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Abstract

We show that S" v S™ is Z/p"-hyperbolic for all primes p and all r € Z*, provided
n,m > 2, and consequently that various spaces containing S” v S as a p-local retract are
Z/ p"-hyperbolic. We then give a K -theory criterion for a suspension X X to be p-hyperbolic,
and use it to deduce that the suspension of a complex Grassmannian £ Gry , is p-hyperbolic
for all odd primes p whenn > 3 and 0 < k < n. We obtain similar results for some related
spaces.
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1 Introduction

A space X is called rationally elliptic if 7,(X) ® Q is finite dimensional, and rationally
hyperbolic if the dimension of ; _,, m; (X) ® Q grows exponentially in m. It was proved in
[12, Chapter 33] that simply connected C W-complexes with rational homology of finite type
and finite rational category are either rationally elliptic or rationally hyperbolic. In order to
study the p-torsion analogue of this dichotomy, Huang and Wu [20] introduced the definitions
of Z/p"- and p-hyperbolicity.

For p prime, by a p-torsion summand in an abelian group A, we mean a direct summand
isomorphic to Z/p” for some r > 1.

Definition 1 Let X be a space, and let p be a prime. We say that X is p-hyperbolic if the
number of p-torsion summands in 7, (X) grows exponentially, in the sense that

In(7n)

lim inf > 0,
m

where T, is the number of p-torsion summands in i (X).

i<m
The above definition counts Z/p"-summands for all values of r. It is also possible to
consider only a single r, and by doing so we obtain the definition of Z/ p”-hyperbolicity.
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Definition 2 Let X be a space, let p be a prime, and fix r € Z*. We say that X is Z/p"-
hyperbolic if the number of Z/p”-summands in 7, (X) grows exponentially, in the sense
that

In(t,)

lim inf > 0,
m m
where 1, is the number of Z/ p"-summands in €p; <m T (X).

Note that Z/ p"-hyperbolicity for any r implies p-hyperbolicity. It follows immediately
from a result of Henn [18, Corollary of Theorem 1] that the lim infs appearing in the above
definitions must be finite if X is a simply connected finite C W-complex.

Huang and Wu show that for n > 3, r > 1 and p any prime, the Moore space P"(p") is
7./ p”-hyperbolic and Z/p"+!-hyperbolic, and that P" (2) is also Z/8-hyperbolic [20, Theo-
rem 1.6]. More generally, they give criteria in terms of a functorial loop space decomposition
due to Selick and Wu [29,30] for a suspension XX to be Z/ p”-hyperbolic.

More recently, Zhu and Pan [35] use a classification of (n — 1)-connected C W-complexes
of dimension at most n + 2, due to Chang [10], to show that, for n > 4, such a complex
is Z/ p-hyperbolic, provided that it is not contractible or a sphere after p-localization. They
also prove hyperbolicity results for several so-called elementary Chang complexes.

This paper studies p- and Z/ p"-hyperbolicity of certain suspensions. Our first result is as
follows.

Theorem 1 Let g1, g > 1. Then ST+ v S92+ is 7/ p" -hyperbolic for all primes p and all
rezt.

Let p be a prime. If a space X contains a wedge of two spheres as a p-local retract, then
Theorem 1 implies that X is Z/ p”-hyperbolic for all . Various spaces have been shown to
have such a wedge as a retract - examples of this sort are given in Section 2.1. A summary
is as follows:

— for n,k > 3, the configuration space Confy(R") is Z/p"-hyperbolic for all p and r
(Example 2);

— an (n — 1)-connected 2n-dimensional manifold M, where H" (M) is of rank at least 3,
is Z/ p"-hyperbolic for all p and r (Example 3);

— ageneralized moment-angle complex on a simplicial complex having two minimal miss-
ing faces which are not disjoint is Z/ p”-hyperbolic for all p and r (Example 4);

— XCP?is Z/p"-hyperbolic for all p # 2 and all r, and SHP? is is Z/ p"-hyperbolic for
all p # 2, 3 and all r (Example 5).

Our other result is as follows.

Theorem 2 Let p be an odd prime, and let X be a path connected space having the p-local
homotopy type of a finite CW -complex. Suppose that there exists a map

n1V oy sntly gntl o vy
with q;i > 1, such that the map

(H1Vu2)*
s

K*(EX)®Z/p K51t v setYQzZ/p=Z/p®Z/p

is a surjection. Then £ X is p-hyperbolic.
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p-Hyperbolicity of homotopy groups via K-theory

This criterion is quite different to that given by Huang and Wu [20, Theorem 1.5]. Their
criterion is homotopical, using hypotheses on X to produce retracts of 2% X, whereas ours is
cohomological, which makes it easier to check. On the other hand, their criterion is stronger,
since it gives Z/ p”-hyperbolicity, rather than just p-hyperbolicity. The examples they give,
primarily various Moore spaces, differ from those we obtain, which are the suspensions of
spaces related to complex projective space. More precisely, in Section 2.2, we show that the
following spaces are p-hyperbolic for all p # 2:

— suspended complex projective space XCP" for n > 2 (Example 6), and more generally;
— the suspended complex Grassmannian XGry , forn > 3 and 0 < k < n (Example 7);
— the suspended Milnor Hypersurface X H,, , for m > 2 and n > 3, (Example 8);

— the suspended unitary group XU (n) for n > 3 (Example 9).

Both Theorems 1 and 2 will be proven by constructing an exponentially growing family of
classes which generate summands in the relevant homotopy groups. We think of this family
as ‘witnessing’ the hyperbolicity. For Theorem 1, one can proceed directly from the Hilton-
Milnor decomposition of S v S [19]. For Theorem 2, we employ K -theoretic methods
originally used by Selick [28] to prove one direction of Moore’s conjecture for suspensions
having torsion-free homology.

If the map w1 V w2 of Theorem 2 induces a surjection on K*(OH)® 7./ p, then so does its
suspension X /t1 V X uy. The conclusion of Theorem 2 may therefore be strengthened in the
following way.

Corollary 1 With the hypothesis of Theorem 2, " X is p-hyperbolic for all n > 1. O

One might be motivated by this observation to ask whether, in the circumstances of
Theorem 2, the stable homotopy groups of X satisfy the growth conditions of Definition 1
or 2. In the proofs of both Theorems 1 and 2, the classes that witness the hyperbolicity are
composites involving Whitehead products. The suspension of a Whitehead product is always
trivial [33, Theorem 3.11], so the classes we detect cannot be stable. Therefore, Corollary 1
does not suggest that the stable homotopy of XX should be p- or Z/p”-hyperbolic. On the
other hand, it follows from our methods that, under the hypotheses of Theorem 2, the stable
homotopy of QX X is p-hyperbolic.

By aresult of Henn [17], any co-H space, and in particular any suspension, decomposes
rationally as a wedge of spheres. It then follows from the Hilton-Milnor theorem [19] and
the computation of the rational homotopy groups of spheres [31] that such a suspension is
rationally hyperbolic precisely when there are at least two spheres (of dimension > 2) in this
decomposition.

If £ X satisfies the hypotheses of Theorem 2 for any prime (including 2), then by Chern
Character considerations the reduced rational homology of £ X has dimension at least two,
so X X is rationally a wedge of at least two spheres by the preceding discussion. This rational
equivalence is a local equivalence at all but perhaps finitely many primes, so by Theorem
1, X is Z/p" hyperbolic for all r at all but finitely many primes p. One might therefore
conjecture that the conclusion of Theorem 2 can be strengthened to give Z/ p” -hyperbolicity
for all r rather than p-hyperbolicity, but we do not know whether this is possible.

We now discuss situations in which it is adequate to consider ordinary cohomology,
rather than K-theory. If £ X has torsion-free integral (co)homology, or if its cohomology
is concentrated in even degrees, then the Atiyah-Hirzebruch spectral sequence for K*(X X)
collapses on the E? page [21]. It follows by naturality that the image of the map induced by
w1 Vo s SOty §2+ s B X on K-theory is identified with the image of the induced
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map on cohomology. We may therefore replace K -theory with cohomology in Theorem 2,
as follows.

Corollary 2 Let X be a path connected space having the homotopy type of a finite CW -
complex, such that the Atiyah-Hirzebruch spectral sequence for K*(E X) collapses on the E*
page. Let p be an odd prime. Suppose that there exists amap vV s : SO+v s+l 5 v x
with gq; > 1, such that the map induced by 1 VvV (1o on ﬁ*( ) ® Z/ p is a surjection. Then
¥ X is p-hyperbolic.

One advantage of ordinary cohomology is that it is connected to the homotopy groups
integrally, via the universal coefficient theorem and Hurewicz map. We can exploit this as
follows.

Example 1 Suppose that the Atiyah-Hirzebruch spectral sequence for K* (X X) collapses (for
example, if = X has torsion-free homology) and that there exists ¢ € Z™ so that ﬁi (ZX)=0
fori < g, and dimg(Hy+1(£X) ® Q) > 2. The Hurewicz map 7,41(SX) — Hy41(£X)
is an isomorphism, so there exists a map ; V o : S9! v §9+1 — B X inducing the
inclusion of a Z?-summand in ﬁq+1(2 X). By the universal coefficient theorem relating
ordinary homology and cohomology, 1£1 V @7 induces a surjection on integral cohomology,
so by Corollary 2, ¥ X is p-hyperbolic for all odd primes p.

The structure of this paper is as follows. In Sect. 2 we give applications of the main
theorems and derive a simple lower bound for the growth of the number of Z/ p"-summands
in the homotopy groups of a wedge of two spheres (Corollary 3). The proofs of Theorems 1
and Theorem 2 may be read largely independently; Sect. 3 contains those preliminary results
which are used in both cases. In Section 4, we give the proof of Theorem 1. The remainder
of the paper is devoted to proving Theorem 2: Sects. 5 and 6 give the necessary background,
and Sect. 7 contains the proof. An overview of the proof strategy can be found at the start of
Sect. 7.

2 Applications
2.1 Spaces having a wedge of two spheres as a retract

Theorem 1 immediately implies that any space X which has 71+ v §92%1 as a retract after
p-localization is Z/ p" -hyperbolic for that p and all r. This implies that for alln > 1, X" X
contains §71 T+ §9211+1 a5 4 p-local retract, and so is Z/ p”-hyperbolic for all r. We first
consider examples of this form.

Example 2 1t is known [23, Section 3.1] that Confy (R"), the ordered configuration space of
k points in R”, contains \/k—l S§7—1 as a retract. It follows that, when n, k > 3, Conf (R")
is Z/ p"-hyperbolic for all p and r.

Example 3 Let M be an (n — 1)-connected 2n-dimensional manifold. By the universal coef-
ficient theorem, there can be no torsion in H"(M). Suppose that the rank of H" (M) is at
least 3. By work of Beben and Theriault [9, Theorem 1.4], QM contains a wedge of two
spheres as a retract after looping. Thus, M is again Z/ p”-hyperbolic for all p and r.

Example 4 Let K be a simplicial complex on the vertex set [m] = {1, ..., m}, and let (X, A)
be any sequence of pairs (D™, S”f_l) with n; > 2 for 1 <i < m. If there exist two distinct
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minimal missing faces of K which are not disjoint, then by work of Hao, Sun and Theriault
[16, Theorem 4.2] the polyhedral product (X, A)X contains a wedge of two spheres as a
retract after looping, and hence is Z/ p"-hyperbolic for all p and all r.

Example 5 Localized away from 2, SCP? ~ §3 v S°. To see this, note that CP? has a
C W-structure consisting of one 3-cell and one 5-cell, and that 74(S%) = 7/2 [13]. This
implies that the attaching map for the 5-cell is nullhomotopic after localization at an odd
prime. Thus, £C P? is Z/ p” -hyperbolic for all » when p # 2.

Similarly, SHP? admits a cell structure with one 5-cell and one 9-cell, and 7g(S°) =
7./24. Thus, SHP? is Z/ p"-hyperbolic for all » when p # 2, 3.

2.2 Suspensions of spaces related to CP"

Suppose that one has verified the hypotheses of Theorem 2 for a given space X and odd
prime p, using a map 1 V o : S v §2+1 . ¥ X If another space ¥ admits a map
o : X — XY which induces a surjection on K *( ) ® Z/p, then it is immediate that
o o (1 V up) satisfies the hypotheses of Theorem 2, and hence that £Y is p-hyperbolic.
The slogan is that K -theory surjections allow us to generate new examples from old ones.

In this section, we will apply this idea. We have seen in Example 5 that, localized away
from 2, CP? ~ §3 v §°, so certainly ©CP? satisfies the hypotheses of Theorem 2 at all
odd primes p. We will now consider spaces X which are known to admit maps CP? — X
which induce surjections on integral K -theory, and hence on K *( ) ® Z/p for all odd p.
It follows in each case that ¥ X is p-hyperbolic, and further by Corollary 1, that "X is
p-hyperbolic for all n > 1.

The inclusion of CP” into CP"*! induces a surjection on K-theory, so it must still
induce a surjection after suspending. Composing these inclusions with the local equivalence
YCP? ~ §3 v § gives, for each n > 2, amap S v §> — LCP” which still induces a
surjection on K*()®Z / p for all odd primes p. Applying Theorem 2 to this map gives the
following.

Example 6 Forn > 2, XCP" is p-hyperbolic for all p # 2.

Now let Gry , be the Grassmannian of k-dimensional complex subspaces of C”". First
note that orthogonal complement gives a homeomorphism Gry , = Gr,— ,. In particular
Gry_1, = Gry, = cpP ! so ¥Grp_1,, is p-hyperbolic. Other Grassmannians can be
treated more uniformly, as follows.

Let yx , denote the tautological bundle over Gry ,. Consider the inclusion

4 CF — ¢l
(X1, X2, ..., X)) > (X1, X2, ..., X, 0).

This inclusion induces a map iy, : Gry, — Grg 41, definedon V € Grg, by V —
t, (V). It follows from this definition that l.]tyn()/k,n‘{,l) = yk.n. Letting e; denote the i-th
standard basis vector in C", we also have a map ji , : Gry, — Grgq1,+1, defined on
V = Span(vy, v, ..., k) € Grg,, by V = Span(t(vy), t(v2), ..., t(vk), en1). It follows
from this definition that j,f’n Vk+1,n41) = YVin @ C!, where C! is the 1-dimensional trivial
bundle.

Since K*(CP") is generated by the class of the tautological bundle, composing the maps
ix.n and ji , for different values of k and n will give maps CP? = Gr1 3 — Gry, for all
1 <k <n—2andn > 3 which induce surjections in integral K-theory. As in Example 6,
this implies the following (the case k = n — 1 is Gr,—1 ,, which was treated first).
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Example7 For n > 3 and 0 < k < n, the suspended complex Grassmannian XGry , is
p-hyperbolic for all p # 2.

For m < n, the Milnor Hypersurface Hy, ,, is defined by

Hm,n = {([Z], [w]) eCP" xCpP" | Zziwi = 0}.
i=0

Suppose that m > 2 and n > 3. Then there is an inclusion ¢ : cr? - H,, », defined by
(zo:z1:22D)=(z0:21:22:0:---:0,[0:---:0:1]).

Write 7 for the projection H,, , — CP™. Then the inclusion CP? — CP™ factors as

CP:——>H,,

N

cpm.
This implies that ¢ induces a surjection on integral K -theory, so we obtain the following.

Example 8 Form > 2andn > 3, the suspended Milnor Hypersurface ¥ H,, , is p-hyperbolic
for all p # 2.

Let U (n) denote the unitary group. There is a well-known map r : SCP"~! — U(n)
(see for example [34]) which induces a surjection on K -theory. From this we obtain

Example 9 For n > 3, the suspended unitary group XU (n) is p-hyperbolic for all p # 2.

2.3 Quantitative lower bounds on growth

In Sect. 4, we will derive the following simple lower bound for the lim inf in the definition
of Z/ p"-hyperbolicity, for the space S9! ! v §92+1,

Corollary 3 Let p be a prime and r € Z7. Let t,, be the constants of Definition 2 for
X = §0+l v SO+ Thep

@) _ @
m — max(q1,q)

lim inf
m

This implies that 7, eventually exceeds ((1 — €)2) TR for any ¢ > 0. The constant 2
reflects the number of wedge summands. Note that this bound is independent of p and r.

Example 10 Taking ¢ = %, we find that for all » € ZT and all primes p the number of

Z/ p"-summands in EBiEm 7; (8% v §?) eventually exceeds (%)m.
One can produce an analogous quantitative bound on the lim inf in the case of Theorem 2,
but this bound is very weak. In particular, it depends on knowledge of the Adams operations

* : In(2)
on K*(X), and is at best =T
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3 Preliminary results

Both Theorems 1 and 2 will be proven by means of Lemma 2. Our first goal is to establish
this lemma.

Let L be the free Lie algebra over Q on basis elements x1, . .., x,,. Write % for the subset
of L consisting of the basic products of the x; of weight k, in the sense of [19], where the
basic products of weight 1 are taken to be the x;, ordered by x| < x < --+ < x,,. The union
L = U,fi 1 “Zk is a vector space basis for L (see for example [32, Theorem 5.3], but note
that Serre uses the name Hall basis for the set of basic products).

Let u : Zt — {—1, 0, 1} be the Mobius inversion function, defined by

1 s=1
uis) =130 s > 1 is not square free
(=% s > 11isaproduct of £ distinct primes.

The Witt Formula W, (k) is then defined by
1 k
Walk) = © %u(d)nd.

Theorem 3 [19, Theorem 3.3] Let L be the free Lie algebra over Q on basis elements
X1, ..., Xp. Then || = Wy (k). O
Lemma 1 [7, Introduction] The ratio

W, (k)

nk

s

tends to I as k tends to oo. ]

In particular, this implies that for n > 2, the Witt function W,, (k) grows exponentially in
k. It should follow that if the number of p-torsion summands in €D; < 7 (Y) exceeds Wy (k),
then Y is p-hyperbolic. The following lemma makes a slightly generalised form of this idea
precise.

Lemma?2 Let Y be a space. Suppose that there exist a,b € Z™ such that the number of
p-torsion summands (respectively, 7./ p" -summands) in @igak—s-b 7; (Y) exceeds Wy (k), for
all k large enough. Then Y is p-hyperbolic (respectively, 7/ p” -hyperbolic).

Proof The proofs for p- and Z/ p”"-hyperbolicity are identical, so we give only the former.
Reframing the hypothesis in terms of the sequence {7}, },, of Definition 1, we are assuming
precisely that T,x4p, > W (k) for sufficiently large k. We then have that
In(Tp) . . In(Taggp) _ . . In(Wa(k))

m

lim inf ————— > lim inf
k ak +b k ak +b

It then follows from Lemma 1 that if 1 > & > 0, once £ is large enough, we have

lim inf
m

Lok
Wa (k) > (1 —S)EZ .
This implies that

In(Wa (k In((1 — g) L2k
n(Wa( ))Zlimlnf (( )725)
ak +b k ak +b

’

lim inf
k
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and since this holds for all ¢ > 0,

In(7, In(Wa(k In(72¢ In(})+kmn@2) In@
timint 25 i ing P26 g G2 i g ) @ _ @
m k ak +b k  ak+b k ak +b a
which is greater than zero, as required. O

3.1 Existence of summands in the stable stems
We write st for the j-th stable stem in the homotopy groups of spheres, that is
73:= lim Tt (S™).
n—o0

The proof of Theorem 1, depends on having, for each p and r, some j such that s
contains a Z/p"-summand. The purpose of this subsection is to show that the existence of
such a j follows from existing work of Adams and others.

Lemma 3 Forany prime p andanyr € 7, there exists j suchthat 7,/ p" is a direct summand
in ﬂjs. That is, for a fixed choice of such a j, Z/p” is a direct summand in 7, ; (S") for all
n>j+2

Proof We write v, (s) for the largest power of p dividing the integer s.

CASE 1 (p odd): Set t:=p" ! (p — 1), and notice that, since (p — 1) is even, j:=4r — 1 is
congruent to 7 mod 8. Theorem 1.6 of [2], and the discussion immediately following it, then
tells us that 775 contains a direct summand isomorphic to Z/m (2¢), for a function m which
Adams defines. By decomposing this subgroup into direct summands of prime power order,
it suffices to show that v, (m(2t)) =r.

The discussion after Theorem 2.5 in [1] gives that since # = 0 mod (p — 1),

v, (m(20)) = 1+, (20).

Now, v,(2t) is equal to (r — 1), by definition of ¢, so v, (m(2t)) = r, as required.

CASE2 (p =2,r = 3): Set £:=2"73, and set j:=4t — 1. From Theorem 1.5, and the
discussion following Theorem 1.6 in [2], nf has a direct summand isomorphic to Z/m(2t),
regardless of whether j is congruent to 3 or 7 mod 8. Again, referring to the discussion after
Theorem 2.5 of [1], we see that

v(m2t) =2+ 12t =3+ =r,

as required.
CASE 3 (p" =2 and p" = 4): It is known from [13] that nls = 7Z/2, and from [8] that
s = Z/A® (Z/2)3. o

4 Proof of Theorem 1
In this section we prove Theorem 1, which says that the wedge of two spheres is Z/p"-

hyperbolic for all p and r. We also prove Corollary 3, which extracts some simple quantitative
information from the proof of Theorem 1. We first record the following simple observation.
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Remark 1 Let ky, ..., k, and g1, ...g, be non-negative integers. Suppose that g1 < ¢» <
-+ <qn,andletk =) _7_, k;. Then

n
kg1 < kigi < k.

i=1

Proof of Theorem 1 Assume without loss of generality that g1 < ¢». By Lemma 2 it suffices
to show that there exist constants @ and b such that the number of Z/ p”-summands in

P miset v seth
i<ak+b

exceeds W (k), for k large enough.
We first apply the Hilton-Milnor Theorem. Since we are dealing with spheres, we need
only the original form, due to Hilton in [19]:

QST v sPH) ~ Qs v §P) > @ [ sharteet!
Bez

where, as in Sect. 3, ¥ = U,fil % is Hilton’s ‘basic product’ basis for L, the free Lie
Algebra over Q on two generators x| and x», and k; is the number of occurrences of the
generator x; in the bracket B. Recall also from Section 3 that the weight k of a bracket B
is equal to k; + k2, and that the cardinality of .%; is given by the Witt formula W, (k) by
Theorem 3.

For fixed k € Z™, consider the factor in the above product corresponding to .%; C -

F:=Q l—[ skiqitkaga+1
Béfk

The associated subgroup of 7, (S1+! v §92+1),

k k 1
@ 7. (S 191+k2q2+ ),

Befk

is a direct summand.

We will first find a Z/ p” -summand in the homotopy groups of each of the spheres appear-
ing in Fy. Since q1 < g2, Remark 1 applies, and we may lower bound the dimensions of
spheres appearing in Fy by k1q1 + kaga + 1 > kq; + 1. By Lemma 3, there exists j € Z*
such that ;¢ (S has a direct summand Z/p" for £ > j 4 2. Therefore, if k is large
enough that kg1 > j + 1, then k1q1 + kogo + 1 > j + 2 - that is, the j-th stem is stable
on all of the spheres occurring in Fj. Thus, for k large enough, there is a Z/p" summand in
T jky g1 +haga+1 (SK191TR202F) whenever ky + &y = k.

We now upper bound the dimension of the homotopy groups in which these summands
appear. Since g1 < g we have by Remark 1 that j + k1q1 + kago +1 < kg + 1+ j, so
each of the Z/ p"-summands we have identified is a distinct direct summand in

k k 1
@ @ 7 (Shiathagatly
i<kq+1+j BeZy

hence in

@ JT,-(S(“H \/qu+1)'
i<kqr+1+]j
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We have identified one such summand for each B € %, so the number of Z/ p"-summands in
Dickgrris i (ST 59211y js at least | % | = Wa (k). Thus, takinga = go and b = 1+ j
in Lemma 2 suffices. O
Proof of Corollary 3 The last line of the proof of Lemma 2 shows that lim inf,, ln# > %
The last line of the proof of Theorem 1 implies that @ may be taken to be g», under the
assumption that g1 < g, which implies the result. O

5 K-theory and K-homology of Q32X

The remainder of this paper proves Theorem 2. Sections 5 and 6 assemble necessary back-
ground, which we will use in Sect. 7 to prove the result.

When studying the homotopy groups of a suspension X X, as in Theorem 2, the following
approach is natural. Since m,(XX) = m,_1(QXX), we may instead study QX X. This
is useful because QX X is well understood homologically via the Bott-Samelson theorem,
which decomposes its homology as the tensor algebra on H,(X). Because we will need to
use Adams’ e-invariant, which is defined in terms of K -theory, we wish to replace ordinary
homology with K-homology.

The purpose of Sect. 5 is to record the version of the Bott-Samelson theorem which applies
to (torsion-free) K -homology, along with a universal coefficient theorem for passing between
K -theory and K -homology. All of the material here is already known (in particular much of
it is in [28]) so its summary here is for convenience and clarity.

Our conventions on definition of K *(X) are those of [6]. In particular, we define
K~1(X):=K°(£X), and set K*(X):=K°(X) ® K~'(X). We regard K*(X) and K,(X)
as being Z/2-graded. It is shown in [6] that E*(X) is a Z/2-graded ring.

We will wish to work with K -theory and K-homology modulo the torsion subgroup. For
a space X, write K *TF(X ) and E;F(X ) for the quotients of the reduced K-homology and
K -theory of X by their torsion subgroups. The same convention applies in the unreduced
case.

5.1 Kiinneth and universal coefficient theorems

The universal coefficient theorem for K-theory first appears in some unpublished lecture
notes of Anderson, and is first published by Yosimura.

Theorem 4 (Universal coefficient theorem). For any CW-complex X and each integer n
there is a short exact sequence

0 — Ext(K,-1(X),Z) - K"(X) - Hom(K,(X),Z) — 0.

[m}

In the torsion-free case, the universal coefficient theorem is as follows, where, unsur-
prisingly, we write Ext(K,_1(X), Z)TF for the quotient of Ext(K,—_1(X), Z) by its torsion
subgroup.

Corollary4 1. For any CW-complex X and each integer n there is a short exact sequence

0 — Ext(K,_1(X), Z)™ - K.(X) - Hom(K ¥ (X),Z) — 0.

@ Springer



p-Hyperbolicity of homotopy groups via K-theory

2. If X is a finite CW-complex, then Ext(En_l (X),2)™ = 0, and we obtain an isomor-
phism KI'o(Y) = Hom(KF(Y), Z).

Proof Let T denote the torsion subgroup of Ext([? 1—1(X), Z), and let T, be the torsion
subgroup of K" (X). The Universal Coefficient Sequence of Theorem 4 gives an injection
T, — K" (X), which must have image contained in 73, thus lift to an injection 77 — 7. For
any group G, Hom(G, 7Z) is torsion-free, so the composite 7, — Kn (X) - Hom(K,(X), Z)
is trivial, and by exactness we obtain a lift 7, — Ext(fn,l (X), Z). The image of this map
must be torsion, which is to say that it must be contained in 77, so the aforementioned map
Ti — T, is a surjection. That is, the Universal Coefficient Sequence of Theorem 4 has
last term torsion-free and first map restricting to an isomorphism of torsion subgroups. This
implies the first statement.

For the second statement, we need only note that if X is finite, then K El (X) is finitely
generated, so Ext(f n—1(X), Z) is torsion, as required. O

Selick [28] deduces the following from work of Atiyah [5], Mislin [24] and Adams [3].

Theorem 5 (Kiinneth theorem for K-homology). Let X and Y be of the homotopy type of
finite complexes. Then there is an isomorphism of Z./2-graded 7Z-modules:

KIFXAY) =KX @ KF(y).
O

Iigmarkz It follows immediately from Coro~llary 4 (and knowledge of K *(§7)) that
K 3 F(§7) = 7. We write &, for the generator of K I F(s9). By the Kiinneth Theorem (Theorem
5), we may choose the &, so that &, ® &, is identified with &,,, under the homeomorphism
Sn A Sm ~ Sner .

In the case of K-theory, the analogous result follows directly from [3].

Theorem 6 (Kiinneth theorem for K-theory). Let X and Y be of the homotopy type of finite
complexes. Then the external product on K -theory defines an isomorphism of Z/2-graded
rings:

1

Rip(X) @ Kip (1) = Kip(X A Y).

5.2 The James construction

For a space X, let X* denote the product of s copies of X. Let ~ be the relation on X* defined
by

(X s X1y %, X1y Xid 2y oo - Xs) ™~ (XTy o ooy Xim1, Xig1s %y Xjg2, - o« Xg).
Let J;(X) be the space X*/~. There is a natural inclusion
5(X) D (X)
(X1yeeeyXs) > (X1, 000, Xy, %),
The James construction J X is defined to be the colimit of the diagram consisting of the

spaces J;(X) and the above inclusions. Write i : Js(X) — JX for the map associated to
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the colimit. Notice that J X carries a product given by concatenation, which makes it into the
free topological monoid on X, and that a topological monoid is in particular an H-space.

Let X" denote the smash product of i copies of X, and let 7 : X — QXX be the unit of
the adjunction ¥ - Q. Explicitly, n(x) = (t — (x,t) € £X).

Theorem 7 [22]

1. There is a homotopy equivalence J X > QXX which respects the H-space structures
and identifies i1 with n.

2. There is a homotopy equivalence \/f; SXN S XJX which restricts to a homotopy

equivalence \/i_; TXN = X J(X) for each s € 7. ]

Lemma4 [28, Lemma 7] Let X have the homotopy type of an (r — 1)-connected CW -
complex.

1. (is)s : iy (Js(X)) = an(J X) is an isomorphism for N < r(s + 1) — 1.
2. Let x € my(Jg(X)) for any N. If ¥x is nontrivial then (i), (x) is also nontrivial.

Proof The first part follows by cellular approximation from the observation that J;(X) con-
tains the (r(s + 1) — 1)-skeleton of J X. The second part follows from the observation that
i has a retraction by Theorem 7. O

For spaces X and Y, let X « Y denote the join, which we define to be the homotopy pushout
of the projections X x Y — X and X x Y — Y. The join is naturally a quotientof X x I x Y,
where I denotes the unit interval. Following the treatment in [4], let C denote the subspace
of X x Y consisting of points of the form (x, 7, *), for t € I and x € X, and let C; be the
subspace consisting of points of the form (%, 7, y). The subspace C{ U C, = CX U CY is
contractible, so the quotient map g : X * Y — X % Y /C; U C; is a homotopy equivalence.
The quotient X * ¥ /C1 U C3 is homeomorphic to £ X A Y. The suspended product £ (X x Y)
is also a quotient of X x I x Y, and this quotient lies between X x Y and X « Y /C U C».

This gives a factorization of g as X * ¥ — (X x ¥) — Z(X A Y). Let g—! denote
any choice of homotopy inverse to g; all possible choices are homotopic. We may form a

—1

new map dy, y as the composite Z(X A Y) X%y > X (X x Y). It is automatic that
8x.y splits the quotient map 7 : £(X x ¥Y) — XX A Y. The homotopy class of dx y is
well-defined, and we will call §x y the canonical splitting of . Note that §x y is natural in
maps of spaces in the sense that given f : A — X and g : B — Y we obtain a commutative
diagram

3A.B
YAANB—— X(A x B)
lz(.f/\g) lz(fxg)
Sx.y
IXAY —=X(X x7Y).

For s > 3, consider the quotient map X X* — X X", We define the canonical splitting
of this quotient to be the composite of canonical splittings

XM S TX xX)AXNTY 5 (X x X)) x X)AXNT o wxs,
Of course, we chose an order of multiplication here. This canonical splitting is natural as

before.
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Definition 3 For a Z-graded (respectively Z/2-graded) module M, let T(M) = @2, M
denote the tensor algebra on M. The product is given by concatenation. We refer to M®k
as the weight k component of the tensor algebra T (M). We define a Z-grading (respectively
7Z./2-grading) on T (M) by setting |[x] @ x2 @ - - - @ xg| = Zf-‘zl |x;].

Definition 4 For a space Y, leto : I?;FF(Y) = I?IL(Z Y) be the suspension isomorphism.
Let ¢ : KIF(£Y) — KIF(TY) be a homomorphism of graded groups, not necessarily
induced by a map of spaces. We call the composite 0~ o ¢ o o the desuspension of 6,
denoting it by S~ !¢.

Write m; : (QEXX)* — QXX for the map given by iteratively performing the standard
loop multiplication on QX X in any choice of order. Up to homotopy, m; is independent of
this choice of order, since 2% X is homotopy associative.

Theorem 7 gives the existence of a homotopy equivalence I' : \/72; £X NS TQEX.
There are many choices of I", up to homotopy. The next lemma asserts that I" can be chosen

in a way which suits our purpose. Selick [28] describes the composite \/fi1 nXN L

TQEX > XJX of T with the homotopy equivalence of Theorem 7 (1). This immediately
implies the following description of I'.

Lemma5 [28] Let X be afinite CW -complex. The homotopy equivalence T : \/?i1 TXN
Y. QXX may be chosen such that:

1. SHT,) : T(I?IF(X)) i K*TF(QEX) is an isomorphism of algebras;
2. the restriction of T to X" is homotopic to the composite

mg

=) ,
x5 ext 27 s@ex) 2 nesX,
where the unlabelled arrow is the canonical splitting.

The description of the map I" in Lemma 5 has the following consequence. For a space Y, let
ev : XQY — Y be the evaluation map, which may be described explicitly by ev({y, t)) =
y(t) fory € QY.

Lemma6 Let T : \/72, 2XN — EQXX be the homotopy equivalence of Lemma 5. The
composite ev o I is homotopic to the projection onto the first wedge summand.

Proof Letis : X — \/{2, X/ be the inclusion of the s-th wedge summand. We must
show that

l)jX ifs = l,and
evol oty ~ )
* otherwise.

The following diagram commutes up to homotopy

Zn
X ——= Q¥ X

ev
Izx

zX.

By Lemma 5, ¥5n = I o (1, which implies the s = 1 statement.
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Now let s > 2. Ganea [14, Theorems 1.1 and 1.4] shows that the homotopy fibre of ev is
given by

T(QIX AQTX) > TQYX S ¥X,

where the map v is equal to the composite

TQEX A QEX) - D(QZX x QTX) 22 $orX
of Xmy with the canonical splitting. We will show that I" o ¢ factors through v, and hence
composes trivially with ev. Consider the following diagram, where the unlabelled arrows are
all canonical splittings:

v

/—\
TQIX AQTX) = N(QTX x QLX) — = ¥QTX

ma

E(m(sl)/\l)T )Z(m(sl)xl)T

QTN ——= Z(QTX)E D AQEX) ——— = Z(QTX)* — > ZQIX

ms
Zn“ﬁ E(n“‘”An)T En“?

=X o w(XODAx)y———— > 3XS,

The composite along the bottom of the diagram is I" o ¢y, so to obtain the desired factor-
ization of I' o ¢ through v, it suffices to show that the diagram commutes up to homotopy.

The top right square commutes because m» o m_1) = mg, by homotopy associativity
of the H-space 2X X. The remaining three squares commute by naturality of our canonical
splitting. This completes the proof. O

Let px be the projection T(I?*TF(X)) — E*TF(X)@‘ . The next corollary is immediate
from Lemma 6.

Corollary5 S~!(ev, o Ty) = py : T(KIF (X)) - KIF(X). u]

5.3 Primitives and commutators

It follows from the Kiinneth Theorem (Theorem 5), and the fact that ¥ (Y x Y) >~ XY Vv
TY VEQX AY), that KIF(Y x V) = KIF(Y) ® KIF(Y). We may therefore make the
following definition. A class y € ﬁgF(Y) is called primitive if Ay(y) = y® 1 +1Q®y,
where A : Y — Y x Y is the diagonal, defined by A(y) = (y, y).

The comultiplication ¥ — Y V Y on a co-H-space Y is a factorization of A via the
inclusion Y vV Y < Y x Y. From this point of view, the following lemma is immediate.

Lemma 7 IfY is a co-H-space, then all elements in I?*TF(Y) are primitive. m}

If Y is an H-group, then the multiplication m : ¥ x ¥ — Y induces a map I?gF ) e
KM (y) — KI¥F(Y). We will denote this map by juxtaposition, so that m(y; ® y2) = y| 2.
Furthermore, the commutator ¥ x ¥ — Y descendstoamapc : ¥ AY — Y. Expanding
the definition of the commutator in terms of the K-homology Kiinneth Theorem (Theorem
5) gives the following lemma.

Lemma8 Let Y be an H-group, and let ¢ : Y NY — Y be the commutator. If y\ and
y2 € KIF(Y) are primitive, then c(y1 ® y2) = y1y2 — (=1)1102ly,y,. o
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6 The category of y-modules

In [2], Adams defines an abelian category which we will follow Selick [28] in calling -
modules. The e-invariant, which is our central tool, is defined by Adams in terms of V-
modules. The purpose of this section is to record results about ¢r-modules for later use.

A Yr-module consists of an abelian group M, with homomorphisms

we:M—>M

for each £ € Z, satisfying the axioms of [2, Section 6]. If X is a space then the group K°(X),
together with its Adams operations, is a ¥-module. Since we defined K- 1(X) by setting
K~1(X) = K°(£X), it too has the structure of a ¥-module. Maps of spaces induce maps

of ¥-modules. The Adams operation ¥ ¢ on K 082"y is multiplication by £”, so in particular
Adams operations do not commute with the Bott isomorphism.

For graded ¥-modules M and N we will write Homy, _nmoq(M, N) for the abelian group
consisting of graded ¥ -module homomorphisms. The unadorned notation Hom(M, N) will
mean homomorphisms of the underlying graded abelian groups.

Lemma9 Let M and N be r-modules, with N torsion-free. The inclusion of Z-modules
Homy _mod(M, N) — Hom(M, N) is an injection onto a summand.

Proof Lety : M — N be ahomomorphism of underlying Z-modules. If, for some k € Z\{0},
k - ¢ is a Y-module homomorphism, then, since N is torsion-free, ¢ is also a yr-module
homomorphism. This implies that Coker (Homy, _npoq (M, N) < Hom(M, N)) is torsion-
free, which implies the result. O

For the avoidance of doubt, by the e-invariant we will always mean what Adams calls the
complex e-invariant ec [1,2].

Definition 5 (Adams’ e-invariant). Suppose that f : X — Y induces the trivial map on K*.
Then the cofibre sequence of f gives a short exact sequence of {-modules

0« K°(Y) < K°(Cy) < K°%(TX) < 0.

The e-invariant of f is the element of Exty, _mod (I? 0y, K 0(zXx)) represented by this exact
sequence.

The e-invariant does not commute with the Bott isomorphism, but the interaction between
the Bott isomorphism and the Adams operations is easy to describe, as follows. Let 1//Y be
the homomorphism we K O(Y) — K O(Y) Then, modulo the Bott isomorphism, we have
1//22 =t 1//? That is ‘upon double suspending, the Adams operations gain a factor £’. In
terms of the e-invariant, all we need to know is the following.

Lemma 10 [2, Proposition 3.4b)]. There is a homomorphism
T : Exty-mod(K°(Y), K°(2X)) — Exty_moa(K*(22Y), K*(2*X)),
such that T (e(f)) = e(Z2 f). |

We will be concerned only with the e-invariants of maps whose domain is a sphere. One
of the two K -groups of a sphere vanishes, in the dimension matching the parity of the sphere,
but the e-invariant, as defined above, lives only in K. In order to detect maps regardless of the
parity of the sphere on which they are defined, we will need to keep track of the e-invariants
of f and X f, so we will use the following modified e-invariant.
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Definition 6 (Double e-invariant). Let

Exty —Mod (K*(Y), K*(£X)):=Exty—moa (K*(¥), K*(£X)) ® Exty—moa(K ' (¥), K~ (ZX)).
Suppose that f*: X — Y induces the trivial map on K*. Then the double e-invariant of f is
e(f) = (e(f), e(2f)) € Exty_mod(K*(Y), K*(£X)).
Pullback of an extension along a homomorphism defines a map
Homy _Mod(M, B) ® Exty _Mod (B, A) — Exty_Mod(M, A).

_Ifg:Y — Zthene(g o f) is represented by the pullback of e(f) and g* : K%Zz) -
K°(Y) [2, Proposition 3.2 b)]. To describe &(g o f) we need only apply this result degree-
wise, as follows. For convenience, we write g* - e(f) for the pullback of ¢g* and e( f). Define
the map

60(f) : Homy_nmoa(K°(Z), K°(Y)) — Exty_moa(K°(2), K°(£X))
00(f)(x) = x - e(f).
Likewise, define
0_1(f) : Homy _wmoa (K ~1(2), K1 (¥)) — Exty_moa(K "' (2), K~ (X))
0_1(f)(x) =x-e(Zf).
Combining these, let
0(f) : Homy_mod(K*(Z), K*(Y)) — Exty_moa(K*(Z), K*(£X))

be the direct sum 6o ( f) @ 6_1(f). These definitions, together with Adams’ above result, give
the following lemma.

Lemma 11 Formaps f : X — Y and g : Y — Z, the following diagram commutes:

¥, Z] . X, Z]

N !

Homy moa (R*(2), R*(V)) 22 Exty _oa (R*(2), R*(2X)).

Following [28], write Z(n) for the y-module K 052y, Explicitly, Z(n) has underlying
abelian group Z, and y¢ acts by multiplication by £" . It follows that K-1(§2+1):=K0(52+2)
=Zn+1).

Lemma 12 [2, Proposition 7.8, 7.9] Ifn < m then Exty _mod(Z(n), Z(m)) injects into Q/Z.
The e-invariant of a map f : S?"~' — $?* may therefore be regarded as an element of
Q/Z. Furthermore, the value e( f) in Q/Z satisfies e(£2 f) = e(f), so in particular, when
f is a map between spheres, e(f) depends only on the stable homotopy class of f. O

The following theorem is the main technical component of Selick’s paper [28].

Theorem 8 [28, Theorem 6] Let f' : S"~1 — §%" be such that p'~'e(f’) # 0 in Q/Z,
for p prime and some t € Z. Let Y have the homotopy type of a finite CW-complex and let

: S > Y be such that Im(g* KO(Y) — KO(SZ”)) contains up’ KO (S, fors e 7F
and u prime to p. If s < t, and there exists some £ € 7" for which

v'RQ:K'Y)9Q—> K ®Q

does not have £™ as an eigenvalue, then e(g o f') # 0. O
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The following theorem of Gray [15] will provide the map f’ for Theorem 8. Specifically,
this theorem provides a linearly spaced family of stems, each of which has a stable p-torsion
class which is born on §3 and detected by the e-invariant.

Theorem 9 [15, Corollary of Theorem 6.2] Let p be an odd prime and let j € Z*. Then
there exists a class f) j € nzj(p_1)+2(S3) with e(fp,j) = _71 e Q/Z. O

The corresponding 2-primary result is as follows. Adams [2, Theorem 1.5 and Proposition
7.14] shows that, for j > 0, the (8 4 3)-rd stem contains a direct summand whose 2-primary
component has order 8, and that on this component the e-invariant is a surjection onto Z/4.
The sphere of origin of the classes in this component was deduced by Curtis in [11].

Theorem 10 [2,11] Let j € Z* . Then there exists a class f,j € 7T8j+6(53) of order 4, with
e(fr)) = 5 € Q/L o

7 Main construction

Having assembled preliminaries in Sects. 5 and 6, we can begin to work towards the proof
of Theorem 2. Our approach is as follows. From the data of Theorem 2, we will construct a
commutative diagram of (roughly) the following form, where 2 is a set and the other objects
are Z-modules.

B L7 (QTX)

| |

I —— Exty_moa(K*(QEX), K*(5%)).
We will argue that

— The image of the top map consists of classes of order dividing p.

— The image of the left vertical map generates a submodule isomorphic to the weight k
component of the free graded Lie algebra over Z/p on two generators.

— The bottom map is injective.

Together, these facts imply that there is a submodule of 7, (QX X) = m,41(ZX), con-
sisting of classes of order dividing p, and surjecting onto a module isomorphic to the weight
k component of the free graded Lie algebra over Z/p on two generators. This submodule
(which is necessarily a Z/p-vector space) must therefore have dimension at least W5 (k)
(Theorem 11), which will imply that £ X is p-hyperbolic (Lemma 2).

The diagram will be obtained by juxtaposing three squares. Sections 7.1-7.3 each construct
one of these squares. In Sect. 7.4 we put them together and prove Theorem 2. Roughly
speaking, the top map of the diagram should be thought of as first taking a family of Samelson
products and then pulling them back along some suitable map f coming from Gray’s work
(Theorem 9). The vertical maps should be thought of as passing from maps of spaces to
K -theoretic invariants, and the bottom map (therefore) should be thought of as tracking the
effect of the top map on these invariants.

Because of the need to work with a finite C W-complex in Selick’s Theorem (Theorem
8) we will restrict the right hand side of the diagram to instead refer to some finite skeleton
Js(X) of the James construction.
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7.1 Samelson products and their Hurewicz images in K-homology

Let R be a commutative ring with unit. We take a graded Lie algebra over R to be defined
as in [26]. For a non-negatively graded R-module V, let L(V) denote the free graded Lie
algebra [26, Section 8.5]. Write LK (V) for the submodule of L(V) generated by the brackets
of length k in the elements of V. We will call L*¥(V) the weight k component of L(V).
Note that this convention differs from Neisendorfer’s - he writes L(V); for the weight k
component.

Definition 7 Let Y be an H-group, and letc : ¥ A Y — Y be the commutator of Lemma
8.Leta € mny(Y), and let B € mp(Y). The Samelson product of « and B, written (o, 8) €
wn+m(Y), is the composite

(, B) : SNHM = gN A M Xy Yy Sy

Samelson products are bilinear, graded anticommutative, and satisfy the graded Jacobi
identity. They fail, however, to make 7, (¥) into a graded Lie algebra over Z in Neisendorfer’s
sense [27, Section 7]. This is important because we want the natural map from the free Lie
algebra to the corresponding tensor algebra to be an injection onto a summand (Lemma 14).
One could define an appropriate notion of ‘free graded pseudo-Lie algebra’, and proceed as
follows with that in place of the set Z(m,(A)), which we use in what follows, but we prefer
to avoid making the extra definition.

For a graded R-module V, let U (V) denote the graded set of homogeneous elements in
V. Let (V) be the set of formal iterated brackets of the elements of U (V). Bracket gives a
natural operation on %(V), which we write as [x, y]. Elements of 2(V') are nonassociative
words in the elements of U(V), so we may define a grading on (V) which extends the
gradingon U (V) via |[x, y]| = |x|+]|y|. The weight of an element of Z (V) is its word length.
Write By (V) for the subset of elements in degree N, B* (V) for the subset of elements of
weight k, and set %IZ‘V(V) = Z(V)N Bn (V).

Letv: A — QXX be amap. By definition of Z((A)), there exists a map

DT : B(m(A)) = 7. (QLEX)

which extends v, and satisfies @7 ([x, y]) = (P (x), T (y)) forall x, y € B(w(A)).
YFor a Z/2-graded Z-module V, we define a non-negatively graded Z-module
Hom (K ¥ (5*), V), by setting

Hom(RTF(S%), V)y = Hom(K["(s"), V) if N >0, and
if N <0,
where the homomorphisms are understood to respect the Z/2-grading on Kyand V.

In the case that V = L is a Z/2-graded Lie algebra over Z, Hom(KIF(5*), L)
inherits a non-negatively graded Lie algebra structure as follows. Let the generators &y
of KI¥(SN) be as in Remark 2. Then the bracket [f,g] of f € Hom(KIF(SV), L)
and g € Hom(KIF(sM), L) is the homomorphism K1F(SM) — L carrying £yypy to
[f(&éNn), g(Em)] € L. The squaring operation is defined in the same way. Likewise, if V' is
a Z/2-graded associative algebra over Z, then Hom(If(vgF (8*), V) inherits the structure of a
non-negatively graded associative algebra.

Letv:A — QXX be a map. There is a composition

L(KF(A) - T(KIF(A)) - KF(QzX),
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where the first map is the natural map which is the identity on K *TF (A) and satisfies [x, y] —
xy — (—=D)¥Vyx, and the second map is obtained by applying the universal property of the
tensor algebra to v,. Let

oK - Hom(K T (%), L(KF(A))) — Hom(K T (5%), KT (Qz X))

be the pushforward along the above composite. It is then automatic that ®X is a map of
non-negatively graded Lie algebras over Z, where the structures are defined as above.

We write deg : wy(Y) - Hom(kv;F(SN),EEF(Y)) for the map f +— fi. Let
deg’ : A(mi(A)) — Hom(K[F(5*), L(KIF(A))) be the unique map which restricts to
deg : m.(A) — Hom(KIF(5*), KTF(A)) c Hom(KIF(5*), L(KIF(A))) and carries
brackets to brackets. The above maps are related as follows.

Lemma 13 Letv : A — QXX, for spaces A and X having the homotopy type of finite
CW-complexes. The following diagram commutes:

fooxd

v

B4 (A)) T (QXX)

ldeg’ ldeg
(DK

Hom (KTF(§%), L(KTF(A))) —> Hom(KTF(5*), KTF(QE X)).

Proof By construction of (. (A)), it suffices to show that the restriction of the diagram
to the weight 1 component # L(74(A)) = m,.(A) commutes, and that all maps respect the
bracket operations. By definition, L' (E I F(A) = K *T F(A). It then follows immediately from
the definitions of ®7 and <I>]’f that restricting the left hand side of the diagram to weight 1
components gives the diagram

Vi

7 (A) T (QXEX)

ldeg ldeg

Hom(KTF(5*), KTF(A)) — 2 Hom(KTF(5*), KTF(QZ X)),

which commutes, since it just expresses naturality of deg.

It remains to show that all maps respect bracket operations. The maps @7 and
deg’ respect the bracket operations by definition, and ®X respects bracket operations
by construction. We therefore only need show that deg respects brackets. Let f €
any(RQXX), and let ¢ € 7y (QEX). We must show that deg({f, g)) is the commu-
tator deg(f)deg(g) — (—1HNM deg(g)deg(f) with respect to the algebra operation on
Hom(KIF(5%), KIF(Qx X)).

Since K *T F(§N+My =~ 7 it suffices to show that the two homomorphisms agree on the
generator £y (Remark 2). By Definition 7 and the Kiinneth Theorem (Theorem 5),

deg((f, ) (En+m) = cx 0 (f+« ®@ gx)(En ®Epm) = cx 0 (fx(EN) ® &+(Em))-

Spheres of dimension at least 1 are co- H spaces, so by Lemma 7, &y and &) are primitive.
By naturality of the diagonal f,(§y) and g.(§)s) are still primitive, so by Lemma 8,

cx 0 (fuEn) ® g:(Em)) = fr(EN)gxEm) — (=DM g (Eu) frEn),

which by definition of the multiplication on Hom(E*TF(S*), E*TF(QEX )) is the result of
evaluating deg( f)deg(g) — (—1)NMdeg(g)deg(f) on &y, as required. O
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We now lift the previous result to J; (X), thereby producing the first square of the diagram
promised at the start of this section. Recall that we write i : J;(X) — J X for the inclusion,

and that by Theorem 7 we have a homotopy equivalence JX S QXX. We will abuse
notation and also write i for the composite J;(X) - JX — QX X.

Corollary6 Letv : A — QXX, for spaces A and X having the homotopy type of finite
CW-complexes, with X (r — 1)-connected forr > 1. IfN,s € Z satisfy N < r(s +1) — 1,
then (is)s« : TN (JsX) — an(QXEX) is an isomorphism and for each k < s there exists a
commutative diagram:

B (74(A)) N (JsX)

\L deg’ \L deg

Hom(KTF(sN), LX(KTF(A))) o Hom(KTF(sV), KTF(J, X)),

with (is)s o T = ®T and Hom(KTF(SN), (iy)y) 0 K = &K,

Proof Consideghe diagram of Lemma 13. Lemma 4 shows that (is)ikvis an isomorphism
on my, so let ®T be the unique map such thatN the condition ({5)* o ®7 = &7 holds. By
Theorem 7 (2) and Lemma 5, the map (i) : K;,F(JS (X)) — K;,F(QEX) is the inclusion

of the tensors of length at most s. Since k < s, we may therefore define ®X to be the unique

map such that the condition Hom(f *TF(S Ny, (is)«) © oK = dD]If holds. Commutativity then
follows from Lemma 13 by naturality of deg, since Hom(K*TF(SN), (is)«) is injective. 0O

Lemma 14 Let V be a non-negatively- or Z/2-graded Z-module which is free and finitely
generated in each dimension. Then

— L(V)and T (V) are free Z-modules in every dimension.
— The natural map L(V) — T(V), [x,y] — xy — (—1)"‘”»"|yx is an injection onto a
summand.

Proof The non-negatively graded case is immediate from [26], Proposition 8.3.1 and p282.
For the 7 /2-graded case, first observe that there is a forgetful functor U from Z-graded
modules to Z/2-modules which carries Z-graded (Lie) algebras to Z/2-graded (Lie) algebras,
and a functor C from Z/2-graded modules to Z-modules which puts Vj in any even dimension
and Vj in any odd dimension. Both C and U respect freeness and split injections, and there
are natural isomorphisms UT(CV) = T (V) and UL(CV) = L(V). This implies the Z/2-
graded result. O

The graded version of Theorem 3 now follows immediately from Hilton’s paper:

Theorem 11 [19, Theorem 3.2, 3.3] Let V be a torsion-free Z- or 7./ 2-graded 7Z-module of
total dimension n. Then the total dimension of LK(V) is W, (k). ]

Let R be a commutative ring with unit. Let M be an R-module, and as usual let 7' (M)
denote the tensor algebra on M. Let ¢, : M ® _ T(M) be the inclusion, and let Pk -
T(M) — M®F be the projection. Let T : T(M) — T (M) be the composite ¢] o pj. Given
an R-algebra A, and amap ¢ : M — A, we write ¢ for the induced map T(M) — A, that
is, the unique map of algebras such that ¢ o | = ¢.
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Now, let M and N be R-modules, and let ¢ : M — T (N) be a map. In the proof of
Theorem 12, we will wish to make a ‘leading terms’ style argument. This is made precise in
the next Lemma, which compares @ with 7 o ¢. Informally, we think of 7 o ¢ as the ‘leading
terms part’ of @.

Lemma 15 Let R be a commutative ring with unit. Let M and N be Z- or 7]2-graded R-
modules. Let i, : M®* — T (M) be the inclusion, let py, : T(N) — N®* pe the projection,
andlet T : T(N) — T(N) be as above. Let ¢ : M — T (N) be a map. Then py o @ o i =
Pk © 7?3?0 O lk.

Proof 1t suffices to check equality on basic tensors. Let v € M®K be a basic tensor, so that
V=01 QU Q- - Q v, forv; € M. Then

Pou () =0WI M- @) =) @) ®- - ® ¢(vr)
=1(p(v1)) @ T(p(12)) ® --- ® t(¢(vg)) + terms of weight > k.

Applying p to both sides yields the result. O

Theorem 12 LetF = Q or Z/ p for p prime. Letv : A — QX X, for spaces A and X having
the homotopy type of finite CW-complexes. Let vV : ¥ A — XX be the adjoint of v. If

7, @F: K'F(SA)@F - KT (EX) @ F
is an injection, then
oK @ F: Hom(K ¥ (5*), L(KIF(A))) ® F — Hom(K T (%), KT (QZ X)) @ F
is also an injection.

Remark 3 1In the case where V is a suspension ¢, we have a diagram

QrA - ovx

|

A———X,

so in particular v, factors through the weight 1 component I?EF (X) of the tensor algebra
decomposition of EIF(QZX ). This dramatically simplifies the proof, removing the need
for Lemma 15. In practice this is not a reasonable assumption - for example, the map u :
§3 v §3 — ECP? of Example 6 (which plays the role of ¥) does not desuspend.

Proof 1In this proof, for a space Y, we will identify the algebras T(E *T F(Y)) and K *T FQxry),
omitting the isomorphism S~!T, of Lemma 5. We defined ®X to be the pushforward along a
certain map L(KIF(A)) — KIF(QX X). Call this map ®X”. It suffices to prove that ®X' @ F
is an injection.

The triangle identities for the adjunction ¥ — 2 give a commutative diagram

QvA -V ovx

| 7

A.

Since d>£< 'is the unique map of Lie algebras extending v, we have a commuting diagram
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~ ~ QV)y ~
T(RTF(A) = RTF(Qxa) 2% RTFQxx)

%

L(KT¥(A)),

where we note that that by Lemma 14, the natural map L(KIF(A)) — T(KIF(A)) is an
injection onto a summand. It therefore suffices to show that (Q2v), ® F is an injection.
Let@j denote the extension of v, to T(EJF (A)), so thatm = (V)4 (modulo the
isomorphism S—IT,, as above). Since (pi 06\50 ty) = 0 for i < k, it further suffices to
show that (o o (v) o tx) ® F is an injection for each k. By Lemma 15, with M = KTF(A)

and N' = E;FF(X), we have that py omo Ik = pg o (1'/0\_1;) o tg.
As previously, let ev : ¥QY — Y denote the evaluation map. The following diagram
commutes:

YA 2L YOy X

Sk

zX.

The hypothesis therefore implies that the composite (ev, o Xv,) ® F is an injection.
Desuspending, we have that (S7'evy ovy) @ Fis an injection. By Lemma 5,

(p1ov) @F: KT (A) @F - KIF(X) @ F

is an injection of F-vector spaces. Thus, the image (p; o v*)(I?IF (A)®F C EEF(X) RFis
a direct summand. Thus, the extension (7 o v,) ® F is an injection, and (t o v*)E I FA)®k ¢

KIF(X)®k for each k. This implies that p; o (T o vy) o ( is an injection for each k, as
required. s

The following corollary, which lifts the injectivity back to Js(X), is immediate from
Theorem 12 and Lemma 6.

Corollary7 LetF = Q or Z/p for p prime. Let v : A — QX X, for spaces A and X having
the homotopy type of finite CW -complexes, with X (r — 1)-connected for r > 1. Suppose

that N, s, k € Z" satisfy k < s, so that the map ®K is as in Corollary 6. If
7OF: KF(ZA)®F - KIF(EX)®F
is an injection, then
©K @ F : Hom(KTF(sV), L*(KTF(4))) ® F — Hom(KT(s"), KTF (J, X)) ® F
is also an injection. O

We have now established all that we will need to know about this ‘first square’.

7.2 Maps derived from the universal coefficient isomorphism
In this subsection we will build the second square of our diagram. This square is really just

the Universal Coefficient Theorem (Corollary 4) in a different form. We will write deg for
both K-homological and K -theoretic degree.
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Lemma 16 Let Y be a space having the homotopy type of a finite CW -complex. There exists
an isomorphism % making the following diagram commute.

7y (Y) 7y (Y)

\Ldeg ldeg

Hom(KTF (M), KTF(v)) —%> Hom(K}(Y), Kip(SV)).

Proof For 8 : I?*TF(SN ) — E;FF(Y), let % (B) be the unique map making the following
diagram commute

K (Y) — > Hom(KTF(v), Z)
l% ® lHom(ﬁ,Z)
Kip(SV) —== Hom(KTF(sV), 7)

where the isomorphisms are those of Corollary 4. Since K I F(Y) is a finitely generated free Z-
module, 8 — Hom(g, Z) is an isomorphism, so 7 is also an isomorphism. Commutativity
of the diagram from the statement of this lemma is by naturality of Lemma 4. O

Corollary 8 Let Y be a space having the homotopy type of a finite CW-complex. For a Z-
module M, lett, : M — M ® Z/ p be the natural map. There exists an injection %' making
the following diagram commute.

an(Y) 7N (Y)

Hom(I?IF(S s N*

o> m(t, o deg) i Im(z, o deg)

/

Hom(KTF(sV), KTF(v)) @ Z/p Homy _wmod (K (Y), K2 (SY) @ Z/ p.

Proof By Lemma 16, we have a commutative diagram

ay(Y) an(Y)
\Ldeg ldeg
Hom(KIF(SY), KIF(Y)) —= Hom(K}(Y), K1 (SV)).

with % an isomorphism, so % ® 7/ p is also an isomorphism. By Lemma 9, the map
Homy —mod (K (Y), Kfp(S™)) ® Z/p — Hom(K{p(Y), Kip(S™) ® Z/p

is an injection. Maps of spaces induce maps of ¥-modules on K-theory, so the image of
% o deg is contained in Homy, Mod(KTF(Y) K (SN )), and hence there exists a map %’
making the following diagram commute:
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g) ! ~ ~
Im(t, o deg) > Homy o (K (Y), Kip(SYV) @ Z/ p

U QLp =
—_—

Hom(KTF(sV), KTF(v) @ Z/p Hom(KZp(Y), Kip(SV)) ® Z/ p.

Both vertical maps are injections, so %/’ has the required properties. O

7.3 Pulling back along classes defined on §3

Let f € 71.,-(53), and let N > 3. Then, for w € my(Y), the composite

sV L ogv gy
is defined. The class w o V73 f lies in wy 1 (Y), where M — 1 = N + j — 3.

Thus motivated, we define the map f3 : m.(Y) — m.(Y) on @ € nn(Y) by setting
fi(w) = EV3 ) w = wo =N £, In words, £+ pulls classes back along the appropriate
suspension of f. Strictly speaking, f5 is only a partial map, because it is undefined on 7y
for N < 2, but this will be unimportant.

Recall the definition of the double e-invariant e (Definition 6). On wy (Y), we have by
definition that f§ = (V=3 £)*. By Lemma 11 we have a commuting square:

f*
N (Y) = N4 j—3(Y)

degl \Le
o(=N=3 1)

Homy —vod (K75 (Y), Kfp(SY)) ————"> Extymoa (Kfr(Y), Kfp(SVT/72).

Mimicking the convention for f35, let

0% (f) : Homy —moa (K3 (Y), Kip(S¥)) — Exty —moa (Kip(Y), Kip(S*F/72))

be the map which is defined to be equal to O(EN 3 J) on the degree N component
Homllf Mod(KTF(Y) KTF(SN)) OfHomi// Mod(KT]:(Y) KTF(S*))

Lemma 17 Let p be a prime, and let f € 7; (S3) with e(f) defined. If pf = 0, then there
exists a map 05 (f) making the following diagram commute for all N :

f*
N (Y) z Tn+j-3(Y)

~ ~ 0s(f) ~ ~ i
Homy _mod (K3p(Y), Kfp(S™)) 2 ExtyMod (Kip(Y), Kip(SVF72))

l 0L T
Tp

Homy _Mod (Kip(Y), Kip(SM)) ® Z/ p.

Proof Since pf = 0, we have that pe(SV¥=3 f) = 0 for all N, which implies that 6% ( f)
vanishes on p-divisible elements, so there exists a unique map Gg (f) making the diagram
commute, as required. O
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Lemma 18 Let X be a finite CW-complex. Let )Lf be the largest eigenvalue of the rational
Adams operation

YeQ: K'X)®Q—~ K'X) ® Q.
Then, fori > 0

— the largest eigenvalue oflpZ R Qon 1?0(22" Ji(X)®Qis Ki()»é()‘Y, and
— the largest eigenvalue oflpZ ®Qon KOt J (X)) @ Qs Z")LEEX(A?)S’I.

Proof When i > 1, Theorem 7 gives that £J;(X) ~ X \/I_, X", so T2 J((X) ~ S% A
Vi_p XM, and B2 (X) ~ ¥ A ZX A \/f;ll X", By the Kiinneth theorem (Theorem
6), this implies isomorphisms of rings

s
K(2¥ J,(X)) = P KPp(5™) @ Kfp(X)®', fori > 1,
t=1

and

s—1
K224 1,(X)) = P K (5%) @ Kp(2X) ® Kfp(X)® fori > 0.
t=0

The Kiinneth isomorphism of Theorem 6 is given by the external product of K -theory.
Since the Adams operations are ring homomorphisms, the above isomorphisms are also
isomorphisms of ¥-modules. In particular, the Adams operations on the left are the tensor
product of the corresponding operations on the right.

These decompositions hold for I?(T)F, so they also hold for Q ® K°, and the remaining
problem is to determine the largest eigenvalue of the relevant tensor products of Adams
operations. The eigenvalues of a tensor product of linear endomorphisms are precisely the
products of the eigenvalues. The operation ¥ acts on % by multiplication by ¢’. Together,
these observations imply the result. O

Lemma 19 Let p be an odd prime. Let X be an (r — 1)-connected finite CW -complex.
Let N,s € Z*. Consider the diagram of Lemma 17 for Y = Js(X) and f = fpj €
nz_/(p_])+2(53), the map of Theorem 9:

7N (Js (X)) N+2j(p—1)—1(Js (X))

= = 0s(f) ~ ~ A
Homy yioa (R (J5 (X)), R (8Y)) —— Exty woa (R (Js (X)), RSV 2/ =1

p

Homy —wod (K (J5 (X)), K (SV) ® Z/ p.

For ¢ € 7%, let )\g be the largest eigenvalue of y* ® Q on EO(Y) ® Q, and let Ay =

max(A, AEX). If there exists £ € 7V such that =D+ Ay then Ker(e o f5) C
Ker(z), o deg), and hence the restriction of 9§ (f) toIm(z, o deg) is an injection.
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Proof First note that pf = 0 by Theorem 9, so 9§ (f) is well-defined by Lemma 17. Let
o € mn(Js(X)). Suppose that w € Ker(e o f;), that is, that the e-invariant of the composite

sN2i0-D-1 L oV 2 x)

is trivial. By Lemma 10, this implies that 7 (w o %73 f) has trivial e-invariant for all i. In
particular, e(Xw o ZN_zf) and e(w o EN_3f) are both 0.

By Lemma 18, the largest eigenvalue of vt®Qon EO(JS (X)) ® Qis at most A%, and the
largest eigenvalue of ¥t ® Qon I?O(E J5(X)) ® Q is also at most A;. We now divide into
cases, based on the parity of N.

CASE 1 (N even): Write N = 2n.Let /' = ¥¥73 f and ¢ = w in Theorem 8. The domain
of wo XN 3 fis SM~—1 where M — 1 = N 4+ 2j(p — 1) — 1, so M is even, as is required.
To check the eigenvalue hypothesis of Theorem 8, write M = 2m. By Lemma 18, the largest
eigenvalue of ¥ ® Q on K°(Jy(X)) ® Q is at most A3, and £ = ¢/ (P=D+n - Zj(”’le
which we assumed was greater than A}. This means that £ cannot be an eigenvalue of vieQ
on KO(JS(X)) ® Q. Now, e(f) # 0 by construction (Theorem 9), so e(EV =3 f) #£ 0 by
stability (Lemma 12). Since e(w o V73 ) = 0, the contrapositive of Theorem 8 gives that
™ has p-divisible image in K 0(S¥). Since N is even, this implies that 7, o deg(w) = 0, as
required.

CASE 2 (N odd): Write n = 2n + 1. Let f' = ¥=2f and g = Tw in Theorem 8,
and proceed similarly to case 1. The domain of Tw o ZV=2f is S¥~1 where M — 1 =
N+2j(p—1),s0 M is even, as is required. To check the eigenvalue hypothesis of Theorem
8, write M = 2m. By Lemma 18, the largest eigenvalue of ¥t ® Qon I?O(EJS X)) ®Q
is at most Ay, and £" = ¢J(p=Dn — Zj(p_l)'F%, which we as~sumed was greater than
Ay This means that £ cannot be an eigenvalue of Yt ®Qon KAZ /(X)) ® Q. As in
the previous case, e(TN2F) £ 0. Since e(Zw o TN72f) = 0, the contrapositive of
Theorem 8 gives that (Xw)* has p-divisible image in EO(SN+1). Since N is odd, this
implies that 7, o deg(w) = 0, as required. This completes the case, and hence the proof.

]

7.4 Proof of Theorem 2

Construction 13 Let p be an odd prime. Let v : A — QX X, for spaces A and X having the
homotopy type of finite C W -complexes, with X (r — 1)-connected forr > 1. Let f € m;(S%)
with e(f) defined. Suppose that N, k,s € Z" satisfy N < r(s + 1) — 1 and k < s. The
diagrams of the preceding subsections may be combined as follows.

Recall the definition of deg’ from the preamble to Lemma 13. Let 1(A) be the submodule
ofHom(EgF(S*), L(I?IF(A))) ® Z/ p generated by Im(t), o deg’). The same grading con-
ventions as usual apply: we write I*(A) for the weight k part, we write Iy (A) for the degree
N part, and let I%,(A) = I*(A) N Iy (A).

From /C\‘gollary 6, using the assumptions that N < r(s + 1) — 1 and k < s (which make
CS’;T and ©K well-defined) we obtain the following diagram, where the images of the vertical
maps have been ‘popped out’ to their right.
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oF
B, (5 (A)) 7N (T (X))
\ ’nod\
7 odeg’ 15 (A) Im(t, o deg)

. —

Hom(RTF(SY), LK (RTF(4)) © Z/p — s Hom(RTF(sM), RIF(Jy(X)) ® Z/p.

Next, from Corollary 8 (with Y = J;(X)) we have a diagram

7y (Js (X)) 7y (Js (X))

\ Tpodeg \
v’

Tpodeg Im(t, o deg) Im(t, o deg)

— —

Hom(KIF(5V), KIF (J;(X)) ® Z/p Homy _noa (K (J5 (X)), Kip(SN) ® Z/ p.

Lastly, we obtain the following diagram from Lemma 17:

I3
7 (Js (X)) = TN 4i—3(Js (X))

~ = 0= (f) ~ ~ ;
Homy —mod (K7 (s (X)), K3p(S™)) = Exty —Mod (K (J5 (X)), K3 (SNT172))

l y
T

Homy _Mod (Kix(Js (X)), Kip(SY)) ® Z/ p.

Concatenating these diagrams gives a diagram as follows:

fEo®]
B, (7.(A)) = N+i-3(J5 (X))
rl,odeg’l le
0L (f)o'o(PK B/ p) - - 4
15 (4) —= Exty —Mod (K (J5 (X)), Kip(SNH=2)).

In this subsection, we combine the results of the previous subsections to produce results
about this diagram.

Theorem 14 Let p be an odd prime. Let v : A — QX X, for spaces A and X having the
homotopy type of finite C W -complexes, with X (r —1)-connected forr > 1. Let N, k,s € 7"
withN <r(s+1)—landk <s.Let f = f) ; € nzj(p,1)+2(53), the map of Theorem 9.

For € € 7T, let )\z/ be the largest eigenvalue of ¥* ® Q on KO(Y) ® Q and let .y =
max(A), AZ%). If

- V. QZ/p: I?EF(EA) RZ/p — EEF(ZX) ® Z/ p is an injection, and
— there exists £ € 7T such that £/ P=V+HT < A9,

@ Springer



G. Boyde

then 02 (f) o %' o (®K ® Z/p) + 15(A) — Exty _ytoa(Kp(J; (X)), Kip(SN+2=1)) s
an injection.

Proof By Corollary 7, since V,, ® Z/p is an injection, ®X ® Z/p is also an injection. By
Corollary 8 /' is an injection. By Lemma 19 the hypothesis on £ implies that the restriction
of Og(f) to Im(t, o deg) is an injection. The map Gg(f) o %' o (®K ® Z/p) is thus a
composite of injections, hence an injection, as required. m}

In the proof of Theorem 2, we will wish to restrict attention to those elements of Z(,(A))

who are brackets of classes in 7, (A) in some dimensional range gmin < 7 < gmax- All such
classes lie in dimensions kgmin < N < kgmax. Said more precisely, we have an inclusion
B ( Z:‘gmm 7, (A)) C Uff:‘,‘(’;min 9311‘\, (7« (A)). We will now study the diagram of Construc-
tion 13 in this dimensional range.
Construction 15 Let p be an odd prime, v : A — QXX for finite CW-complexes A and X
with X (r — 1)-connected forr > 1, and f € n,'(SS) with e(f) defined. Let gmax > qmin be
natural numbers. Fixk € 7%, and let s = kqmax + 1. For N € Z+ with kqmin < N < kqmax,
wehavethat N < r(s+1)—1andk < s. Combining the diagrams obtained from Construction
13 for this range of values of N gives the following diagram:

e
kq 2k Jzo®y kq
Ukdmes 2t (ra(4)) DR 4135 ()

Tpodeg’ \L \Le
02(fro% 'o(@K @2/ p)

k kqm: =~ =~ —
DM 1k (4) DA™ Exty wod (R (s (X)), Rip(SVH72)).

We now show that by choosing a large enough ¢ € Z*, and setting f = fp,ck» the eigen-
value hypothesis of Theorem 14 may be satisfied across the dimensional range of Construction
15 for all sufficiently large k.

Corollary9 Let p be an odd prime. Let v : A — QXX, for spaces A and X having the
homotopy type of finite C W -complexes, with X path-connected. Let gmax > qmin be natural
numbers. Let c,k € Z". Let f = ek € nzck(p_1)+2(S3) be the map of Theorem 9. If

V. ®Z/p: KF(EAHRZ/p > KF(EX)®2Z/p

is an injection then there exists ¢ € 7" such that for large enough k € 7,

_— kgmax kgmax - -
2o o@K@z/p): P 1A > P Exty_moa(Kip(s (X)), Kfp(sNT2KP=1y)
N=kqmin N=kqmin

is an injection.
Proof By Theorem 14, it suffices to show that for each N with kgmin < N < kqmax there
exists £ € Z1 such that EC"(I’_IH% >N = A]gq‘““"“. Take any £ > 2. Since N > kqmin,

kqmin =1

it suffices to find ¢ such that for large enough k we have ¢K(P=D+="— - Alzq‘“"“. Taking
logs on both sides, this is equivalent to

kqmin — 1
<Ck(P -D+ %1%) log(£) > kgmax log(Ae).
It is now clear that we may choose ¢ large enough that this equation holds for large enough
k, in particular, any ¢ > ﬁ(qmaX lzgg(&‘)) — v will do. ]
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7.5 Proof of Theorem 2

In this subsection we prove the main theorem. We first prove three lemmas. The first converts
the K-theoretic hypothesis of Theorem 2 into the K-homological input our construction
requires.

Lemma 20 Let X be a space, and let p be prime. Let yu : ST+ v §2+1 — $X be a map
with q; > 1, such that the map

W'®ZL/p

Kis(2X)®Z/p Rip(S1*' v st Y @7/ p = 7/ p @ Z/p

is a surjection. Then uy @ Z/p : EEF(S”“+1 v S§the7Z/p — ng(ZX) ® Z/p is an
injection.

Proof Naturality of the Universal Coefficient Theorem (Corollary 4) relative to the map p
gives a diagram of short exact sequences

00— 0 —— Kip(s9 ! v §2F1) — > Hom(KF (591! v §211), Z) —— 0

T | e |

0 E Kip(2X) ————= Hom(K[F(£X), Z) —— 0,

where E denotes the quotient of Ext(l? +—1(XX), Z) by its torsion subgroup. We will argue by
contrapositive. Suppose that p, ® Z/ p is not injective. The Z/ p-vector space K TE(sa+ly
§92+11y ® 7/ p has dimension 2, so there exists a basis x, y where (1 ®Z/p)(y) = 0. Prior to
tensoring with Z/ p, this means that there exists a non- p-divisible element y of K } Fsatly
§92+1) such that p divides 1 (3). This implies that any element ¢ of Hom(K T (S71+! v
§92+1Y 7)) with ¢(¥) not p-divisible is not contained in the image of Hom(u, Z), hence,
by the diagram, that ©* ® Z/ p is not surjective, as required. O

Some preamble to the second lemma is necessary. Let i : m,(A) — I?EF (A) be the
K -homological Hurewicz map, which sends f € 7y (A) to fi(Ey) € KIF(A). As with
deg’, let h' : B(m.(A)) — L(KTF(A)) be the unique map which restricts to / : ,(A) —
KTF(A) ¢ L(KTF(A)) and respects brackets.

Let M be a Z,/2-graded Z-module. Let yx : Hom(EgF(S*), M) — M be the map which
carries ¢ € Hom(K T (SV), M) to ¢(Ey) € M (Remark 2). If M = L is a Z/2-graded Lie
algebra, then it follows immediately from the definition of the bracket in Hom (K I (§*), L)
that x is a map of Lie algebras.

Lemma 21 For any space A, there is a commuting diagram

Bu(A) —F = Hom(RTF(5%), L(RTF(A)))

I

L(K]F(A)).
Proof Commutativity of the diagram
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T (A) —=E - Hom(RTF(5%), RTF(A))

e

KTF(A).

follows from the definitions. Commutativity of the diagram from the lemma statement then
follows from the definition of Z(,(A)), since x respects brackets. O

The third and fourth lemmas allow us to make the statement of Theorem 2 an entirely
p-local one.

Lemma 22 Let p be a prime, let X be a simply connected CW -complex, and let f = STT1v
satl X(p) be any map. There exists a map f: s+l setl s X and a map
@ SOty satl s gatly se+lwhich is a homotopy equivalence after p-localization,
making the diagram

Sa1+1l\, ga2+1 ! - X

T

sa1+1l\, ga2+1 Hf_ X
commute, where the vertical arrow is the localization.

Proof Write f = f v f», for maps f; : S%+! — X. On homotopy groups, the localizing
map may be identified with the tensor map

Te(X) — 7:(X) @ Zip) = (X )

This implies that there exist integers | and u», not divisible by p, such that u; f; lifts to a
map f §%+l s X. Setting f f1 \Y fz, and letting ¢ be the degree u; map on each
wedge summand, we obtain the desired diagram. O

Lemma 23 Let p be prime, and let X and Y be connected CW-complexes. If i : S+1 v
S22+l s S X induces an injection on K. () ® Z/ p, and there is a homotopy equivalence of
p-localizations XY () = LX), then there exists a map |1 : Sttty e+l s 5Y which
also induces an injection on K, () @ Z/ p.

Proof For any space A, the localizing map A — A(,) induces an isomorphism on K. () ®
Z/ p [25]. It therefore suffices to show that there exists maps i’ and ¢ making the following
diagram commute, with the localization ¢, being a homotopy equivalence.

saitly gaatl s XY —— XY(p)

4 ~
\

s+l ga2+1 . X —— ZX(p).
Such maps exist by Lemma 22. O

We are now ready to prove Theorem 2.
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Proofof Theorem2 Let u = 1 V pa, with adjoint 7x : S9 v S22 — QX X. Let f =
fp.ck € 7T20k(p71)+2(s3)- Consider the diagram of Construction 15, with A = §9' v §%2,
gmax = max(qi, q2), gmin = min(q1, ¢2), and v = . We have such a diagram for each
keZt:

[0
kg, k " kg,
UNzi)ilmm %N (4 (S v §92)) @sz;mm TN +2ck(p—1)—1 (s (X))

r,,odeg'l l"’
0L (frow 'o(dﬂ>§®2/p)

kqmax kqmax ~ =~ ke (p—
DN IN(ST v 52) DN Exty Mod (Kig (Js (X)), K (SVF2k=1y),

By assumption, u*®Z/p : K*(EX)QZ/p — K*(ST+1v§2+t1Y®7Z/ p is a surjection.
Since K*(§71+1 v §9211) is torsion-free, Lemma 20 then implies that

e ®Z/p: K (s v sty @ z/p - KV (SX) @ Z/p

is an injection. By Lemma 23, we may assume without loss of generality that X has the
integral homotopy type of a finite C W-complex. Thus, by Corollary 9, we may fix ¢ such
that for large enough , 6,(f) o %' o (Qg ® Z/p) is an injection.

The Hurewicz map £ is a surjection (S9! v §92) — I?EF(SQ‘ Vv §92), so the submod-
ule generated by the image of the map h' : B(m, (S v §92)) — L(I?*TF(S‘Z1 Vv §92)) of
Lemma 21 contains the submodule generated by I?*TF(S‘/1 Vv §92) under the bracket oper-
ation. In particular, it contains the weight k component Lk (I?F(Sq1 v §92)) for each k.
By Theorem 3, dimz(L¥(KTF(S%1 v §92))) = Wa (k). Note that L¥(KTF(§71 v §92)) =

Dy LKEKIF(ST v 52)).

It then follows from Lemma 21 that dimZ/P(@lj\?ﬁZmin Illi,(S‘“ v §%2)) > Wa(k).
Since Hg (f) o o (CI>§ ® Z/p) is an injection for large enough k, it follows that

the dimension of E(@];\,qij‘(‘qmin TN+2ck(p—1)—1(Js(X))) is at least Wr(k). By Corollary
6 (is)s 1s an injection, so the dimension of (is)*(QB];\;’g;qum TN+2ck(p—1)—1(Js (X)) C

@lﬁzi"qmm TN2ck(p—1)—1(R2XX) is also at least W (k). Thus, XX satisfies the hypothe-
ses of Lemma 2 with a = 2¢(p — 1) + gmax = 2¢(p — 1) + max(q, ¢2) and b = 0, and
hence is p-hyperbolic. O
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