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Introduction

The present paper is continued from the first part [27] with the same title.
In Part I, we studied the enumeration problem for liftings in fibrations which
are the compositions of two twisted principal fibrations, the enumeration problem
for cross sections of (n— 1)-sphere bundles over CW-complexes of dimension less
than n+ 1, and the enumeration problem for embeddings of n-dimensional closed
differentiable manifolds in the real (2n—1)-space R2*~!, As an application, we
determined the cardinality of the set of isotopy classes of embeddings of the n-
dimensional real projective spaces RP" in R2771,

The organization of the present paper, which is divided into two chapters,
is analogous to that of Part I. In Chapter IV, we study the enumeration problem
for liftings in fibrations which are the compositions H -t T—2,E—£, D of three
twisted principal fibrations, and with some assumption we obtain in Theorem D
of §16 the formula for determining the set [X, H], of homotopy classes of lift-
ings of a map u: X—D. This is a generalization of a theorem of Y. Nomura
[23, Theorem 2.4] and on the other hand, an extension of Theorem A in §2 of
Part 1, and further a version of a theorem of J. F. McClendon [13, Theorem 5.1],
where the stability conditions are woven. Chapter V is as follows. In the begin-
ning, we construct the fourth stage Postnikov factorization of the universal §"~!-
bundle p: BO(n—1)-BO(n), which is continued from §7. This factorization
is a composition of three twisted principal fibrations which satisfies the assumption
of Theorem D. Next, applying Theorem D, we enumerate non-zero cross sec-
tions of n-plane bundles over CW-complexes of dimension less than n+2 in
Theorem E of §18. This is an extension of Theorem B of §9. Lastly, as an ap-
plication of Theorem E to the enumeration problem of embeddings, we have the
following theorem in § 19.

THEOREM F. Let n>5 and let n#2"+25 (r>s>0). Then the n-dimen-
sional complex projective space CP" is embedded in the real (4n—3)-space R*"~3
and there are countably many distinct isotopy classes of embeddings of CP"
in R4-3,
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Chapter 1V. - The enumeration of liftings in certain fibrations

§13. The situation and the preliminaries

Let B, C and A be H-groups with base point * and let ¢(G): n(G)—Homeo (G,
») (G=B, C, A) be homomorphisms such that they satisfy the assumption (1.2).
Then there are fiber bundles

g L(G) = Ly(G) — K(G) = K(n(G), 1) (G =B, C, 4),

with fiber G and with canonical cross sections sg, which are constructed in (1.1).
In this chapter, we consider the following situation:

H

y

AT —2 L(A) 24 K(A)

(13.1n /ql
y zls —£, L(C) 5=, K(C)

v P
X/_,.. D -, L(B) 92, K(B).

Here, p: E-»D, q: T-E and h: H—T are the twisted principal fibrations with
classifying maps 0: D—L(B), p: E-L(C) and o: T—L(A), respectively, and
moreover it is assumed that there exist 5: D—»K(C) and &: D— K(A) satisfying

(13.2) gcP = PP, 440 = aGpq.

Let u: X—D be a given map of a CW-complex X to D. Then, the purpose of
this chapter is the investigation of the set of homotopy classes of liftings of u to
H, that is, the set [X, H], of D-homotopy classes of D-maps of the D-space
(X, u) to the D-space (H, pgh).

For the neatness of the description, we assume that the H-groups C and A4
are topological groups in the rest of this chapter. Further, for the simplicity,

ng: L(G) % g L(G) — L(G), ~':L(G)— L(G) (G=C, A)

denote the K(G)-maps 14, and vy, of (1.3) induced from the multiplication and
the inverse of G, respectively.
Let AV u denote the join of two paths 1 and p with A(1)=pu(0) and let

mp: Qg L(B) X gz E — E,
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(13.3) me: Q) L(C) X gy T

» T,
m g QuayL(A) % g4 H— H,

be the maps defined by mg(2, (x, W)=(x, Avy) for G=B, C, A, (cf. (1.7)).
By using the K(C)-maps

(13.4) P+ Qg L(B) X k) E, E) — (L(C), K(C))
of (2.3) and
(13.5) P+ (Q&m)L(B) X ki) E, E) — (Qu)L(C), K(C))
defined by p' (4, x)()=p,(A(1), x), the homomorphism
(13.6) 4,(p, [v]): [X, Qs L(B)Ikay — [X, Qi) UO)kc)
of (4.1) is defined by

4,(p, [b])([a]) = [p'(a, v)],

where v: X—E is a lifting of a fixed mapu: X—D. In the same way, the K(4)-
maps

137 0,1 (e l(O) X ko) T, T) — (L(A), K(4)),

' (Qc)LO) X gy T, T) — (QgayL(A), K(A))
are defined by

0,(% x) = nlome(2, x), [om(cy0 X)171),

oy (1, Y)(0) = o,(u(1), y),
and, for a lifting w: X—> T of v, the homomorphism
(13.8) 4o, [WD: [X, Q)OI — [X, L llxea
is defined by

4o, [WD([b]) = [o(b, W)].

In §4, we show that ng: Q)L(G) X k() L(G)— Q¥ 6, L(G) defined by ng(Z,
x) () =ng(A(1), x) is a K(G)-homeomorphism for G=C, 4 and the map ng induces
a bijection

(13.9) ng.: [X, 'QK(G)L(G)]K(G) x[X, L(G)]K(G) = [X, Qt(G)L(G)]K(G)
(G=2¢C, A
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for any K(G)-space X. Let
(13.10) Pt QE — Qf ) L(O), o1 QT — Qf 4 L(A),
be the maps defined by

PR = p), o' W(N) = a(u(®).

Then the following diagrams are commutative by (13.2):

Q3E 2, Qf¢,L(C) QT -2, Q%4 L(4)
(13011) pr;.;l lqcr qrrl ’ lq,u'
D —2 ., K(C), E-2,D_-2, K(A4).

where rg: QRE—~E, rp: Q§T-T and r: Q¥ ) L(G)— L(G) are the evaluation maps
as in Lemma 3.3. Consider the maps

mp: Qfp)L(B) X x(5) E —> QBE, me: Qke)L(C) X gy T— Q%T,

defined by mg(4, x)(t)=mg(A(t), x) for G=B, C. Then, for any CW-complex
X, there are two bijections (see §4)

mp.: [X, QIZ((B)L(B)]K(B) x[X, E]p = [X, Q3E],
forany u: X — D,

mes: [X, Qo) L(Okiey X [X, Tl = [X, QFT]e

(13.12)

forany v: X — E.
Using (13.9-12) and Lemma 4.2. (2), we have the following

LemMA 13.13. The primary operations A,(p, n) of (13.6) for ne[X, E],
and 4(a, &) of (13.8) for £€[X, T]¢ are determined uniquely by the relations

pamp(B, 1) = ne(d,(p, ) (B), pan),
oumed(y, &) = n(4,(0, ) (7), 648).

§14. The twisted secondary operations

In this section, we shall define the operations &([w]): Ker 4,(p, [v])—Coker
4o, [w]) for any lifting w: X—T of u and v=gw.

The following three lemmas are easily verified and so we omit the proofs.

Lemma 14.1. Let ¢'(C): a(C)->Homeo(Q*C, ) be the homomorphism
defined by ¢'(C)(®)(A)(1)=¢(C) () (A1) and let Ly c)(Q*C)—K(C) be the fiber
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bundle constructed in (1.1). Then there exists a natural K(C)-homeomorphism
¥: Q¥ c)L(C) = Ly c)(Q*C).

LEmMMA 14.2.  There exist natural K(C)-homeomorphisms
Qke)PricyUC) & Py)Q%(c)LAC) = PyieyLg(c(R*C),
Q¥ 0\ ) L(C) = Qk ()% c)L(C).

LEMMA 14.3. Let q': Q§T— Q¥E be the map which is defined by the relation
gD ()=q(XA1). Then, q' is the twisted principal fibration induced from
PycyQ%c)LAC) = QF c)Px(c)LAC) = Q¥ (c)L(C) with classifying mapp’: QFE —
Q% c)L(C).

The next two lemmas play an important part in the definition of the twisted
secondary operation @([w]).

LemMmA 144. Letwe[X, T]pandlet fe[X, QEE],- If B lies in the image
of q%: [X, Q8T p—[X, QSE]p and if guw=rg.p in [X, E]p. Then, there is an
element ye[X, Q%T]p such that rr.y=w and q,y=p, where rg: Q4QE—E and
rr: Q§T—T are the maps of Lemma 3.3.

Proor. By the assumption, there is an element yx, in [X, Q§T]p such that
q4xo=PB. Since g,w=gq,ry.yo by the assumption, there is an element w in
[X, Qkc)L(O)]k(c) such that mcy(w, rraxo)=w by Lemma 15.2 below. Now,
let fc: Qic)L(C) X k) Q5T-QBT be the map defined by the equation mic(4,
WO =mc4, pu()). Then the map i makes the following diagram commuta-
tive:

iy L(C) X k(o) T &7 Q) L(C) X ()3T =2 Q3T

|- T

T rr Q3T « » QE.

Therefore, the following commutative diagram holds:

[X, @k L(C)k(cy % [X, T1p LT[ X, Qo) LIC) k) X [X, Q3T 1p 225 [X, Q3T 1,

mcs fics q;

[X, T1p [X, Q3T]p,—=— [X, Q3E].

Set y=mcdw, Xo). Then, the relations

Pl =W,  QuX = qailicl(®, Xo) = GuXo = B

follow from the above diagram.
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LEmMMA 14.5. Letv: X—E be a lifting of u and let sg: E—Q3E be the canoni-
cal cross section of the fibration rg: QYE—E defined by s{x)=c, for any x € E.
If ye[X, QkT], satisfies qyx=[sgv] in [X, QBE]p, then y is contained in the
image of iy: [X, Q(T]p—[X, Q¥T],, where i: Q§T-Q3T is the natural inclu-
sion.

Proor. This is a simple application of the homotopy lifting property.

Using the preparation made above, we now construct the twisted secondary
operation

(14.6) o([w]): Ker 4,(p, [v]) — Coker 4,(o, [w]).

Here w: X Tis a lifting of u: X—D and v=qw and 4,(p, [v]), 4,(c, [w]) are the
homomorphisms of (13.6), (13.8).

Let te Kerd,(p, [v]). Since v has a lifting w, the relation p,[v]=0 holds.
Hence the relation pymj.(t, [v])=0 follows from Lemma 13.13. This relation
and Lemma 14.3 state that mjp.(t, [v]) lies in the image of qi: [X, Q}T]p—
[X, Q5E]lp. The equation regmi.(t, [v])=[v]=q.[w] follows immediately.
Therefore by Lemma 14.4, there is an element y in [ X, Q%T1], such that

‘I;X = m’B‘(T, ‘[U]) € [X) Qf)E]D’ "T'X = [W] € [X7 ﬂD’

By (13.9), the element gy in [X, Q% 4)L(A)]x4, is described uniquely in the form
ouX=n4s(e, ) for some ae[X, Qu4L(4)]kwy and Be[X, L(A)]k.) Since
B=rynii (o, p)=r 0x=04rr.x=04[w], we have

oux = naa(®, 04[w])  for some ae[X, QuL(A)kw4,)-
By the use of the element « of this equation, we define di([w])r‘ by
(14.7) D([whr = a+1Im Ao, [W]) € [X, Qx4)L(4A)]x(a)/Im 4 (0, [W]).
Suppose that another element y’ in [ X, Q}T],, satisfies the relations
qux’ = mp(t, W) e[X, QE]p,  rrax’ = [Wle[X, T1p,
and suppose that
oLy = ne(o, o [w]) for some o' €[ X, Qp4L(A)]k)-

We may choose y and yx' such that ryy=rrx’=w as maps because r;: Q§T—T
is a fibration by Lemma 3.3. Then x’'V x~! makes sense and q,(x'V x~1)=[sgv]
in [X, QFE]p. Therefore, ' V' e[X, Q%T], by Lemma 14.5 and this is con-
sidered as an element in [X, Q%T]g, where X is considered as an E-space with the
mapv: X—E. Hence (13.9) implies that x'V y~!'=me(y, [w]) for [w]e[X,
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T]g and some ye[X, Q%c,L(C)]k, Further, Lemma 13.13 states
aumes(y, [w]) = niw(dy(o, [wl)y, oulw]).
Also, it follows that
aames(y, [W]) = 63(' V™) = ot Vo
=m0, O [WDV niu(at, 0,[w]) = ni(a’ VoL, a,[w]).

Therefore, o' Va~! =4,(g, [w])y by (13.9) and so a+Im4 o, [w])=« +Im 4o,
[w]). This shows that the definition (14.7) of ®([w]) is well-defined. By a similar
calculation, we see easily that ¢([w]) is a homomorphism.

§15. The actions of groups [X, 8¢ )L(6G)] k) (G=C, A)
The maps m¢ and m 4 in (13.3) determine the actions of groups
me: [X, Q) L(Okiey X [X, Tlp — [X, T1p for u: X — D,
(15.1)  my: [X, Qeay(A)Igyx[X, Hlp — [X, H]p  for u: X — D,
My [X, Qeeayl(A)kyx [ X, Hlg— [X, Hlg  for v: X — E,

which are given by mc,([al, [w])=[mc(a, w)] and so on. For the element w
in [X, T]p, I,(w) denotes the isotropy subgroup of [X, Qx)L(C)]k(c) at w under
the action mc,. Let {: X—H be a lifting of u and let v=qgh{. Then I,([{]) and
I([{]) denote the isotropy subgroups of [X, Qx4L(A)]k.) at [{Ie[X, H]p
and [{] e[X, H]g under the actions of m,. and m,, respectively.

From Proposition 1.8, the following lemma holds (see § 3).

LemMA 15.2. Let w: X—>T be a lifting of u: X—D and let v=qw. Then,
the actions mc., m,. and m,, are transitive on q3'([v]), h3*([w]).and h3z'([w]),
where qx-: [X, T]D_'[X’ E]D, h*: [Xa H]D—’[Xi nD and hS: [X’ H]E—’[Xa
T]g.

The following lemma is proved in Lemmas 3.4-5 and Proposition 4.3.

LemMma 15.3. Let {: X—H be a lifting of u: X-D and let w=h{ and v
=gw. Then the following equalities hold:

Iu([w]) = ImAp(p7 [0]), Iu([ﬂ) = Im Aq(a’ [W]),
where 4,(p, [v]), 4,(o, [w]) are the ones of (13.6), (13.8).

The map o': Q§T- Q¥ 4,L(A) defined by ¢'(1) (1) =0(A(7)) and the assumption
q.0=3apq of (13.2) give rise to the commutative diagram
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[x, @3Tl, —> [X, T]p

- -

[X, Qx LAk 2 [X, Q¥ L(A]kay = [X, L(AD]kay>

where i: Qg4 L(A)—> Q% 4)L(A) is the natural inclusion. We say that an element
v in [X, QyL(A)]x) is o-correlated to n in [X, T]p if there exists an element
x in [X, Q8T]p such that r.y=nin [X, T]p and oy x=i,y. Then, the methods
similar to Lemmas 3.4-5 lead to the following

LEMMA 154. Let {e[X, H]p and hl=n in [X, T]1p. Then yel ) if
and only if y is a-correlated to 1.

LemMmA 15.5. Let {: X—»H be a lifting of u: X—D and let w=h{ and
v=qw. Then we have

Im &([w]) = LLEDILZD),
where ®([w]) is the operation of (14.6).

Proof. Let ye[X, Qg 4L(A)Ik4) lie in the coset ¢([w])r. By the defini-
tion (14.7) of ®([w]), there is an element y in [ X, Q§T], such that

gix = mp(t, [V]) e[X, QBE]p,  rrox = [wle[X, T]p,
ouX = Ny, o [w)) e[X, Q;(A)L(A).]K(A)'

Since w has a lifting to H, it follows that o,[w]=0 and so n’.(y, 6.[w])=i,y.
This shows that y is o-correlated to [w]. Lemma 15.4 implies ye I ([{]). Con-
versely, suppose that ye [ X, Qx4 L(A4)]x, is contained in I ([{]). By Lemma
15.4, y is o-correlated to [w] e [X, T]p, i.e., there is an element y in [X, Q%T],
such that oy x=i,y and rr.y=[w] in [X, T]p. From the facts rgqix=qurrex
=[v] and (13.12), it follows that g,x=m%g.(1, [v]) e [X, Q}E], for some 7 in
[X, Q&5)L(B)]k;s) Thus we have 0=pimp.(t, [v]) by Lemma 14.3 and we
have 0= pimp.(t, [v])=nc(4,(p, [vV]), ps[v]) by Lemma 13.13. As a conse-
quence, 4,(p, [v])r=0 follows from (13.9) and so y € ®([w])r.

§16. The main theorem of Chapter IV

We say that the composition of fibrations H - T—2» E—2, D in the diagram
(13.1) is stable if there exist two maps

d: (QK(B)L(B) X ks D, D) — (L(O), K(0)),

c: (QK(C)L(C) X kcy D» D) — (L(A), K(A4)),
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such that the diagram

(QK(B)L(B) X ks E, E) 2 (L(C), K(O))
(16.1) (a) 1o

(k) L(B) X gy D, D) - (L(C), K(C))
is K(C)-homotopy commutative and the diagram

Lk y)L(O) X gy T, T) = (L(A), K(A))

(16.1) (b) [ 1xea ﬂ
(24 c)LAC) X g(cy D, D) = (L(A), K(A))

473

is K(A)-homotopy commutative, where p, and g, are the maps in (13.4) and (13.7),

(cf. §2).
Let

d’: (2% s)L(B) X k8 D, D) — (Qc)AC), K(C)),
¢’ (% )LUC) X ¢y D, D) — (Qg0)L(A4), K(4)),
be the maps defined by the relations (cf. (2.4))
d'(2, x)() = d(X1), x),  (w, y)(O) = c(u(1), ¥).
Then the diagrams below are K(G)-homotopy commutative (G=C, A):

(Q28)LAB) X xs) E E) 25 (@, L(C), K(C))

L= |

(lec(B)L(B) X gy Ds D) -4, 2k LLC), K(C)),

(26, LUO) X ey To T) s (QeayL(A4), K(A4))

N

(Q%c)L(C) X k() D, D) < (Qk(4)L(A), K(A)),

where p and ¢, are the maps defined in (13.5) and (13.7).
Now, for a given map u: X—D, we have four functions

o:[X, QK(B)L(B)]K(B) — [X, L(C)]x(cp
0': [X, Q) L(B)kwy — [X, LxcyL(Okccy
I:[X, Qxe)LOkey — [X, L(A) k)
r': [X, Qc,L(O)kic) — [X, LieaAA)kcay

(16.2)
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by setting
O([a]) = [d(a, w)],  O([b]) = [d'(b, u)],
r([x]) = [e(x, )},  T'(YD = [y, w)],

(cf. (2.5)). Then, we have the following results by the consideration given in
§5: The functions ' and I'’ are homomorphisms and moreover

' = 4,p, [v]) for any lifting v: X — E of u,
(16.3)

I = 4,0, [w]) for any lifting w: X — T of v,

where 4,(p, [v]) and 4,(o, [w]) are the ones of (13.6) and (13.8). Further, if u
has a lifting {: X—H, then @ and I" are homomorphisms and

(16.4) O = pump( , [ghl]), T =oume( , [(]).
We, now, turn to the study of the twisted secondary operation
®([w]): Ker @' = Ker 4,(p, [v]) — Coker I’ = Coker 4,(a, [w])
of (14.6) on the assumption that the composition pqh is stable.

LEMMA 16.5. Let w, w': X T be liftings of v: X—E such that both w and
w’ admit liftings to H. Then ®([w])=®([w']).

Proor. Using the diagram (16.1) (b) and the relations
Q% 02k LAC) X gc) BT = QB Q) LAC) X k() T) s
Q) ) LAC) X gy D = QB(Rk(cy LIC) X gy D)
we have a K(4)-homotopy commutative diagram

(QF )2k ) L(O) X k() 23T, QpT) ), (QF1yL(A), K(4))

llxp'q’

(Qi‘(‘(C)Qx(C)L(C) X k) D, D) e (QE(A)L(A), K(4)).

Since q': Q}T—Q}E is the twisted principal fibration with classifying map p':
QBE— Q¥ 4 L(C) by Lemma 14.3, there exists a map

ic: Qg% c)LAC) X () Q5T — QPT,

which is defined by (2, (x, p))=(x, 2V p) (cf. (13.3)). Inthe same way as (13.7),
this map determines the map

(0)1: (Qry2%(c)LAC) X g(c) 2T, QpT) — (% 4L(A), K(A)).
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From the second relation in Lemma 14.2, the relation
Q*o,) = ('),

follows immediately, and moreover the following diagram is K(A4)-homotopy
commutative by the commutativity (16.1):

(Q&c)L(C) X k(c) Lk () LAC)) X gy D LITIEN QyaylAA) X gy L(A)
ngex1 l n'y

Q¥ )Rk yLUC)) X gy D e » Q¥ yL(A),

where (¢’, ¢) (4, p, x)=(c"(4, X), c(u, x)) and ngc: Lgic)(RcyLACN X k(c) Ly IAC)
- Q% c)(QkyL(C)) is the product induced from the product ngc: Qg)L(C)
X k(cy LrcyL(C)= Ly L(C).

Suppose that

d([wr =a+Iml’, H([w]r=a'+Im[”’ for teKer@'.
By the definition, there are two elements x, x' € [X, 25T], such that
| gax = g4t = (s, [0]), rrp =W} et = W,
Oy = Ny, Ox[W]) = iy, 0% = Ny, 04[W']) = iy,

The map i mentioned above induces the action ricy: [X, Qx)2%c)L(CO)k(c)
x[X, Q5T]p—[X, 25T], and this action is transitive on gy~ !(mp.(z, [v]),
where g4 : [X, Q8T]p—[X, Q5E], (cf. Lemma 15.2 for the action mc.). There-
fore we can choose an element 2€[X, Qg Q%) L(C)k() such that ricd(4,
=y e[X, Q5T],. Hence we have

((0") a4, 1) = oulifice(A, )V [ow(iic(*, x))]™' by the definition,
=0y V(W)™ = np(d' Varl, %),
On the other hand,
((6))xl% 1) = (@%@ a4, 1) = (2%)x(1 X P'q)u(2y 1) = (Q*c) (2, u).

Since npe: Q2.cyLAC) X kiey ey LUC) > LhicyuoL(C) is a weak K(C)-homo-
topy equivalence by [10, Theorem 2.7], there exist two elements pe[X,
Q’Z“C)L(C)]K(C) and Ve[x, QK(C)L(C)]K(C) such that ;-=n;)cn(ﬂ, V). Hence we
have '

((6)1)s(A 1) = (Q*C)u(2, u) = (Q*c)(ngee(p, V), u)
= (s, 1), cu(v, 1)) = ny(l(p), T(V)).
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Therefore &’ V &~ ! =TI"'(u) because n’,, is a bijection by (13.9), and we have Lemma
16.5 completely.
Next, we consider the another twisted secondary operation
(16.6) ¢: Ker@ — Cokerl forafixed (e{X, H],,

where O, I' are the homomorphisms of (16.4). Let aeKer®. Then 0=06(a)
=p.Mmpla, v), v=q,hL, by (16.4), i.e., mpa, v)e[X, E]p lies in the image of
qx: [X, T]p—[X, E]p. Letw,e[X, T]p be the element such that g,w,=mg.(a,
v) and set

$(a) = oyw,+1mT e [X, L(A)]xq)/Im I = Coker I

In the same way as [23, § 2], we see that ¢ is well-defined and moreover we have
the following

LemMMA 16.7. [23, Lemma 2.3]). Let aeKer®. Then mg(a, v)e[X, E]p
is contained in q.h[X, H], if and only if ¢(a)=0.

By Lemma 16.5, it is easily seen that if w runs through the elements of h,[X,
H]pn[X, T]p then the twisted secondary operation ®(w) of (14.6) depends only
on g,we[X, E],. Therefore we set

(16.8) @, = d(w) for aeKerg,

where g, w=mp.(a, v), v=q,h,C.
The following theorem is the main theorem in this chapter.

THEOREM D. Suppose that the composition of fibrations H—+,T—9 ,E_#,
D in the diagram (13.1) is stable by the maps c and d in (16.1). Let X be a CW-
complex and let u: X—D admit a lifting {: X—H. Then the set [X, H], of
homotopy classes of liftings of u to H is given by

[X, H]p = ‘}j é(Ker I'/Im @) x Coker @,
acher
where I', @', ¢ and P, are the ones of (16.2), (16.6) and (16.8).
Proor. By Proposition 1.8, there is a bijection

mg( , v): [X, 'QK(B)L(B)]K(B) —= [X, E]p, (v = qahal).

From Lemma 16.7, it follows that
(16.9) [X, H]p = K\/ éh;‘q;'m,,.(a, v).

Let w, be a lifting of mp.(a, v) to T such that w, has a lifting to H. The cor-



The Enumeration of Liftings in Fibrations and the Embedding Problem 11 477

respondence which associates with an element t e [X, Qgc,L{C)]x(c, the element
me(t, w,) induces a bijection

[X, Qxc)L(C)]k(c)/I(w,) = Coker @' = g3 '(mpd(a, v)),

by Lemmas 15.2-3 and (16.3). Since mc.(t, w,) has a lifting to H if and only if
t€ Ker I by (16.4), we have a bijection

KerI'/Im©' = g3 (mpg.(a, v)) n h[X, H]p-

For any te KerT, let {,, be a lifting of mc.(t, w,) to H. Then, by Lemma 15.2,
the correspondence which associates with ye[X, Qk4L(4)]k4) the element
m (7, {,,.) induces a bijection

[X, QA 1lla,) = bt (T, wo)).
Therefore
iy (meo(T, wa) = (X, Ly LAkl MU e (o))
= Coker ®(inc.(t, w,)) by Lemma 15.3 and Lemma 15.5,
= Coker®, by (16.8),

where [v'] =g 114, =mp(a, v). This equation and (16.9-10) complete the proof
of the theorem.

Chapter V. The enumeration of cross sections of sphere bundles and
the enumeration of embeddings of complex projective spaces

§17. The fourth stage Postnikov factorization of p : BO(n—1)— BO(n)
The third stage Postnikov factorization of the universal S"~!-bundle p:
BO(n— 1)-BO(n) is constructed in § 7 (cf. also [22, §6]) and is given as follows:

BO(n-1) 22T

N lh
*E 2, K(Zy,n+1)
p lpl
“BO(n) ¥ Ly(Z,n) — K(Z,, 1)=K.
Here ¢: n,(K(Z;, 1))=2Z,—Aut(Z) is a non-trivial homomorphism, L4Z, n)
—K(Z,, 1)=K is the fiber bundle constructed in (1.1), p,: E-»BO(n) is the twisted
principal fibration with classifying map W, p,: T—E is the principal fibration with
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classifying map p, and ¢, is an (n+ [)-equivalence.

This section is continued from §7. Hence, we use 2 instead of Agg(,-1)
and the other notations in § 7 will be used freely if no confusion can arise.
We can assume that q,: BO(n—1)— Tis a fibration. Then its fiber F’ satisfies
[ 0 i<n
a(F') =
n(S"1) i>n+l.

Now, n,, (F)=m,.(S"~!)=Z,, and the generator of H**'(F’; Z,)=Z, is trans-
gressive in the fibration q,: BO(n—1)=T. Let 0 e H"*%(T; Z,) denote the trans-
gression image and let

p3:H""—'T

be the principal fibration with classifying map o: T-»K(Z,, n+2). Then g¢,:
BO(n—1)-T admits a lifting q;: BO(n—1)—H. Moreover, q; becomes an (n
+ 2)-equivalence,

To characterize the map o: T— K(Z,, n+2), we prepare two lemmas.

Lemma 17.1. (cf. [28, Lemma 3.3]). Let n>5. For the homomorphisms
H*(BO(n—1); Z;) < HY(E; Z;) 25 HX(T; Z,),

the following two conditions hold:
(a) Kerpi¥oKerqg¥ in dimension n+2.
(b) g% is surjective in dimension n+2.

Proor. By (7.4), there is an isomorphism
u*: H"W%(E; Z,) n Kerg* =
H"™2(QgLy(Z, nyx x BO(n—1); Z,) n Kers* n Kerr,.

By Lemma 6.2, any element x € H"*2(QL,(Z, n)x x BO(n—1); Z,) is described
uniquely in the form

x = n3b+A(g,niw; +e,n¥w,w, +e3niwi) +6,Sq2 Andw, +e5Sq3 ).

If x e Kers*, then b=0. Since 1,Sq'=Sq't, and z, is an H*(BO(n); Z,)-homo-
morphism by [19, § 3], there are relations

T (An%w;) = w,w,, T (An3(wywy)) = w,wow,,

T, (Arngw?) = wowi, 7,(Sq3%) = Sq3w, = w,w;,
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1,((Sq2 D) (n3wy)) = (Sq2w,)w; = w,wowy,
by the equality t,(})=w, in § 7 and the formula of Wu. Hence we have
H™2(QuL(Z, n)x ¢« BO(n—1); Z,) n Kers* n Kerty = Z,+Z,,

generated by {in¥w;+Sq32, An¥w,w, +(Sq2A)(n%w,)}. Since 1 lies in the image
of the mod 2 reduction p, of H" !(QyL4(Z, n) x x BO(n—1); Z) by the definition
in §6, it follows that 0=p, B,4, which is equal to Sq' 2+ An3w, from [4] and [16],
(cf. (12.3)). Therefore we have a relation

(17.2) Sqlh = An¥w,.
The relation (17.2) and (7.5) yield two relations
1*Sq'p = Sq'u*p = Sq'(An3w, +Sq22) = An¥w;+Sq34,
1*(pptw,) = (iniw, +Sq?)n3w, = Infw,w, +(Sq2A) (nfw,).
Therefore we have
H™2(E; Z,) n Kerq¥ = Z,+Z, generated by {Sq'p, ppiw,}.

This and the equation p%p=0 imply the statement (a). The statement (b) follows
from the fact that p* is surjective and p=p,q,.

Let
my: QK(Zy, n+ )xT— T

be the action of the fiber QK(Z,, n+1) of the principal fibration p,: T-E and
let

v =my(1xq,;): QK(Z;, n+1)xBO(n—1) — T.
Then this map v gives rise to the commutative diagram of fibrations

QK(Z,, n+1)x BO(n—1) = T
(17.3) ln lp,
BO(n-1) — L E.

Lets’: BO(n—1)—=QK(Z,, n+ 1) x BO(n— 1) be the canonical cross section. Then
there is a relation

(17.4) vs' =~ q,.

By the method similar to [28, Corollary 3.4], we have the following
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LEMMA 17.5. The following sequence is exact for n>5:
0 — H"*¥(T; Z,) 2> H"2(QK(Z,, n+1)x BO(n—1); Z,)
L H™3(E; 2,),
where ©', is the transgression associated with (17.3) (see [19, § 3]).

THEOREM 17.6. Let n=6. The transgression image o: T-K(Z,, n+2)
is characterized uniquely by the relation

vig = xwy+ Xwi+Sq' xw,+Sq3 x I,
where ' € H"(K(Z,, n); Z,) is the fundamental class of K(Z,, n).

Proor. The element ¢ belongs to Kerg% n H***(T; Z,). By Lemma 17.5
and (17.4), v* gives an isomorphism

(17.7) v¥: H"*X(T; Z,) n Ker g% = Kers'* n Kert).

By the definition of 7', 7,(¢’x 1)=1(c') holds, where t is the transgression of
p:: T-E, and 1(c")=p because q, is the principal fibration with classifying map
p. Hence it follows

(17.8) (' x1) = p.

Any clement xe H"2(QK(Z,, n+1)x BO(n—1); Z,) is described in the form
x=1xa+e xwy+e’ X wi4635q" xw, + £,5q%¢' x |, where ae H"2(BO(n
—1); Z;) and =0 or | for i=1,2,3,4. If xeKers'*, then a=0. Since u*
is a monomorphism in dimension n+ 3 on the assumption n> 6 by (7.4), it follows
that x e Kert} if and only if u*z)x=0. Now, ), is an H*(E; Z,)-homomor-
phism and 7 satisfies the relation Sq'ty =1,Sq’ by [19, §3]. Therefore, using
the above facts and the relations (7.5), (17.2), (17.8) and the formula of Wu, we
have

p*i( x wy) = (*p)w, = (Sq2l)wy + Awd,
H*Ty( xwi) = (Sq2)wi +Aw,wi,
p*t(Sq'd x wy) = u*(Sq'p)w,) = (Sq'(Sq2A+Aw))w,
= (Sq*w +Awzwy,
1*7(Sq? x 1) = (Sq3 2wy +(Sq22) (wy +wh) + A(wyw; +w,wi 4+ wd).

These relations imply that H"*2(QK(Z,, n+1)x BO(n—1); Z,) n Kers'* n Ker 1/,
=Z, generated by ' xw,+¢xwi+Sqle xw,+Sq%’'x1. This result and



The Enumeration of Liftings in Fibrations and the Embedding Problem I1 481

(17.7) complete the proof of Theorem 17.6.
Summing up the above arguments, we have

THEOREM 17. 9 The fourth stage Postnikov facrm ization of the universal
S==1-bundle p: BO(n—1)-BO(n) for n>6 is given as follows:

BO(n—l) -——-»H

*T—+K(Zz,n+2)

N

NE 2, K(Z,, n+1)

1».

BO(n) X Ly(Z, n),

(17.10)

where py: H>T is the principal fibration with classifying map ¢ which is
characterized by the relation in Theorem 17.6, g3: BO(n—1)—H is an (n+2)-
equivalence and the others give the third stage Postnikov factorization of p:
BO(n—1)—BO(n) constructed in Theorem 7.6.

We close this section by verifying the fact that the fourth stage Postnikov fac-
torization (17.10) of p: BO(n— 1)—BO(n) is stable in the sense of § 16.
Choose a map

(17.11) ¢: (K(Z,, n)x BO(n), BO(n)) — (K(Z,, n+2), *)
80 as to represent
c =1 x(wy+wd+Sq' xw, +8Sq%' x 1 e H"*2(K(Z,, n) x BO(n), BO(n); Z,)
and let
(17.12) d: (QxL4(Z, n)x x BO(n), BO(n)) — (K(Z;, n+1), %)
be the map of (8.1) which represents the element
d = An¥w,+Sq2Ae H Y (QgLyZ, n) x ¢ BO(n), BO(n); Z,).

In Proposition 8.5, we show that the map d satisfies the condition (16.1)(a). In
the same way, it is easily seen that the map ¢ of (17.11) satisfies the condition
(16.1)(b) and so we have the following

LeEmMMA 17.13. The composition of fibrations H-2:, T 22, E 21, BO(n)
of the fourth stage Postnikov factorization (17.10) is stable by the maps ¢ and d
of (17.11-12) in the sense (16.1).
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§18. The enumeration of cross sections of sphere bundles

Let n>6 and let £ be a real n-plane bundle over a CW-complex X of dimension
less than n+2. If ¢ has a non-zero cross section, cross(£) denotes the set of (free)
homotopy classes of non-zero cross sections of £&. The space X is considered as
a BO(n)-space with classifying map £: X—BO(n). Then the relation

(18.1) cross(&) = [X, Hlpow)

results from the argument similar to that of §9.
By Lemma 17.13, there are the four homomorphisms

0: H*"Y(X; Z) = [X, QkLy(Z, n)]x — H" (X ; Z,) = [X, K(Z,, n+1)],

O@': H"¥(X; Z) »HY(X ; Z,),
r: H(X; z,) » H"Y(X; Z,) =0,
r': H=\(X; Z,) - H" (X Z,),

of (16.2) by taking the classifying map &: X —BO(n) for u, where Z is the local
system on X associated with £. Then, we have the following relations in the same
way as the proofs in §9 by using (17.11-12):

O(a) = Sq2pra+praw,y(£), O'(b) = Sq2p,b+p,bwy(E),
I(x) = x(wx(&)+w,(£)2) +(Sq' x)w, (&) + Sq2x,

where p, is the mod 2 reduction and w(¢) is the i-th Stiefel-Whitney class of &.

Apply, now, Theorem D to the fourth stage Postnikov factorization (17.10)
of the universal S"~'-bundle p: BO(n—1)-BO(n). Then we have the following
theorem, which is an extension of Theorem B in §9.

THEOREM E. Let n>6 and let ¢ be a real n-plane bundle over a CW-
complex X of dimension less than n+2. If £ admits a non-zero cross section,
then the set cross () of homotopy classes of non-zero cross sections of ¢ is given

by
cross(§) = U Coker @""! x Coker @,.
aeKeron
Here
@' H"\(X; Z) — H"*Y(X;Z), i=n-1,n,
r: H"Y(X; Z,) — H"*\(X; Z,),

are the homomorphisms defined by
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O'(a) = Sq%p,a+praw,(§),
I'(b) = Sq*b+Sq'bw (&) + b(w1(E) +w,(8)?),

where Z is the local system on X associated with &, p, is the mod 2 reduction
and w(&) is the i-th Stiefel-Whitney class of &, and ®,: Ker®" !'—>CokerIl
is the twisted secondary operation of (16.8).

§19. The enumeration of embeddings of complex projective spaces

[CP"< R™] denotes the set of isotopy classes of embeddings of the n-dimen-
sional complex projective space CP" in the real m-space R™. Let (CP")* denote
the reduced symmetric product of CP" and let # denote the real line bundle as-
sociated with the double covering CP"x CP"—A4—(CP")*. By A. Haefliger’s
theorem [5, Théoréme 1], the set [CP"< R*4#~3] is equivalent to the set cross ((4n
—3)n) for n>5. Hence we determine the cardinality of the set [CP"c R4n~3]
by studying the set cross((4n—3)n) and we have the following

THEOREM F. Let n>5 and let n#£2"+25 (r>s>0). Then, the n-dimen-
sional complex projective space CP" is embedded in the real (4n—3)-space
R*"=3 and there are countably many distinct isotopy classes of embeddings of
CP" in R4"3,

ProoF. The first half is shown for odd n in [9, Theorem 1.2] and for even
n in [25, Theorem 4.1.(2)], and so we concentrate ourselves on the investigation
of the cardinality of the set [CP"<=R*"=3]=cross((4n—3)n).
Since the space (CP™)* has the homotopy type of a (4n —2)-dimensional mani-
fold by [3, §2] and [26, Proposition 1.6], we have
[CPrcR4"3]= U  Coker@4"4xCokerd,,

aeKer@4n-3

by Theorem E, where
04»—3: H4n—4((CPn)*; Z) —_— Hdn—Z((CPn)*; ZZ) = ZZ~

Thus in order to prove the theorem, it is sufficient to show that H4"~4((CP")*;
Z) is countable.

Now, (CP")* has the homotopy type of an unorientable (4n — 2)-dimensional
manifold with

7,((CP"*) = Z,, H3(CP"*;Z) =0, HX(CP")*;Z)=Z+Z,,

by [26, Proposition 1.6, Theorem 4.10 and Theorem 4.15]. By Poincaré duality
(cf. [17, p. 357]), we have
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H4"=4((CP"y*; Z) = H,((CP")*; Z).

’

Further there is the universal coefficient theorem
0 — Ext(H3((CP")*; Z), Z) — H,((CP")*; Z) —

Hom (H%((CP")*; Z), Z) — 0.
These relations imply

H4n-4((cpn)#; Z) = Z,
and we have Theorem F completely.

REMARK. By calculating more precisely, one can show that Coker @4*~4=0
or Z, according as n is even or odd, and Coker I'=Coker ¢,=0.

For completeness’ sake, we mention the cardinality #[CP"<R™] for m
>4n-2, as follows:

(19.1) $[CP"cR4"*1] =1, [29],
(19.2) $[CP"cR*"] =1, #[CP"cR4"']1=1N,, [7, Theorem 24],
(19.3) #[CP"cR4*"2] =1, [26, Theorem 5.5(3)].
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