis § x 1: K x
L — K x L, as required. O

Proof of Lemma 3.5. The results of (i) follow via the exponential law for cg-spaces.
Thus ¥; may be determined from by applying that law once, and 5 derives
from 7 by applying it again. The results of (ii) are obtained if we apply similar
procedures to a based homotopy K x I — L. O

Proof of Lemma 3.8. (i) Let ¢ and v’ € M°(K, L). Defining ¢’ - (1 - ko) involves
applying the cofibration property twice to ks, first using ¢; and then .
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However if we define ¢; + (¢');: K x I — L by

, W1 (y, 2t t<1/2
(1 + (W)1)(y: 1) = { (W()yl(y,)zt ~1) t> 1?2,

then a single application of the cofibration property using ko and vy + (¢')1 =
(¢ + )1 yields a member of the same homotopy class (E1, {bg} x K) — (L, {e})
(see (2.9)). Hence o' - (¢ - t(k1,k2)) and (¢ + ') - t(k1, k2) have the same 1FHT,
and it follows that we are dealing with a group action.

(ii)(a) We consider a Postnikov fibration #(k1,ks), with associated principal
fibrations p1: By — B and p2: Fy — Ep, and apply the argument of (2.10), with
r: Z — B taken as q: PL — L, A= FE;, H= S(k1,ks,%) of (3.6), f =ko and g =
¥ - ko. There is a specific procedure for computing liftings over path fibrations (see
[S, Cor.2.8.8]) and so, after following through the details, we obtain a homotopy
R: FEy x I — PL with restriction R;: Fo — PL, where

| =(2t) t<1/2
Rl(bvyvz)(t) - { S(b,y,2t—1) t> 1/2’
be B,y€ PK,z€ PL, and (b,y,z) € E;. We must also consider the Postnikov
fibration (k1,1 - k2), with principal fibrations p; : Fq — B as before, and pg: Eg’ —
By, where EY = By M (¢ - ko) PL and p¥ = (¢ - k2)*(q).
Then, using ¥ = ¥(y)) to denote the corresponding FHE h, we have

\Ij: E2 - E;pv (bayvz) = (b,y,Rl(b7y,Z))~

(b) Now t(k1,k2) Hbo} = {bo} x K xL = t(ky,% - ko) "1 {bg} (see (3.7)), hence
the restriction over {bg} of the FHE W is (essentially) a self-homotopy equivalence
of KxL — KxL.

(c) The restriction of Ry over {by} is essentially

R1|({b0}><? Xf): ?XZ - f7 (ya Z) = Rl(bOa y,z) =z+ S(b()aya 7)3

where {bg} x K x L is equated with K x L, and + is the operation on L.

Now S: EyxI — L extends ¢1: {bg} x K x I = K x I — L, so S(by,y,—) =
1 (y,—) € L. Hence 91 (y, —)(t) = ¥1(y,t) = ¥(y)(t), where y € K, t € I, and so
1 (y,—) = ¥(y). So we have shown that if y € K and z € L, then Ry(y,z) = z +
¥(y).

(d) Hence ¥: E; — EV restricted over by € B is

KxL—KxL, (y,2) — (y, z+%()).

Now (1,1, 1) x (y,2) = (y,%(y) + 2), so the homotopy commutativity of the oper-
ation on L ensures that U is a (1,1, 1)-FHE. O

Proof of Lemma 8.9. Parts (i), (ii) and (iii) are contained in parts (i) of Lemmas
3.2, 3.4, and 3.8, respectively. The proofs of (i) and (iii) are spelled out in the proofs
of Lemmas 3.2 and 3.8. We verify the most difficult of the remaining three cases,
i.e. (v), and leave the others to the reader.

We notice that 1 - (kz o (1M6x1)) and ((¢ 08) - k) o (1MAOx*) are both termi-
nating maps of homotopies that extend the same map, i.e. both are restrictions
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to (BM (8o k1)PK) x {1} of homotopies (BT (o k;)PK) x I — L, both of which
extend both kyo (1MO): (BN (ok)PK) x {0} — L and vy : {bo} x K x I —
L. Tt follows, via (2.9), that these homotopy extensions are homotopic via a homo-
topy that extends the constant homotopy {bo} x K x I — L with value e € L.

Each of these terminating maps induces the “Ey — FE;” fibration of a specific
Postnikov fibration, in both cases with F1 = B (6 o k1) PK. It follows by the rel-
ative version of (2.10) that there is an FHE, between these fibrations, that restricts
to the identity over {bo} x K. Hence this FHE is a 1IFHE between the corresponding
Postnikov fibrations “Fy — B”.

Sotp- (0 -t(ki,kz)) = -t(@oky, kyo(1MAXY)) which is 1IFHE to

t(0 ok, ((¢ o@) ko) o (1M 9X1))) =0-t(ki, (¢ og) ko) =0 ((v oé) t(k1, ka)).
O
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