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ON 2-DISTRIBUTIONS
IN 8-DIMENSIONAL VECTOR BUNDLES
OVER 8-COMPLEXES

BY

MARTIN CADEK anxp JIRI VANZURA (BRNO)

It is shown that the Zs-index of a 2-distribution in an 8-dimensional
spin vector bundle over an 8-complex is independent of the 2-distribution.
Necessary and sufficient conditions for the existence of 2-distributions in
such vector bundles are given in terms of characteristic classes and a certain
secondary cohomology operation. In some cases this operation is computed.

1. Introduction. In [T1] E. Thomas dealt with the question of ex-
istence of a 2-distribution with prescribed Euler class in oriented vector
bundles of even dimension m over a closed orientable manifold M of the
same dimension. If such a 2-distribution exists over the m — 1 skeleton of
M, the obstruction to extending the distribution to all of M lies in

Hm(M; 7I-mfl(G1m72)) = 7Tm71(Gm,2) SN ASY LY

E. Thomas computed the Z-index for all even m and the Zs-index for
m = 2 mod 4. He built the Postnikov tower for the fibration BSO(m —2) x
BSO(2) — BSO(m), found Postnikov invariants and computed the Zo-
obstruction using a generating class and a secondary cohomology operation.
For the dimensions m = 0 mod 4 there is no generating class (see [T3]) in
general. Nevertheless, in this case the Zs-index of 2-distributions of tangent
bundles was computed by M. Atiyah and J. Dupont [AD] using K-theory and
the Atiyah-Singer index theorem. This index equals £ (x(M) — o(M)) mod
2, where x(M) is the Euler characteristic and o(M) is the signature of M.
Then M. Crabb and B. Steer [CS] extended these K-theoretical methods
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to oriented vector bundles over closed oriented smooth manifolds with only
some mild additional assumptions. For similar questions involving non-
orientable vector bundles considerable work has been done by U. Koschorke
[K], M. H. de Paula Leite Mello [M] and D. Randall [R].

Our contribution consists in the observation that for arbitrary spin vector
bundles in dimension 8 there exist a generating class and a special secondary
cohomology operation which make the computation of the Zs-index possible.
This index is independent of the 2-distribution and in the case of oriented
vector bundles & with wy(§) = 0 and w4(§) = wa(M) it turns out to be
equal to the index computed in [CS].

In Section 2 we introduce notation, spin characteristic classes and a
secondary cohomology operation (2. The main result, Theorem 3.1, its con-
sequences and an example are contained in Section 3. They generalize our
previous results on the existence of two linearly independent sections in
8-dimensional spin vector bundles contained in [CV1]. Moreover, compar-
ison of Theorem 3.1 and Remark 4.12 of [CS] enables the computation of
{2 on closed smooth spin manifolds. The proof of Theorem 3.1 is given in
Section 4.

2. Notation and preliminaries. All vector bundles will be considered
over a connected CW-complex X and will be oriented. The mapping ¢ :
H*(X;Zy) — H*(X;Z) is the Bockstein homomorphism associated with
the exact sequence 0 — Z — Z — Zg — 0. The mapping oo : H*(X;Z) —
H*(X;7Zs) is induced by reduction mod 2.

We will use w;(&) for the ith Stiefel-Whitney class of the vector bundle
€, pi(&) for the ith Pontryagin class, and e(&) for the Euler class. For a
complex vector bundle £ the symbol ¢;(§) denotes the ith Chern class. The
classifying spaces for the special orthogonal groups SO(n), spinor groups
Spin(n) and unitary groups U(n) will be denoted by BSO(n), BSpin(n)
and BU(n), respectively. The letters w;, p;, e(n) and ¢; will stand for the
characteristic classes of the universal bundles over the classifying spaces
BSO(n), BSpin(n) and BU(n), respectively.

We say that x € H*(X;Z) is an element of order i (i = 2,3,...) if
and only if x # 0 and i is the least positive integer such that ix = 0 (if it
exists).

The Eilenberg—-MacLane space with nth homotopy group G will be
denoted by K(G,n), and ¢, will stand for the fundamental class in
H™(K(G,n); G). When writing fundamental classes, it will always be clear
which group G we have in mind.

Now we summarize the results on cohomologies of BSpin(6) and
BSpin(8). For details see [Q] and [CV1].
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LEMMA 2.1. The cohomology rings of BSpin(6) are
H*(BSpin(6); Zs) = Zawy, wg, €],
H*(BSpin(6);Z) = Z[q1, g2, €(6)],
where q1, q2 and € are uniquely determined by the relations
pL=2q1, p2=q; +4q, &= 0.
Moreover,
02q1 = w4, 02¢(6) = we.
LEMMA 2.2. The mod 2 cohomology ring of BSpin(8) is
H*(BSpin(8); Za) = Za|wy, we, wr, ws, €.

The only non-zero integer cohomology groups through dimension 8 are

HY(BSpin(8);Z) = 7,

H*(BSpin(8);Z) = 7 with generator qi,
H"(BSpin(8); Z) = 7, with generator dwe,
H®(BSpin(8);Z) 2 Z®Z &7  with generators qi,qz, e(8),

where q1, g2 and € are defined by the relations
P1=2q, p2=dqi+2e(8)+4q, 022=c¢
Moreover,
021 = wy, 026(8) = ws.
Denote by v the standard fibration BSpin(n) — BSO(n). Let £ be an
8-dimensional oriented vector bundle over a CW-complex X with wy(§) = 0.

Then there is a mapping £ : X — BSpin(8) such that the following diagram
is commutative:

K(Zs,1)
BSpin(8)
- 7
€ ly
by
x 75~ BSO®)
We define
Q1(§) = E*(h-

The definition is correct since for two liftings £;, &, of € we have £%q; = E5q1
(see [CV1, Section 3]).
Further, we define

Q2(8) ={€q:vof=¢}
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The indeterminacy of this class is equal to
Indet(Qs, &, X) = {6(ws(&)x) + q1(€)d2® + 62 : v € HY(X;Z5)}
(see [CV1]). As an easy consequence we get
LEMMA 2.3. Let one of the following conditions be satisfied:
(i) H®(X;Z) has no element of order 2,

(ii) X is simply connected.

Then Indet(Q2,&, X) = 0.

If the indeterminacy of (Q2(&) is zero, we shall write ¢2(§) instead of
Q2(&) to emphasize this fact.

LEMMA 2.4 (Computation of g1 (£)). If H*(X;Z) has no element of order
4, then the class q1(§) is uniquely determined by the relations
2q1(&) =p1(§),  021(§) = wa(§).
Proof. See [CV1, Lemma 3.2].

LEMMA 2.5 (Computation of q2(£)). If H8(X;Z) has no element of order
2, then the class q2(&) is uniquely determined by the relation
16g(€) = 4pa(€) — pi(€) — 8e(£).
Proof. See [CV1, Lemma 3.3].
On integral classes u of dimension 4 we have
Sa”02(6Sq” 02u) = Sq”Sq"Sq”e2u = Sq*Sq” pau
= Sq"Sq" 02u + Sq*Sq' p2u = Sq' p2u? = 0.
Let {2 denote a secondary operation associated with the relation
(2.6) (Sq”02) © (88q%02) = 0.
Its indeterminacy on the CW-complex X is
Indet(£2, X) = Sq?0. HS (X ; Z).
The operation is not uniquely specified by the above relation, for 2/ =
2 4 Sq* is another operation also associated with (2.6). We normalize the
operation in the same way as in [T2]. Let HP? denote the quaternionic pro-
jective plane. We can regard HP? as 8-skeleton of the classifying space for
the special unitary group SU(2). Let x € H*(HP?;Z) denote the restriction

of the universal Chern class co to HP?. Then H*(HP?Z) = Z[z]/x®. We
will let {2 denote the unique operation associated with (2.6) such that

(2.7) 027% € Q).
According to [T2] this operation satisfies the following
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LEMMA 2.8. (i) Let u,v € H*(X;Z) be in the domain of (2. Then
2u+v) = 2(u) + 2(v) + {u - v},

where {u - v} denotes the image of oa(u - v) in H®(X;Z2)/Sq* 0o H®(X; 7).
(ii) Let w be any element in H*(X;Z). Then 2w is in the domain of §2,
and 2(2w) = {w?}.

In some special cases the secondary operation can be computed directly.
LEMMA 2.9. Let « be a complex vector bundle over a CW-complex. Then
o2(ca(@) + c3(a) + e2(a)ci(a) € 2(cz(a)).
Proof. See [T2, (2.7)].
LEMMA 2.10. In H8(BSpin(6);Zs),
2(q1) = 0200
Proof. See [CV1, Section 6].

Let (3 be the canonical 3-dimensional complex vector bundle over BU (3)
and let 51 be the 1-dimensional complex vector bundle uniquely determined
by its first Chern class ¢;1(f3). Consider § = (3 & (1 over BU(3). This
is a 4-dimensional complex vector bundle with the following Chern and
Pontryagin classes:

=)

c1(B) = 2cy,

c2(B8) = c2(B3) + c1(B3)c1(Br) = 2 + ¢F,
c3(B) = c3(B3) + ca(B3)e1(Br) = ez + cacy,
ca(B) = e3(Bs)e1(Br) = esen,

p1(B) = 2¢} — 2¢s,

pQ(ﬁ) = 2c3c1 — 4eq(e3 + cacq) + (C2 + C%)z_

As a real vector bundle, # has dimension 8 and wy () = 0. Its spin charac-
teristic classes are

(2.11) a(B)=cf —c2,  @(B)=—csc1.

Since 6Sq%02¢1(8) = do2(c3 + cacy) = 0, we can apply the secondary opera-
tion {2 to q1(f3). According to Lemmas 2.8 and 2.9, we get

2q1(8)) = 2(cF — c2) = 2(F + 2 + (—2¢2))
= Q(ca(B)) + 2(=2¢2) = 2(c2(B)) + {3}
= 02(ca(B) + c3(B) + c2(B)ci (B)) + {3}
= 0o(cser + 2+ c}) + {3} = {c3c1 + ¢}
= {Sq®0a2c3 + Sq?02¢3} = Indet(£2, BU(3)).

Thus we have proved
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LEMMA 2.12. For the 8-dimensional vector bundle 8 defined above,
2(q1(8)) = Sa®02H*(BU(3); Z).
Let M be a smooth 8-dimensional spin manifold, i.e. wi(M) = wa(M)

= 0. We denote by ¢1 (M) and g2(M) the spin characteristic classes of the
tangent bundle. In [CV1] the following lemma was derived.

LEMMA 2.13. Let M be a closed connected smooth spin manifold of dimen-
sion 8 and let H*(M;Z) have no element of order 4. Then 2(q;(M)) = 0.

3. Existence of 2-distributions. Let £ and n be 8- and 2-dimensional
vector bundles. We will say that there is a 2-distribution n in £ if there is a
6-dimensional vector bundle ¢ such that

§=no(
By an oriented Poincaré duality complex of formal dimension 8 we under-

stand a CW-complex X satisfying Poincaré duality with respect to some
fundamental class p € Hg(X;Z). Our main result is the following

THEOREM 3.1. Let £ be an 8-dimensional oriented vector bundle over a
connected oriented Poincaré duality complex X of formal dimension 8 with
wo (&) = 0. Then in & there exists a 2-distribution whose Euler class is u if
and only if there is v € H®(M;Z) such that

(i) 02v = we(&) + wa(&) 02u + 02u® and uv = e(§),
(ii) 0242(€) € 2(q1(€)),

where q1(§) and q2(&) are the spin characteristic classes and (2 is the sec-
ondary cohomology operation defined in Section 2.

Remark. The assumptions on the CW-complex X ensure only that the
indeterminacy of the second spin characteristic class of £ is zero. In fact,
we will prove the statement of Theorem 3.1 for connected CW-complexes if
the condition (ii) is replaced by

(ii") 02Q2(&) N N2(q1(§)) # 0.

Further, notice that (i) implies dwg(§) = 0 because w4(§) = 02¢1(§) and
5@2 =0.

Taking u = 0 we get necessary and sufficient conditions for the existence
of two linearly independent sections in the vector bundle £. (See [CV1],
Theorem 5.1.)

COROLLARY 3.2. Let £ be an 8-dimensional oriented vector bundle over
a connected oriented Poincaré duality complex X of formal dimension 8 with
wo (&) = 0 and wg(§) # 0. Then in & there exists a 2-distribution whose FEuler
class is u if and only if there is v € HS(M;Z) such that

02V = we (&) + wy(&)oou + 02u®  and wv = e(§).
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Proof. In the proof of Theorem 3.1 it will be shown that under the
condition (i) of Theorem 3.1, wg(&) € Indet(§2, X). Hence, if wg(&) # 0,
then Indet(£2, X) = H®(X;Zs) and (ii) of Theorem 3.1 is satisfied.

COROLLARY 3.3. Let M be a closed connected smooth spin manifold of
dimension 8 and let £ be an 8-dimensional oriented vector bundle over M
with we(€) = 0 and wy (&) = wa(M). Suppose H*(M;Z) has no element of
order 4. Then in & there exists a 2-distribution whose Euler class is u if and
only if there is v € HO(M;Z) such that

(I) 02v = wg(M) + wa(M)oou + 02u® and uv = e(£),

(I1) {4p2(&) — 8e(€) — 2p1()p1(M) + pi(M)}[M] = 0 mod 32.

Proof. First, wy(§) = wa(M) implies we (&) = we(M). So it is sufficient
to show that under the conditions of Corollary 3.3, formula (II) is equivalent
to (ii) of Theorem 3.1.

Since 02q1 (&) = w4 (&) = wa(M) = 021 (M) there is y € H*(M;Z) such
that 2y = ¢1(§) — ¢1 (M), and consequently

4y = p1(§) — pr(M).
From Lemmas 2.8 and 2.13 we get
2qi(€)) = a1 (M) + 2y) = 2(q1(M)) + 2(2y) = 021/°.
Then (ii) of Theorem 3.1 is equivalent to

02G2(&) = 92?/2~
Since H®(M;Z) = Z, by using reduction mod 32, this is the same as

0 = 032(1642(€) + (p1(€) — p1(M))?)
= 032(4p2(€) — P1(€) — 8e(€) + pi(€) — 2p1()p1 (M) + pi(M)),
which is formula (II) in Corollary 3.3.

Remark. Corollary 3.3 is also a consequence of the more general Re-
mark 4.12 of [CS] proved using K-theory and the Atiyah—Singer index theo-
rem. They have shown that for an orientable m-dimensional vector bundle &
over a closed connected oriented smooth m-manifold M with m = 0 mod 4,
m > 8 and ws(§) = wy(M), and for every oriented 2-dimensional vector
bundle 1 over M the index of an injection A : n|M \ S — £|M \ S with finite
singularities .S is

(3.4) E(\) & 5(e(§)[M] + 0(£)) mod 2 € Z& Zo,

where E(\) = {e(§)—e(AN)-e(n)}[M], e(\) being the Euler class of the partial
complement of n, o(&) = {2m/2A(M)- B A({)}[ ] A being the A-genus given
by H] n 2yj(smh 2y])71 B is s given by HJ : 2 cosh 1 5¥;j and the Pontryagin
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classes are the elementary symmetric polynomials in the squares y]2 In the
case m = 8 the condition for vanishing of the Z,-index reads

{7P1 (M) — 4pa (M) + 60pa (&) + 15p7 (¢)
—30p1(&)p1(M) + 8 - 45¢(£) }[M] = 0 mod 32.

Since for M a spin manifold and £ a trivial vector bundle the Zs-index
vanishes, we get

{7p3(M) — 4po(M)}[M] = 0 mod 32.

Thus under the conditions of Corollary 3.3, using the notation from its proof
we get

8 - 45{e(&)[M] + o(£)}

= {60p2(£) + 15p3 (€) — 30p1 (&)p1 (M) + 8 - 45¢(€) } [M]
= {15p7 () + 120e(€) + 240g2(€) + 15p7 (€)

— 30p1(§)p1 (M) + 8 - 45¢(&) H[M]
= {30p1 (&) — 30p1(&)p1 (M) + 2402 (¢) }[M]

= {291 (&)p1 (M) — 2p1(€) — 1642(£)}[M]
= {-2(2q:1(§)) - 4y — 1642(§) }[M]
= {16¢1(&)y — 16g2(&) }[M] mod 32.
This is equivalent to
0242(€) = 02(q1(€)y) = wa(M)o2y = Sq* 02y = 029°,

which is just the condition equivalent to condition (II) of Corollary 3.3. (See
the above proof.)

Moreover, we can compare Remark 4.12 of [CS] with our Theorem 3.1 to
compute the secondary cohomology operation {2 on closed connected smooth
spin manifolds.

THEOREM 3.5. Let M be a closed connected smooth spin manifold of
dimension 8. Then

2(2) = oa3{za1 (M) - 2%)}
for every z € H*(M;Z) such that 6Sq>02z = 0.

Proof. According to [CV2], Theorem 2, for every z € H*(M;Z) there
is an 8-dimensional oriented vector bundle & with wy(§) = 0, ¢1(§) = =
and e(§) = 0 and py(€) = y if and only if o4y = 0422 and Pjp32z =
03(2y — 42?), where Py is the Steenrod cohomology operation mod 3. Since
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H8(M;7Z) = 7, it is easy to see that for every z, there is y € H®(M;Z) such
that both the conditions are satisfied. Moreover, for such a vector bundle
dwe (&) = 6Sq% 022 = 0.

By [CS] the vector bundle ¢ has two linearly independent sections (a
trivial subbundle ) if and only if

20(£) = 0mod 2.

Theorem 3.1 states that £ has two linearly independent sections if and only if

2q1(8)) — 0262(§) = 0.

(Here Indet(2, M) = Sq®0oHS(M;Z) = wo(M)oyH(M;Z) = 0.) There-
fore

%U(f) = {2(q1(€)) — 0292(&) }02[M] mod 2.
The same computation as in the previous remark yields that the left hand
side is
{5(P1(E)p1(M) = p1(§)) — q2(€)) }[M]
= {3(@(©n (M) — ¢3(£)) — ¢2(€) }[M] mod 2.

Hence we get

2q1(€)) = o235 {@1 (O)q (M) — g1 (€))}.

Since z = ¢1(§), we obtain the formula from the theorem.

EXAMPLE 3.6. Consider the complex Grassmann manifold G4 2(C). It
is a compact real manifold of dimension 8. Let £ be a spin vector bundle
over G42(C) (i.e. wy(§) =0). In [CV1], Example 5.5, the existence of two
linearly independent sections of the bundle £ was examined. Here we deal
with the existence of a 2-distribution in &.

We have H*(G42(C);Z) & Z[w1, 2]/ (23 — 22129, 73 — 2325). The iso-
morphism is given by x1 — c¢1, T2 — co, where ¢; and ¢y are the Chern
classes of the canonical complex vector bundle v2 over G4 2(C).

Let us write

p1(§) = 2act 4 2bca, p2(§) = Ccica, e(§) = Dcies.

We have p1(€) = 2¢1(€) and wy(€) = 02(act + beg). (In [CV1] we used
A =2a and B = 2b.) Further, we denote here w; = w;(y2). Let

u=kcy € HZ(G4,2((C); 7),

where k € Z is uniquely determined. We are interested in the existence of
a 2-distribution in £ with Euler class u. So we are looking for v = lcico €
HY(G42(C);Z), | € Z, satisfying condition (i) of Theorem 3.1.

We have
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we (&) = wa(§)wa(§) + Sa°wa(€) = Sq”wa(€) = Sq®e2(act + bes)
= SqQ(awg + bwy) = bSqws = bwowy = 02(bcica).

Hence

we (&) + wa(€)oau + 02u® = 02((k + 1)beyca).

Obviously, condition (i) has the form
l=(k+1)bmod2, Fki=D.

Now, we must distinguish two cases, namely b = 0 mod 2 and b = 1 mod 2.

For b = 0 mod 2 we find easily that (i) is satisfied if and only if D is even
and D/k is even.

For b = 1 mod 2 we see that (i) is satisfied if and only if D is even and
either D/k is odd or k is odd.

Along the same lines as in Example 5.5 of [CV1] or using Theorem 3.5
(q1(G42) = ¢3) it can be proved that (ii) of Theorem 3.1 is satisfied if and
only if

C = 2a” + 6ab + 3b> — 2b + 2D mod 8.

4. Proof of Theorem 3.1. Let v, denote the canonical vector bun-
dle over BSO(n). Let m : BSO(6) x BSO(2) — BSO(8) stand for the
map corresponding to the bundle 75 X v2 over BSO(6) x BSO(2). We
shall consider the map p : BSO(6) x BSO(2) — BSO(8) x BSO(2), where
p = (m,r), r being the projection on the right factor. Since p need not be
a fibration, we extend immediately the total space BSO(6) x BSO(2) in
the usual way in order to obtain a fibration. We denote the extended total
space by B(SO(6) x SO(2)), and the extension of p by the same letter. The
fibre of this fibration is homotopy equivalent to the Stiefel manifold Vg o
(see [T4]).

Now, let & resp. n be an 8-dimensional resp. a 2-dimensional oriented
vector bundle over a connected CW-complex X. We denote by (£,n) the
corresponding map (£,7) : X — BSO(8) x BSO(2). It can be immediately
seen that in the 8-dimensional vector bundle ¢ over X there exists a 2-
distribution isomorphic to the vector bundle 7 if and only if the map (&, 7)
can be lifted in the fibration p.

Next, consider the fibration v : BSpin(8) — BSO(8) whose fibre is
the Eilenberg-MacLane space K(Z2,1). An oriented 8-dimensional vector
bundle £ over X is a spin vector bundle if and only if the map £ : X —
BSO(8) can be lifted in the fibration v.

Finally, let C together with the maps 7 and p be a coamalgam of the
maps p and v x id. We obtain the following commutative diagram:
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K(Z2,1) K(Z2,1)
Vs,2 i d BSpin(8) x BSO(2)

Vg2 —= B(SO(6) x SO(2)) ——= BSO(8) x BSO(2)

Hence, in an 8-dimensional oriented vector bundle £ over X with wy(§) =
0 there exists a 2-distribution isomorphic to the vector bundle 7 if and only
if for some lift £ : X — BSpin(8) the map (&,7) : X — BSpin(8) x BSO(2)
can be lifted in the fibration p. We will find the Postnikov resolution for
this fibration using the Postnikov resolution built up by E. Thomas [T1] for
the fibration p.

Let p : BSpin(8) — BSpin(8) x BSO(2) denote the canonical inclusion.
We construct a coamalgam of the maps p and p. It is easy to see that this
coamalgam is the classifying space BSpin(6). Thus we obtain the following
commutative diagram:

Vg,o —— BSpin(6) P BSpin(8)
lﬂ J{u
Vo C P BSpin(8) x BSO(2)

Vs.2o — B(SO(6) x SO(2)) —2—> BSO(8) x BSO(2)

The first Postnikov invariant for p is 665 € H'(BSO(8) x BSO(2);Z),
where

0i = wi((ys x 1) = (1 X 72));
here () denotes the stable equivalence class of v (see [T1]). Consequently,
the Postnikov invariant for p is (v x id)*(d6g). Since

8 e’}
§— (Zwi®1>(21®wg),
=0 n=0
we get
(v x id)* (866) = 6(v x id)*6g
=0(v xid)* (we @ 1 + wy @ wy + wy @ w3 + 1 @ w3)
= 5(Sq%02q1 ® 1 + 02q1 ® 02€2 + 1 ® 02€3) = 38”0201 ® 1.
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Denote by s : E — BSO(8) x BSO(2) the principal fibration with
the classifying map 06 : BSO(8) x BSO(2) — K(Z,7). There exists a
T-equivalence t : BSO(6) x BSO(2) — E such that st = p. We can replace
the space B(SO(6) x SO(2)) and the map ¢ by their homotopy equivalents
in such a way that the new map is a fibration. We will denote the new
space and the new map by the same symbols (which is a common pro-
cedure in building the Postnikov towers). Having performed this change,
we shall reconstruct the previous diagram, but keeping the old notation.
The new C' in this diagram together with the new 7 and the new p will
be a coamalgam of the new p = st and the old v x id. Similarly, instead
of the old coamalgam BSpin(6), we create a new coamalgam of the new
P and the old p. But it can be easily seen that this new coamalgam is
again a classifying space BSpin(6) (homotopy equivalent to the original
one).

Further, let 5 : E — BSpin(8) x BSO(2) and § : E — BSpin(8) de-
note the fibrations induced from s : E — BSO(8) x BSO(2) by the maps
v x id and (v x id)pu, respectively. These fibrations are stages in the Post-
nikov towers for fibrations p and p given by the invariants dwg ® 1 and
dwg, respectively. We thus get the following commutative diagram, where
the spaces in the upper left corners of all squares are coamalgams of the
mappings given in these squares.

BSpin(6) t E - BSpin(8)
C t E ——> BSpin(8) x BSO(2)

lll i \Luxid
B(SO(6) x SO(2)) —-= E —*—= BSO(8) x BSO(2)

Since 5 x id : E x BSO(2) — BSpin(8) x BSO(2) is the principal fi-
bration determined by the same element of H'(BSpin(8) x BSO(2)) as the
fibration 3, there is a fibre homotopy equivalence « : E x BSO(2) — E
over BSpin(8) x BSO(2). Denote by ¥ : C' — E x BSO(2) the fibration
induced from the fibration ¢ by the map a. (C’ is again a coamalgam of «
and ¢.) One can easily show that a map from X into BSpin(8) x BSO(2)
can be lifted in the fibration p = 5t if and only if it can be lifted in the
fibration (s x id)t’ : C" — BSpin(8) x BSO(2). Moreover, one can change
the preceding diagram in such a way that the map pg : E — E x BSO(2)
is a canonical inclusion:
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BSpin(6) : E 2 BSpin(8)

b B !

c’ E x BSO(2) 295 BSpin(8) x BSO(2)

B(50(6) x SO(2)) : E = BSO(8) x BSO(2)

The Postnikov invariants @ and v for ¢ are the v}-images of the Post-
nikov invariants ¢ € H®(E;Z) and ¢ € H®(E;Z>) computed by Thomas in
[T1]. In that paper Thomas showed that the set of cohomology classes {g*p}
with ¢ : X — FE running over all liftings of ({,n) : X — BSO(8) x BSO(2)
(with (§,71)*(006) = 0) is the set of classes {e(§) —e(n)v}, where v runs over
all classes in H®(X;Z) such that gov = we(§).

For our purposes it is sufficient to find the set
(4.1) k(&) ={g"v: (5 xid)g = (&)},
where 7: X — E x BSO(2) and (€,7) : X — BSpin(8) x BSO(2) are the
liftings of (¢,7) : X — BSO(8) x BSO(2) with wo(&) = 0.
Thomas [T1] proved that
=0, " =Sq0ats,
where j : K(Z,6) — FE is the inclusion of the fibre of s. Let j : K(Z,6) —
E x BSO(2) be the inclusion of the fibre of 3 x id. Then % is uniquely
determined by the relations
" =0, % =5q"0s6.
Further, we proceed in a similar way to the proof of Theorem 5.1 of [CV1].
The class (4.1) is the coset of Sq®0, H(X;Z) which is the same as the

indeterminacy of the secondary operation (2. Theorem 3.1 will be proved
when we show

(4.2) P+5 001 Fawg®1 € (5 q ® 1),
where a = 0 or 1. Applying g* to (4.2) we get
k(&,m) + 02q2(€) + aws(§) = 2(q1(£)).-

This means that (£, 7) : X — BSpin(8) x BSO(2) can be lifted to C” if and
only if (i) of Theorem 3.1 is satisfied and 0 € k(&,n), i.e.

(4.3) 02¢2(§) + aws (&) € 2(q1(§))-
But if (i) holds, we get
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ws(€) = 02(uv) = we (&) o2u + wa(§) 0ou” + oou’
= Sq?02(q1(&)u + u?) € Indet(£2, X).

Hence under (i), formula (4.3) is equivalent to (ii).
Let us return to the proof of (4.2). Consider the following diagram:

K(Z,6) =——— K(Z,6)

S

Y <——— ExBSOQ2)<~—+——("

i§><id \Lp’

K(2,7) 29024 g7, 4) <9281 BSLin(8)x BSO(2) — BSpin(8)x BSO(2)

where Y is the universal example for the operation 2 and f : Ex BSO(2) —
Y is a lifting of the map 5*(¢1) ® 1 : E x BSO(2) — K(Z,4). Let w €
H3(Y'; Z3) define the operation 2. We have

7 (f* (W) = " (w) = Sa*e2t6.
Since we know H8(E;Z,) from the Serre exact sequence of the fibration 3,
we get
QFq ©1) =9+ a5 ws © 1+ b3*02ga @ 1 + 5 02F © 1
+d(3" 0201 ® 02€3) + ASq (0201 ® 02¢€2)
+ B(1® goed) + Indet(£2, E x BSO(2))
=+ astws @1+ 050202 @1 + SFwi®1
+ d5* 02q1 ® 02€2 + Indet(£2, E x BSO(2)),
where a,b,c,d € {0,1}. We will show that b=1 and ¢ =d = 0.
Applying it = t*u% to (5% q ® 1) yields, in H®(BSpin(6); Zs),

Qq) = Epp)2(E (@) @ 1)
= () (W) + a(tpp) (ws © 1) + b(t* 1) (3% 022 @ 1)
+ e(t* 1) (3% 0207 ® 1) + d(t* 1) (0261 ® 02€3) = boaga + o243

According to Lemma 2.10, b =1 and ¢ = 0.

Next consider the vector bundle § over BU(3) defined in Section 2. In
this 8-dimensional spin vector bundle there is the 2-distribution (3; with
Euler class ¢;. Hence there exists a map (3,31) : BU(3) — E x BSO(2)
which is a lifting of (3, 31) : BU(3) — BSpin(8) x BSO(2). The application
of (B,51)* to 2(3*(q1) ® 1), Lemma 2.12 and (2.11) give
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Sq’ 0 H®(BU(3); Z)
=2(q(8) 2 (B,61)" 2 ¢ ©1)

5 (B, 61)* (¥ + as*ws @ 1 + 5 02g2 ® 1 + d5* 02q1 ® p263)
= aws(B) + 02¢2(8) + doaq1(B) 026 (1)
= aga(czer) + oa(czer) + doa(c] — c2)o2ct

= (a4 1)Sq%02c3 4+ dSq? 02¢? + doa(cac?).
Therefore d = 0. This completes the proof of Theorem 3.1.

Remark. ¢ is a generating class for the invariant 1 in the sense
of [T3].

Acknowledgements. The authors are grateful to the referee for draw-
ing their attention to the paper [CS] and for the helpful comments which
have improved this work.

REFERENCES

[AD] M. Atiyah and J. Dupont, Vector fields with finite singularities, Acta Math.
128 (1972), 1-40.
[CS] M. C. Crabb and B. Steer, Vector bundle monomorphisms with finite singular-
ities, Proc. London Math. Soc. (3) 30 (1975), 1-39.
[CV1] M. Cadek and J. Vanzura, On the ezistence of 2-fields in 8-dimensional vector
bundles over 8-complexes, Comment. Math. Univ. Carolin. (1995), to appear.
[CV2] —, —, On the classification of oriented vector bundles over 9-complexes, Pro-
ceedings of the Winter School Geometry and Physics 1993, Suppl. Rend. Circ.
Math. Palermo (2) 37 (1994), 33-40.
[H F. Hirzebruch, Neue topologische Methoden in der algebraischen Geometrie,
Ergeb. Math. Grenzgeb. 9, Springer, Berlin, 1959.
[K] U.Koschorke, Vector Fields and Other Vector Bundle Morphisms—a Singular-
ity Approach, Lecture Notes in Math. 847, Springer, 1981.
[M] M. H. de Paula Leite Mello, Two plane sub-bundles of nonorientable real
vector bundles, Manuscripta Math. 57 (1987), 263-280.
[Q] D.Quillen, The mod 2 cohomology rings of extra-special 2-groups and the spinor
groups, Math. Ann. 194 (1971), 197-212.
[D] D. Randall, CAT 2-fields on nonorientable CAT manifolds, Quart. J. Math.
Oxford (2) 38 (1987), 355-366.
[T1] E. Thomas, Fields of tangent 2-planes on even dimensional manifolds, Ann. of
Math. 86 (1967), 349-361.
[T2] —, Complex structures on real vector bundles, Amer. J. Math. 89 (1966), 887-908.
[T3] —, Postnikov invariants and higher order cohomology operations, Ann. of Math.
85 (1967), 184-217.



40 M. CADEK AND J. VANZURA

[T4] E. Thomas, Fields of tangent k-planes on manifolds, Invent. Math. 3 (1967),
334-347.

INSTITUTE OF MATHEMATICS
ACADEMY OF SCIENCES OF THE CZECH REPUBLIC
ZIZKOVA 22
616 62 BRNO, CZECH REPUBLIC
E-mail: CADEKQIPM.CZ
VANZURAQIPM.CZ

Rec¢u par la Rédaction le 10.10.1994;
en version modifiée le 24.3.1995



