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ABSTRACT. We develop a theory of generalized Hopf invariants in the setting
of sectional category. In particular we show how Hopf invariants for a product
of fibrations can be identified as shuffle joins of Hopf invariants for the factors.
Our results are applied to the study of Farber’s topological complexity for 2-cell
complexes, as well as to the construction of a counterexample to the analogue
for topological complexity of Ganea’s conjecture on Lusternik-Schnirelmann
category.
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1. INTRODUCTION

The sectional category of a fibration is the least number of open sets needed to
cover the base, on each of which the fibration admits a continuous local section.
This concept, originally studied by A. S. Schwarz [32] under the name genus, has
found applications in diverse areas. Notable special cases include the Lusternik—
Schnirelmann category (for which the standard reference has become the mono-
graph [4] by Cornea, Lupton, Oprea and Tanré) and Farber’s topological complex-
ity [7], both of which are homotopy invariants of spaces which arise as the sectional
category of associated path fibrations. The LS-category is classical and related
to critical point theory, while topological complexity was conceived in the early
part of the twenty-first century as part of a topological approach to the motion
planning problem in Robotics. Further details and definitions will be given in Sec-
tion 3 below. We remark that in the modern literature it is common to normalise
these invariants so that the sectional category of a fibration with section is zero, a
convention which we will adopt in this paper.

Most of the existing estimates for sectional category are cohomological in na-
ture and are based on obstruction theory. The objective of the current paper is
to produce more refined estimates using methods from unstable homotopy theory.
There is an extensive literature on the application of generalized Hopf invariants
to LS-category, originating with Berstein and Hilton [2] and including spectacular
applications by Iwase [25], Stanley [35], Strom [37] and others (a nice summary
can be found in Chapter 6 of [4]). Building on and generalizing the work of these
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authors, we develop a theory of generalized Hopf invariants in the setting of sec-
tional category. In very crude terms, Hopf invariants are homotopy classes which
arise as obstructions for the sectional category of a map to increase by one upon
adjunction of a cone on the base space. Although the explicit definition is based
on general principles, the actual evaluation of such obstructions is a major problem
in homotopy theory. A novel point in this paper is the development of an algebro-
combinatorial method that allows us to get a reasonably sharp homological control
of some of these obstructions. In fact, in many cases, Hopf invariants are carried
by bottom cells, thus their evaluation can effectively be done in homological terms.
The general idea is explained in Subsection 4.2, and full details supporting the
theory are developed in Section 7. In particular, the method allows us to perform
many new computations of topological complexity which we believe would not be
possible using classic obstruction-theoretic arguments.

Our first application is to the computation of the topological complexity of two-
cell complexes X = SP U, e?t!. The LS-category of such a space X is determined
by the Berstein—-Hilton—Hopf invariant

H(a) € my (SQSP AQSP) = 7, (S~ 1y §3P72 v ...
of the attaching map « : S9 — SP [2]. When p > 2, we have

{1 if H(a) =0,
2 if H() #0.

Note that in the metastable range 2p—1 < ¢ < 3p—3 we may identify H («) with its
projection onto the bottom cell Hy(a) € m,(S?P~1). If Ho(a) # 0 then cat(X) = 2,
which by standard inequalities implies that 2 < TC(X) < 4. In almost all cases,
the usual cohomological bounds fail to determine the exact value of TC(X), for
reasons of dimension. Using Hopf invariants, however, we are able to identify many
cases with TC (X)) < 3 (in Theorem 1.1 below, where we use the symbol ® to denote
the join functor) as well as many cases with TC(X) > 3 (in Theorem 1.2 below).

Theorem 1.1 (Theorem 5.4). Let X = SP U, ¢!, where o : S9 — SP is in the
metastable range 2p—1 < ¢ < 3p—3 and Ho(a) # 0. Then TC(X) < 3 if and only
if (4+2(=1)P)Ho(a) ® Ho(cr) = 0.

Theorem 1.2 (Theorem 5.5). Let X = SP U, e?t! where o : S9 — SP is in the
metastable range 2p — 1 < q¢ < 3p — 3 and Hy(a) # 0. Then TC(X) > 3 provided
(2+ (=1)P)Ho(a) # 0.

Note that the condition (24(—1)?) Hy(«) # 0 in Theorem 1.2 holds automatically
if p is odd. On the other hand, we remark right after the proof of Theorem 5.4 that
the condition (4 + 2(—1)?)Hp(a) ® Ho(«) = 0 in Theorem 1.1 holds if ¢ is even.

Combining these two theorems gives the precise value TC(X) = 3 for large
classes of two-cell complexes (see for instance Corollaries 5.8 and 5.9). We are also
able to draw conclusions about TC (X)) outside of the metastable range, under the
additional assumption H(«) = Ho(a).

cat(X) =

Example 1.3. If pis odd, 2p—1 < ¢ < 3p— 3, and the join square Hy (o) ® Ho()
is a non-trivial element of odd torsion, then TC(X) = 4.

Remark 1.4. We also get a full description of TC(X) for X = S? U, €%? (The-
orems 5.1 and 5.2 below). The proofs are, however, much more elementary than
those in the cases of Theorems 1.1 and 1.2.



HOPF INVARIANTS FOR SECTIONAL CATEGORY 3

Our second application is to the analogue of Ganea’s conjecture for topological
complexity. Recall that the product inequality cat(X x Y) < cat(X) + cat(Y)
is satisfied by LS-category. Examples of strict inequality were given by Fox [14],
involving Moore spaces with torsion at different primes. Ganea asked, in his famous
list of problems [15], if we always get equality when one of the spaces involved is a
sphere. That is, if X is a finite complex, is it true that

cat (X x S*) = cat(X) + 1 for all k > 17

A positive answer became known as Ganea’s conjecture. The conjecture remained
open for nearly 30 years, shaping research in the subject. It was shown to hold for
simply-connected rational spaces by work of Jessup [28] and Hess [24], and for large
classes of manifolds by Rudyak [31], Singhof [33], and Strom [36], until eventually
proven to be false in general by Iwase [25, 26]. Iwase’s counter-examples are two-
cell complexes X outside of the metastable range, whose Berstein—Hilton—Hopf
invariants are essential but stably inessential, from which it follows that cat(X) =
cat (X x S*) = 2.

The analogous question for topological complexity (which also satisfies the prod-
uct inequality) asks whether, for any finite complex X and k > 1, we always have
an equality

TC(X)+1 if k odd,
TC(X)+2 if k even.

This question was raised by Jessup, Murillo and Parent [29], who proved that
equation (1) holds when k > 2 for any formal, simply-connected rational complex
X of finite type. In this paper, we give a counter-example to (1) for all even k,
using Hopf invariant techniques.

Theorem 1.5 (Theorem 6.4). LetY be the stunted real projective space RPS/RP?,
and let X =Y VY. Then for all k > 2 even,

TC(X)=4 and TC(X x S¥)=5.

(1) TC(X x S¥) = TC(X) + TC(S*) = {

We now briefly outline the contents of each section, and in doing so indicate
the method of proof of the above results. Section 2 is preliminary, and establishes
our conventions and notations regarding base points, cones, suspensions and joins.
In Section 3 we give the necessary background on sectional category and relative
sectional category, working in the context of fibred joins. The main new result
here is Proposition 3.9, which shows that the sectional category of a fibration rel-
ative to a subspace increases by at most one on attaching a cone, and moreover
the section over the cone can be controlled in a certain sense. Section 4 is split
into two subsections. In Subsection 4.1 we define the Hopf invariants for sectional
category, which determine the behaviour of relative sectional category under cone
attachments. We also recall the definition of the Berstein—Hilton—Hopf invariants
mentioned above and show how they fit into our framework. In Subsection 4.2 we
investigate Hopf invariants for cartesian products of fibrations. Using naturality of
the exterior join construction, we prove our Theorem 4.12 which states that Hopf
invariants of a product can be obtained as joins of Hopf invariants of the factors,
composed with a topological shuffle map (see below). This result is germane to
the proofs of Theorems 1.1 and 1.2 and Theorem 1.5, which we give in Sections 5
and 6 respectively. Finally, Section 7 is the technical heart of the paper. Using
the description of the join in terms of simplicial (barycentric) parameters, together
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with the standard decomposition of the product of simplices A™ x A™ into simplices
A"T™ we construct topological shuffle maps

o0 M (A) @ J™(B) —» JUT (A X B),

which map from the join of the (n + 1)-fold join of a space A with the (m + 1)-
fold join of a space B to the (n + m + 2)-fold join of their product A x B. We
then describe (in Proposition 7.6) the effect of this map in homology, in terms of
algebraic shuffles. This result is used in all of our calculations of Hopf invariants of
products.

The idea of applying Hopf invariant techniques to obtain estimates for sectional
category has been around for some time. For example, the upper bounds for the
(higher) topological complexity of configuration spaces given in [11] and [18], and
proved using obstruction theory, were originally obtained using Hopf invariants.
However, the homological method in this paper to evaluate certain Hopf invariants
is new and independent of previous approaches.

In developing the ideas in this paper, we have benefitted from discussions with
many people. In this regard, the first author would like to thank Michael Farber,
Hugo Rodriguez-Ordénez, and Enrique Torres-Giese, the second author would like
to thank Michael Farber, and the third author would like to thank Pierre Ghienne.
The three authors are grateful to the organizers of the ESF ACAT conference
and workshop “Applied Algebraic Topology” held in Castro Urdiales, Spain, from
June 26 to July 5, 2014, where the final form of this project was shaped.

We conclude this introductory section with a list of open problems, some of
which may be accessible by extending the techniques in this paper.

Problems 1.6. (a) Do there exist two-cell complexes X = S? U, €™ with ¢ >
2p — 1 for which cat(X) = TC(X) = 2? (The smallest such open case is
that of a € m4(S?) = Z/2 the generator, see Example 5.10(a).) Or for which
TC(X) =47 (c.f. Example 1.3.)

(b) Does every two-cell complex satisfy equation (1)? What if X is restricted to
lie in the metastable range? (Ganea’s conjecture does hold true for the latter
complexes.)

(c) Do there exist finite complexes X and odd k for which TC (X x S*) = TC(X)?

2. PRELIMINARIES

We work in the category of well-pointed! compactly generated spaces having the
homotopy type of CW-complexes. Thus, all maps, diagrams, and homotopies will
be pointed, unless explicitly noticed otherwise. For instance, a homotopy section
of amap p: A — X is a pointed map s: X — A with a pointed homotopy between
po s and the identity on X. Products and mapping spaces are topologized in such
a way that the product of two proclusions is a proclusion and evaluation maps are
continuous. Fibrations are assumed to be pointed fibrations in the sense that they
lift pointed homotopies or, equivalently, that they admit a pointed lifting function.
Likewise, cofibrations are assumed to be pointed cofibrations?.

We let I stand for the unit interval [0, 1] with base point 0. For a pointed space
(A, x), we denote by C'A the cone A x I /A x 1 with base point so that the projection
A x I — CA and the inclusion A — CA, a — [a,0] are pointed (in general, the

1Base points will generically be denoted by an asterisk *.
2These are not actual restrictions in view of [38, Theorem 5.95].
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class of (a,u) will be denoted by [a,u]). Note that the inclusion A — CA is a
cofibration. The suspension of A is defined by XA := CA/A. We will also use the
reduced suspension of A given by the quotient $A := A/ % xI = AA (I/0I). In
both cases we take the obvious base points. The class of [a, u] in both ¥ A and YA
will also be denoted by [a, u].

We denote by A™ the standard n-simplex of R**!, given by

A" ={(to,...,tn) €[0,1]" " [ tg+ - +t, =1}

with base point (1,0,...,0). The iterated n-fold reduced suspension of A is homo-
topically equivalent to the quotient

Ax A" /(A x A" Ux x A™) = A A (A" /9A™)

that we will denote by SnA.
If (B, %) is another pointed space we denote by A® B the join CAx B U Ax CB
with base point (x,%) € Ax BC CAx B N Ax CB.

Remarks 2.1. We collect here some well-known facts which will be used in this
work:

(a) There is a canonical map given by the composition
(:A®B — %(AxB) — X%(AxB)

in which the second arrow is the identification map and the first arrow is
the (non-pointed) map induced by the (non-pointed) maps

AxCB — XY(AxB) CAxB — X(AxB)
(a,[b,ul) = [(a,0), 5] (la,ul,b) = [(a,0), 5]

Although the first map in the composition defining ¢ is non-pointed, the
composite ( is pointed and, for this reason, we will mainly consider reduced
suspensions in the sequel.

(b) The composition

A®B —5 S(A x B) — S(AAB),

where the second arrow is the identification map [(a,b), u] — [a Ab,u], is a
homotopy equivalence.
(c¢) The canonical (pointed) identification maps

AXxCB — X(AxB) CAxB — X(AxB)
(a,[b,u]) — [(a,b),u]  (la,u],0) — [(a;b),u]

induce the following map

v:A®B — X(AxB)VXI(AxB)
(a,[b,u)) = ([(a,b),u],%)
(la;u],0) = (% [(a;b),ul)



6 JESUS GONZALEZ', MARK GRANT, AND LUCILE VANDEMBROUCQ?

which we call the difference pinch map. Indeed v fits in the following
commutative diagram

(2) A®B
S(A x B) z S(A x B) V(A x B)

l l

S(A A B) S(AAB)VE(AAB)

where 7 is the standard difference pinch map, that is the map

v:%Z — XZVLZ
([z,1 —2u],*) 0<u<1/2
[zu] = {(*,[z,2u—1]) 1/2<u<1

In particular, if f, g : Y7 — X are two maps then the composite Vo(fVg)or
is the difference g — f.

3. SECTIONAL CATEGORY AND RELATIVE SECTIONAL CATEGORY

In this section we will review some known facts about sectional category, most
of which can be found in the references [4], [27], and [32]. We will pay particular
attention to the two most well-studied examples, namely Lusternik—Schnirelmann
category and Farber’s topological complexity.

In Definitions 3.1-3.3 below we do not require that subspaces are pointed. Con-
sequently, the null-homotopies in Definition 3.1, and the partial sections in Defini-
tions 3.2 and 3.3, are not assumed to be pointed.

Definition 3.1. The (Lusternik—Schnirelmann) category of a space X, denoted
cat(X), is the least non-negative integer n such that X admits a cover by n + 1
open sets Uy, ..., U, such that each inclusion U; — X is null-homotopic. If no such
integer exists, we set cat (X) = oc.

Definition 3.2. The topological complezity of a space X, denoted TC(X), is the
least non-negative integer n such that X x X admits a cover by n 4+ 1 open sets
Uy, ...,U,, on each of which there exists a continuous partial section of the evalu-
ation fibration

mx: X1 = X x X, o (a(0),(1)).

Here X! denotes the space of paths in X with base point the constant path in
* € X. If no such integer exists, we set TC(X) = oo.

Both of these concepts are special cases of the sectional category of a fibration,
first studied by A. S. Schwarz under the name genus.

Definition 3.3. Let p: A — X be a (surjective) fibration. The sectional category
of p, denoted secat (p), is defined to be the least non-negative integer n such that
X admits a cover by n 4+ 1 open sets Uy,...,U, on each of which there exists a
continuous partial section of p. If no such integer exists, we set secat (p) = co.



HOPF INVARIANTS FOR SECTIONAL CATEGORY 7

One of the key results in this area is a characterization of sectional category in
terms of fibred joins, which we now recall within our base-point setting. For n > 0
we denote by p}“ : A}H — X the fibred product of n + 1 copies of p. The total
space of the fibred join of n + 1 copies of p is the quotient space

JR(A) = A x A"/ ~
where ~ is the equivalence relation generated by
(ao,...,ai,...,an,to,...,ti,...,tn) ~ (ao,...,a;,...,an,to,...,ti,...,tn)

if t; = 0. We denote a general element of A’¥"! x A" by (a, t) and its class in J(A)
by (a | t). In these terms, we choose

(3) = ((*,...,%) [(1,0,...,0))

as the base point in J%(A)—naturally induced by the base points of A and A™.
The map p,, : J%(A) — X given by (a | t) — p¥t'(a) is a (pointed) fibration,
called the (n + 1)-fold fibred join of p. If A = p~!(x) is the fibre of p over * € X,
then p, (%) is the quotient J"(A) = A"+ x A"/ ~ where the relation is the same
as above. The latter space is homotopically equivalent to the n-fold suspension of
the (n 4 1)-fold smash product of A with itself. More precisely, with the notation
introduced before, the following composite of identification maps

(4) JH(A) YAy AN
is a homotopy equivalence.

Theorem 3.4. Let p: A — X be a (surjective) fibration with X paracompact. If
n > 1 or A is path-connected, then secat(p) < n if and only if p, : J%(A) = X
admits a (pointed) homotopy section.

Most of the standard formulations of Theorem 3.4 in the literature (e.g. [32,
Theorem 3]) are base-point free. In our context, the hypothesis “n > 1 or A path-
connected” in Theorem 3.4 assures that the fiber of p, is path-connected. The
pointed homotopy section (and even a pointed section) is then warranted since
spaces are well pointed and p,, is a pointed fibration.

Remark 3.5. For any n > 0 there is a commutative diagram

(5) T (A) — TR (A)

In
CJm(A) —= JETL(A).

The inclusions j,, : J%(A) — Jx ' (A) are given by
(a]t) — (a,ant1 | t,0)

where a € A}H, t € A™ and a,,41 is any element of A with (a, a,4+1) € A’;{H. They
are compatible with the maps p, and p,41. The maps x, : CJ"(A) — J¥ 1 (A)
are given by [(a | t),u] — (a,* | (1 —u)t,u). Notice that this map factors through

the inclusion J"+1(A) — Jet!(A).
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Coming back to topological complexity and category, we suppose that X is path-
connected and paracompact with base point * € X. Then we have

TC(X) =secat (rx : X' = X x X) and cat(X) = secat (px : PX — X)

where PX C X! is the space of paths beginning at the base point * € X and
px(v) =~(1).

The fibred join of n 4 1 copies of px will be denoted by g,(X) : Gp(X) = X
and referred as the n-th Ganea fibration of X. Thus cat(X) < n if an only if
gn(X) : Gp(X) — X admits a (pointed) homotopy section. It is well-known that
G1(X) ~ £QX with g1(X) homotopic to the adjoint of the identity map on QX
and that when X = $A is a suspension and n > 1, g,(3A) admits a canonical
section given by the composition

S0 DA = SONA ~ G1(ZA) < Gn(SA)

where £4 — YOXA is the suspension of the adjoint of the identity map on T A.

Likewise, the fibred join of n + 1 copies of Tx : X! — X x X will be denoted by
grC(X) : GTC(X) — X x X and referred as the n-th TC-Ganea fibration of X.
Thus TC(X) < n if and only if g7¢(X) : GTC(X) — X x X admits a (pointed)
homotopy section.

Both ¢,(X) and gF®(X) have as fibre (over the corresponding base points *
and (x,%)) the join J"(QX) of n + 1 copies of the based loop space 2X. When
considering the Ganea fibrations, we denote this space by F,,(X). The inclusions
will be denoted by

in(X): Fy(X) = Gu(X) and i1¢(X): F,(X) = GTC(X).

n

As mentioned before, the inclusions
Gn(X) = Gri1(X) and Gr°(X) — GIC(X)

correspond to inclusions on the first n -+ 1 factors. The constructions G,,, GL¢ and
F,, are homotopy functors.

Proposition 3.6. The map x : P(X x X) = PX x PX — X! given by (o, B) —
a8 induces a map ¥ : QX x X) = QX x QX — QX and commutative diagrams
for any n:

F,(X x X) X Fo(X)
in(XxX)\L li:c (X)
Gn(X x X) X GTC(X)
gn& AX)

X x X.

This fact will be important in later sections, as it will allow us to construct Hopf
invariants for TC(X) from Hopf invariants for cat (X x X).

Next we define relative sectional category and give some of its properties.

Definition 3.7. Let p : A — X be a fibration and let ¢ : K — X be any map.
The sectional category of p: A — X relative to ¢: K — X, denoted by secat,(p),
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is the sectional category of ¢*p, the pullback of p under ¢. If K C X and ¢ is the
inclusion, we denote secat,(p) =: secat x (p). In particular, secat x (p) = secat(p).

Proposition 3.8. Let p: A — X be a (surjective) fibration with fibre A, and let
¢ : K — X be any map. The relative sectional category satisfies the following
properties:

(1) If ¢ : K — X is homotopic to ¢, then secat(p) = secat,(p).

(2) secat,(p) < secat(p).
(3) secat,(p) < cat(K).

(4) If mi(A) = 0 for i < r then® secat,(p) < hdim (K)

— r+1
(5) Suppose there are cohomology classes 1, ...,z € H*(X) with any coeffi-
cients such that p*(z1) = -+ = p*(z) = 0 and p*(x1---x) # 0. Then

secat,(p) > k.
In addition, if either n > 1 or A is path-connected, then

6) secat,(p) equals the smallest n such that the map ¢ : K — X admits a
@
(pointed) lift through p,, : J%(A) — X.

If ¢ : K — X we denote secat,(px) by cat,(X), or by cat x(X) when ¢ is an
inclusion. Similarly if ¢ : K — X x X we denote secat,(mx) by TC,(X), or by
TC g (X) when ¢ is an inclusion. Note that this notation differs from the notation
for subspace category and subspace topological complexity used in [4], [8] and [19],
for example.

The main advantage of relative sectional category over its absolute counterpart
is monotonicity: if K € K’ C X and p : A — X is a fibration, then secat x (p) <
secat g+ (p). Moreover, the relative sectional category either remains the same or
increases by one on attaching a cell, or more generally on attaching a cone along a
map. The following result and its proof are integral to the results in this paper.

Proposition 3.9. Letp : A — X be a fibration. Suppose that X = K U, CS is
the mapping cone of a map o : S — K. Then

secat i (p) < secat (p) < secat i (p) + 1.

Proof. We may assume from the outset that « is a closed cofibration, and therefore
an inclusion. This follows from Proposition 3.8 (1) and the standard construction,
replacing K with the mapping cylinder of . In particular, S, CS, K, and X all
share the base point * = [*,0].

Assume secat (p) = n, and choose a (pointed) lift ¢ : K — J%(A) of the
inclusion ¢ : K < X through the (n + 1)-fold fibred join p,, : J%(A) — X. Let

ht:CS - X=KuUg(CS

be a (pointed) homotopy which contracts the cone to its base point (indicated
above). Then hj = ht|s : S — X is a (pointed) null-homotopy of t o = p,, 0 p o .
Since p,, is a (pointed) fibration, we can lift h} to a (pointed) homotopy ¢;: S —
Jn(A) from ¢y =¢oa to amap ¢1: S — J,(A) which actually takes values in
J"(A) = p, 1(*). Since « is a (pointed) cofibration, and since £y is extended by ¢,
we can extend ¢; to a (pointed) homotopy k; : K — J%(A) from kg = ¢ to a map

3We write hdim (K) for the homotopy dimension of K, i.e. the smallest dimension of CW
complexes having the homotopy type of K.
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ki =¢ : K — J%(A) whose restriction ¢’ o o takes values in J"(A). We therefore
have a strictly commuting square

where the map H is obtained by restriction of domain and codomain. Note that
P © k¢ is a homotopy from ¢ to p, o ¢'.
The maps

08 Y cgn(A) S g A) and K -2 TR(A) 2 Ti(A)

agree on S and so together define a map o : X — Jy™(A). We claim that o is
a homotopy section of p,41 : J;H(A) — X, and therefore secat(p) < n+1 =
secat i (p) + 1.

To prove the claim we exhibit an explicit homotopy from the identity map of
X = KUg CS to ppy1 0 0. By construction, the homotopies hy : C'S — X and
pn ok : K — X agree on S, and therefore glue together to give a homotopy
H;: X — X. It is clear that Hy is the identity. On the other hand, Hy = p,y100
because, again by construction, both maps send CS to the basepoint * and are
given by py10,0¢ =p,o0¢ on K.

The inequality secat x(p) < secat(p) comes directly from item (2) in Proposi-
tion 3.8. O

Corollary 3.10. Let p: A — X be a fibration, and let ¢ : X' — X be any map.
Suppose that X' = K U, CS is the mapping cone of a map a: S — K. Then

secat o, (p) < secat,(p) < secat |, (p) + 1.

Proof. This is Proposition 3.9 applied to ¢*p. O

Corollary 3.11. For any fibration p : A — X we have secat (p) < cl(X) where
cl(X) denotes the cone length of X .

Corollary 3.11 is of course improved by the standard estimate secat (p) < cat (X).
The real strength of Proposition 3.9 will become apparent with the constructions
in the next section.

Remark 3.12. We could have given a simpler proof of Proposition 3.9 using
Lemma 4.2 in the next section. Note however that the above proof furnishes a
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strictly commuting cubical diagram

[e3

S
J"(A) l Jx
CSs

(A) :

A e

CJ"(A) i JEH(A)

in which ¢’ is a (pointed) homotopy lifting of ¢ through p,, and o is a (pointed)
homotopy section of p,41. This diagram will be especially important in what
follows.

4. HOPF INVARIANTS FOR SECTIONAL CATEGORY

In this section we introduce the Hopf invariants which determine whether the
relative sectional category increases on attaching a cone. We give the main defi-
nitions in Subsection 4.1, and then in Subsection 4.2 prove a fundamental result
about Hopf invariants of product fibrations.

4.1. Definitions. Before giving the definition of the Hopf invariants considered in
this paper, we record a couple of technical lemmas.

Lemma 4.1. Given any fibration p : A — X and n > 1, the (n+ 1)-fold fibred join
pn 2 J%(A) — X splits after looping once. Consequently, if Y = S is a suspension,
then the induced maps of (pointed) homotopy groups (pn)s« : [Y,J%(A)] — [Y, X]
and (in)« : [Y, J"(A)] = [Y,J%(A)] are split surjective and split injective, respec-
tively.

Proof. Using a (pointed) lifting function for p we may construct a map x : PX — A
rendering the following diagram commutative:

PX X A

N

X

The fibred join construction is functorial for fibrewise maps, and so we obtain
diagrams

Gn(X) J(A) QG (X) QJ7(A)
gnh % QQM A
X QX

for each n > 0. Since Qg,,(X) admits a homotopy section for n > 1 (see [4, Exercise
2.1], for instance) so does Qp,,, and the result follows. O
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Lemma 4.2. Let S 5 K 5% X = K U, CS be a cofibration sequence, and let
p:Z — X and ¢ : K — Z be maps with homotopies p o ~ *x and po ¢ ~ v. If
s i[5S, Z] = [£8, X] is surjective, then there exists a map o : X — Z and pointed
homotopies c ot~ ¢ and poo ~Idx.

Proof. This is a slight generalization of [4, Lemma 6.28], with the same proof. O

Definition 4.3. Let p : A — X be a fibration. Suppose that X = K U, CS is
the mapping cone of a map « : S — K. Suppose also that secat i (p) < n, and let
¢: K — J%(A) be a (pointed) homotopy lifting of the inclusion ¢ : K < X through
pn 2 J%(A) — X. As in the proof of Proposition 3.9, consider a pointed-homotopy
commutative diagram

S - K

ok

2

JHA) —ms JR(A).

If n > 1 and S is a reduced suspension, then by Lemma 4.1 the pointed-homotopy
class of the map H : S — J"(A) depends only on the pointed-homotopy classes
of o and ¢. Any representative of this class will be denoted H(p) = Hgﬂ(p) and
called the Hopf invariant associated to the data (p,n, ¢, ). The set of all such Hopf
invariants as ¢ ranges over all possible (pointed) lifts is denoted H(p) = H2%(p) and
called the Hopf set associated to (p,n, a).

Proposition 4.4. Under the conditions of Definition 4.3, we have secat (p) < n if
and only if the Hopf set H(p) contains the trivial element.

Proof. Suppose there is a lift ¢ : K — J%(.A) such that the associated Hopf invari-
ant Hy (p) : S — J"(A) is null-homotopic. Then ¢ o ~ * and so Lemma 4.2
gives a homotopy section o of p, extending ¢ up to pointed homotopy.
Conversely, suppose that secat(p) < n and let o : X — J%(A) be a homotopy
section of p,,. Then ¢ :=cov: K — J%(A) is a homotopy lifting of ¢ through p,
satisfying ¢ o @ ~ %, whose associated Hopf invariant is therefore trivial. O

Proposition 4.5. Under the conditions of Definition 4.3, suppose that the fibre A
s (r — 1)-connected with v > 1. If hdim(K) < (n + 1)r + n, then the Hopf set
H2(p) consists of a single element.

Proof. Note that we are assuming secat i (p) < n, so that the Hopf set is non-
empty. If A is (r — 1)-connected then J"(A) is ((n 4+ 1)r + n — 1)-connected.
Then p,, is an ((n + r + n) equivalence, and it follows that the induced map
(Pn)« @ [K, J%(A)] — [K, X] is bijective when hdim (K) < (n+ 1)r +n (see [34,
Corollary 7.6.23]). Thus the lifting ¢ of ¢ is unique up to homotopy. O

Example 4.6 (Berstein—Hilton—-Hopf invariants [2, 4, 25, 26, 35]). Let K be a
path-connected space with cat(K) < n > 1, and let @ : ST — K be a map with
g > 1. The cofiber X = KU, CS of « satisfies cat (X) < n+1. Berstein and Hilton
introduced in [2] generalized Hopf invariants to detect whether cat(X) < n. Here
we give the modification of their definition used by Iwase in [25].

Let s : K — Gn(K) be a (pointed) section of ¢, (K) : Go(K) — K, the n-th
Ganea fibration of K. Then we define:
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o Hl(a):=
of gn(S 9).
Hy(a) € my(F,(K)) the unique (up to homotopy) map satisfying H(a) =
Zn(K )o H (a).

Both of these elements will be called the Berstein—-Hilton-Hopf invariant of o
associated to s. The set of such elements as s ranges over all (homotopy classes of)
such sections is denoted H'(a) C 7y (Gp(K)) or H(a) C 7y(F,(K)), and called the
Berstein—Hilton—Hopf set of . If K is a CW-complex, it is shown in [4, Section 6.4]
that

(6) cat (X) < n if and only if 0 € H(«a), provided max{dim(K),2} < q.

soa—Gp(a)osg € mg(Gn(K)) where sq is the canonical section

We now make explicit the relationship of these Berstein—Hilton—Hopf invariants
with the Hopf invariants discussed in this section. Let ¢ : K — X denote the
inclusion into the cofiber. By Proposition 3.8 we have cat x(X) < cat (K) < n, and
indeed

(7) d=Gp(t)os: K = Gp(X)

is a (pointed) lifting of ¢ through ¢,(X). Then the associated Hopf invariant
Hp (90(X)) : 89 — F,(X) satisties H} ,(g0(X)) = Fn(¢) o Hs(a). This follows
from the definitions, together with the diagram

Fo(x) 22 @ (x)
and the observation that G, () o H.(a) ~ G,(t) o s o a since G,, is a homotopy
functor and ¢ o « is null-homotopic. Thus
(8) Fn (1)« (H(@)) € He(g90(X)).

Finally, we note that (8) can be improved to an equality under the hypothesis
in (6). Namely, if K is a connected complex and ¢ > max{dim(K),2}, then the
maps F, (1) : Fi(K) = Fo(X) and G, (¢) : Go(K) — Gp(X) are (¢+1)-equivalences
for all n > 1, by [4, Lemma 6.26]. Consequently, any (pointed) homotopy lift ¢
of ¢+ through g, (X) arises as in (7) for some s, so that in fact F,().(H(a)) =
Hp(go(X)). Furthermore, the triviality of H} ,(go(X)) is equivalent to the triviality
of Hs(a), so that Proposition 4.4 recovers (6).

Example 4.7 (cat-Hopf invariants of spheres). Let ¢ > 2. We may regard the
g-sphere S? as the cofiber C~ S9! U, C S9! of the inclusion o : 971 — C— 8§91
of the base of the cone C~§971 = §971 x [-1,0]/597! x {—1}. The base point of
this cone is [*, 0], where * is the base point of S971, and « is a pointed cofibration.
Here, cat - gq-1(S?) = 0 and cat(S?) = 1. Since n = 0 and the fibration go(S59) :
Go(S%) — S7 does not split after looping, the uniqueness statement in Definition 4.3
breaks down. We can, however, define a Hopf invariant H°(S?) as follows.

Fix a pointed homotopy equivalence £ : S9 — 597! between S? defined as
above and the reduced suspension of S97!, and let £~! denote a pointed homotopy
inverse of £&. Denote by n : S9! — QY5971 the standard adjunction, given by
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n(z)(t) = [z,t]. We define 7 : S971 — F(S?) to be the composition

§9-1 5 05911 5, 089 = Fy(89),

and note that 7 is a pointed map.
With these preliminaries, we can construct a commuting diagram

§a71 Cc-ga-1
Fy(S9) L Go(57)
csrt S
Cn /
CFy(S9) G1(S9)

where ¢'([z,u])(t) = 7(z)((1 + u)t), which is of course a homotopy lifting of the
inclusion €~ 891 < S7 through go(S59), and

_ ¢ ([, ul), ¢'([x,u]) [ 1,0), —1<u<0;
0([x,u])—{ gﬁ(a:),*|1—u,u>, > 0<u<l.

It is straightforward to check that the diagram commutes and o : S9 — G1(S?) is a
homotopy section of g1 (S?). The situation is now analogous to that in Remark 3.12
and we may therefore consider the homotopy class of 7j as the Hopf invariant H°(S59).
Note that, by construction, H%(S?) is homotopic to the adjoint of the identity on
yga-t and, therefore, can be identified up to homotopy to the inclusion of the
bottom cell in Fp(S9) = Q89 ~ St ye2a-y...

4.2. Products. Let p: A — X and ¢ : B — Y be fibrations with respective fibres
A and B. The goal of this section —and a major accomplishment of this paper—
is the explicit construction (in Theorem 4.12 below) of a Hopf invariant H(p x q)
of the product p x ¢: Ax B— X XY in terms of given Hopf invariants H(p) and
H(q) of the factors p and ¢q. The strength of the construction comes from the tight
homology control we get on H(p x ¢) (Theorems 4.8 and 7.4 below).

In slightly more detail, for each pair of non-negative integers n and m, there are
maps @ﬁy’,ﬁ and \Ifﬁs fitting in a commutative diagram

A,.B
iy

(9) JMA) ® J™(B) " JHmHL(A x B)

Wl lin+7n+1

T A) % S (B) U TR (A) x JyHH (B) ———= {5 (A x B)

W’l l(PXQ)n+m+1

Pn+1Xqm+1

T A) x JPTY(B) XxY

where W and W' are obvious maps induced by the inclusions in (5) —c.f. (10) be-
low. For Ganea fibrations, such diagrams (9) have already been (at least implicitly)
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constructed and used, in particular in [25] and [26]. In Section 7, we give a new,
explicit, and natural construction of the maps @,‘?ﬁ and \Ilﬁﬁ, which exhibits the

former one as a sort of topological shuffle map, enabling us to understand the effect
of ®24:B in homology. In particular:

n,m

Theorem 4.8. Let p > 2. The degree d of the map S+m+2)p—1 _ glntm+2)p—1
induced by restriction of the composition

@QSP,QSP —
Xn+m+1

Fo(SP) ® Fin(SP) = Fopmi1(S? X SP) > Fpym11(SP)
to the bottom cell is given by

+d = #(S:jLLerl) + (—1)p#(sﬁ+1,m+1)

where Sy 41 (Tesp. Sy my1) stands for the set of (n+1,m + 1) shuffles of
positive (resp. negative) signature.

The map Xn+m+1 has been introduced in Proposition 3.6. The detailed construc-
tion of the maps in (9), and the proof of Theorem 4.8 is postponed to Section 7.
Here we highlight a few key instances.

Examples 4.9. (a) The map S*~! — S%~! induced by restriction to the bottom
cell of the composite

QSP QsP B
F1(SP) ® Fy(SP) — > F3(SP x SP) —> Fy(SP)
has degree £(4 + 2(—1)?).
(b) The composite

ePg o %
F1(SP) ® Fy(SP) —2 = Fp(SP x §P) 25 Fy(SP)

induces a map S3P~1 — §3P~! by restriction to the bottom cell. The degree of
this map is £(2 + (=1)?).
(¢) The composite

QSP ,QsP B
Fy(SP) ® Fy(SP) —=— > [y (SP x SP) —2> Fy(SP)

induces a map S?~! — S§?P~1 by restriction to the bottom cell. The degree of
this map is £(1 + (=1)?).

We now explain how the maps @,’;‘ﬁ can be used to construct (in Theorem 4.12
below) a Hopf invariant H(p X g) out of Hopf invariants H(p) and H(q). We begin
by recalling the exterior join construction [1, 30, 35]. The following result is a slight
generalization of [35, Proposition 2.9].

Proposition 4.10. Given commutative diagrams

S() = K ()

lg(i)

CS(i) o X (@)
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fori=1,2, consider the commutative cube

) x S(2 CS(1) x S(2)
F)x ]
/ { , AQ)
K(1) x K(2) l o) X(1) x K(2)
1xg(2) ) x CS(2 CS(1) x CS(2)
F)xF(2) ‘o
/ 1xg(2) m%
K(1) x X(2) X(1) x X(2).

g(1)x1
Recall S(1) ® S(2) is the push-out of the “back” face of the above cube with whisker
map given by the obvious inclusion S(1) ® S(2) — CS(1) x CS(2). Likewise, let

X(1)x K(2)U K (1) x X(2) stand for the push-out of the “front” face of the above
cube, and let

10) SO ®82) % x(1) x K@) UKD x X(©2) Y5 X(1) x X(2)

be the obvious whisker maps. We obtain a commutative diagram

(11) S(1)® S(2) d X(1) x K(2)UK(1) x X(2)
| |
CS(1) x 05(2) — XD x4y« x(2).

If the two initial diagrams are homotopy push-outs (respectively, strict push-outs),
then so is (11). Furthermore, this construction is natural in the following sense.
Suppose for i = 1,2 there are maps H(i) : S(i) — S'(i), (i) : K(i) = K'(i) and
o(i) : X (1) = X'(i) rendering the following cube commutative:

CH(5) o (4)
CS'(i) X'(i)

Then there results a commutative cube
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S(1)® S(2) X(1) x K(2)UK(1) x X(2)

H(1)®H(2) ‘"
W

S ® §'(2) l X'(1) x K'(2) UK'(1) x X'(2)

CS(1) x CS(2) X(1) x X(2)

CH(1)xCH(2) (1) x0(2)

CS'(1) x CS'(2) X'(1) x X'(2)

where W' is the obvious whisker map.

Remark 4.11. As shown in [35, Lemma 2.8], C'S(1) x C'S(2) is homeomorphic to
C(S(1) ® S(2)) in such a way that the inclusion S(1) ® S(2) — CS(1) x CS(2)
corresponds to the inclusion of the base of the cone.

The following is a generalisation to arbitrary fibrations of a result due to Iwase
([25, Proposition 5.8], [26, Theorem 5.5], see also [22]).

Theorem 4.12. Letp: A — X and q: B — Y be fibrations with respective fibres
A and B. Suppose that X = K U, CS is the cofibre of a map o : S — K, and
Y = L Ug CT is the cofibre of a map B : T — L, where S and T are reduced
suspensions. If secat i (p) < n with Hopf invariant Hf ,(p) : S — J"(A) associated
to a (pointed) homotopy lifting ¢: K — J%(A) of the inclusion K — X through
Pn, and secat (q) < m with Hopf invariant H}'5(q) : T — J™(B) associated to a
(pointed) homotopy lifting v¥: L — J*(B) of the inclusion L — Y through g, (as
in Definition 4.3), then secat x x Luk xy (P X ¢) < n+m+ 1 with Hopf invariant the
composition

HY L ())OHT 5 (q) apE
ST — 2ol Ay @ N (B) —— " s rtmtl(A x B).

Proof. We have commutative cubes

s o K T b L
s T e
(A (A o (B) 58]
cs X cT Y
A'a (p) / A‘,ﬁ(q) /
CJIMA) T (A) CJ™(B) ——— JIY(B)

constructed as in Proposition 3.9, where o and 7 are (pointed) homotopy sections
of ppy1 and @1 respectively. Applying the naturality statement of Proposition
4.10, and splicing the top and right faces of the resulting cube with diagram (9),
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yields a large diagram

S®T

HJ!’,Q(P)@JH&I’,L;(Q)l l gxfl

T (A) @ J"(B) ——= T (A) x P (B) U TR (A) x Jy T (B) ——= T (A) x JyH(B)

A,B A,B
‘1>,,,mi W,,,,,,,,l Prt1 qu+1l

T (A x B) JEmAL(f 5 B) XD X xY.

One easily sees that the middle vertical composition is a (pointed) homotopy lifting
of the inclusion X x LUK xY < X x Y through (p X @)ntm+1: Jy 3T (AXB) —
X xY, hence secat x x Lur xy (P X q) < n+m+1. The left-hand vertical composition

is the Hopf invariant associated to this lifting. O

Corollary 4.13. Let K and L be path-connected spaces, and let X = K U, edT!
and Y = L Ug e" ™! for maps o : S9 — K and 8 : S™ — L with q,r > 1. Suppose
that cat (K) < n and cat(L) < m with n,m > 1, and let s : K — G, (K) and
0:L— Gp(L) be (pointed) sections of the respective Ganea fibrations. Then:

(a) cat(X xY) <n+m+ 1 if the composition

s(a - DT
Sq®grw>pn([() ® Fop(L) > F\ {1 (K X L)

s null-homotopic.
(b) TC(X) <2n+1 if the composition

« s(a (bleIfl’QK X2n
57 @ S MFMK) ® Fy(K) s Fopi1 (K x K) 225 By (K)

is null-homotopic. If in addition K = SP (taking n = 1) with p > 2 and
q < 3p — 3, then the vanishing of the above composition is a necessary and
sufficient condition for TC(X) < 3.

(c) If K = SP, where p > 2 and ¢ < 3p — 3, then TC xxsr(X) < 2 if and only if
the composition

QsP asP

LT 1 (87) @ Fo(57) 2 By (87 x 57) —2 Fy(S7)

S @ SPt
is null-homotopic.

Proof. (a) Naturality of the maps ®,, ,,, together with Theorem 4.12 applied to the
product of the fibrations go(X) : Go(X) — X and go(Y) : Go(Y) = Y, yield
cat xx kuLxy (X X Y) < n+m+ 1 with Hopf invariant the lower composition
in the diagram

QK,QL
q>n,m

HS(O‘)®H0(:8)
_—

S7 @ ST Fo(K)® Fy (L) Frpme1(K x L)

I

Fo(X)® F(Y) Froimi1 (X xY).

Here the vertical maps are induced by inclusions, whereas the slanted map is
He (os,a(90(X)) ® HE (1o, 5(90(Y)). The result follows.
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By naturality of the maps ®,,,, and X2,+1 We obtain a diagram

Ho(a)®Hs () QK,QK
59 ® 81— F,(K) ® F,,(K) —— Fa,1(K x K) Foni1(K)

I |

X2n+1

Fu(X)® Fp(X) 25 Fopi 1 (X x X) 255 Fopia (X)),

X2n+1
—_—

The diagram of Proposition 3.6 shows that composition with y2,11 takes

Hopf invariants for cat(X x X) to Hopf invariants for TC(X). Therefore
TC xxrurxx(X) < 2n+ 1 with Hopf invariant the lower composition, which
yields the first assertion. For the second assertion, a homology argument shows
that the map F3(S?) — F5(X) is a (3p+ ¢ — 1)-equivalence (compare [4, proof
of Lemma 6.26]), so that the vanishing of the upper composition is equivalent
to the vanishing of the lower composition. The final conclusion then follows
from Proposition 4.5 since the hypothesis ¢ < 3p — 3 implies that the Hopf set
under consideration is a singleton.
We can safely assume p < g because if « is null-homotopic, then in fact Hg(«)
is null-homotopic and TC(X) < 2. In particular, Proposition 4.5 and the
discussion in Example 4.6 imply that H(«) is a singleton. Think of S? with the
cell structure in Example 4.7, 50 X x SP = X x C~8P~1 U SP x SP U eptatl,
The usual deformation retraction of the south hemisphere of S? to its south
pole shows that the inclusion X x * U SP x SP — X x C~SP~1 U SP x SP is a
homotopy equivalence. Thus TC x xc-gr-10usrx 57 (X) = TC xxxusrxse(X) <
cl(X x % U SP x SP) < 2. Further, since QX is (p — 2)-connected and

dim(X x *USP x SP) =max{q¢+1,2p} <3(p—1)+2=3p—1,

the Hopf set under consideration is a singleton and is given by the lower com-
position in the diagram

HOSP asP

59 @ g1 FL(SP) ® Fo(SP) —2s Fy(SP x SP) —2 = Fy(SP)

I N |

Fi(X)® Fp(X) 22 = Fy(X x X) —2 = Fy(X).

Hs(a)®H(SP)
_—

This proves the “if” statement. A homology argument shows that the map
F5(SP) — F3(X) is a (2p+g—1)-equivalence (compare [4, proof of Lemma 6.26]),
and so the lower composition is essential if and only if the upper composition
is. This completes the proof.

O

5. APPLICATION: THE TOPOLOGICAL COMPLEXITY OF 2-CELL COMPLEXES

A 2-cell complex is a finite complex X = SP U, e?t! presented as the mapping

cone of a map of spheres o : S? — SP, where ¢ > p > 1. In this section we
investigate the topological complexity of 2-cell complexes, using the results of the
previous section together with the results of Section 7 presented in Examples 4.9.

Recall that the Lusternik—Schnirelmann category of X is determined as follows.

For p = ¢ and

e deg(a) = +1, X is contractible and cat(X) = TC(X) = 0.
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e deg(a) =0, X ~ SPVv SPT! and cat(X) = 1 while TC(X) = 2.

o |deg(a)| > 1, cat (X) =2 if p =1, whereas cat (X) =1if p > 1.
(The behavior of TC(X) in the latter case is discussed below.) For p < ¢, we can
safely assume p > 2—for otherwise « is null-homotopic, in which case cat(X) =
cat (SP v S91) = 1. Then the Berstein—Hilton—Hopf set H(a) consists of a single
element represented by a map H(a) : S9 — F(S?), and we have

(1 ifH(a)=0,
Cat(X)_{ 2 if H(a) # 0.

Methods for computing H («) for various « are given in [4, Chapter 6].

As for TC(X), we start by noticing that 1 < TC(X) < 2 whenever cat(X) =1
(e.g.if ¢ > p > 2 and H(a) = 0). Actually, since X cannot be homotopy equivalent
to an odd-dimensional sphere, the main result of [20] implies that in fact TC(X) =
2. This happens whenever « is null-homotopic, or more generally a suspension.
Therefore in what follows we will assume we are outside of the stable range, i.e. we
assume ¢ > 2p — 1. Likewise, proof details will be limited to the case cat(X) = 2,
where 2 < TC(X) < 4.

When ¢ = 2p — 1 it is possible to give a complete computation of TC(X) using
mainly cohomological arguments. We first address the case p = 1.

Theorem 5.1. Let X be the mapping cone of a map o : S — S, whose degree
we denote by do. Then

2 ifd, =0,

_ 0 ifd, = =1,

TC(X) = 3 ifdy, = %2,
4 otherwise.

Proof. The first two cases have been dealt with above. If d, = 42 then X ~ RP?,
and the result follows from [12] since the immersion dimension of RP? is 3.

The remaining case can be dealt with using TC-weights of cohomology classes
(see [10], [8, Section 4.5], [9, Section 4]). Here X ~ M(Z/k,1) is a mod k Moore
space, where k = |d,| > 2. Let z € HY(X;Z/k) 2 Z/k and y € H*(X;Z/k) 2 Z/k
be generators. Then y = 3(z) where § is the mod k Bockstein operator. The class

T=1xy—yx1leH*(X x X;Z/k)
therefore has TC-weight 2, by [10, Theorem 6]. An easy calculation gives
047 = 2yxyc HYX x X;Z/k) 2 Z/k,
and so TC(X) > 2+ 2 = 4 by [10, Proposition 2]. Since TC(X) < 2cat(X) < 4,
this completes the proof. (I

In the case of a map o : S?P~1 — SP with p > 2, the Berstein-Hilton-Hopf
invariant H(a) € map—1(F1(SP)) agrees with the classical Hopf invariant h(a) € Z
up to a sign. To be more explicit, projection onto the bottom cell of

Fi(SP) = QSP ® QSP =~ N(QSP A QSP) o S~y §3P=2 /...
induces an isomorphism
map—1(F1(SP)) = map—1 (SP71) 2 Z,
which sends H(«) to £h(a), see [4, Section 6.2].
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Theorem 5.2. Let X be the mapping cone of a map o : S?P~1 — SP with p > 2
and classical Hopf invariant h(a) € Z. Then

2 if h(a) = 0,
TC(X):{4 if h(a) 0.

Proof. If h(a) = 0 then H(a) = 0 and TC(X) = 2, as already noted above.

Let u € HP(X;Z) and v € H*(X;Z) be generators of the integral cohomology
groups of X. The cup product structure is given by uv = v? = 0 and u? = h(a)v.
Therefore, if h(a) # 0 (so p is even), we calculate that

0# (I xu—ux1)*=6n(a)?vxveH?(X x X;Z) =27

Hence TC(X) > 4 by the usual zero-divisors cup-length lower bound. Since
TC(X) < 4 this completes the proof. O

In the remainder of the section, and unless it is explicitly noted otherwise, we
assume that « : S9 — SP is a map of spheres with 2p — 1 < ¢ < 3p — 3 (so
g—1>p >3). Such a map is said to be in the metastable range. In this range,
projection onto the bottom cell induces an isomorphism 7, (Fy(SP)) = m,(S%71).
The image of H(a) under this isomorphism is a map Hop(a) : S — S?~1. Note
that this map is in the stable range, and is therefore a suspension. As noted above,
we will assume Hy(«) # 0, so that cat(X) =2 and 2 < TC(X) < 4.

Using Corollary 4.13, we give necessary and sufficient conditions for TC(X) < 3
(Theorem 5.4 below), and sufficient conditions for TC (X) > 3 (Theorem 5.5 below).
In many cases we will be able to conclude TC(X) = 3. This will be achieved by
analyzing some of the Hopf sets associated to the cone decomposition

x=CoCcCrC(CyCcC3C(Cy=XxX

given by Oy = SPV 8P, Cy = (X V X) U (S? x SP), and Cs = (X x SP) U (S? x X).
Each C;y, is the cone of an obvious map «;: S; — C;, where Sy = SP~1 v §P~1
Sp = S1v 82—l 89§y = §PTay §Pte and Sg = S29T1. In these terms, we write
H = {H}", }4 for the Hopf set arising, as in Definition 4.3, from the inequality
TC¢,(X) < n; and all possible homotopy commutative diagrams

(12) Fo (X)

|

GRO(X;Ciga)

-y

CiC Ciin.

Si

(&2

Here the vertical fibration is the restriction over the inclusion Cj;; — X x X of
the n;-th TC-Ganea fibration F,,,(X) - Gr¢ (X) — X x X.

Example 5.3. Note that Proposition 3.9 and the hypothesis Hy(a) # 0 yield
(13) 2>TCeo(X) > TCxxs(X) =cat(X) =2

and, therefore, TC¢,(X) = 1. Proposition 4.4 then implies that the “first” two
Hopf sets H§ and H{ do not contain the trivial class. Thus, the actual value of
TC(X) € {2,3,4} is determined by the nature of the two “top” obstructions H3
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and HJ* for m = TC¢,(X). For instance, if H3 is non-trivial, the actual value of
TC(X) € {3,4} is determined by the nature of Hj3. The latter two Hopf sets are
fully described (in the metastable range) by the next results.

Theorem 5.4. Let X = SP U, e?t!, where a : S — SP is in the metastable
range 2p — 1 < q¢ < 3p — 3 and Ho(a) # 0. Then H3 is a singleton and, up
to an isomorphism, it consists of the homotopy class (4 + 2(—1)P)Ho(a) ® Ho(w).
Consequently, TC(X) < 3 if and only if (44 2(—1)?)Hp(«) ® Hop(a) = 0.

Proof. Tt has been shown in Corollary 4.13(b) that, with the present hypothesis,
H3 consists of a single element which, up to an isomorphism, can be identified with
the composition

H(a)®H(a) i el %
St 81— R (SP) @ Fy(SP) — > F3(SP x SP) X2 F3(SP).

Up to homotopy, the first map factors as

99 @ S _He)@H() F1(57) ® Fy(SP)

Ho(a)®Ho(x)

S2p71 ® S2p71

By Example 4.9(a), the degree of the composition Y3 o @i{fp’gsp on the bottom cell

S4r=1is (4 + 2(—1)?). The result follows since the bottom cell of F3(SP?) splits
off as a wedge summand. (Il

In Theorem 5.4, Ho() : S — S~ lies in the stable stem 77 ,,, ;. Since
the join product Hy(a) ® Ho(c) (which is the suspension of the smash product) is
anti-commutative, we get that Ho(a) ® Ho(a) = (—1)?772PT1 Hy(a) ® Hp(cx), which
is of order 2 if g is even. In particular 3 is trivial, and thus TC(X) < 3, whenever
q is even.

Theorem 5.5. Let X = SP U, e?t!, where a : 87 — SP is in the metastable
range 2p — 1 < q < 3p — 3 and Ho(a) # 0. Then H3 is a singleton and, up to an
isomorphism, it consists of the homotopy class (2 + (—=1)P)Ho(a). In particular,
TC(X) > 3 provided (2 + (—1)?)Hy(a) # 0.

Remark 5.6. Let C, = (X x %) U (SP x SP) and C§ = (x x X) U (SP x SP), so that
X x 8P and SP x X are obtained respectively from C} and C4 by attaching, in each
case, a cell of dimension p+¢+1. Note that X x* C C) C Cp and xx X C C§ C Cq,
so that (13) yields the equalities TCc,(X) = TC¢y(X) = TCoy(X) = 2. A key
point in the proof of Theorem 5.5 (given below) is the observation that such a
phenomenon remains valid after attaching the layer of (p+ ¢+ 1)-dimensional cells:
TC (xxsryu(srxx)(X) = TCxxsr(X) = TCsrxx(X) € {2,3}. Indeed, the three
relevant Hopf sets are proven to be singletons, each determined by (24 (—1)?) Ho(«).

Proof of Theorem 5.5. Tt has been shown in Corollary 4.13(c) that, with the present
hypothesis, the Hopf set #H (1) deciding the value of TC xxsr(X) € {2,3} is the
singleton determined, up to an isomorphism, by the composition

QSP,QsP

H(a)@HO(Sp) 1,0
- s

59 @ S5P—1 Fy(SP) ® Fy(SP) Fo(SP x SP) =2 F(SP).
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As noted in Example 4.7, the Hopf invariant

HO(SP): SP71 5 Q8P ~ P71 ye?P 2y
is homotopic to the inclusion of the bottom cell. Therefore the first map in the
composition above factors as

Se @ Sp-1 M Fy(SP) ® Fy(SP)

Im

5%~ 17 5r-1

The diagonal arrow can be identified with the p-th reduced suspension ipHo(oz),
which is essential since Ho(«) is stable. By Example 4.9(b), the degree of the
composition Yz o q)gzg 5 o0 the bottom cell §37~1 is +(2 4+ (—1)P). Since the
bottom cell of F5(S?) splits off as a wedge summand, it follows that, up to an
isomorphism, H(1) is a singleton consisting of the homotopy class (24 (—1)P) Ho(c).

A similar argument (with the roles of the axes interchanged) gives that the Hopf
set H(2) deciding the value of TCgryxx(X) € {2,3} is the singleton determined,
up to an isomorphism, by (2 + (—1)?)Ho ().

The proof is complete by observing that #3 is a singleton too (by Proposition 4.5
and the metastable range hypothesis), and that the inclusions X x S? — C3 and
SP x X < Cj yield maps H(1) — H3 and H(2) — H3 exhibiting H3 as the
cartesian product of (1) and H(2). For instance, the map H(2) — H3 arises from
the commutative diagram

Fy(X) Fy(X) Fy(X)

| |
GTC(X; SP x X) GTC(X;C3) — GTC(X)
S
pr / C5C XxX
L/ 7

Sp+a L2 Gp+a .\ gpta

where the notation is that used in (12). Note that the commutativity of the square
involving the two short curved liftings follows from the fact that the projection
GTC(X;C3) — C3 is an equivalence above the dimension of C%, whereas the com-
mutativity of the square involving the two long curved liftings follows from the
fact that the inclusion F5(X) — G3C (X; C3) yields a monomorphism in homotopy
groups. ]

Example 5.7. Let X = S3 U, ¢’ where o : S® — S3 is the Blakers—Massey
element, a generator of ms(S%) = Z/12. Then 0 # H(a) = Hy(a) € m6(S°) = Z/2,
and the above results imply that TC(X) = 3. We remark that the lower bound
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TC(X) > 3 was obtained in [16, Proposition 30] using the weak sectional category,
and the upper bound TC(X) < 3 was obtained in [17, Example 6] using the fact
that X is the 9-skeleton of the group Sp(2).

More generally, for ¢ € {2p,2p + 1} with ¢ < 3p — 3—i.e. the first two cases in
the metastable range—we have:

Corollary 5.8. Let § € {0,1} and set p >3+ 4. Then

T0(sv U, oty _ [2 i Hol@) =0
3, if Ho(a) #0.
Proof. Multiplication by 3 yields an isomorphism in mop,45(S?*~1) = Z/2. O

Also worth mentioning is:

Corollary 5.9. For p odd and q even with 2p —1 < q < 3p— 3,

2, if Ho(a) = 0;
3, if Hy(e) #0.

When g > 3p—3 > 3 and we are outside of the metastable range, it is still possible
to draw conclusions about TC(X). In particular, the conclusion of Theorem 5.4
still holds under the weaker assumption that H(«) = Hy(a) (and the additional
requirement ¢ < 4p — 3 in the case of 5.4(3), which assures the stability of Ho(«)
needed in the proof of Theorem 5.4). To obtain maps « : S? — SP satisfying
H(a) = Ho(a), observe that if @ = o f is a composition

TC(SP U, e2PH+l) = {

ga_P g7 _ g ,
then H(a) = H(7v) o f whenever H(5) = 0 [4, Proposition 6.18(2)]. Therefore
if H() = 0 and ~ is in the stable or metastable range, then H(a) = Ho(a) =

Ho(v) o 8.

Examples 5.10. (a) The case ¢ = 2p fails to lie in the metastable range only
for p = 2 (so ¢ = 4). The generator of m4(S?) = Z/2 is represented by the
composition a = no Xy : S* — 5% where n : S — S? is the Hopf map. Then
H(a) = Hy() is the nonzero element ¥n € m4(S3) = Z/2. For X = S? U, €°,
we conclude as in Theorem 5.4 that TC(X) < 3. In this case, however, we
cannot use Theorem 5.5 to get in fact that TC(X) = 3, as the relevant Hopf
set fails to be a singleton.

(b) Let X = S?U, €'Y where o = o3 and 3 € mo(S®) = Z/3 is the generator. This
is one of the spaces considered by Iwase in [25]. Here we have H(a) = Ho(a) =
B, and we can conclude as in Theorem 5.4 that TC(X) < 3. We cannot use
Theorem 5.5 to conclude that TC(X) > 3 not only because of the situation
noted in item (a) above, but since this time the map Hy(«) is no longer stable
(this being the reason why X is a counter-example to Ganea’s conjecture).
In fact £23 = 0 which, by the argument in the proof of Theorem 5.5, shows
that TC yxs2(X) < 2 (the latter is in fact an equality since 2 = cat(X) =
TC xea (X) < TC x 52 (X)),
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6. APPLICATION: (GANEA’S CONDITION FOR TOPOLOGICAL COMPLEXITY

The analogue of Ganea’s conjecture for topological complexity asks whether, for
any finite complex X and k > 1, we have

TC(X)+1 ifk odd,

(14) TC(X x §*) = TC(X)+TC(S*) = { TC(X)+2 if k even.

By [29, Corollary 1.7], the answer is known to be positive when k£ > 2 and X is a
simply-connected, rational, formal complex of finite type. The answer is also known
to be positive, without the formality assumption, if TC is replaced by either of the
related rational invariants mtc ([29, Theorem 1.6]) or MTC ([3, Theorem 12]),
the former introduced in [29] and the latter in [13]. Theorem 6.4 below gives a
counter-example to equation (14) for all k > 2 even.

We first observe that the topological complexity of a product of spaces can be
described as the sectional category of a product of fibrations.

Lemma 6.1. Let X and Y be spaces. Then TC(X xY) = secat(nx X my).

Proof. This follows from the commutative diagram

T

(X xY)! X xy!

\Lﬂ'XXY ‘/ﬂ'xXTry

XXxYxXxY—"1>XxXxY xY.

Here T sends a path in X x Y to the pair of paths consisting of its projections
onto X and Y, and 7 transposes the middle two factors. Both of these maps are
homeomorphisms, so it follows that secat (7x xy) = secat(mx X my). O

Next we investigate the TC-Hopf invariants for spheres. Consider the cofibration
sequence

S2k71 _B>_ Sk vV Sk —>-Sk X Sk,

where the attaching map 8 = [11, 2] : S?*~! — S¥V S is the Whitehead product of
the inclusions of the two wedge factors. Note that the subcomplex S¥v.S¥ C Sk x SF
satisfies TC gry gx (S*) = 1 by Proposition 3.8. If k > 2 then by Proposition 4.5 the
Hopf set
Hp(mgr) C mor—1(F1(S*))
consists of a single element represented by a map
Hé(ﬂ'sk) 2L By (SF) ~ Sy Gk y L

This map is determined up to homotopy by the degree dj, € Z of its projection on
to the bottom cell S?*~1. The following lemma gives a purely homotopy-theoretic
proof of [7, Theorem 8§].

Lemma 6.2. We have +dj, = 1 + (—1)*.

Proof. Arguing as in Corollary 4.13(c), the Hopf invariant H é(ﬂ—sk) is given by the
composition

ask ask
0,0

0/ qk 0(gk X
TEEEEIR (S @ Fo(8%) ———= Fi(8" x 8%) > Fi(8Y)

Skfl ® Skfl
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where H?(S*) : S¥=1 — QS* can be identified with inclusion of the bottom cell.
By Example 4.9(c) the degree of the map Y1 o @ggk’ﬂsk on the bottom cell is

+(1+ (=1)*), and the result follows. O

Remark 6.3. Hopf set techniques can be used to give a purely homotopy expla-
nation (alternative to that given in [17]) of the fact that TC(S*) agrees with the
category of the homotopy cofiber of the diagonal inclusion S¥ — S* x S*. The key
point in the Hopf set approach comes from the observation that H é (mgr) agrees up
to sign with the (classical) Hopf invariant of the Whitehead square of the identity
on S*. Further details will appear elsewhere.

Theorem 6.4. Let Y be the stunted real projective space RPS/RP?, and let X =
Y VY. Then TC(X) =4 and, for all k > 2 even, TC(X x S¥) = 5.

Proof. We first show that TC(X) = 4. Since X is 6-dimensional and 2-connected,
the standard dimension/connectivity upper bound gives

2-6
TC(X) < =2 = 4.
One checks using the cofibration RP? — RPS — Y that there is a ring monomor-
phism
Z)2[u]/(u®) = H*(Y;Z/2)
where |u| = 3. Therefore the cup-length of H*(Y x Y;Z/2) is 4, and we have
4<cat(Y xY) < TC(Y VY) = TC(X)

on applying the result of [5, Theorem 3.6] or [21, Corollary 2.9]. (Alternatively,
the inequality TC(X) > 4 follows directly from a zero-divisors calculation in mod
2 cohomology.) This completes the proof of the first claim.

The lower bound TC (X x S¥) > 5 is a quick calculation using zero-divisors in
mod 2 cohomology, and is omitted. We prove that TC(X x S*) < 5 using Hopf
invariants.

By Lemma 6.1 we have TC (X x S¥) = secat (rx x mgr). Let K denote the 11-
skeleton of the standard product cell structure on X x X. Then X x X ~ KU, CS
where S = vi_;S1! is a wedge of spheres and «a : S — K is the attaching map of
the four 12-cells. Similarly we have S* x S¥ = L Ug e%*, where L = S* v S* and
B:8%k=1 5 L is the attaching map of the top cell.

By Proposition 3.8 we have TC g (X) < % < 4, and since relative topological
complexity can increase by at most one on attaching the top cells, TC g (X) = 3.
Let ¢ : K — GT€(X) be any (pointed) lift of the inclusion K < X x X through
g3 (X). The associated Hopf invariant H} (7x): S — F3(X) is non-trivial, since
otherwise we would have TC(X) < 3, and is of order 2, since the group in which it
lies is entirely 2-torsion:

(S, F5(X)] = @Pmn(F3(X)) = @ Hu(F5(X)) = € Hs((2X)™)
P H(0x)%* = P Hs(X)** = Pz/2.

By Theorem 4.12 we have secat x  x x Uk x5k x 5% (Tx XTgr) < 5 with an element
of the Hopf set Hj}, (mx X mgr) given by the composition

1

k
(pQX,QS

Hgﬂa(ﬂ'X)@Hlli(ﬂ'sk) 3,1

S®S2k_1 F3(X)®F1(Sk) F5(X><Sk).
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The first map in this composition is null-homotopic. To see this, note that by
Lemma 6.2 it factors as

Hi,a(ﬂ'x)@H}; (mgk)

S ® Sl F3(X) ® F1(S%)

m\

Fy(X) ® S2k-1
where the diagonal map is the join of a map of order 2 with a map of even degree.

Therefore 0 € HY, (mx x mgr) and TC(X x S*¥) <5, as claimed. O

7. TOPOLOGICAL SHUFFLE MAPS

Let p: A — X and ¢ : B — Y be fibrations with respective fibres A and B. In
this section we construct, for any non negative integers n and m, a commutative
diagram of the following form:

A,B
v

JHL(A) x J™(B) U J(A) x JH(B) —— "o prtmtl(4 x B)

v

T HA) < JP(B) U TR (A) x JyH(B) ———— JX [T (A X B)

| |

X xY X xY.

The construction of \Ifﬁs is given in Subsection 7.2 based on the standard de-
composition of a product of simplices into simplices, which is recalled in Subsec-
tion 7.1. The needed diagram (9) in Subsection 4.2 is then obtained by setting

B = wihB o ¢ where
£ JY(A)® J™(B) — J"THA) x J™(B)U J"(A) x J"TY(B)

is induced by the maps k,: CJ"(A) — J"T1(A) and k,,: CJ™(B) — J™(B)
introduced in Remark 3.5. In Subsection 7.3 we characterize the homotopy type of

@8 in terms of (n,m) shuffles, and in Subsection 7.4 we compute the morphism
(I)A’B

n,m

induced by in homology and prove Theorem 4.8.

7.1. Standard decomposition of the product A™ x A™. We recall here the
standard subdivision of the product of two simplices into simplices as described
in [6, p.68], giving a different presentation which will be more convenient for our
future computations in homology (see also [23, pp. 277-278]).

Let n and m two non-negative integers. Let us denote by S, the set of
permutations of {1,...,n 4+ m} and by S, C Sp4m the subset of (n, m) shuffles.
A shuffle 6 € S, ,,, will be indicated by § = (6(1)---0(n)||6(n +1)---0(n + m))
(so0l1<O(1)<--<bn)<n4+m,1<0n+1) <---<0n+m)<n+m,
and {6(1),...,0(n)} N{f(n+1),...,6(n+m)} = &) and can be represented in a
n x m rectangular grid with vertices (i,7) (0 <i < n, 0 < j < m) by a continuous
path going from (0, 0) to (n,m) formed by n horizontal edges and m vertical edges.
More precisely, the k-th edge of the edgepath 6 is horizontal if 1 < 071(k) < n
and vertical if n +1 < 67(k) < n + m. For instance, the edgepath representing
the (5,3) shuffle (12467|358) is shown in Figure 1 below. The signature of the
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shuffle 6 is denoted by (—1)/ where |0| can be interpreted as the number of squares

in the grid lying below the path 6.
1‘0—[

(n,m)

(O, O) *r———¢

Figure 1. The (5, 3) shuffle (12467]|358)

The product of the standard simplices A™ = [eg, ..., e,] and A™ = [ef, ..., el,]
(where (e;)o<i<n and (e})ogjgm are the canonical bases of R"*1 and R™*1) is the
union of ("TL’") simplices of dimension (n 4+ m), each of which is determined by a
(n,m) shuffle. Explicitly, let 8 be a (n,m) shuffle. Then the (ordered) (n + m)-
simplex Ay C A™ x A™ associated to 6 is given by Ay = [v1,...,VUntm+1] With
vk = (eiy,€j,) where (g, ji) is the k-th vertex of the edgepath 6. Observe that
vy = (eg, €y) and Vpymt1 = (en,el,) for any 6.

Taken together, the simplices Ay form a chain

(15) S (—1)a,

0ESn,m

which represents a generator ¢y, ,,, of
Hyppm(A™ X A™ O(A™ x A™);Z) 2 Hyy (A" x A™)/O(A™ x A™);Z) = Z.

We denote by v : Ag — A™™ the affine map that sends the k-th vertex of
Ay to the k-th vertex of A™™™ . This gives a homeomorphism from (Ag, dAy) to
(A"t GA™™) which induces a map

Do : Ng /0Ny — ATH™ JGATH™

of degree 1.

When 6 runs over the set S, of (n,m) shuffles, the maps vy glue together.
In order to see that, it suffices to check that 1y and ¥y agree on Ag N Ay when
this intersection is a simplex of dimension exactly n + m — 1. This happens when
the edgepaths 6 and @’ differ in only one vertex, say the k-th vertex. In that case
2 <k <n+m, and Ay N Ay is the (n + m — 1)-simplex determined by the
(ordered) common vertices in the edge paths of § and ¢’. But those vertices are
sent preserving order, both by vy and vy, into the ordered vertices of the face of
A™t™ opposite to its k-th vertex. (In the situation above, |§] and |0’| differ by
one, which explains why (15) is a relative cycle, obviously representing a generator
tn,m-) As a consequence, the maps 1y produce a map

(16) Yrm : A" x A™ 5 ATF™

which sends the boundary of each Ay and, in particular, the boundary of A™ x A™
to the boundary of A",
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When passing to the quotient of A™ x A™ first by the boundary 9(A™ x A™)
and secondly by the boundaries of the simplices Ay we get the shuffie pinch map

Vnm (A" X A™) DA™ x A™) = \[  Ag/0A
€Sy, m
which gives the following morphism in homology:
(17) = €D (=D)L,
0SS, m

Here, as before, ¢y, is the generator of Hppm (A" x A™/O(A™ x A™);Z) corre-
sponding to the chain (15), and ¢!, € Hym(Ag/0Ag;Z) = Z is the generator
corresponding to the ordered simplex Ay.

The map ¥y, m : A™ x A™ — A" then fits into the commutative diagram

(18) A" x A™ Do AmEn

A" x A™ W) Amtm
Ag/O0A .

(A" x Am) Ve 96}9{1,7,1 0/08g — DAntm

Since the maps 1y are of degree 1, the bottom line induces in homology the mor-

phism
Ln m — E ‘ ‘Ln—i-m
€Sy, m

where ¢y, 1., corresponds to the standard generator of Hy, ., (A"T™/9AMT™: 7).

7.2. The maps \I/ﬁﬁ. For any integer k we shall denote by T} the map

TkAﬁxBff — (AXB)§(><Y
((al,...,ak),(bl,...,bk)) — ((al,bl),...,(ak,bk)),

and by Af : A — A% the k-th diagonal, a +— (a,a, . .., a). In addition, for an (n,m)
shuffle 8, we shall define two sequences of integers «y,...,a, and Bo,...,Bn. In
the grid illustrated in Figure 1, a;; will correspond to the number of vertices of the
edgepath 6 belonging to the column ¢, while 5; will correspond to the number of
vertices of the edgepath 6 belonging to the row j. Explicitly, if n # 0, we set
Qo = 6‘(1),
a; =0(i+1)—0(3), 1<i<n—-1,
anp=n+m+1—10(n),
and, if n = 0, we set ag = m + 1. Similarly, if m # 0, we set
BO = 0(” + 1)5
Bi=0n+j+1)—0n+j), 1<j<m-1,
Bm=n+m+1—0(n+m),
and, if m = 0, we set 8o = n + 1.
We thus define the map

ot AT X BUTE 5 (A x B) et

by 6o = Tpim+1 0 (AL x -+ x Ad ) x (Algo X X Agm))'
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If two edgepaths € and @’ differ in only one vertex, say the k-th vertex, the
maps dg and dg differ in only their k-th component. Since, in that case, the k-th
(barycentric) components of 1y and g vanish on Ag N Ay, we obtain that the
maps

AT ¢ B 5 Ng 2V (f s Bymmt s Ambm o grm g )
glue together to give a map
AT x BPTE 5 AT x A™ — JET (A X B).
This map induces
Uim IR (A) X JP(B) = TV (A X B)
((a|t),(b[s)) = (do(a,b)|s(t,s)), (ts)e A
The map 1/1;3’3 is over X X Y and restricts to a map between fibres
(19) Pl M (A) x J™(B) — J"T™(A x B)
which is given by the construction above for trivial fibrations A — * and B — x.
That is, ¢¥/2 comes from the gluing of maps dy x 1 where §p : A"T1 x Bm+1 —
(A x B)"tm+1 ig given by
86 = Tnpmr1 0 (AL x - x Al ) x (AF x - x AF ).
In turn, (19) recovers (16) for A = B = .

Lemma 7.1. The following diagram

JnxId IdXgm

JETH(A) x JP(B) <—— JE(A) x JP(B) —= J%(A) x JPT(B)

A,B
lwn,m

TG (A X B)
|

In+m

v
Ty (A X B)

A,B
(

n+1l,m wn,’mﬁ»l

1s commutative.

Proof. Let (a | t) € J%(A) and (b | s) € JP*(B) with (t,s) € Ag C A" x A™ and
let (a;) and (B;) the sequences of integers associated to the (n,m) shuffle 6.
Recall from Remark 3.5 that

(n x Id)((a | t),(b | s)) = ((a,any1 [ £,0), (b [s)).

The inclusion A™ x A™ < A" x A™ (t,8) — (t,0,s), restricts to the inclusion
of Ay into Ay C A" x A™ where @' is the (n + 1,m) shuffle given by

O01)---0(n) n+m+1[|0(n+1)---0(n+m)).

Through this inclusion Ay can be seen as the face of Ay opposite to its vertex
(ént1,€5,). The sequences (o) and (3;) associated to ¢ are given by

0507---;047171 ﬂOa"-aﬂm+1

As a consequence we obtain

Ui o On < 1d)((a | t), (b | 8)) = (86(a,b), (ant1,bm) | Va(t,s),0).
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Similarly we see

djn m+1(1d X ]m)(<a | t>7 <b | S>) = <59(a5 b)a (anaberl) | 1/)9(t,S),0>
which gives the result. ([

As a consequence the maps ‘/’fﬁ,m and 1/1;3 ’5 41 glue together and give a map
W T A) < TP (B) U TR (A) x JPH(B) ——= T (A X B)
which is over X x Y. As before this map induces at the level of fibres a map
Ul gt (A) x J™(B)U J(A) x J™TY(B) —— J"Tm (A x B).
7.3. The maps fb;?ﬁ. For any k, the inclusion J*(A) — J**1(A) factors as
JHHL(A)

\/

CJ*(A

where the map CJ¥(A) — J*1(A) sends [(a | t),u] to (a,* | (1 — u)t,u) (see
Remark 3.5). With these maps the following diagram is commutative

CJ"(A) x J™(B) < J"(A) x J™(B) — J"(A) x CJ™(B)

| l

JPHL(A) x J™(B) < J(A) x J™(B) —= J(A) x J"*+(B)

and induces a map £ : J"(A) ® J™(B) — J"TL(A) x J™(B) U J"(A) x J™(B).
The composition U712 o ¢ is a map

o8 J(A)® J™(B) = J"T (A x B)

which we call the topological (n,m) shuffle map for (A, B). Note that by construc-
tion this map is natural in A and B, and renders the commutative diagram (9) which
is the key ingredient in the proof of Theorem 4.12 for identifying Hopf invariants
of products of fibrations.

Items (a) and (b) of Remarks 2.1 and (4) imply that ®/2 is a map between
spaces each of which has the homotopy type of a (n + m + 1)-fold suspension. In
such terms, @ﬁ;ﬁ turns out to be a sum of suspended maps which we describe next.

Start by noticing that ®7:5 is given on J"(A) x CJ™(B) by

((a] t), [(b] s),u]) = (6a(a, (b, %)) | 1a(t, (1 —u)s, u))
when (t, (1 —u)s,u) € Ag,0 € Sy, m+1, and its expression on CJ"(A4) x J™(B) is
([af t),ul, (b s)) = (3o ((a, %), b) [ Yo ((1 = u)t, u,s))
when ((1 —u)t,u,s) € Ag,0 € Sy41,m. In particular, for the identification map
AnerJrl

A(Antm+1y

in (4), the composition 7 o @75 is (based-)constant on J"(A) x J™(B) = J"(A) x
CJ™(B) N CJ™(A) x J™(B) as well as on all points (x, [x,u]) € J"(A) x CJ™(B)

o JUH A X B) — S (A x B2 = (A x B)"TH2) A
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and ([x,u],x) € CJ"(A) x J™(B) for u € I, where base points are as in (3).
Consequently 7 o @ﬁ;ﬁ factors through the difference pinch map:

A,B
(Pn,,m

Jn(A) ® J™(B) JHL (A X B)

% |

~ ~ ’ ! n+m+1
S (J7(A) x JM(B)) VS (J(A) x J™(B)) 2L (A x ByrHm2) A W.

The (co)components " and ®” are given by

o' ([((a] 6, (b s)).u] ) = do(a, (b,5) Ava(t, (1 - u)s,u)
when (t, (1 —u)s,u) € Ag,0 € Sy m+1, and by

" ([((a ] t), (b s)).u] ) = do((a, ), b) Ay((1 - w)t, u,5)
when ((1 —u)t,u,s) € Ag,0 € Spt1,m.
Proposition 7.2. Both ® and ®" factor through the identification map
= A" x A" x T
n m pr n+1 m—+1
S(J"(A) x J™(B)) — (A" x B )/\B(A"XA’”XI)
[((a]t),(b|s)),u] — (a,b)Alt,s,u]

and the resulting maps

An+m+1
a(An-i-m-i-l )

A" x A™ x [
I(A™ x A™ x I)
are described up to homotopy by
(20) o~ Y (=) o (Id e x Idpm X 1)
0€Sn my1
(D™ > (—DPISTTm S o (Idan X iy X Idpmss)

0ESn+1,m

D" (AT x B A — ((A x B)"Tm+2) A

(21) @

R

where i1 : Z < Z X Z is the inclusion i1(z) = (z, ).

Proof. The asserted factorizations of @' and ®” follow from an easy check. Fur-
thermore, ®' factors as
A" x A" x T

n+1 m+1
AT X BN S A X D)

1dARp m +1
A" x AMtL IdAVs i1 Ay
An+1 Bm+1 A A”+1 B"H’l A
( X ) 8(A" X Am+1) \/GESHYMJA( X ) —8(A9)

l(ldwﬂ xTIdgm xiy)AId

Ao

Antl Bmt2) A
VGES,L,mH( x ) 0(Ag)

l (80A0)
A’IL+77‘L+1

S a2 nmi2y A 2
D) (A x B) =((4 x B) )A (AT
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where the maps g are as in (18), and Ay, 1 is induced by the (surjective) map
hpms1 : ATXA™X T — A" x A™ L given by hy, mt1(t,s,u) = (t, (1—u)s, u). Since
the maps Bn)m+1 and 1 are of degree 1, (17) implies that the above composition is
homotopic to the right-hand term in (20). The equivalence in (21) is obtained in the
same manner, now using the (surjective) map hp1.m : A" X A™ x [ — AL x A™
given by hy1m((t,s,u)) = ((1 —u)t,u,s) and its induced map hy, 41, which is of
degree (—1)™. O

Proposition 7.2, the triangle in (2), and the functoriality of standard difference
pinch maps yields:

Corollary 7.3. There is a commutative diagram

A,B
oy

J"(A) ® J™(B) - JrtmHl(A x B)

PT'C\L T

(An+1 > Bm+1) A aénXXAAmxXII) f}”*m“(A > B)n+m+2

where the bottom horizontal map is obtained by subtracting (20) from (21).

7.4. Homology computations. In this section we let R stand for a commutative
ring, and assume that H,(A; R) and H,(B; R) are free graded R-modules of finite
type. We use the short hand H(Z) := H,(Z; R) and H(Z) := H,(Z; R), and apply
the standard Kiinneth formulae to identify the homology (respectively reduced
homology) of Cartesian products (respectively smash products) with the tensor
product of the homologies (respectively reduced homologies) of the factors. In
particular, the map induced in reduced homology by the identification map X xY —
X AY corresponds under the isomorphism H(X xY) =~ H(X)® R& R H(Y) &
H(X)® H(Y) with projection onto the third summand.

Theorem 7.4. Let p: (Ax B)"T™+2 — (A x B) \"T™+2 pe the identification map.

Up to an automorphism of ﬁ(A X B)®ntm+2 the morphism induced in reduced
homology

S—(n+m+1)((1);;1:£)* . ﬁ(A)@n-l—l ® g(B)®m+l N ﬁ(A ~ B)®n+m+2
is given by the restriction of

(=D™ > (=D (p6p). 0 (Idan x iy X Idpmr).

0ESn+1,m

= Y (=1)Npdg)s 0 (Idgnsr x Idpm X i),

0ESn, m+1
Proof. Let p denote yntm+l p. Since the sequence of identification maps

Jn+m+1(A « B) r §n+m+1(A ~ B)n+m+2 p §n+m+1(A « B)/\n+m+2

is a homotopy equivalence, the morphism induced by @ﬁ;ﬁ in reduced homology

coincides, up to an automorphism, with the morphism induced by the composition
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pr o ¢ followed by the morphism induced by the difference
(D™ > (=D)IISTT T psy o (Idan X iy X Idgma)
0ESn+1,m

— > (=DPIETTT sy 0 (Idgn x Idpm X iy).

0E€ESn, m+1

The result follows since the composition pr o ¢ induces the (n 4+ m + 1)-suspension
of the inclusion H(A)®"+! @ H(B)®™+ < H(A™ x B™+1) and because all the
suspensions involved are (n+m+ 1)-fold suspensions, so we can globally desuspend
without altering signs. O

We now compute the morphism induced by @fﬁ in some particular cases. Recall

that, if z € H(Z) is a primitive class, then, for any k > 1,

k
AD)u(2) =D 18 1894018 01

i=1
where z; = z. For k =1, Alz =Idy.

Examples 7.5. (a) Let n = m = 0. In this case S1,0 = {(1]| )} and Sp.1 = {( ||]1)}

are both reduced to a single element. Thus, after a single desuspension, the
N AB .. . 4
morphism induced by @35 is given by

pe(T2)« (i1 X AF)s = pu(T2) (A3 X i)
For z € H(A) and y € H(B) primitive homology classes, we have
(T2)+ (i1 x AY)(z @ y) = (T2):(z@ 1) @ 1@y +y®1))
=2e)e(1ley)+(xy) ®(1x1).

Therefore applying p., only the first term (z ® 1) ® (1 ® y) remains.
In the same manner,

(T2) (A% X i)z @y) = (To)(1@z+201) @ (y® 1))
=-)FMaeye@e)+@ey @ (1e1).

Applying p., only the term (—1)1*1¥/(1 ® y) @ (z ® 1) remains and we finally
get,

sTHEY oy =@o)e(1ley) - ()" Miloy) e @)

(b) Let n =1 and m = 0. In this case, we get the following expression for x1,x2 €
H(A) and y € H(B) primitive homology classes:

s (11 @220y = (2191 @ (2201) @ (10 1Y)
— (D)= @) (1ey) @ (12 ©1)
+ (_1)(|$1\+|$2\)\y\(1 ® y) ® (xl ® 1) ® (;52 ® 1)'

4From this point on we omit any reference of the fact that we really want the obvious restriction
of the morphism, and that each of the given descriptions is up to an automorphism.
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In order to generalize these computations (in Proposition 7.6 below), we need to
fix some preliminary notation. For a permutation o € S;, and non-negative integers
di,...,dg, let (—1)S(U’d1""’dk) be the sign introduced by the morphism induced in
reduced homology by maps

o: Z/\k — Z/\k, (2’1, v ,Zk) — (2’071(1), v ,Zg—l(k)),
upon evaluation at a tensor v; ® - -- @ vy € H(Z)®F with |v;| = d;. Explicitly,
Gu(v1 @+ @vg) = (1) 0Pty ) @ @ vy gy

where s(o,dy,....dr) = > e, didj and Io = {(i,j): i < j and o(j) < o(i)} is
the set of o-inversions. Since we only care about the mod 2 value of s(o,dy, . .., dy),
we can think of s(o,dy,...,d;) as the number of shiftings that contribute with a
—1 sign in permuting v1 ® -+ - @ Vg 10 Vy-1(1) @+ ® Vs-1(x); that is, the number of
o-inversions (4, j) for which d;d; odd.

Proposition 7.6. Let z; € H(A) and yj € H(B) be primitive homology classes.
The morphism

S—(n+m+1)(q)ﬁ7,£)*: E[(A)@n-l—l ® E[(B)®m+1 - EI(A ~ B)®n+m+2
takes £1 @+ Q@ Tpt1 @ Ynt2 @ -+ @ Yntm2 tO
(=)™ Z (_1)5(0)2071(1) ® -+ ® Zg=1(ntmt2)
0ESh4+1,m+1

where Sp11,m+1 denotes the set of (n + 1,m + 1) shuffles,

r;®1, ifl1<i<n+41;

Zi =

1y, ifn+2<i<n+m+2,

and e(o) = |o| + s(o, w1, [Tns1l, [Yns2l - - [Yngmaal)-
In other words, the sum of the statement can be written as

D™ Y (D ((@191) @ ® (@ O 1)@ (10Yns2) @ @ (1O Yntm2).

0ESn+1,m+1

Proof. We first observe that a (n+ 1, m+ 1) shuffle o satisfies either o(n+m+2) =
n+m+2oro(n+1) =n+m+2. Then the sum of the statement splits in two
parts:

(22) (_1)m Z (_1)5(0’)20’*1(1) K- @ Zcr*l(n+m+2)
o(n+m+2)=n+m+2

F (=)™ Z (_1)6(0)2071(1) ® - ® Zg—1(ntm+2)-
o(n+1)=n+m+2
These two parts can be identified with the two parts of the morphism described
in Theorem 7.4. Indeed, if o(n+m+2) = n+m+2 then o is completely determined
by the (n + 1, m) shuffle 6 given by 0(i) = o(i) and we have |o| = |f] and
S(Uv |I1|7 s |In+1|7 |yn+2|; B |yn+m+2|)

= 5(97 |I1|7 R |In+1|7 |yn+2|; sy |yn+m+1|)-
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Then we have

(_1)m Z (_1)8(0)2071(1) ® -+ ® Zo—1(ntmt2)
o(n+m+2)=n+m+2

=-Dm > (D)0 (21 @ @ Zngmi1) @ (1@ Yngmea).
06871+1,m

On the other hand, the first part of the morphism described in Theorem 7.4
applied to 1 ® - -+ @ Tp41 @ Ynt2 @ + +* @ Yntm+2 gives

(=™ Z (1) (p0p)u(1 @ -+ @ @011 1 @ Yni2 @+ @ Ynyms2)
06871+1,m

and a straightforward calculation gives

(P0)s(T1 @+ @ Tny1 @1 @ Ynt2 @+ @ Ynymt2)
=0.(1® @ Znsms1) ® (1 ® Ynimez)

which identifies the first part of (22) with the first part of the morphism of Theo-
rem 7.4.

We now suppose that o(n+ 1) = n+m + 2. Then o is completely determined
by the (n,m + 1) shuffle 6 given by 0(i) = o(i) for 1 <i <n and (i) = o(i + 1)
forn+1<i<n+m+1. We have |o| =1]0] +m+ 1 and

3(07 |:E1|7 ey |:En+1|7 |yn+2|7 sy |yn+m+2|)
= 5(97 |I1|7 ) |In|a |yn+2|7 SR |yn+m+2|) + |$n+1| (|yn+2| e |yn+m+2|) :
Writing e = |Zn+41|(|Yn+2| + - + [Yntm+2|), the second part of (22) becomes

(_l)m Z (_1)5(0)2071(1) R ® Zo-1(ntm+2)
o(n+1)=n+m+2

= — Z (—1)5(0”6(2071(1) ® ® Zg—1 (nmt1) © (Tng1 ® 1)
0€Sn, m+1

== Y (VMO @ @ tmst) @ (Ta ©11)

0E€ESH m+1
== Y (D (p80) (@1 ® - © Tt © Y2 ® - ® sz © 1),
0E€ESn, m+1

which completes the proof. ([l
We are now ready for:

Proof of Theorem 4.8. In terms of the functorial homotopy equivalence
Fpimi1(2) = JVEH(QZ) ~ Srtmtl(Qz) ntmt2)

the map Xn+m+1 : Fnem+1(SP X SP) — Foim+1(SP) takes the form

inerJrl cAn4+m+42 (QSp ~ QSp)An+m+2 A Artmt N (QSp)An+m+2 A Artmt
X : aAn—i-m—i-l 6An+m+1 :

Since this is a (n +m + 1)-fold suspension, we have

S—(n+m+1)(— SSP,QSP)*

2 - 1) (5,257 ,Q8P
Xntm+1 0P m )®n+m+ o5 (mmt )(q’n,m )«

= ()_(*
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where y : 2SP x Q8P — QSP is given by (a, 3) — a~13. We take R = Z. Recall
that H.(QSP) = Z[x] where x is primitive with degree |z| = p — 1, and that the
morphism
X @ Ho(QSP x QSP) — H,(QSP)
is given by Y«(z x 1) = —z and x.(1 X z) = .
By Proposition 7.6, we know that 5*("+m+1)(<1>§f7§:,95’))* takes the generator
@M of [, (QSP)OntmE2 ¢4

(_1)m Z (_1)5(0)20*1(1) Q- ® Zafl(n+m+2)

0ESn+1,m+1
where z; =z ®1forl1 <i<n+land z;=1Qzxforn+2<i<n+m+2.
Since in each term there are exactly n 4+ 1 components x x 1 we obtain
(X*)®n+m+2 ° S—(n—i—m—i—l)((I)QSP,QSP)*($®n+m+2) — Z (—1)8(U)I®n+m+2
n,m .
0ESn+1,m+1
Now, if ¢ is a permutation of positive signature, we have, for some integer k
(depending on o),
g(o) = |o| + s(o,|z|,...,|z|) = |o| + 2k|z||xz] =0 mod 2
—_———
n+m+2

while, if ¢ is a permutation of negative signature, we have, for some integer k
(depending on o),

e(o) =lol+ s(oy|z|,...,|z|) =|o| + 2k + D|z||z| =1+ |z| =p mod 2.
—_——
n+m+2
This gives the result. (I
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