Homology, Homotopy and Applications, vol. 21(1), 2019, pp.49-71
THE CATEGORICAL SEQUENCE OF A RATIONAL SPACE
JULIENNE DARE HOUCK anxp JEFFREY STROM
(communicated by John R. Klein)

Abstract

The categorical sequence of a space X is a sequence of inte-
gers that encodes the growth of the Lusternik-Schnirelmann
category of its CW skeleta as dimension increases. Restrictions
on these sequences found in [13] have proven to be powerful
tools in studying and computing L-S category, motivating the
search for additional restrictions. In this paper we study the ini-
tial three-term segments of the categorical sequences of rational
spaces of finite type. We show that there is another restriction: a
sequence of the form (a,b,a + b, ...) is the categorical sequence
of a rational space of finite type if and only if b = 2 mod a — 1.
With the possible exception of a small number of values of ¢ for
each a, all other three-term initial sequences are realizable by
simply-connected rational spaces of finite type.

1. Introduction

The Lusternik-Schnirelmann category of amap f: X — Y is the least integer
n for which there is an open cover X = Uy UU; U - - - U U, such that each restriction
flu, is nullhomotopic. This is a homotopy invariant of f, denoted cat(f). The category
of a map generalizes Lusternik and Schnirelmann’s original concept of the category of
a space, which we can define as cat(X) = cat(idx). When f: A < X is the inclusion
of a subspace, cat(f) is written catyx (A) and called the category of A in X.

It is easy to see that the category of a composition f o g is bounded above by
both cat(f) and cat(g). Let us apply this observation to a CW complex X with two
CW decompositions {X,,} and {X],}. Since the inclusion X; < X of the j-skeleton
factors up to homotopy through the inclusion of the k-skeleton X; — X when j < k,
we have catx (X,,) < catx (X]) and vice versa; thus the list

catx(X1), catx(Xa), ...,catx(X,), ...

is a weakly increasing sequence that depends only on the homotopy type of X. The
categorical sequence of X is the sequence ox: N — NU {co} defined by

ox (k) =1inf{n | catx (X,) > k}

(with the standard convention that inf(&) = oo and the unfortunately nonstandard
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convention that 0 ¢ N); it records the dimensions n at which the category of the
skeleta jumps from k& — 1 to k. The main theorem of [13] establishes the following
principal properties of categorical sequences:

1. ox is superadditive:
ox(ki4+ka+--+k)=ox(k1)+ox(ka)+ - +ox(kr),

for any ki, ks, ..., k. € N, and

2. if X is simply-connected and equality holds in (1) for some k1, ks, ..., k., then
(writing n; = ox(k;)) the exterior cup product map

ﬁm (X; Gl) Q- ® ITIW(X; Gr) - ﬁm-&-...-&-nr (X; GlI® - ® GT)

is nonzero for some choice of coefficient groups Gy, ..., G,.

Statement (1) shows that not every increasing sequence can be the categorical se-
quence of a space. Statement (2) already has useful content in the case r = 1: it
implies that if ox (k) = n then H"(X;G) # 0 for some abelian group G.

Restrictions on categorical sequences can be powerful tools for computation. For
example, it is easy to show, using the two properties listed above, that any simply-
connected space X having H*(X;Z) = Az(x3,x7,211) must have cat(X) < 5. It is
explained in [13] that this inequality implies a result of Ghienne [9]: every space in
the Mislin genus of Sp(3) has L-S category equal to 5. For another example, con-
sider the following question asked by Dranishnikov, Katz, and Rudyak [5]: if M is an
n-dimensional manifold with m (M) a free group, must it be that cat(M) < n — 2?7
Any CW complex M with 71 (M) free has a CW decomposition with M, ~ (\/ S!) v
(\V/ 5§?%), which has L-S category (at most) 1. Therefore op(2) > 3 and the super-
additivity property (1) implies ops(2k) > 3k, forcing cat(M) to be bounded above
by roughly %dim(M ). (This result appeared in [16] and has since been significantly
improved and extended by Dranishnikov [11].)

In this paper we show that there is an additional condition satisfied by the first
three values of the categorical sequences of rational spaces of finite type.

Theorem 1.1. Let a,b,c € N with a > 2 and b > 2a. Then there is a rational space
X of finite type having

ox =(a,bya+b,...)
if and only if b= 2 mod a — 1.

It is natural to ask whether other three-term initial sequences not excluded by
Theorem 1.1 can be realized as categorical sequences.

Theorem 1.2. Let a,b,c € N with a > 2 and b > 2a. If the equation s(a — 1) + ta +
2 = ¢ can be solved with s,t € N (so that s,t > 0), then for every b with2a < b <c—a
there is a simply-connected rational space X of finite type whose categorical sequence
has the form ox = (a,b,c,...).

We conclude this introduction with a few remarks and observations:

1. Theorem 1.1 does not apply to the categorical sequences of nonrational spaces.
For example, it follows from [15, Ex. 4.4] that for all n > 2, the categorical
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sequence of the symplectic group Sp(n) has the form og,) = (3,7,10,...),
which by Theorem 1.1 cannot be the categorical sequence of a rational space of
finite type.

2. Theorem 1.2 implies that for a = 2 or 3, every sequence not excluded by Theo-
rem 1.1 is actually realized as the categorical sequence of some simply-connected
rational space of finite type.

3. Theorems 1.1 and 1.2 leave finitely many realization questions open for each
a > 3. Sequences (a,b,c,...) become easier to realize as ¢ — b increases. For
3 < a < 6 the situation for sequences of the form (a,b,a + b+ 1,...) is as follows:
(a) We can show ‘by hand’ that X = P4(S% Vv S7) has ox = (6,15,22,...) and
that Y = Pyy(S Vv S7) has oy = (6,25,32,...). (The notation P,( ) indi-
cates a Postnikov section; see Section 2.1 for our indexing convention.)
(b) Knowing this, for a = 4,5,6, the only three-term initial sequences whose
realizability is yet to be resolved are

(4,9,14,...) (5,11,17,...) (6,13,20,...)
(5,12,18,...) (6,14,21,...)
(5,16,22,...) (6,19,26,...)
(6,20,27,...).
Acknowledgments

Our ideas about these questions were shaped by conversations with Don Stanley,
John Oprea, and Martin Arkowitz. We are grateful to Bruno Le Floch for providing
(via MathOverflow) the idea for the argument presented in Section 5.1.

2. Preliminaries

2.1. Basics

We refer to [19] for basic terminology and results on homotopy theory. We write
conn(X) =n — 1 to indicate that X is (n — 1)-connected but not n-connected. Post-
nikov approximations and connective covers play key roles in our work. We write
Pt X — P, (X) for the n'" Postnikov approximation, meaning that 74 (P, (X)) =0
for k > n and p,, induces isomorphisms on 7 for k < n. The homotopy fiber of p,
is the (n — 1)-connective cover of X, denoted X(n) — X. On the domain side, X,,
denotes the n-skeleton of a CW complex X. We write AT for the transpose of the
matrix A.

In this paper we are only concerned with simply-connected spaces of finite rational
type, though some of our supporting results hold more generally.

2.2. Lusternik-Schnirelmann category
We refer the reader to the book [4] and the survey article [11] for background and
information about the standard theory of L-S category.

CATEGORICAL SEQUENCES A detailed study of the L-S category of the CW skeleta
of a CW complex is made in [13] using categorical sequences. The categorical
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sequence of a CW complex X is the function ox: N — NU {oco} defined by
ox (k) =1inf{n | catx(X,) = k}.
Notice that ox(1) = 1+ conn(X), so ox(1) > 1 if and only if X is simply-connected.

It is proved in [13] that if n > conn(X) then catx (X,) = cat(X,). In fact, this result
has a useful generalization, established in [10, Lemma 4.2.2].

Proposition 2.1. Suppose conn(Y) = conn(P) =a—1 and let f: Y — P be an n-
equivalence with n > a. If

cat(f) > dim(Y) — (n — 1)’

then cat(f) = cat(Y).

Proof. For any function f: Y — P we have cat(f) = cat(f oidy) < cat(idy) =
cat(Y), so we only have to show that cat(Y") < cat(f). Write cat(f) = k.

Let Gi(Y) — Y and G(P) — P be the k*" Ganea fibrations of Y and P, respec-
tively. The statements cat(Y) < k and cat(f) < k are equivalent to the existence of
solutions to the lifting problems

L GR(Y) L Gi(P)
| | T
Ly y%p

respectively [4, 8]. Let p: @ — Y be the pullback of G(P) — P by f and construct
the diagram

Gr(Y) Gr(P)

(homotopy)
pullback

! P

The homotopy fiber of the comparison map £ is the same as the homotopy fiber of
the map Fi(Y) — Fj(P) between the fibers of the vertical maps [3, Lemma 2.1].
According to Ganea [4, 8], this map may be identified with the (k + 1)-fold join
Q(f)**+1D Since f is an n-equivalence and conn(Y) = conn(P) = a — 1, Q(f)**+1
is a (ka + n — 1)-equivalence. Since ¢ and Q(f)***1) have the same homotopy fiber,
¢ is a (ka + n — 1)-equivalence as well.

Now cat(f) < k gives a lift \: Y — G (P) and the pullback property allows us to
derive a section 7: Y — Q. Since

dim(Y)—(n—1
k= cat(f) > m()am ),
the induced map &, : [Y, Gr(Y)] — [Y, Q)] is surjective, so the section 7 lifts to a section

0:Y — G(Y). It follows that cat(Y) < k. O
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CATEGORY WEIGHT The category weight of a nonzero cohomology class u €
H*(X) (with any coefficients) is the greatest integer n for which f*(u) =0 for all
maps f: Z — X with cat(f) < n; it is denoted wgt(u). Clearly cat(f) = n if there is
a class u € H*(X) with wgt(u) = n and f*(u) # 0. A version of this invariant was
introduced by Fadell and Husseini in [6] and explored in detail (and modified for
homotopy invariance) in [14, 17, 18].

It is easy to see that if f: X — Y, u € H*(Y) and f*(u) # 0 then wgt(f*(u)) >
wgt(u). Category weight was invented to estimate the category of spaces, but it can
also be used to obtain more delicate information best expressed in terms of categorical
sequences.

Proposition 2.2. If u # 0 € H*(X) with wgt(u) = k, then ox (k) < n.

-5k

Proof. Since i,: X, — X induces an injection on H™, if (u) # 0 and, consequently,
catx (X,,) = cat(X,,) = wgt(i} (v)) > wgt(u) = k. O

One of the most important features of category weight is its behavior with respect
to cup products [14, 17, 18].
Theorem 2.3. If u,v € H*(X) with uv # 0, then wgt(uv) > wgt(u) + wgt(v).

2.3. Whitehead products and Samelson products

The Whitehead product of the summand inclusions ing: S™* — S™ V §™2 and
ing: S"2 — S™ v §"2 is the homotopy class of a map w: S™ 72~ — §71 v §72 guch
that

Sratna=l L gniy gna Lo gni x gnz
is a cofiber sequence. The orientation conventions for spheres specify which of two
possible maps w is. In general, the Whitehead product is the natural operation
[ ]2 0, (X) @ Ty (X) = Ty iy —1(X)

defined by the formula [o, 8] = (o, 8) o w, where («, 3): S™ V .S™ — X is the map
which restricts to « on the first summand and § on the second.

The homotopy groups m,(X) can be filtered by product length with respect to the
Whitehead product. Thus we write

l(ar) = max{n | a € span{n-fold Whitehead products}}.

There is a related product in the homotopy groups of a loop space, called the
Samelson product, which is induced by the commutator map QX x QX — QX
and is denoted

() 70y -1 (QX) @ Ty 1 (QX) = Ty —1)4 (np—1) (2X).

The canonical isomorphism A: 7, (X) — m,—1(2X) relates these two products by the
formula

Mlew, B]) = =(=1)1* (\(@), A(8)).-

Theorem 2.4. The Samelson product gives m.(QX) the structure of a graded Lie
algebra. Consequently, the Whitehead product satisfies the formulas:
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b (71)|QH’Y|HOQ ﬂ]a'ﬂ + (71)‘5“a|[[ﬂaf)’]v a] + (71)””&[[77&]3 6] - 0;
b [Oé,ﬂ] = (,1)|a\\ﬁ\[5’a]

An exposition of these results can be found in [19, Ch. X].

2.4. Sullivan models for rational spaces

The homotopy theory of simply connected rational spaces of finite type is modelled
by their Sullivan minimal models. We will circumvent the definition and instead
give a description of the main properties that we will need. A detailed exposition can
be found in [7].

The Sullivan model for a simply-connected rational space X of finite type is a
commutative differential graded algebra (CDGA) over Q having the form (A(V),d),
where V is a simply-connected graded vector space (i.e., V" =0 for n < 1) of finite
type and the differential d satisfies d(V') € AZ2(V). The Sullivan model computes the
rational cohomology of the space X, i.e., there is a natural isomorphism H(A(V),d) =
H*(X;Q). There is a natural nondegenerate pairing

(;):Veem(X)—Q
which establishes a natural! isomorphism V = Homg (7. (X), Q). This canonical iso-
morphism enables us to convert a basis B for 7, (X) to a dual basis B* for V, and B*
will generate A(V') as an algebra.
To evaluate (87;«) where 5; € B and « € m.(X), write a = Zj ¢;B; with each
¢; € Q and compute

(Bra) = (5,55 ¢85y = S e (55, 65) = i

J

The differential d decomposes as a sum d = dy + da + - - -, where d; raises product
length by j. The differential d; can be usefully described using a second bracket

(5, ) A%(X) ®g T« (X) ®g T (X) = Q
defined in terms of the first bracket by the formula
(v wi e, B) = (05 ) (w; @) + (=1)“11* v @) (w3 B).
Now d; is characterized by the formula
(d(v); e, B) = (=1)1"N(v; o, B])
= (=1 w; [a, B]),

where v € V' (the two sign formulas agree because (v;[«, ]) can be nonzero only if
[v] = |[ev, B]]) [7]. To see that this formula determines dy, first observe that since d;
is a derivation, it suffices to determine d; on the generating set B*. If §* € B* then
di(B*) C A%(V). Write B* = {B, | u € U} and impose a linear order on the index
set U; then

A map of spaces induces a map of Sullivan minimal models, but not naturally; nevertheless, its
homology H(A(V),d) is functorial, and the graded vector space V' is functorial on the homotopy

category of simply-connected rational spaces of finite type when identified with A>! )/ A2 (V).
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(B*)® = {8565 | for u < v and for u = v when |3, is even}
is a basis for A?(V). Then we can write
d(B)= > cuuBiBy  with ey, € Q.
(B-)®)

The following proposition shows explicitly how the second bracket determines the
coefficients ¢,y .

Proposition 2.5. Let X be a simply-connected rational space of finite type with Sul-
livan minimal model (A(V'),d), and let 8* € V correspond to 8 € m.(X) under the
canonical isomorphism V = Homg (7. (X), Q). The coefficient c; ; in the formula

d(B%) = D cuuBiB;
(B*)®
is given by

cij = (=)D (5" 5, 65]) ifi<j €U, and

1
Cii = _§<B*a [ﬁhﬁlb

Proof. If i < j, we have
(1(8): B, B3 = (3 cunBiBii Bis By )
= cuw (BB s By)
=" cua (83380 833 81) + (~D)P 1P (87 83) (873 8,) )
- (71)|B:H5i|6i7j

since u < v for each term in the sum. This can only be nonzero if v = j, so we can
write

(di(8"): B, B3) = (=) 1%l 5.
On the other hand (d;(8*); B;, B;) = (—1)1%lHI8:1=1(5*; [3;, B;]) so
cij = (=1)IPIDUB=D 5 5, 6;1)
as desired. A similar computation gives ¢; ; = —1 (8%, [8;, Bi]). O
2.5. Category weight for rational spaces
There is a rich theory of the L-S category of rational spaces, almost none of which
is needed for our present purposes. We only need to be able to recognize the category

weight of a class in H "(X;Q) in terms of its representatives in the Sullivan model
(A(V),d) for X.

Proposition 2.6. If a class u € H(A(V),d) = H*(X;Q) is represented by an ele-
ment z € AZ*(V), then wgt(u) > k.

Proof. This is explained in the discussion following Definition 5.2.2 in [4]. O
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3. Reduction to canonical examples

In this section we show that in our search for rational spaces whose categorical
sequence has the form (a,b,a+b,...) we can restrict our attention to Postnikov
sections of wedges of rational spheres.

Theorem 3.1. Let a > 2 and suppose there is a rational space of finite type whose
categorical sequence has the form (a,b,a +b,...). Then there is a finite wedge of ratio-
nal spheres W with conn(W) =a — 1 and dim(W) < b — 2 such that the categorical
sequence of the Postnikov section P = P,_1(W) has the form op = (a,b,a+b,...).

Proof. Suppose ox = (a,b,a+0b,...). Since 0x(2) =b, cat(Xp—1) =1, so X1 has
the homotopy type of a wedge W of rational spheres; write W = W v \/ $*~1, with
dim(W) < b — 2. Then both W < W and W — X induce isomorphisms on 7, for all
k < b—1, which implies that the induced maps

Pb_l(W) — Pb_1(W) — Pb_l(X)
are (weak) homotopy equivalences. Write P = P,_1(W); we show that ox (k) = op(k)
for k£ < 3.

First, op(1) = conn(P) + 1 = conn(X) + 1 = a since a > 2 implies a < 2¢ — 1 <
b— 1. Since P can be constructed to have P,_1 = X;,_; which has L-S category 1,
op(2) > b — 1. By superadditivity, op(3) = op(2) + op(1) = b+ a.

We first determine op(2). For any n > b, all of the obstructions to solving the
extension problem

P

w

Xn a

lie in zero groups, so a solution can be found, and any solution must be a (b — 1)-
equivalence. So choose a (b — 1)-equivalence f: X, — P extending W — P. Any such
map necessarily has

Cat(f)>1>w:1’
a a

so we can apply Proposition 2.1 to conclude cat(f) = cat(X;,) = 2. Since f factors (up
to homotopy) through P, by cellular approximation, we have cat(P,) > cat(f) =2
and hence op(2) < b. Since we also have op(2) > b we obtain op(2) = b.
Next choose a (b — 1)-equivalence g: X4, — P extending f; we have just seen
that its restriction g|x, has L-S category 2. Therefore
>(a+b)f(b—1) a+1

cat(g) 2 2 = = ’
a a

and Proposition 2.1 implies that
cat(g) = cat(Xq4p) = 3.

Since g factors (up to homotopy) through P,y it follows that cat(P,1) > 3. This
forces op(3) = a + b and completes the proof. O
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4. The Sullivan model for a wedge of spheres

It is now clear that we need to study wedges of rational spheres and their Postnikov
sections. For the entire section we will use the notation W =\/,.;S™ to denote a
fixed finite wedge of rational spheres with n; > 2 for all ¢ € Z. Fix an ordered basis
B ={B.|uecU} for m.(W) such that

e u < v implies £(3,) < 4(5,), and

e cach 3, is a Whitehead product monomial? in the generators x; € T, (W) rep-

resented by the inclusions in;: S™ — W.
Write V = Homg (7, (W), Q); then we may write the minimal model for W in the
form (A(V),d).
Since we are studying rational homotopy in this section, all the algebra is done over

the rationals. That is, ® stands for ®q, all cohomology is calculated using coefficients
in Q, and so on.

4.1. Whitehead products and the homotopy groups of a wedge
The inclusions of the summands represent classes f3; € m,, (W) which, according
to the Hilton-Milnor theorem, generate m.(W) under the Whitehead product.

Theorem 4.1. Let W be a simply-connected finite wedge of rational spheres. Then
1. the Samelson product gives m,(QX) the structure of the free graded Lie algebra
on the graded vector space ¥~ H, (W),
2. there is an algebra isomorphism H,(QW) = To(X " H,.(W)) between the Pon-
trjagin algebra of QW and the indicated tensor algebra, and

3. the Hurewicz map m.(QW) — H. (QW) represents H.(QW) as a universal
enveloping algebra.

Proof. Part (1) is proved in [7, Thm. 24.5(iv)]. Part (2) is the Bott-Samelson theorem
[1] and part (3) is the Milnor-Moore theorem [12]. O

4.2. The Sullivan model for a wedge of spheres
Our topological simplification—that we need only look at wedges of rational
spheres and their Postnikov sections—gives a corresponding algebraic simplification.

Proposition 4.2. If (A(V),d) is the Sullivan model for a finite-type wedge of spheres,
then d = d; .

Because of this, we can give a convenient description of the differential in terms
of Whitehead products. To state it we need to keep track of the product length of
our basis elements. Thus we write L,, C L for the subspace spanned by the n-fold
brackets in our chosen basis B and

V,, = span{B* | § € B is an n-fold bracket}.
We need some more bases to state our matrix representation result:

o (B)® = {B:p* |u<wvoru=uvand |3} is even} is a basis for @
A(V),

ViV; C

i+j=n

2Remember that the Whitehead product is not associative.
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e B = A(B) is a basis for the graded Lie algebra L = m,(QW),

. 85:2) ={A(Bu) ® AM(By) | u <wvoru=wvand |3,]is even} is a basis for a sub-
space K C ®i<j L;®L,.

The restriction of the Samelson product to K defines a function s: K — L,

K & L.

\ ()

Diti=n Li® L;

i<y

Let M be the matrix representing s with respect to the bases (BL)(2) and Bp; say M
is a p X ¢ matrix.

Proposition 4.3. Let D be the matriz for the differential
d: vV, —» @ vivj,

i+j=n
A

with respect to the dual bases B* and (B*)?). Let Q be the q x q diagonal matriz with
o (—1)UBul=DIBel in the (B, By) diagonal entry if u < v,
. % in the (Bu, Bu) diagonal entry if |B.| is even.
Then D = QM™.
Proof. Because d = d; in the Sullivan model for W by Proposition 4.2, this follows
from Proposition 2.5. The entry d(y ), in the (Bx, %) row and B column of D is

u?

the coefficient of 5557 in d(8). According to Proposition 2.5, this is precisely (for
u £ v)
d(u,u),w _ (_1)(|ﬁu|fl)(\ﬁu|fl)w:ﬂ [Bus Bo))-

On the other hand, the entry in the A\(8,) ® A(8y) column and A(B,,) row of M is
the unique 1M, (4,0) € Q such that

(A(Bu)s A(B)) = My (u,v) - A(Bw) + ’ linearly independent terms ‘

Since
A[Bus Bu]) = = (=)7L (A (Bu), A(Bu))
= 7(71)|Bu| S()‘(ﬂu) ® A(ﬂv))
= —(—l)lﬁ“| My, (u,w) - M Buw) + ’ linearly independent terms |,
we have

</Bzﬂ [6U’ﬂv]> = _(_1)|Bu|mw,(u7v)-

Taken together, we have

d(uﬂ))ﬂv = (_1)(‘5”_1)("8“‘_1) (_(_l)lﬁu‘mw,(u,vo
— (_1)(‘ﬁu|71)|6v‘m

w,(u,v)

A similar computation, using the fact that |3,| must be even for there to be a
A(Bu) @ A(By) indexed column in M, yields the equation d., (y,.) = %m(%u),k. O
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4.3. Models for Postnikov sections
If (A(V),d) is the Sullivan model for a space X of finite rational type, then the
Postnikov section X — P,(X) is modelled by the inclusion

(A(V="),dlav<ny) = (A(V), d),

where V<" denotes the graded rational vector space with V¥ in dimension k if k < n
and Vi, =0if k > n.

Proposition 4.4. Let (A(V),d) be the Sullivan model for a simply-connected wedge
of rational spheres W with dimension at most b—1 (so b >3), and let (A(V<0~1),
d|p(v<v-1)) be the Sullivan model for Py_1(W). Then the set

{[d(B")] | B € B, =b-1}
is a basis for H*(Py_1(W)).

Proof. Since H?(W) =0 and d = d; increases product length by exactly 1, the se-
quences

AR(V)P1 S ARFL(V)P G AR (V)R >

in the Sullivan model for W are exact. When we remove V?~! to form the model
for P,_1 (W), these sequences are unchanged except for the one with k = 1, which
becomes

0% A2V & A3y
Therefore
HY(P,_1(W)) = ker(d)/im(d) = d(V*~1)/0 = d(V'~1).

Since H*~1(W) = 0, the restriction of d to V*~! is injective, so the basis {8* | B € B,
|B| = b — 1} is carried by d to the basis {d(3*) | 8 € B, || = b— 1} for d(V’~1), and
the result follows. O

4.4. Recognizing spaces realizing (a,b,a+0b,...)
We give criteria to recognize Postnikov sections P of wedges of spheres with op =
(a,b,a+b,...) from the ordinary algebraic properties of their cohomology algebras.

Proposition 4.5. Let W be a simply-connected finite wedge of rational spheres with
conn(W) =a—1 and let P=P,_1(W) (b= 2a). Then every nonzero cohomology
class u € H?*(P) has wgt(u) > 2.

Proof. Since the Sullivan model for P has no generators in dimensions b — 1 or higher,
every nonzero class u € H>Y(P) is represented by an element of A=2(V <=1). Propo-
sition 2.6 tells us wgt(u) > 2. O

Proposition 4.6. Let W be a wedge of rational spheres with conn(W) =a — 1 and
let P = Py,_1(W). Then the following are equivalent:

1. op=(a,bya+b,...),

2. cat(Pyyp) = 3,

3. the cup product H*(P) @ H"(P) — H*(P) is nonzero, and
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4. there are a, f € B with |a| = a,|B| = b—1 such that
[@*] - [d(B*)] # 0 € H***(P).

Proof. First observe that since the (b — 1)-skeleton of P is a wedge of rational spheres,
UP(Q) > b.

Now (1) implies (2) by definition and (2) implies (3) by the cup product property of
categorical sequences. Proposition 4.4 shows that (3) implies (4). It remains to show
that (4) implies (1). Given (4), Proposition 4.5 tells us that wgt([d(8*)]) > 2. There-
fore op(2) = b and op(3) > a + b. Finally, wgt([a*] - [d(5*)]) = 3 by Theorem 2.3, so
op(3) < a+ b by Proposition 2.2. Together with superadditivity and the inequality
op(2) > b, this implies (1). O

5. Rationally unrealizable spaces

In this section we prove that if b # 2 mod a — 1, then no sequence of the form
(a,b,a+b,...) can be realized as the categorical sequence of a rational space of finite
type. To this end, we fix a,b € N with b > 2a and b # 2 mod a — 1. According to
Theorem 3.1, if there were a space with categorical sequence (a,b,a +b,...), then
such a space could be found having the form P = P,_; (W), where, as in the previous
section, W denotes a wedge \/;C:1 S™i of rational spheres with conn(W) =a — 1 and
dim(W) < b — 1. Therefore we fix such a W and show that for any «, 8 € B with
o] =a and |B| =b— 1, the class a* - d(8*) is a boundary in the Sullivan model
(A(V<b=1) d) for P (it is obviously a boundary in the Sullivan model for W). Then
Proposition 4.6 implies that op cannot have the form (a,b,a +0,...).

5.1. A surjectivity condition
Fixn>1 and r with 1 <r < k and write

Ul(r) = span{z], 23, ..., 25},
wo — | g B € B, ¢(B) =n, and at least one
no of Tyy1,%ri2,...,2k is a factor of 5 [’

where z} is dual to the element z; € m,, (W) represented by the inclusion S™ — W.

Thus UI(T) C V; and W,(f) C V,, according to the notation introduced in Section 4.2.
Since these subspaces are spanned by subsets of our preferred basis B*, they come
equipped with canonical projection maps V' — Ul(r) and V,, — W,Y’ (these projections
are the identity on basis elements in common to the domain and target and zero on
the other basis elements). We show in this section that the composition denoted p in
the diagram

=i ViV

itj=n41

Wr(zr) Ul(r)

Vn+1

is surjective.
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If D is the matrix representing d in our chosen bases, then the matrix R repre-
senting p may be obtained from D by selecting the rows indexed by S*x} with ¢ < r
and B € B with at least one of z41,%y12,...,2) as a factor and ¢(8) = n.

Let L = m.(QW) be the free graded Lie algebra on the generators x1,xs, ..., xg,
and let L,, be the subspace spanned by the n-fold brackets. Let U = span{z; | i < r}
and let W be the span of the n-fold brackets that involve at least one of @1, Zry2,
..., k. Define the map b as the composition

b

U X W Ln+1

NS

L1®Ln

of the inclusion with the Lie bracket. In the notation of Proposition 4.3, the map b is
represented by the matrix B obtained from M by selecting the columns indexed by
[8, x;] such that i < r and 8 € B with £(8) = n and at least one of @, 41, T, y9,..., Tk
as a factor. Thus Proposition 4.3 shows that R is the product of BT with an invertible
diagonal matrix (the matrix obtained from @ with certain rows and the corresponding
columns deleted). To show that p is surjective, then, it suffices to show that b is
injective.

The Milnor-Moore and Bott-Samelson theorems (recorded above in Theorem 4.1)
allow us to view the graded Lie algebra as a subspace of the tensor algebra T'(V;) with
respect to the standard graded commutator bracket [x,y] = zy — (—1)|I|‘y‘yx. Under

this identification, U remains the span of x1,x2,...,z, and W consists of (some but
not all) noncommutative polynomials in x1, s, ..., z, in which every monomial has
precisely n factors, at least one of which is in {x,41,..., 2%}

We show that b has trivial kernel. Let y = > ) 2; @ w; # 0 € U @ W. Then

by) = ZT: (%‘wi — (—Dlw"llmilwixi) .

i=1
For a monomial m = czj,x;, - - x;, € Wér), write
J(m) = max{i | j; > r}.

Choose one w; which contains as a summand a monomial m for which J(m) is
maximal among all the summands of all the w;. Then

b(y) = zjm +

and the monomial x;m cannot be a summand of any of the other terms of b(y).
It is not a summand of z;w; for any i because J(x;m) > J(x;m’) for every other
monomial summand m’ of every w;. We conclude that b(y) # 0 and hence that b is
injective.

5.2. Proof of nonrealizability

Now we prove that if b Z 2 mod a — 1 then there is no simply-connected rational
space X of finite type whose categorical sequence has the form ox = (a,b,a+0b,...).
Let us assume to the contrary that there is such a space. By Theorem 3.1 we find
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such an example that has the form P = P,_;(W) where W is a wedge of rational
spheres. Proposition 4.6(4) ensures that there is a nonzero cup product of the form
[a*][d(B*)] # 0 € H*Y(P) with o € B with |8 = b — 1; write n = (). We show that,
on the contrary, all such cup products vanish.

Consider first the model (A(V),d) for W. Write V' = span{x1,xa, ..., zx}, where
the generators have been labelled in weakly increasing order of dimension. Let r
be such that zi,...,z, have dimension a and x,1,...,2; have dimension strictly
greater than a.

Now the congruence b # 2 mod a — 1 comes into play. The Whitehead product of
elements in 7, (W) lies in a dimension that is congruent to 1 mod a — 1. Since we
assume b Z 2 mod a — 1, we have

[Bl=b—1#1moda—1,

and so the Whitehead monomial 8 must have at least one factor x; with |x;| # a.
Hence r < k.
Using the notation from Section 5.1, we write

B vvi= (W) ey,
i<
itj=n+1

where Y = ker(pr) is the span of members of the canonical basis not contained in
Ul(r) Wff). Since
pr(d(Vos1)) = p(Vosr) = ULV WL,

we may choose z € d(V,,4+1) such that pr(z) = pr(a*8*). Then a** — z € ker(d) =Y.
We will write y = a*8* — z.

Now we move to the model (A(V<t~1) d) for P. By construction, Y is the span
of products x - v with || > a and |v| < b — 1, which implies that Y C A(V<0~1). In
this model, therefore, we have

dy) = d(a*B" — 2) = d(o" ) — d(2) = a*d(5").
Thus [*] - [d(8*)] = 0 in H?(P). We deduce that op # (a,b,a +b,...).

6. Rational realization of sequences

In this section we complete the proof of Theorem 1.1 and prove Theorem 1.2.

6.1. The spectral sequence

Fix an (a — 1)-connected wedge W of rational spheres with dim(W) < b — 1, write
P = P,_1(W), form the fiber sequence W(b—1) — W — P, and apply the Leray-
Serre spectral sequence. The crucial features of the spectral sequence are displayed
in Figure 1, in which the labelled groups are

A= Ey° = H(PQ),
Ay = EytH0 = gotl(P;Q),
By = E;'7 = HYY (W (b - 1);Q),

)

By = E* =~ HY(W(b—1);Q),

3
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Cy = Ey™'2 = H 2 (W (b~ 1);Q),
Cp = Ey™*'71 = HO T (W (b~ 1) Q).
The arrows represent the first few differentials that are not automatically trivial

because either their target or domain is a zero group. The unlabelled groups at the
positions indicated by the solid black circles are

ES' > A @B, Ey'=A4@B, and B3t =408

H*(W (b — 1))
A

Ca

a+b71-

converges to H*(W) ‘

a+b72-_

Figure 1: The relevant differentials.

Proposition 6.1. The Leray-Serre spectral sequence of Figure 1 constrains the first
three terms of the categorical sequence op as follows:
1. Ifd: Ay By — H%*(P) is nonzero, then op = (a,b,a+b,...).
2. If6y: AyBy — HPYHY(P) is nonzero, then there is a nonzero class in Ho+1(P)
with category weight 3, and hence op(3) < a+b+ 1.
3. If 6, =0, then 63 is a map AyBy — HYYYL(P); under this assumption, if
82 # 0, then there is a nonzero class in HTPTY(P) with category weight 3,
and hence op(3) <a+b+ 1.
Proof. The image of d,. in E*Y is zero for r < b — 1, which shows that E;’_Ol =~ H*(P)
as algebras. Since H*(W) = 0 for all k > b — 1, the differential d,: By — H®(P) must
be an isomorphism.
Since d,. (A1) = 0 for all r, the fact that each spectral sequence differential d,. is a
derivation implies the commutativity of the square

A ® By d H+(P)

o l Tcup product

Ay ® dy(B;) ———— H(P) ® H*(P).
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This shows that d is nonzero if and only if the indicated cup product is nonzero.
Together with Proposition 4.6, this proves (1).

If d # 0, then (2) follows immediately from (1), so we may assume that d = 0.
Under this assumption we can identify Ef 10 with H****1(P) and fit the differ-
ential 1 into the commutative square

61

Ay ® By Ha+b+1(P)

El Tcup product

A2®db(31) — Ha+1(P)®Hb(P).

Now if §; # 0, then the indicated cup product is nonzero. Since any class in dimension
> b has category weight > 2 by Proposition 4.5, every nonzero product in dimension
a+ b+ 1 will have category weight > 3; then cat(P,4p+1) = 3 and op(3) <a+b+1
by Proposition 2.2.

Part (3) follows from a similar argument under the additional assumption that
d=0and 4; =0. O

Proposition 6.2. Forn < 2b—3, H"(W (b — 1); Q) = Homg(m, (W), Q).

Proof. Since the proposition only makes claims about groups in the stable range,
we can replace W (b — 1) with a wedge of rational spheres U. For wedges of rational
spheres, the Hurewicz map 7 (U) — Hy(U;Q) is a split surjection in all dimensions
and an isomorphism in the stable range. Therefore

H"(W(b—1)) = H"(U) = Hom(H,(U),Q) = Hom(m, (U),Q)
=~ Hom(m, (W), Q). O

6.2. Counting dimensions

The dimensions of the vector spaces V,, are determined using the following for-
mulas. These formulas are concerned with the basis for a free graded Lie algebra L
given by the ‘basic products’, which are certain bracket monomials in the generators.
Since all bases for a given vector space have the same cardinality, these results apply
equally well to our chosen basis B.

Theorem 6.3 (Witt). Let L be the free graded Lie algebra on generators xy,xa,
..., xk. The number of basic products involving x; exactly n; times is

1 (3)

- ,u(d) n n n ’
0 2O ()

d‘ng

where p is the Mébius function, ng = ged{ni,na,...,nk} andn =ny +ng + -+ + ny.

Corollary 6.4. Let W = S™ v §™2 V...V §"+1 The number of basic products with
s factors taken from {x1,xa,..., 25} and t factors of x11 is given by the formula

2 <(s :/3/61)%.

dlt
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Proof. Let W = 8"t v S™ V...V §™+1 The Hilton-Milnor theorem tells us that

W) = P m.(SIPH),

BeB

where B is a basis for the free Lie algebra L(y1,y2,- .., yx+1) and each |y;| = n; — 1.
We apply the Witt formula to count the number of basic products with s factors
taken from {x1,xo,...,zr} and ¢ factors of xy1.

To simplify notation in our calculation, we write § = (s1,82,...,8;) and |§| =
> s; = s. Further, d|5 indicates that d|s; for each ¢ and (3,t) denotes the greatest
common divisor of s1,s83,...,s; and t.

Now the formula of Theorem 6.3 tells us that the number of basic products with
s; factors of x; for i =1,2,... k is

SN pe—

s+t o MO Y

We sum these expressions over all § with |5] = s as follows:

()
2 2 O

51=s dI(5.1) K

_ 1 p(d) (=54)! 1

S N YRR CY:
() (5

o @G 2 TG )
1 (s+1t)/d (2)!
w300 T e

k i

_ 1 (s+1t)/d
—SH; ()( 5/d ) T+it. 11

O

Next we establish the dominant terms for the dimensions of the vector spaces
involved in our computation, viewed as functions of k.
Proposition 6.5. Let W = (\/11€ Sa) VSt Writen=s(a — 1) +ta+ 1 with s,t >0
and s as large as possible. Then
kS [s+t
di W)) =
(a9 = (1)

as a function of k. If n cannot be decomposed in the required fashion, then m,(W) = 0.

Proof. We prove this by induction on n, the statement being obvious in the case
n=a (so s =1 and t = 0). Supposing the growth estimate to be valid for all values
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less than n, we address the question at hand: the dimension of m,, (1W). Rationally,

(5™) = XQ if m is odd,
T T X"Q tny @22 Q - [ty tn] i M is even.

Depending on the parity of n, therefore, the dimension of m,, (W) is either

e the total number of basic products of dimension n, if n is even, or

e the total number of basic products of dimension n, plus the number of basic

products of dimension "7“, if n is odd.

Write n = s(a — 1) + ta + 1 with s as large as possible while ¢ > 0. The basis for
(W) can be divided into three subsets. First of all, and most importantly, there
are the Whitehead product monomials that are not Whitehead product squares and
have s factors of dimension a and t factors of dimension a + 1; Corollary 6.4 shows

that the number of such monomials, viewed as a function of k with n,s and ¢ held
fixed, is

k% [(s+t
s

) + ’ lower order terms |.
s+t

Secondly, we have the Whitehead product monomials which are not squares and have
s’ factors of dimension a and ¢’ factors of dimension a + 1, with s’ < s. Applying
Corollary 6.4 again, we see that the number of such monomials is

ks’ s+t
S/ + t/ /

. ) + ’ lower order terms ‘

Finally, there might be some bracket squares. The number of these will be exactly the

same as the number of basic products in dimension $(n + 1). If we write 2(n+ 1) =

s"(a—1) +t"a+ 1 where s” is as large as possible with ¢ > 0, then by the induction
hypothesis the number of such terms is

k.s” (8// + ¢

5// + t// "

. ) + ’ lower order terms ‘

Therefore the dimension of 7, (W) is

s s+t ks’ s+t ks” s" 4+t
o ( < ) + P ( o + P o + ’ lower order terms ‘

Notice that the equation 3(n+1) =s"(a—1)+t"a+ 1 implies n =2s"(a — 1) +
2t"a + 1; since t” > 0, 2t” > 0, and since s is the largest number fitting into such
an equation, we have s > 2s” > s”. Since we have s > s’ by definition, the dominant

term in dimg(m, (W)) as a function of k is the first term 2= (°T*), as required. [

s+t
6.3. Realizing (a,b,a +b,...)

We show that sequences of the form (a,b,a + b, .. .) are realizable if b= 2 mod a — 1.
Writing W (k) = \/’1C S and P(k) = P,_1(W(k)). Our argument uses the dimension
estimate of Proposition 6.5 to show that P(k) realizes the sequence if k is large
enough.
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Since b = 2 mod a — 1, we can write
b—1=s-(a—1)+0-a+1,

for some s. Clearly the displayed expression for b — 1 has s as large as possible (with
nonnegative coefficient of a), so, referring to Figure 1 and applying Proposition 6.5,
we have

d1m(A1 ) = k‘,

1
dim(By) = —k* + ’ lower order terms‘
s

and therefore

1
dim(A1By) = ;ksH + ’ lower order terms ‘

On the other hand

X

1
dim(Cy) = ?ksﬂ + ’ lower order terms
s

and it follows that dim(A; B;) > dim(C) for k large enough. Since H*t*~1(W (k)) =
0, the sequence

Cy 5 A By & HYP(P(k))

in Figure 1 is exact. Choosing k large enough that dim(A; By) > dim(C1), we find that
the differential d is nonzero, and Proposition 6.1 ensures that op() = (a,b,a +b,...).
This completes the proof of Theorem 1.1.

6.4. Realizing (a,b,c,...)
It remains to show that superadditive sequences of the form (a,b, ¢, ...) are realiz-
able provided 2a < b < ¢ —a and s(a — 1) 4+ ta + 2 = ¢ can be solved with s,¢ € N.

Lemma 6.6. If (a,b,c,...) is (rationally) realizable then so is (a,V',c,...) for any b
such that 2a < b < b.

Proof. Let Z be a space such that oz = (a,b,¢,...). Write ¥’ = a + o/, so that ¢’ > a
since b’ > 2a. We can see that the space Z V (S* x S ) has the required sequence by
applying the formula

oxvy (k) = min{ox (k), oy (k)},

established for all spaces in [13, Prop. 3.1], and using the elementary computation
Ogaygar = (a,a+a',00,...) [13, Cor. 3.3]. O

Because of Lemma 6.6, it suffices to show that whenever ¢ > 3a + 1, the sequence
(a,c— (a+1),c,...) is rationally realizable. Write b = ¢ — (a + 1).

If c— a =2 mod a — 1 then the realizability result established in Section 6.3 shows
that (a,c — a,c,...) is rationally realizable, and we are done by Lemma 6.6. Thus we
may assume from now on that

b=(c—a)—1#1moda-1,

which is to say b # 1 mod a — 1.
Our task is to produce a space @ with og = (a,b,a +b+1,...).
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Adapting the method of Section 6.3, we write W (k) = (\/]f S“) v §2*1and con-

sider the fiber sequence
W(k)(b—1) = W(k) = Poa(W(k)),

and agree to write P(k) = P,_1(W(k)) from now on. Evidently op)(2) > b, so it
suffices (by Lemma 6.6) to show that op(x)(3) = c. By superadditivity we have

op)(3) =2 op)(2) +opry(l) Zb+a=c—1.

Let Ay, Ao, By, B> and C5 be the vector spaces indicated in Figure 1; these vector
spaces and their dimensions are functions of k. To estimate these dimensions, write

b=s(a—1)+ta+1 with s, > 0 and s as large as possible.
Since b # 1 mod a — 1 we must have 0 < ¢t < a — 1; thus
b—1=(s+1)(a—1)+(t—1)a+1,
with s +1,£—1 > 0 and t — 1 as small as possible. Finally, we get
b+(a—1)=(s+1)(a—1)+ta+1,

with ¢ as small as possible with ¢ > 0. Therefore Proposition 6.5 gives:

dim(Al) = ki,
dlm(Ag) = 1,
dim(B;) = S — <(8 O+ (- 1)) + [ lower order terms |,
(s+1)+(t—-1) s+1
dim(Bs) = Lk:s (S * t) + ’ lower order terms |,
s+t s
) 1 pf(s+1)+t
= kS 1 5 |-
dim(Cs) GIT tk: ( s+1 —|—’ ower order terms‘

The dominant term in the expression dim(A4;)dim(Bs) + dim(As) dim(B;) (consid-
ered as a function of k) is

. 1 I s+t L1 1 st s+t _q. 1 st s—l—t—&—l7
s+t s s+t s+1 s+t s+1
while the dominant term in dim(C5) is
1 s+ s+t+1.
s+t+1 s+1

It follows that the inequality
dim(A4;) dim(Bs) + dim(As) dim(By) > dim(Cs) (%)

holds for k large enough.
So let us choose a large enough k and write W = W (k) and P = P(k). Since
HTP (W) = 0, the sequences

Co 2 AyBy 25 HoHH(P)

and
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ker(ey) = A1 By &, coker(d7)
from Figure 1 are exact. If the differentials §; and d5 were both zero, then

contradicting the inequality (x). Therefore, we may apply Proposition 6.1 to deduce
that there is a nonzero element u € H*T°*1(P) with wgt(u) = 3.

Since P is a simply-connected rational space, we may give its (a + b + 1)-skeleton
P, ip+1 a rational CW decomposition which is also a homology decomposition [2].
The tail end of this decomposition gives us two cofiber sequences

Maip—1 — Payv—1 — Pats and Moty — Payp = Pagpy,

where M, 1 ~\/ ST~ and M,y ~ \/ S**? (rationally). Recall that part of the
definition of a homology decomposition is that the attaching maps « and 3 induce 0
on homology.

We show that the attaching map  factors up to homotopy through the inclu-
sion i: P,yp—1 — Patp of the (rational) (a 4+ b — 1)-skeleton into the (a + b)-skeleton.
Consider the diagram

i Ma+b
iﬁ
£ .
q
Pa+b—1 . Pa+b EJw‘a—‘,—b—l

in which Fj, is the homotopy fiber of the quotient map ¢q. The map go 3: M,y —
Y Mgy yp—1 is a map from one wedge of rational spheres of dimension a + b to another,
and it induces zero on homology because 3 does. Therefore g o 8 ~ % and it follows
that 8 factors up to homotopy through F,. Now P,yp_1 is (a — 1)-connected and
XM, yp—1 is (@ + b — 1)-connected. Since

(a+b—1)4+(a—1)=a+b+(a—2) > a+,

the Blakers-Massey theorem ensures that ¢ is an (a + b)-equivalence. This implies
that the dotted arrow [ exists making the diagram commute up to homotopy.
Now form the space @ = P._2 Ug C My, which fits into the diagram

S
Moty Poyo1 Q EMaysp
li e J{j
B r
Ma+b Pa+b Pa+b+1 - = ZMa—HN

whose rows are cofiber sequences. Since the center square is a homotopy pushout
square, the cofiber of j is homotopy equivalent to the cofiber of 7. This common
cofiber is ¥ M, 1, which is (a + b — 1)-connected. Since a > 2 it follows that j is a
(b + 1)-equivalence and therefore 0o (2) = op, ,,,(2) = .
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Since # and S are zero on homology, r and s induce isomorphisms on He+b+1,
We've shown that there is an element u € H 1 (P) with wgt(u) = 3. Then v =
J*(ulp,,,.,) € H***1(Q) is nonzero and wgt(v) >3, s0 a+b<og(3) <a-+b+ 1.
The crucial difference between P and Q is that H2T?(Q) = 0 and so it is impossible
for 0g(3) to be equal to a + b. Therefore

og = (a,b,a+b+1,00,...),

which completes the proof of Theorem 1.2(b). O
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