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ABSTRACT. We generalize the classical theorem of Serre on the non-triviality
of infinitely many homotopy groups of 1-connected finite CW-complexes to
CW-complexes where the cohomology groups either grow too fast or do not
grow faster than a certain rate given by connectivity. For example, this result
can be applied to iterated suspensions of finite Postnikov systems and certain
spaces with finitely generated cohomology ring. In particular, we obtain an
independent, short proof of a theorem of R. Levi on the non-triviality of k-
invariants associated to finite perfect groups. Another application concerns
spaces where the cohomology grows like a polynomial algebra on generators in
dimension n, 2n, 3n, ... for a fixed number n. We also consider spectra where
we prove a non-triviality result in the case of fast growing cohomology groups.

A classical theorem of J.P. Serre (for p = 2, [S]) and Y. Umeda (for odd p, [U])
states that a 1-connected finite CW-complex X with non-trivial cohomology mod
p has infinitely many non-trivial homotopy groups mod p.

In [MN], C.A. McGibbon and J.A. Neisendorfer proved a stronger result (the
existence of p-torsion elements in infinitely many dimensions for finite dimensional
spaces) using H. Miller’s theorem on the Sullivan conjecture.

Using the same methods from analytical number theory as in the original proof of
Serre, we show a straightforward generalization of the Serre non-triviality theorem
to certain infinite CW-complexes, which seems not to be in the literature. The
point is that the cohomology of a finite Postnikov section has a certain growth rate
depending of the highest homotopy group. Thus, spaces where cohomology grows
faster or slower cannot have a finite Postnikov system. We need some notation:

Definition 1. Let X be a connected CW-complex and p a prime. We call X of
finite type if Hy(X;Z) is finitely generated for all £ > 0. Then we can define the
mod p Poincaré series as the formal power series with integer coeflicients

h(X,t) =Y hF(X)tF,
k

R*(X) := dim H*(X;Z/p).

Received by the editors January 6, 2000 and, in revised form, July 26, 2000.

1991 Mathematics Subject Classification. Primary 19D06, 20J05, 20J06, 55P20, 55P40, 55P42,
55P60, 55Q52, 55R35, 55545, 55T'10.

Key words and phrases. Homotopy group, Postnikov system, k-invariant, Poincaré series,
growth rate, suspension, Hilbert-Serre theorem, group cohomology, perfect group, p-completion,
Quillen plus construction, stable homotopy group.

(©2001 American Mathematical Society

1249



1250 STEPHAN KLAUS

We denote by
p(X) e RT Uco
its radius of convergence, which is given by p(X) = (limsup, {/h¥(X))~!. The
connectivity mod p of X, denoted by
conn(X) € NU oo,
is defined as the largest integer n such that hk(X) =0foralll <k <n. If
p(X) > 1, following Serre we define a positive real function ¢(X,—) : Rt — R*
measuring the growth of h(X,t) for t — 1~ by
6(X,5) = log, h(X,1—p~*).
We define the logarithmic growth rate mod p of X,
lgr(X) e NU oo,
as the largest integer r such that

lim d(X,s)/s" #0.

These invariants have the following obvious properties: If p(X) > 1, then p(X) =
oo because then H*(X;Z/p) has to be finite dimensional. In this case, lgr(X) = 0.
If h*(X) < R¥(Y) for all k, then p(X) > p(Y) and h(X,t) < h(Y,t) for all 0 < ¢ <
p(Y). If p(Y) > 1, then also ¢(X,s) < ¢(Y,s) for all s > 0.

If F — FE — B is a fibration of 1-connected spaces of finite type, the Serre spec-
tral sequence gives h™(E) < >° . _ hP(F)h9(B). Hence p(E) > min(p(F), p(B))
and

h(E,t) < h(F,t)h(B,1),

O(E,s) < ¢(F,s) + ¢(B, s)
on the common domain of definition. If p(F) > 1 and p(B) > 1, then Igr(E) <

max(lgr(F),lgr(B)).
The following analytical result of Serre (for p = 2) and Umeda (for odd primes
p) is basic:

Theorem 1 ([S], Theorem 10; [U]). The mod p Poincaré series of FEilenberg-
MacLane spaces has a radius of convergence equal to 1 with growth rates given

by
lim ¢(K(Z/p™,n),s)/s" = 1/n,

lim ¢(K(Z,n),s)/s" 1 =1/(n—1)! (n>2).

5§—00

Hence for a non-trivial finitely generated group ,

[ n—=1 ifmis free,
lgr(K(m,n)) = { n if T is not free.

Now we prove our main result:

Theorem 2. Let X be a 1-connected CW-complex of finite type.

1. If p(X) <1, or p(X) =1 and lgr(X) = oo, then m.(X) ® Z/p is non-trivial
in arbitrarily high dimensions.
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2. If p(X) > 1 and lgr(X) < conn(X) this also holds true. Here, even the
stronger conclusion holds that the Postnikov tower for X has infinitely many
non-vanishing k-invariants. In the case that all H*(X;Z) are finite (k > 2),
this is also true for lgr(X) = conn(X).

Proof. Let Y be a 1-connected Postnikov tower with finitely generated homotopy
groups 7y, satisfying that 7, ® Z/p = 0 for 1 < k < r and for k > N (for some r, N
with 7 < N), but 7, ® Z/p is non-trivial for k = r+1 and for k = N. In particular,
conn(Y) = . On the one hand, the Postnikov tower K (mpq1,k +1) — Y*+D
Y *) together with Y "+ = K (m,, 1,7 + 1) gives

hY,t) < h(K(mp41,7+1),t) - h(K (7N, N),t).
Thus p(Y) > 1 and
oY, s) < (K (mpy1,m+1),8)+ ...+ ¢(K(mn, N),s).
On the other hand, the Whitehead tower K(my1,k) — Y(k+ 1) — Y (k) of k-
connected coverings of Y together with h(Y(N — 1),¢) = h(K(wn,N),t) implies
that
MK (rn,N),t) < h(Y,t)h(K (mpy1,7),t) - - h(K(mn_1, N — 2),1).
Thus p(Y) =1 and
o(Y,s) > ¢(K(nn,N),s) — (¢(K(mpg1,7),8) + ... + ¢(K (7n_1,N — 2),5)).
This gives the growth rate of Y:

N —1 if ny is free,
lgr(Y) = lgr(K(mn, N)) = { N if Wx is not free.

Now we can finish the proof of our theorem:

1. If p(X) < 1, or p(X) =1 and lgr(X) = oo, then X cannot have a Postnikov
tower Y as above because p(Y) = 1 and lgr(Y) < oo. In particular, X has non-
trivial homotopy groups mod p in arbitrarily high dimensions.

2. If p(X) > 1 and lgr(X) < conn(X), then X cannot have a Postnikov tower
Y as above because conn(X) = conn(Y) =r < N —1 <lgr(Y). In the case that
all H*(X;Z) are finite (k > 2), this is also not possible for Igr(X) = conn(X)
because conn(X) = conn(Y) = r < N = lgr(Y). This shows again that X has
non-trivial homotopy groups mod p in arbitrarily high dimensions. Furthermore,
assume that only finitely many k-invariants of X are non-trivial. Then we find in
some dimension M >> 0 an Eilenberg-MacLane space K (my, M) with mp ® Z/p
non-trivial which can be split from X as a direct factor. But, again this contradicts
the growth rate of the mod p cohomology of X. O

We remark that in the first case, all k-invariants may be trivial as the example
X :=[l,>, K(Z/p,n) shows. The infinite wedge of 2™ copies of the n-sphere S™
for all n is an example of a space of finite type with p =1/2.

If ¥X denotes the suspension of a space, then

lim ¢(XX,s)/s" = lim ¢(X,s)/s",
§—00 §—00
which follows from h(XX,t) — 1 = t(h(X,t) — 1). Hence, in the case that
lim ¢(X,s)/s" =0
§—00

for some 7, we can apply our theorem to a suitable iterated suspension of X:
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Corollary 1. Let Y be a 1-connected Postnikov tower with finitely generated ho-
motopy groups Ty, satisfying that m, ® Z/p = 0 for 1 < k <r and for k > N (for
some r, N with r < N), but m; ® Z/p is non-trivial for k =r + 1 and for k = N.
Then its n-fold suspension XY , where n > N —r, has non-trivial homotopy groups
m(E"Y) ® Z/p in arbitrarily high dimensions. Moreover, the Postnikov tower for
XY has infinitely many non-vanishing k-invariants. In particular, this is true for
any suspension of an Eilenberg-MacLane space X" K (7, N).

Proof. Under the hypotheses, one has lim, ... ¢(Y,s)/sV 1 = 0. O

Corollary 2. Let X be a 1-connected CW-complex such that H*(X;7Z) is finitely
generated for all k > 2, and H*(X;Z/p) is finitely generated as an algebra. Addi-
tionally assume that H*(X;Z/p) = 0 or that all H*(X;Z) are finite (k > 2). Then
m(X) ® Z/p is non-trivial in arbitrarily high dimensions and there are infinitely
many non-vanishing k-invariants.

Proof. By the Hilbert-Serre theorem ([B], p. 162), the Poincaré series of a finitely
generated (graded) commutative algebra H* over Z/p is given by a rational function
of the form

ft)

MO) = = e

Hence we get
d)(Xa 8) = g(S) + s,

with g(s) = log,(f(t)/[[;(1 +t +# + ... + %", t =1 —p~* and [ is the
order of the pole of h(X,t) at ¢ = 1 (which is equal to the number of factors
in the denominator). Clearly, lims—oc g(s) = f(1)/[]; k; is a finite constant. If
H?*(X;Z/p) = 0, we have r = 2 and thus lims_o ¢(X,s)/s” = 0. If all H*(X;Z)
are finite, we have only r = 1, but lims_.. ¢(X,s)/s""! = 0. In both cases, our
theorem can be applied. [l

The example of the infinite complex projective space (i.e., K(Z,2)) shows that
we need the additional assumption in the corollary above.

The corollary can be applied to classifying spaces BG of 1-connected compact Lie
groups G, for example to the infinite quaternionic projective space (G = S%). But
this gives nothing new because of the non-triviality theorem for G and G ~ QBG.

More interesting applications are given by suspensions or glueing construction
of such spaces, where the growing of cohomology can be controlled by the Mayer-
Vietoris sequence. As an example, let p : SU(n) — SU(m) and p' : SU(n) —
SU(m') be representations, and form the homotopy pushout:

BSU(n) 2% BSU(m)

Bp' | !
BSUMm) — X

Then the theorem can be applied to X.

As another substantial application, we get a variation of a result of R. Levi. In
[L], it was proved using H. Miller’s theorem on the Sullivan conjecture and related
results of F. Cohen, J. Lannes and L. Schwartz.
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Recall that a group G is called p-perfect for a prime p if H1(G;Z/p) = 0. Then
the Bousfield-Kan p-completion B GQ of the classifying space of G is a 1-connected p-
local space with the same mod p cohomology as BG [BK]. For a finite perfect group
(i.e., H1(G;Z) = 0), the p-completion is related to the Quillen plus construction by
BGT ~ I, BGY.

Corollary 3 ([L], p.5). Let G be a finite p-perfect group such that p divides the
order of G. Then the Postnikov tower for BGQ has infinitely many non-vanishing
k-invariants. In particular, W*BGQ s mon-trivial in arbitrarily high dimensions.

Proof. We only need the following standard results on the cohomology of a finite
group G in order to apply Corollary 2:

Let G be a finite group and p a prime. Then the mod p cohomology ring
H*(BG;Z/p) is finitely generated as a Z/p-algebra and the integral cohomology
groups H*(BG;Z), k > 0, are all finite. The order of the pole of the rational
function h(BG,t) at 1 is given by the p-rank r, of G, i.e., the maximal rank of an
elementary abelian p-subgroup. (See [B], Chapters 4 and 5. Finite generation is a
theorem of L. Evens and B.B. Venkov, which gives the rationality of h(BG,t) by
the Hilbert-Serre theorem. The order of the pole at 1 is a result of D. Quillen. If p
does not divide the order of G, then clearly h(BG,t) =1.) O

We remark that in [L], non-triviality of infinitely many k-invariants is proved

for QBGQ, which is a stronger result. In contrast, our method also applies to the

suspensions X" BG and ¥"BG).

Now we consider spaces with cohomology not finitely generated as an algebra.
If H* is a polynomial algebra over Z/p with the number of algebra generators in
degree n > 1 given by a,, > 0, then the Poincaré series of H* is given by

nit) =TT -

Here, we find it more convenient to consider Inh(1 — e~®) which is related to
log, h(1 — p~*) by a linear scale transformation.

Lemma 1. Let f(t), g(t) be the formal power series defined by f(t) := 3, 5, ant”
and g(t) :=3_,~, but™, where by := 3, ax. Then

1 n
Inh(t) = g —f "),
and in case of convergence, it holds that
£(t) < Ih(t) < g(2).
Proof. We have
Inh(t) = Zanln 1 —1t" = ;an (t” + %tQ”—l— %t% +) ,

n>1

showing the first equality. This also gives f(t) < Inh(¢). In the case that g(t)
converges, it is given by
gt) = an (" + 7"+ 4.
n>1

and thus In h(t) < g(t). O
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Lemma 2. Suppose that the number a,, of generators in dimension m is bounded
by a fized polynomial in m. Then the radius of convergence of h(t), f(t) and g(t)
15 1.

Proof. We recall that an infinite product [](1 + u,,) is absolutely convergent if and
only if > u,, is. In our case, u, = t"/(1 —t") ="+t + 3" + ... and thus h(t) is
absolutely convergent if and only if Y b,,,t™ is. Because of b, < a3 +azs+...+am,
b, is also bounded by a polynomial in m. Hence

limsup Vb, =1
m
(assuming that infinitely many of the a,, are non-zero) and p = 1. O

Lemma 3. Suppose that there are N > 0 and n > 0 such that for all k > 0, there
is some i with N +kn <i < N+ (k+ 1)n and a; > 0 (i.e., above dimension N
there always exists at least one generator after n steps). Then

lim Inh(l—e"*)/s" =0
for all v > 0.

Proof. We have Inh(t) > f(t) > tN (" + 2"+ 3" +...) =tV (1 —t")~! and with
A=t =1 —-t) (1 +t+t2+...+t"1), we get

lim Inh(l —e™%)/s" > S

: AT RN S H S /ol —
Jim ntl_l)I}lﬁ(l t)" /s Slgroloe /s" = o0.

O

Thus the gaps of dimensions without generators (i.e., a; = 0) of H* have to
become larger and larger in order that lim,_. Inh(1 —e~%)/s" has a chance to be
Zero.

Corollary 4. Let X be 1-connected of finite type and assume that there are N > 0
and n > 0 such that for all k > 0, there is some x; € H'(X;Z/p) with N + kn <
i < N+ (k+1)n such that the x; generate a polynomial subalgebra of H*(X;Z/p).
Then m.(X) ® Z/p is non-trivial in arbitrarily high dimensions.

Proof. By the last lemma, the growth rate of X is infinite (or even p(X) < 1). O

This applies to stable classifying spaces BU, BO, BSp, BSpin, etc. (where we
know this result already by Bott periodicity, of course), but also to their iterated
suspensions.

Our non-triviality theorem is an unstable result. In particular, one can ask if
infinitely many of the non-trivial homotopy groups survive the process of stabiliza-
tion.

In the stable case we can prove non-triviality by Serre’s method only for the case
of fast growth. We define “finite type”, the mod p Poincaré series and p(X) of a
spectrum X as in the unstable case.

We recall the Poincaré series of the Steenrod algebra mod p:

[T (1 -7t for p = 2,

h(HZ/p,t) = n '
(HZ/p,t) { an1(1_t2(p —D)-1 Hi20(1+t2p 1) forp>2,



A GENERALIZATION OF THE NON-TRIVIALITY THEOREM OF SERRE 1255

which follows from the explicit structure of its dual algebra computed by J. Milnor.
Furthermore, the admissible monomials in the Steenrod algebra that do not start
with the Bockstein 5 form a basis of H*(HZ;7Z/p), which yields

h(HZ/p,t) = (1 + t)h(HZ;1t).
In particular, p(HZ/p,t) = p(HZ,t) = 1.

Theorem 3. Let X be a connected spectrum of finite type. Assume that p(X) < 1,
or that p(X) = 1 and that the function h(X,t)/h(HZ,t) is unbounded. Then the
stable homotopy groups m.(X)®Z/p are non-trivial in arbitrarily high dimensions.

Proof. Let Y be a connected spectrum of finite type with stable homotopy groups
7y, satisfying that 7, ® Z/p = 0 for k > N. The stable Postnikov tower of spectra
Y e — YEHD S Y0 gives

h(Y,t) < t*h(Hmy,t) + 2h(Hro, t) + ... + t"h(Hrn, t) = p(t)h(HZ, 1),
where p(t) is a polynomial in ¢ of order at most N + 1. The coefficients of p(t)

can be determined from the free ranks and p-torsion ranks of my,...,my. Thus
p(Y) > 1 and the function h(Y,t)/h(HZ,t) is bounded by the polynomial p(¢) on
0<t<1. ([l

We remark that it does not seem to be possible to obtain a lower bound for the
Poincaré series of a stable finite Postnikov system by Serre’s method. The lower
bound obtained by considering the Whitehead tower of Y has the form h(Y,t) >
q(t)h(HZ,t) with some polynomial ¢(t), but ¢(t) does not need to be positive on
0<t< 1.

Corollary 5. Let X be a connected ring spectrum of finite type and assume that
there are N > 0 and n > 0 such that for all k > 0, there is some x; € H;(X;Z/p)
with N + kn <i < N + (k + 1)n such that the z; generate a polynomial subalgebra
of H(X;Z/p). Then the stable homotopy groups m.(X) ® Z/p are non-trivial in
arbitrarily high dimensions.

Proof. We show that h(X,t)/h(HZ,t) is unbounded. For simplicity, we show this
only for p = 2, but the proof also works for odd p with slight modifications. We
have

P Y Ty (L= )
ALY = Ty 1=

H1+t+t2 22

2 kn—1"
k>11+t+t s

This diverges for t — 1~ because the sum

2k 1
Z( kn -1

k>1

diverges. [l
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