Centro de Investigacion y de Estudios
Avanzados del Instituto Politécnico Nacional

Unidad Zacatenco
Departamento de Matematicas

El anillo de cohomologia con 2 invertido de
espacios de configuraciones en espacios
proyectivos reales

Tesis que presenta

Aldo Guzman Saenz

Para obtener el grado de

Doctor en Ciencias
en la especialidad de Matematicas

Directores de Tesis:

Dr. Jesus Gonzalez Espino Barros
Dr. Miguel Alejandro Xicoténcatl Merino

México, D.F' Septiembre 2015






A Karla,
mis papdas,
y mis hermanos.






Abstract

In this work we compute the cohomology ring of the space Conf(RP™, k), the space of k ordered
pairwise different points in the m-dimensional real projective space RP™, with coefficients in a
commutative ring with unit where 2 is invertible.

The computation is based on the observation that the configuration space of k£ ordered pairwise
different orbits in the m-dimensional sphere (with respect to the antipodal action) is a 2-fold covering
of Conf(RP™, k). This observation also helps us in the computation of the cohomology ring of the
configuration space of k ordered points in the punctured real projective space RP™ — % with the same
coefficients. Finally we compute the Lusternik-Schnirelmann category and topological complexity of
some of the auxiliary orbit configuration spaces.

Resumen

En este trabajo calculamos el anillo de cohomologia del espacio Conf(RP™, k), el espacio de
k puntos distintos en el espacio proyectivo real m-dimensional RP™, con coeficientes en un anillo
conmutativo con unidad donde 2 es invertible.

El célculo esta basado en la observacién de que el espacio de configuraciones de k érbitas disjuntas
ordenadas es un 2F-recubrimiento de Conf(RP™, k). Esta observacién nos ayuda en el calculo del
anillo de cohomologia del espacio de configuraciones del espacio proyectivo agujereado RP™ —x con los
mismos coeficientes. Por ultimo calculamos la categoria de Lusternik-Schnirelmann y la complejidad
topoldgica de algunos espacios de configuraciones de érbitas auxiliares.
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Chapter 1

Introduction

This chapter contains a very informal —and concrete— motivation for this work, as well as a brief
exposition of the main results. We begin with the motivations for the computation of the cohomology
ring away from 2 of Conf(RP", k), the configuration space of k points in RP".

1.1 Topological complexity

In recent years, there have been many developments regarding applications of algebraic topology to
problems of a slightly less abstract nature. One of such applications is topological complexity which,
speaking in very broad strokes, tells us the smallest number of plans required to move around a
space. So, for instance, we can ask about a certain collection of points in a space and to whether
it is possible to arrive at other different collection of points without too much ambiguity in our
choice (these points can be positions of some airplanes in the sky, for instance, and we could try to
determine if they can all arrive at their destinations with some specified number of turns without
colliding—this analogy is fairly vague, but gives the feeling of what topological complexity sees. See

Figure .

Figure 1.1: Choose a way to go from one configuration of airplanes to another
(avoiding collisions).

A little more specifically, given a topological space X, with PX its path space, its topological
complexity is defined as the sectional category of the fibration PX — X x X given by evaluation
of endpoints of a curve. So, in essence, we are asking whether it is possible to chose, for each pair
of endpoints in X, some path of X connecting them in such a way that the choosing is continuous



in some finite number of chunks of X x X. The points of discontinuities among these local sections
correspond to instabilities for the choice of the path connecting two points z and y (see Figure [1.2).
A very good introductory reference for this subject is [7].

Figure 1.2: Which path is from x to y the right one?

Topological complexity has the desirable property, from an algebraic topology standpoint, that
it is homotopy invariant. So if the space that is currently being studied proves too complicated or
cumbersome to work with, we can replace it with an easier one. Two of the main tools to compute
the topological complexity of a space, which are used in this work, are a lower bound given by the
so-called zero-cup-length of the cohomology ring of the space in question, and an upper bound related
to the homotopical dimension of the space.

The importance of the computation of H*(Conf(RP"™—x, k)) is now apparent: it gives information
pertaining a possible lower bound for the topological complexity of Conf(RP™ — x, k) and, if we are
lucky enough, perhaps even enough information to completely determine TC(Conf(RP™ — %, k))!

1.2 Configuration spaces

The configuration space of n points on a space X is simply the space of all ordered n-tuples of
elements in X with pairwise different entries. This by itself may sound a little bit artificial, but a
very simple, yet powerful way to think about configuration spaces, is to think about n bodies in
3-dimensional space. Since the positions of the bodies are all different between them, this can be
modeled using the space Conf(R3 n). We can then study this space to try to get some information
regarding, say, the n body problem.



There has been work about understanding the algebraic topology of configuration spaces, both
ordered and unordered versions of them. Perhaps the first cases studied in this sense were Conf(R?, n)
and B(R? n) (B denotes unordered configurations), and it turns out that their fundamental groups
are the pure braid group and the Artin braid group on n strings.

Much more is known about configuration spaces, however. A couple of examples of results giving
better understanding about them are the work of Fadell and Neuwirth [5], where in particular we
can find the very useful Fadell-Neuwirth fibrations, and the work of Bodigheimer, Cohen and Taylor
[2], where they give an additive description of the homology of B(M, k), where B is a manifold.

As a contribution to the body of knowledge regarding algebraic topology of configuration spaces,
in this work we aim to give a multiplicative structure for H*(Conf(RP", k); R), where R is a com-
mutative ring with unit where 2 is invertible. Perhaps more important that the given description
itself are the techniques used to get it. A part of said techniques is the use of orbit configuration
spaces, a generalization of configuration spaces for spaces which admit a group action, and an iso-
morphism between invariants in the cohomology of orbit configuration spaces and the cohomology of
usual configurations. Here it is important that 2 is invertible, otherwise we get a rather complicated
relationship between said cohomologies.

1.3 Main results

The main results are stated next where k and n stand for integers greater than 1.

Theorem Suppose R is a commutative ring with unit where 2 is invertible. For n odd, there
1s an R-algebra isomorphism

H*(Conf(RP", k); R) & A(1,) ® R[CT]/K,
where

® 1, has degree n and is the image of the generator in RP"™ under the projection on the first
coordinate Conf(RP", k) - RP",

e the generators in CT have degree n — 1 and are detailed at the beginning of Section 4, and
o K is the ideal generated by the relations specified in Theorem [3.3.6

Theorem (3.3.15 Let R be a commutative ring with unit where 2 is invertible. For n even, there is
an R-algebra isomorphism

H*(Conf(RP™, k); R) 2 A(w) ® R[E]/T,
where

e w is a generator of degree 2n — 1 specified in Theorem
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o the set of generators & have degree 2n — 2 and are defined just above Lemma and

e 7 is the ideal generated by the relations in Lemma|3.5.12

Remark 1.3.1. Theorem [3.3.8| and the known description of the cohomology ring of configuration
spaces on spheres ([6, [9]) imply that there is a ring isomorphism

H*(Conf(S™, k); R) = H*(Conf(RP", k); R)

provided n is odd. Compare with Remark [3.3] But there is no such an isomorphism if n is even, in
view of Theorem [3.3.15]

The approach used in this work for Theorems [3.3.8] and [3.3.15] allows us to get information on
the cohomology ring of configuration spaces on punctured real projective spaces.

Theorem [3.4.1. Let R be a commutative ring with unit where 2 is invertible. For n > 2 odd, there
s an R-algebra isomorphism

H*(Conf(RP"™ — %, k); R) = R[CT]/K.

Theorem (3.4.4. Let R be a commutative ring with unit where 2 is invertible. For n > 2 even, there
1s an R-algebra isomorphism

H*(Conf(RP™ — %, k); R) = R[E'] /T,
where the generators &' and the relations J' are detailed in Section (3.4,

Since the cohomology groups described here are R-free of rank independent of the actual ring R,
we deduce:

Corollary 1.3.2. There is no odd torsion in the integral cohomology of Conf(RP™ k) and
Conf(RP™ — x, k).

The general strategy for proving these results is finding covering projections and studying their
cohomological properties. The viewpoint used in this work corrects and extends the method used
in [16]. In addition, these results fix a couple of errors in the descriptions given in [10] for some of
these cohomology rings (see Remarks and .

1.4 Applications

Although it is not mentioned in the main results, a key ingredient to get them was a computation
of H*(Confz,(R™ — {0}, k)) as a ring, which corrects previous computations found in [16]. Now we
state some aplications regarding higher topological complexity and Lusternik-Schnirelmann category
of Confz,(R™ — {0}, k). These results are found in full detail in Chapter [4]
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The description of H*(Confz,(R™ — {0}, %)) gives lower bounds for topological complexity and
Lusternik-Schnirelmann category of Confz,(R™ —{0}, k). These lower bounds, combined with results

regarding upper bounds for topological complexity and Lusternik-Schnirelmann category found in
[4],[1] and [I1] yield the following Corollaries:

Corollary 1.4.1. For n > 2, cat(Confz,(R™ — {0}, k)) = k.

Corollary 1.4.2. Let n > 2. Then TCy(Confz, (R™ —{0},k)) = sk if n is odd, whereas, if n is even,
TCs(Confz, (R™ — {0}, k)) € {sk — 1, sk}.

Corollary 1.4.3. Let n > 2 (any parity). Then TCs(Confz,(R" — {0}, k)) agrees with the s-th
zero-divisors cup-length of Confz, (R™ — {0}, k).






Chapter 2

Preliminaries

In this Chapter we will define and state some of the results used often during the remainder of this
work. These results are in nearly all cases given with references, so we will just provide statements
here and we will point the reader to the respective sources of the results for their proofs.

2.1 Some algebraic lemmas

A lemma that aids our computations in Section is Lemma [2.1.2] Here we state first Nakayama’s
Lemma and then, as a corollary, we obtain the lemma adapting an argument found in [14].

Theorem 2.1.1 (Nakayama’s Lemma). Let R be a commutative ring with identity. Let M be a
finitely generated module over R. Then if there is an ideal I C R such that IM = M, then there
exists an element r € R with r =1 mod I such that rM = 0.

Lemma 2.1.2. Let R, M as above. If M is a free R-module of rank n, then any set A of n elements
generating M is a basis.

Proof (Following [14, Proposition 1.2]).

Consider a basis B of M and a bijection f from B to A. This extends to a surjective endomorphism
f:M — M. Let S = R[z]. We consider M as an S-module with the action of x given by
xm = f(m). Note that we have (z)M = M, where (x) denotes the ideal generated by z in S. By
Nakayama’s Lemma, there is s € S such that sM = 0 with s — 1 € (x). Therefore s = rx + 1 for
some r € S and we have —rxm = m for all m € M. Thus f is an isomorphism and A is a basis. [

2.2 Some topological lemmas

In this section we give an account of results used repeatedly in section to compute degrees of
certain compositions of maps.



Lemma 2.2.1. Let f: S™ — S™ be a map. If [ is not surjective, then it is nulhomotopic.

Corollary 2.2.2. Let f: S™ ' — R™ — {0} be a map such that f(x) = kx + ¢ where k > 0 and
c € R" is constant. If ||c| > k, then f(z) =

18 nulhomotopic.

flx)=kx+c

el

y ¢ Imf

Figure 2.1: The normalization of f misses y, therefore is nulhomotopic by Lemma [2.2.1

The argument for proving this corollary is illustrated in Figure 2.1 Note that when we look
at the image of f, we see that it misses at least one point in the sphere that corresponds to some
point antipodal to the image of f. Instead of proving this corollary, we will prove the following
generalization:

Corollary 2.2.3. Let f: S ' — R™ — {0} be a map such that

f(x) = g(z) +c

where g : S"' — R™ — {0} is a map and ¢ € R™ — {0} is constant. If ||c|| > ||g(x)|| for all x € S™,

; flx) . .
then f(x) = ———— 1is nulhomotopic.
1f (@)
Proof. Assume that the conditions of the corollary hold for some g, ¢, and let yy = —@ e S". We

claim that yo ¢ Imf. Indeed, suppose on the contrary that y, € Imf, so there exists an element
xg € S™ such that f(xg) = ¢, with A € R_. We have

Ac = f(xzo) = g(z0) + ¢,

which implies
(A= 1)e = g(xo)
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and, since A < 0,
(1= Nlell = (A = Dyell = llg(zo)ll-
Recall that, by hypothesis, 0 < ||¢|| — ||g(z0)]|. Therefore

0 < flell = (= Mlell = lell = FA = Dell = el = lgCzo) | < llg(zo) + ll;

0<(I=@a=X)lel,
0 <A,

which is a a contradiction. The result follows from Lemma 2.2.71 O
The previous Corollaries in essence are saying that if we have a map to R™ — {0} of the form
g(x) + ¢ such that ¢ is not enclosed in the image of g(x), then the map in question is nulhomotopic.

Lemma 2.2.4. Let f: S"' — R"—{0} be a map such that f(x) = kx+c where k > 0 and ¢ € R™.
If |le|| < k, then f(x) = 1) is homotopic to the identity map.

I1f (@)l

Proof. We have
f(z) kx +c T+

f_<37) = = = cll
IF@) kx4l o+ £
Consider the map
te
H(x,t) = H—IZ
[l + 2]l

This map satisfies H(x,0) = x and H(x,1) = f(x). We claim that this is a well-defined homotopy
H:S"x 1 — 8" Indeed, suppose x + t£ = 0 for some x € S™ and ¢ € [0, 1]. Then

kx +tc=0,

therefore
k= |[kz| = |ltc|| < [le]| <k

which is a contradiction. O

2.3 Generalities on configuration spaces

Definition 2.3.1. Let X be a topological space. We define the configuration space of k points in X
as

Conf(X, k) = {(x1,...,2) | x #ux;ifi#j}CXF
equipped with the subspace topology.

In this section and the following one, all manifolds will be connected and without boundary.
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Theorem 2.3.2 ([0, Theorem 1]). Let M be a manifold of dimension greater than 1. Then
Conf(M — {0}, k — 1) — Conf(M, k) — M,
where m is the projection on the first coordinate and xo € M, is a locally trivial fiber bundle.

This theorem generalizes nicely as follows:

Theorem 2.3.3 (Theorem 1.1 [6]). Let M be a manifold of dimension greater than 1. Then
Conf(M — {zq,..., 211}, k — 1) — Conf(M, k) - Conf(M, 1),

1s a locally trivial fiber bundle, where w 1is the projection on the first | coordinates and
To,...,T_1 € M.

Corollary 2.3.4. Let M be a manifold of dimension greater than 1, w a projection on | different
coordinates of Conf(M, k) and g, ...,x;-1 € M. Then

Conf(M — {zq,..., 211}, k — 1) — Conf(M, k) - Conf(M, 1),

1s a locally trivial fiber bundle.

2.4 Generalities on orbit configuration spaces

Definition 2.4.1. Let X be a topological space and G be a group acting on X. We define the orbit
configuration space of k G-orbits in X as

Confo(X, k) ={(x1,...,2x) | Gz; # Gz if i # 5} C X,

equipped with the subspace topology. We will usually call this space just the orbit configuration space
of k orbits in X.

Note 2.4.2. In Definition we can put the condition Gx; N\ Gx; = 0 if i # j. Both definitions
are equivalent.

Note 2.4.3. While the previous definition and Definition make sense for k =1, we will always

assume k > 1 for both situations throughout this work.

Note 2.4.4. The notation Confg (X, k) is overloaded. This is because G can act in several different
ways on X, yielding possibly distinct orbit configuration spaces. Thus the action of G on X has to
be kept in mind while working with these objects.

We will just say configuration space of k orbits when the group G and its action on X are
clear from the context. In [I5], we can find the following generalization of Theorem for orbit
configuration spaces:

10



Theorem 2.4.5 ([I5, Theorem 2.2.2]). Let G be a finite group acting freely on a manifold M of
dimension greater than 1. Then

Confg(M — Qf ,k — 1) — Confg(M, k) — Confg(M, 1),

is a locally trivial fiber bundle, where w is the projection on the first | coordinates and QF denotes
the union of | disjoint G-orbits in M.

Corollary 2.4.6. Let G be a finite group acting freely on a manifold M of dimension greater than
1, m a projection on | different coordinates of Confq(M, k) and QF the union of | disjoint G-orbits
win M. Then

Confg(M — QF, k — 1) — Confg(M, k) — Confg(M, 1),

1s a locally trivial fiber bundle.

Example 2.4.7. Toke G = Zsy acting antipodally on M = S™. The antipodal action is free and
therefore, by Corollary[2.4.6, we have a fibration

Confz,(S™ — Q% k — 1) — Confz,(S", k) = S".

Example 2.4.8. Take G = Z5 acting on M = R" — {0} by

T
][>

T —

This action is obviously free, so we have a fibration
(R™ — {0}) — @72, — Confz,(R" — {0}, k) — Confz,(R" — {0}, k — 1).
The preceding examples will be of great importance for the computations in Section |3.1

Lemma 2.4.9. Let G be a group acting on spaces X, Y. Let f : X — Y be an equivariant injective

map. Then the image of
X% Confg(X, k) — Y*

is contained in Confg (Y, k), and we have
X% Confg(X, k) — Confg(Y, k).

Proof. Suppose f*¥(zy,...,z;) € Confg(Y, k) for some (x1,...,2) € Confg(X, k). Then there
exist [,I' € {1,...,k} with two possibilities:

1. f(z;) = f(xy). This contradicts the fact that f is injective.

2. f(z;) = gf(xp) for some g € G. In this case we have f(x;) = f(gzy), and by injectivity
x; = gxy, which contradicts the fact that (zq,...,xx) € Confg(X, k). O

11



The following fibration is useful to do computations regarding the cohomology of configuration spaces
in terms of cohomology of orbit configuration spaces

Corollary 2.4.10 (of [15, Proposition 2.2.1]). Let G be a finite group acting freely on a manifold
M. Then there is a fibration

Confg(M, k) — Conf(M/G, k) — BG*. (2.4.1)
The Serre Spectral Sequence of the fibration (2.4.1)) and the finiteness of |G| yield

Theorem 2.4.11. Let G be a finite group acting freely on a connected manifold X and let R be a
commutative ring with 1 such that |G| is a unit. Then there is an algebra isomorphism:

H*(Conf(X/G, k); R) = H*(Confg(X, k); R)®".
Proof. Consider the Serre spectral sequence associated to
Confg (M, k) — Conf(M/G, k) — BG*.

The spectral sequence has Fy term given by E5'? = HP(BG*; H1(Confg (X, k))), where G* = m(BG*)
acts on the cohomology of the fiber. Thus we have

EY? =~ HP(BG*; HY(Confg (X, k))) = HP(G*; HY(Confg (X, k))).
Now, since |G| is invertible, this implies that the composition
HP(G*; HY(Confg (X, k))) =5 HP({e}; HY(Confs (X, k))) — HP(G*; HY(Confs(X, k)))
is an isomorphism, therefore H?(G*; H4(Confg (X, k))) vanishes for all p > 0.

HO°(BG*; H1(Confg (X, k))) HP(BG*; H1(Confg (X, k)))

[ HP(BGF; H°(Confg (X, k)))
0 1 2 3 e

Figure 2.2: Fy = F, term, all cohomology concentrated in horizontal degree 0.

Since the zeroth cohomology of a group has the form
H°(BG*; HY(Confg(X, k); R)) = H(G*; HY(Confg(X, k))) = HI(Confq(X, k); R)®",

we get the desired isomorphism. O]
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2.5 Homotopy types of Conf(—, k)

A natural question that arises when studying configuration spaces is whether it is a homotopy functor.
In this section we give some remarks and results regarding this question.

Remark 2.5.1. Conf(—, k) is not necessarily homotopy invariant. Indeed, it is enough to consider
the open unit interval I = (0, 1), which is contractible, while Conf(7, k) is non-connected.

Perhaps one can ask for more interesting examples. One of such examples is given in an article
by P. Salvatore and R. Longoni:

Theorem 2.5.2 ([13, Theorem 2]). The spaces Conf(Lz71,k) and Conf(Lz, k) are not homotopy
equivalent (whereas L7y ~ Lz ).

One of the main features of this theorem is that L;; and L7y are closed manifolds of the same
dimension. In somewhat different spirit, as a consequence of the main results of this work, we have
the following family of examples:

Theorem 2.5.3. For n odd and k > 3, Conf(RP™ k) and Conf(RP"™' — %, k) are not homotopy
equivalent, even though RP™ ~ RP"™ — «. Moreover, these configuration spaces do not have isomor-
phic cohomology groups, therefore they are not stably homotopy equivalent.

Proof. Theorem implies that
H"*(Conf(RP", k)) # 0
while, Theorem implies that
H" ' (Conf(RP"™! — x, k)) = 0.

Therefore
H" 1 (Conf(RP™™! — x, k)) 2 H" ! (Conf(RP"™, k)). O

These examples are not in the same spirit as the ones given by Salvatore and Longoni, since we are
working with manifolds of different dimension and one of them is open.

2.6 The cohomology of Conf(R", k)

The cohomology of Conf(R", k) was determined in [3].

Theorem 2.6.1. The cohomology of Conf(R", k) is isomorphic to the R-algebra generated by ele-
ments A; ;, for 1 < j <i <k, subject to the relations

A;",jA;‘,i = A;,j(A;”,i - A;,j)' (2.6.1)

13



The generators A; ; correspond to the classes (p; ;)*(tn—1), where the maps p; ; : Conf(R", k) — Sl

are given by
T — T
Pij(Tn, .. o) = Hﬂﬁl——l’JH
i J

and v, denotes the cohomology fundamental class of S™*.
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Chapter 3

The cohomology away from 2 of ordered
configurations on (punctured) projective
spaces

For our purposes we consider the antipodal action of the group Zs on the sphere S™. The cohomology
algebra of Confy, (S™, k) was determined in [16] for n > 2, albeit with some minor corrections required.
We start by addressing the needed corrections, and extending the argument to n > 2.

3.1 The cohomology of Confz, (R" — {0}, k)

Xicotencatl’s approach is to look at the Serre spectral sequence associated to the fibration (cf.

Example
Confz,(R" — {0}, k — 1) =~ Confz,(S" — Q% k — 1) — Confz,(S" k) — S", (3.1.1)

where the arrow on the right is the projection onto the first coordinate, and the homeomorphism on
the left is induced by the stereographic projection

s — Q%™ S R — {0}, (3.1.2)
where Q% is the orbit of (1,0,...,0).

Lemma 3.1.1. The action of Zs on R™ — {0} in fibration (3.1.1) is given by

T(z) = —ﬁ, (3.1.3)

and it makes an equivariant homeomorphism.
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Proof. We consider the stereographic projection p : S™ — %2 — R™ — {0} given by

(xOJ' ’In> 1 —l‘o(xl’ 71;77,)7

with inverse

(1) 5 o (o 1 )

x=(r1,..., 2, ——— (|lz||* = 1,21, ..., 2p) .
1 [zl + 1 !
Then, for x = (z1,...,2,) € R" — {0} with |lz]| <1,
1 —1 s
p () = p o (—r03)
[|[|?
1 @ .
_ (II:L“II2 — 1 _ ||z|1|2 _ T=l? )
- 1 ) 1 9 ) 1
EEtl EEtl R
(1 — ||| Ty Tn )
T+ [|z|]2" 1+ =2 1+ =2/’
and
—p 1($) = _<“ H2 ) 2 17"'a 2 1)
[l + 17 [|=|* + ]| +
(1 — l|? 1 T >
Lzl T+ [l T+ (]2

]

Remark 3.1.2. In this work, while Confz,(S™, k) will denote orbit configurations on S™ with respect
to the antipodal action on S™, the notation Confz,(R™ — {0}, k) will mean orbit configurations on
R™ — {0} with respect to the action of 7 on R™ — {0}, which is different to the antipodal action
on R" — {0} (7 in fact acts as an inversion with respect to the unit sphere followed by the antipodal

map, as is apparent from Equation 3.1.3] See Figure [3.1)).
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Figure 3.1: 7 in action.

Xicoténcatl then computes the cohomology of the fiber in (3.1.1]) using, in an inductive way, the
Serre spectral sequence associated to the fibration (cf. Example [2.4.8])

(R" — {0}) — Q%2 — Conf,(R" — {0},k — 1) — Confz,(R" — {0}, k — 2). (3.1.4)

Proposition 3.1.3 ([10, Proposition 1, Remark 10], [I6, Theorem 2.5]). The system of coefficients
m 1s trivial and the Serre Spectral Sequence associated to it collapses. Therefore we have an
R-module isomorphism

H*<COHfZQ(Rn - {0}, k— 1)) = M1 ® M2 (SRR Mkfl, (315)

where the tensor product corresponds to the cohomology ring structure, and M; denotes an R-free
module generated by a zero dimensional class 1 and by (n — 1)-dimensional spherical classes {A; o} U

{Aij, Ai—ih<j<i
We next describe these generators and determine their multiplicative relations while correcting a
small typographical error found in [I6]. Namely, we do not have

A A i = (—1)"(Aj0+ Aio — Aij) (A i — Ay ),

as it is claimed there, but rather the second expression in of Proposition below. First we
define the maps which will define our generators, as well as their duals.
For 0 < |j| < i < k, define maps p; ; : Confz, (R" — {0},k — 1) — S™~! given by:

:L‘.
pio(T1,. .., Th_1) ||;1;Z||
1
T, —X;
I (3.1.6)
v J
Ty —TXj
N )
¢ J
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where the last two formulas hold for j > 0. As before, let ¢, 1 be the cohomology fundamental class
of 8"~ Define for j > 0

Ai,(] = pf,o(bnq)
Aij = pijltn)
A = pf,_j(tn—l)-

Define maps f;; : S"' — Confz,(R™ — {0}, 3) by

Ffro(z) = (z, 2¢, 3¢), Fao(z) = (e, g,?)e), for(z) = (e,e + g,ge),
Foa(®) = (e me+ 5.36), Faole) = (e, 36, 5), Fiale) = (e, See 5. (3.17)
fral) = (e 5e 50+ D), fral@) = (e 50—+ T),  foal@)= (e pe—se+ )

where e = (1,0...,0) € R™.

Lemma 3.1.4. With the notations above and with 0 < |s| <r <4 and 0 < |j| <i < 4 then we have
the following homotopies

(3.1.8)

identity, ifr =1 and s = j;
Prstij = .
constant, otherwise,

Proof. We will explicitly show the result for two cases, the remaining cases are proved in a similar

way.
L. p’r,sf?»,—?
(&) p1ofs—2(z) = p1ole, %e, —%e + §) = e = constant.
(b) p2,0f3,—2(90) = p2,0(€, %6, —%e + f) = e = constant.
(C) p2,1f3,—2(37) = p2,1(6, %6, —%e + f) = e = constant.
(d) p2,-1f3,—2(x) = p2 -1 (e, ge, —% + §) = e = constant.
3, _2 —je+3
(€) psofs—2(z) = psole, se,—3e+ %) = m ~ constant, by Corollary [2.2.2
3 4
3, _2 —jet+ i
(£) paifs—2(x) =paile, 5e,—5e+ 1) = m ~ constant, by Corollary [2.2.2
3 4

1 x
3¢t 1

= —— =~ constant, by Corollary [2.2.2
I5e + %Il

(g) p3,—1f3,—2(90) = p3,_1(e, ge, —%e + %)

18



13 x
!

(h) psafs—2() = p3ale, ?2’ ,—%e +3) = o~ constant, by Corollary [2.2.2

I—%e+ 5l
(i) ps,—2fs—2(x) = p3ale,3e,—2c+ %) = ||§|| —
4

2‘ pr,sf2,1

(a) p1,0f2,1($) = pl,o(e, e+ %, 36) = e = constant.
e+ 3
(b) paofor(x) =p2ole, e+ %, 3e) = 2_ ~ constant, by Corollary [2.2.2

le =+ 51l
x
3

(c) p2ifor(z) =paa(e,e+3,3e) = e = .
2

2e + 5

12¢ + 5l

() p3ofar(z) =psole, e+ 5,3e) = e = constant.
(f) p3,1f2,1(¢”)
(g) p3,—1f2,1($) = pg,_1(€, e+ %, 36) = e = constant.

(d) po—1fo1(x) =po—1(e,e+ 5,3e) = ~ constant, by Corollary [2.2.2

=p3i(e,e+ 5 3e) = e = constant.

2e — 5
(h) psafei(z) = psale,e+35,3¢) = T2e—z y o~ constant, by Corollary [2.2.2|
e —_—
(i) p3,—2f21(z) = ps, 2(6 e+3,3¢) = %
Note that, since 1 < |le + Z|| for all z € 5", [[—7(e + 2)|| < 2 < ||3e]| for all z € S™.

Therefore, by Corollary [2.2.3]
p3.—2f2.1(x) =~ constant.

O]
Now put

A={A4;, [1<j<i<k}U{A_;11<j<i<k}U{Aio|l<i<Ek} (3.1.9)

Proposition 3.1.5. H*(Confz,(R" — {0}, k — 1)) is the graded commutative R-algebra generated by
the set A subject to the relations
(a) For0<j<i<k,
Ai] - A7'27_.7 - 0.

(b) For1<i<r<k

Ar,OAr,i = Ai,O (Ar,i - Ar,0)>
AroAr—i = (—1)"Aio(Ar—i — Arp),
Ar,iAr,fi = (_1>nAi,0(Ar,7i - Ar,i)-
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(c) Forl1<j<i<r<k

A A = Aj(A— A,

ArjAr i = (=1 ]0+A10 Ai i) (Ar—i — Arj),
Ar,iAn—j = ( 1) (Ar —J AM‘)
ArjAr—i = (= 1)"( — Aij+ (=1)"Aj0)(Ar—i — Ar ).

Since [16] offers little detail on the actual derivation of the multiplicative relations above, for the
sake of completeness, we next give the full argument giving the correct relation for A, ;A, ;. Our
method differs slightly from the one sketched in [16].

Proof of the second relation in |(c)| of Proposition [3.1.5 In order to obtain the relation
ArjAr i = (=1)"(Aj0 + Aip — Ai ) (Ar i — Arj),
we start by considering the map a : Confz, (R™ — {0}, 3) — Conf(R™, 3) given by
alz,y, z) = (x, 7y, 2).
We will show that by applying a* to the known relation
Ag,lAgQ - Alz,l(Aé,z - Aé,l)
we obtain the desired equality. We clearly have

a’(Ay,) = Az
a’(Ay,) = Az,
and we next compute a*(Aj,). This will be achieved by computing the degrees of the compositions

phaafi;: S"H = S"71 as those degrees give the coefficients (A5 ) in terms of the basis A. Let
N :R" — {0} — S"! be the normalization map. We have

—e

aofiol) = NG -w) - -N(+a), (3.1.10)
Praafeel) =  N(=2z-c¢) —  —N(@z+e), (3.1.11)
Praofule) = N(ret3) =) (3.112)

Paafaa(®) = Ni(—e+3)—e) =  —N(e+I+|-e+3l%)  (3113)
Paiefso®) = pyiafsi(z) = Paaafsa() (3.1.14)

= Phafsa(z) = Phafsa(2).

We need to compute the degrees of all these maps, and for most of them it is easily computed:
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e The maps in (3.1.10) and (3.1.11]) are obviously homotopic to the antipodal map.

e By Corollary [2.2.3] the map in (3.1.12)) is homotopic to the constant map since e is not enclosed
by the image of 7(e + 5).

e The maps in (3.1.14) are all obviously constant maps.

Identifying the degree of py afs 1, however, requires some work: Let F': R X R" — R" be the map
given by

F(t, ZL’) = F(t, (tl, tQ, SN 7tn)) = (ttl, tQ, AN 7tn)
Note that F(1,z) = z and F(—1,z) is z reflected across the hyperplane t; = 0. As maps
St — S"=1 we have

X T T X X T
N(—e+ 3 +l—e+ 3 |%) = N(F(L,2) + (—1+ [|—e+ 2[[*)e) = N(F(=1, ) + (~1+ |]—e + 2|[*)).

The homotopy on the right is given by

N(F(t,5) + (<14 [—e+3IP)e)  fort € [-1,1],

and it is well defined: suppose there exist t € [—-1,1] and z = (¢y,...,t,) € S*"! such that

F(t,5)+ (-1 + e+ S[P)e=0.

Then F(t,%2) = (1—|[—e+%|[*)e and so we have & =1 —||—e+ Z||> and ¢; = 0 for i > 1. The latter
condition, in turn, implies ¢; = £1.

e Suppose t; =1. Then £ =1 —|[—e+£|P=1—|-§[?=23,s0t =3 > 1.

e Suppose t; = —1. Then -5 =1—||—e— [P =1—|-¥|?=-2,s0t =3 > 1.

Both assumptions lead to a contradiction, so the homotopy is well defined. Now we will prove that,
as maps 5" ! — St

x x x
N(F(=1,5) + (=1 + [l=e + FI")e) = N(F(=1,3)).
Consider the homotopy

N(F(~1, g) =1+ ||—e+ §H2)e) for ¢ € [0, 1.

This homotopy is well defined: suppose there exist t € [0,1] and x = (ty,...,t,) € S™ ! such that

X X
F(—1, §) +t(=1+]|—e+ §||2)e =0.

Then F(—1,%) = ¢(1 — [|—e + £||?)e and so we have —% = t(1 — ||—e + £||?) and ¢; = 0 for i > 1.
The latter condition, in turn, implies ¢; = £1.
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e Suppose t; = 1. Then —3 =t(1 — [[—e+ £[]*) =t(1 — [|[-§[*) =3, s0t = -2 <0

e Suppose t; = —1. Then L =¢(1 — |[—e — &|]?) = t(1 — ||-2¢|]?) = —t3,s0t = -2 < 0.
2 ) 2 1 5

Both assumptions lead to a contradiction, so the homotopy is well defined. Therefore
x
p/2,10[f27*1(x) = _N<F(_17 5)) = _N(F(_lax))

which is clearly a map of degree (—1)"*1.

Having understood the maps pj,af;;(z), we can read off the expression for a*(Aj;), namely,
a*(Ay ) = (=1)"(A1po + Az — Az 1). Then, by applying o* to the relation

A§,1A5,2 - A/2,1(Ai°,,2 - A/3,1)7
we get
A1 As o= (—1)"(A10+ Ago — As—1)(As o — A3 1),
which is the second relation asserted in ((c)|) above in the case (r,4,j) = (3,2,1). The general case
follows by applying the maps
it Fr(R" =0,k —1) — Fy,(R" —0,3)
given by m,; i(x1,...,x5-1) = (2}, z;, ), and which evidently satisfy
mii(Are) = Ajo, 7 i(Ase) = Aig, o (A2a) A
mrig(Az1) = Ay m(Ase) = Ao, mrig(As1) = A,
77:,1;,]'<A3,2> = Ay, W:,i,j(A?),—l) = A W:,i,j<A3,—2) = A
]
The product relations in @ and @ can be obtained by considering the maps
Confz, (R™ — {0}, 2) — Conf(R™, 3) given by:
(z,y) — (0,2,y)
(z,y) — (0,7%,y)

and computing the images of their cohomological counterparts applying arguments similar to the one
given in our previous proof.

Similarly, the first, third, and fourth product relations in can be obtained, respectively, by
considering the maps Confy, (R™ — {0},3) — Conf(R", 3) given by:

(z,y,2) — (2,9,2)
(z,9,2) > (72,9,%2)
(x,y,2) V> (T2,7Y,2)

and computing their images in cohomology.

These relations imply that the cohomology of the fiber in (3.1.1]) is additively generated by
products of the form A;, ;, --- A, ;, where i, <y if [ <!’. Furthermore, such products are in fact an
additive basis in view of (3.1.5). In summary, we have the following theorem.
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Theorem 3.1.6 (Corrected form of [16, Theorem 1.1]). Forn > 2, there is an R-algebra isomorphism
H*(Confz,(R" — {0}, k — 1)) = R[A]/I, (3.1.15)

where I denotes the ideal generated by the relations @, @ above, and A is defined in .

Now we determine the cohomology ring of the total space of (3.1.1)), following Section 4 of [16].
Since n > 2, S™ is simply connected and we have trivial coefficients on the Serre spectral sequence
associated to (3.1.1)). Also, S™ has torsion free cohomology, therefore

EY? = HP(S™ H(Confz,(R" — {0}, k —1))) = HP(S") @ HY(Confz,(R" — {0}, k — 1)).
Proposition 3.1.7. For n odd, the Serre spectral sequence associated to
Confz, (R™ — {0}, k — 1) =~ Confz, (S™ — Q*,k — 1) — Confz,(S" k) = S,
collapses.

Proof. Consider a nowhere vanishing vector field on S™. This gives a section
o:S" — Confz,(S", k)

of by choosing k — 1 vectors along the direction of the vector field and applying the exponential
map. Consequently we have a monomorphism

m  H*(S") — H*(Confz,(S", k)),

so the differentials with image in the 0-th row cannot be nonzero. Extending this using the description
of Fy we already have computed, we get the result. O]

Theorem 3.1.8 ([10, Proposition 14],[16, Proposition 5.2(a)]). For n > 2 odd, there is an R-algebra
isomorphism H*(Confy,(S", k)) = H*(S") ® H*(Confz,(R" — {0}, k — 1)).

Note that the multiplicative structure in E,, = Fs, which is just the tensor product of the multi-
plicative structures for the base and fiber, already gives the multiplicative structure of
H*(Confz,(S™, k)), by dimensional considerations —recall n is an odd integer greater than 1.

For n even, Xicoténcatl shows that the differential d%"~! : E%"~1 — E™0 is determined by
dn(Aij) = 2u, for all A;; € A (see also [I0, Proposition 13]). In particular, if the characteristic
of R is 2, the conclusion of (and argument for) Theorem holds also for any even n (the case
n = 2 requires an additional argument based on Brown representability, see the proof of Theorem
below). We close the section with a description of the R-cohomology algebra of Confz,(S™, k)
for n even under the additional hypothesis—in force throughout the rest of this section—that the
characteristic of R is either zero (e.g. R = Z or R = Q) or an odd integer (e.g. R = Z;, odd t), so
that the map 2: R — R given by multiplication by 2 is injective.
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It will be convenient to make a change of basis by defining B; ; = A;; — A1, for |j| < i < k,
and B = {B;;||j| <i<kand1l<i}. A straightforward computation shows that a product of two
given elements in B satisfies the exact same relation holding for the product of the corresponding
two elements in A (keeping in mind that, by definition, By = 0). Let us denote by J the resulting
set of relations among the B; ;’s. It is also clear that a new basis for H*(Confz,(R" — {0}, k — 1))
is obtained from the basis described just before Theorem by replacing each factor A;; with
¢ > 1 by the corresponding B; ;. In these conditions, the hypothesis on the characteristic of R, and
the fact that the differential sends every A;; to 2¢, imply that B is a basis for the kernel of d%" .
More generally, let K = ker d%"~! denote the (free) R-module generated by B, and let K’/ denote
the R-module generated by products of j factors in K, where K° and K~! are set to be R and 0
respectively. Then a basis for K7 is given by the degree j(n — 1) elements in the above modified basis
for H*(Confz,(R™ — {0}, k — 1)) which do not contain the factor A; (e.g. K1 = 0). It is then
clear that the only non-trivial terms in the (n + 1)-stage of the spectral sequence are given by

B Z ki, for 0 <j<hk—2

EZﬂn_l) = 1, A1 K @ (1, KT)y,  for 0< 5 <k—1;

where (—)s denotes the mod 2 reduction of the given module (that is, tensoring with Zs). There are
no extension problems in the spectral sequence since its p = 0 column is R-free. Further, just as with
Theorem [3.1.8] if n > 2, the multiplicative structure of the cohomology of the total space follows by
dimensional considerations from that for the E -term of the spectral sequence. In fact:

Theorem 3.1.9. Assume that the characteristic of R is either zero or an odd integer. For even
n > 2 there is an isomorphism of graded R-algebras

H*(Confz,(S",k)) = R[B]/J @ AX\,w)/ (2, \w)
where X\ and w are represented in the spectral sequence by t,, and 1, A; ¢, respectively.

Proof. It only remains to argue the assertion about the multiplicative structure when n = 2. (The
issue is mentioned without explanation by Feichtner and Ziegler on the first half of page 100 in [10].)
The point is that, for any even n, 2Bz ; = 0 by anticommutativity. But for n = 2 we need to rule
out the possibility that, as an element in H*(Confy, (5™, k)), the square of a 1-dimensional class B; ;
agrees with the 2-dimensional 2-torsion class A. This follows from Brown representability when the
coefficients are Z. For other coefficients I? the assertion holds since the definition of the classes B; ;
is natural with respect to the canonical ring morphism Z — R. O]

Note R[B]/J = @< ;<j_, K, a basis of which has already been described. In the E, term of
the spectral sequence, this R-subalgebra corresponds to the left hand side tower supported by 1.
Besides, two additional “copies” of this tower show up: one copy (tensored with Z,) is supported by
A; another copy (shifted one level up) is supported by w:
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(k—1)(n-1) [ ]

(k=2)n—-1)@ [ 1]

n-1)¢ 0
n—1¢@ 0 w

L

1 A

Figure 3.2: The F, term.

Remark 3.1.10. The additive version of Theorem is obtained in [I6, Theorem 5.2, items (b)
and (c)] assuming implicitly n > 2. On the other hand, for n > 2, the multiplicative relations among
generators in Theorems [3.1.6/and [3.1.9|correct those found in [I0]. In fact, the multiplicative relations
described by Feichtner and Ziegler in [10), Proposition 11] for their generators in the cohomology of
Confz, (R™ — {0}, %k — 1)) lead to inconsistencies. We illustrate the problem using Feichtner-Ziegler’s
notation, which the reader is assumed to be familiar with. (In particular, the notation for the fiber in
(3.1.1) will momentarily change to Fi,,(R*\ {0},n)). Take 1 <4 < j < n, and let k be odd (so that
the generators ¢;, ;rj, c;; are even dlmensmnal and, therefore, commute without introducing signs).
Then Lemma 7 and Proposition 11 in [10] imply

ww+C%( )= O:Ai(O):A(””—i—CZ( +c; )):cgjc;fj—ci(c;fj—i-c;j).

This yields c¢;c;” ; +cci; = 0, if we work with integral coefficients. However the latter relation
contradicts Pl"OpOSlthIl 8(2) in [10].

3.2 (Zy)*-Action

In this section, R will denote a commutative ring with unit where 2 is (still) not necessarily invertible.
In [16], the action of the group (Z;)* on H*(Confz,(S™, k)) induced via antipodal maps on each
coordinate was determined for £ < 3, with most details omitted; here we generalize Xicoténcatl’s
result for all k, providing full details in typical cases, and correcting the description for k = 3.

Let us denote by ¢; : Confz,(S™, k) — Confz,(S™, k) the antipodal map on the i-th coordinate
and, by abuse of notation, its induced map in cohomology. We will work with the Serre spectral
sequence of (3.1.1)), and determine the action of (Zy)* = (€, €9,...,€) on the cohomology of the
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total space by understanding the action of each ¢; on the cohomology of the base and the fiber. We
first state the main results of this section (dealing with the action on the fiber), and then we recall
(from [16]) the details on how (Z5)* can be thought of as acting on the fiber of (3.1.1]).

Theorem 3.2.1. For n > 2, the action of (Z)* on H*(Confz,(R™ — {0}, k — 1)) is given by

((_1)n—1Aj70 — Ai,O + Az’,j if | = 1, 7> 0;
—Am’g — Ai,O + Ai,j if [ = 1, 7 <0;
Ay if1=1,7=0i>1:
A 1> 1, [jl=1—1:

ad;; = ! 1 ~ ’J’ . (3.2.1)
7 (—=1)" A0 ifl>1,:1=1-1,5=0;

(—1)”14]'70 + (—1)”142"0 + (_1)n—1Ai’_j ifl>21=1-—1,7>0;
A|j|,0 + (—1)71142‘7[) ‘I— (_1)71711417']' lf l > 27 Z - l - 1, ] < O,

[ Aij otherwise.

Theorem 3.2.2. Forn > 2 even, the action of (Z3)* on the permanent cycles K* C H*(Confz, (R™—
{0}, k —1)) is given by

—B‘j‘,g — B@() + Bm if l = 1, |j| > 0;
—Biy ifl=17=0,i>1;
aBij =14 Bi_;j ifl>1,|j|=1-1, (3.2.2)
Bjjlo+ Bio—Bi—; ifl>2i=1-1,j]>0;
| Bij otherwise.

Note that By = 0 in (3.2.2), and that the formulas in (3.2.2]) are the same ones as those in
(3.2.1]) for n even and replacing each A with B.

Unlike the maps ¢ for [ > 1, ¢; does not preserve the fiber in (3.1.1)). Indeed, €; covers the
antipodal map. This issue is dealt with in [I6] by using the rotation

(L 0
T—(O —12)650<n+1>

that interchanges the north and south poles N = (0,...,0,1),S = (0,...,0,—1) € S™. In detail, the
restriction of T to S™ is Zs-equivariant and it is Zs-equivariantly isotopic to the identity, therefore
it induces a map T>* : Confz,(S™, k) — Confz,(S", k) homotopic to the identity such that the
following diagram commutes:

Contz, (S™, k) Z2S Confy, (S™, k)

ml Jm

S ST
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Since —T fixes the north pole, 7** o ¢;—which is homotopic to ¢;—restricts to a map on the corre-
sponding fiber. This allows us to understand the effect of 7% o ¢; (and, consequently, of ¢;) on the
spectral sequence. With this in mind note that, after removing the poles and taking into account
the stereographic projection, the map 7" induces a map 7 : R* — {0} — R"™ — {0}, given by
~ x
T(x) = 75,
]|

where T = (ty,...,t,_1,—t,) for x = (t1,...,t,). Thus, the action of T** o ¢; restricted to the fiber
is given by T**=1 g0 the action of €; on the cohomology of the fiber is the same as the action of
the map €, (z1, ..., 25_1) = (T(x1),...,T(x4_1)), which from now on we will also denote by €;. The
remaining actions restricted to the fiber are given by € (z1,...,251) = (x1,..., 7211, ..., x_1) for
1 <1< k. The maps €, € - --€;: Confz,(R" — {0}, k — 1) — Confz,(R™ — {0}, k — 1) are related as
follows:

Lemma 3.2.3. Forn odd, €, >~ €5 ---€;. Forn even, € =~ h*E=Dey ... €, with
h:R"—{0} — R" — {0}

given by h(z) =

Proof. Let g, f : R" — {0} — R™ — {0} be the maps f(z) =

any @ € O(n) is Zo-equivariant (with Zy = (7)):

—z)::—Q@): ~Q(@)
]| zf|> Q)
This, coupled with the injectivity of @, implies that @**~1 sends orbit configurations to orbit

configurations. Therefore h**=1 ¢*(*=1) are maps of orbit configurations spaces. We also have that
f is injective, and it is also Zs-equivariant:

. mr_ EE) .
flro) = flo ) = = M () = )
e T (&)

ﬁ and g(x) = —z. We have that

@vwz@( )

therefore f**=1) is a map between orbit conﬁgurations spaces. Note that 7 = ¢f and R = hf.
Therefore we have e, = R**~1 = (pf)**=1) = px(E=1) £x(E=1) For p odd, it is known that there is a
homotopy through O(n) between g and h, so we have g*#=1) ~ p*(=1) a5 maps of orbit configurations

spaces, therefore
€ = hx(kfl)fx(kfl) ~ gx(kfl)fx(kfl) — 7_><(kfl) =o€

as maps of orbit configuration spaces. For n even, there is a homotopy through O(n) between g and
the identity. Therefore

€ = hx(kfl)fx(kfl) ~ hx(kfl)gx(kfl)fx(kfl) — hx(kfl)Tx(kfl) — h><(lc71)62 e
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as maps of orbit configurations spaces. O
Of course, Theorem [3.2.1] can be used to give a description of the effect in cohomology of the map
h*(E=1) . Confz, (R — {0}, k — 1) — Confz, (R" — {0}, k — 1) that arises in Lemma for n even.
We omit the details as we will not have occasion of using such information. Yet, in the next section
we will need to describe the behavior of the map A**~Y on the permanent cycles K* of the previous
section.

Note that ¢, acts as multiplication by (—1)"*! on the generator of the cohomology of the base
space of (3.1.1)), and that ¢ acts trivially on said generator for [ > 1. Thus we have the following
description of the action of (Z,)* on the total space of (3.1.1)).

Corollary 3.2.4. Forn > 1 odd, the action of (Zs)* on
H*(Confz,(S™, k)) =2 H*(S™) ® H*(Confz, (R" — {0}, k — 1)) = A1) ® R[A]/1
15 the tensor product of the corresponding actions on each factor of the tensor product.

Corollary 3.2.5. Assume that the characteristic of R is either zero or an odd integer. For n > 2
even, the action of (Zs)* on

H*(Confz, (S, k)) = R[B]/J @ A\, w)/(2\, \w)

=\, ifl=1;
a(A) = {

satisfies

A, it 1 > 1,
a(w) = w, Vi>1,
and restricts to the action of (Z)® on B stated in Theorem .

Theorem [3.2.2| is a straightforward consequence of the definitions and Theorem In turn, it
suffices to prove the latter result in the special case k = 3. Indeed, on the one hand, Theorem [3.2.1
is elementary for k£ = 2. On the other, for £ > 3 and 0 < j < ¢ < k, the map

mi;: Confz, (R" — {0}, k — 1) — Confyz, (R" — {0}, 2)

given by
i (T1, .. xpmn) = (24, 24)

sends Ay o, Az, A21, and Ay _; respectively to Ajo, Ao, Aij, and A; _;, whereas, for 1 <1 <k, m;;
fits in the commutative diagram

Confz,(R" — {0}, k — 1) =% Confz, (R" — {0}, k — 1)

l”i,j Lﬂ'i,j

Confz, (R™ — {0}, 2) € Confz, (R* — {0},2),
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where

es(z,y), ifi=101-1;
EQ(xuy)7 1f.]:l_1a
61($ay)7 it = L

(x,y), otherwise.

é(z,y) =

The rest of this section is devoted to proving Theorem in the case k = 3, i.e. to the proof of
the following set of equalities—which corrects the action reported in Table 2 of [16]:

€1A1,0 = —Al,o,

€1A2,o = —A2,0,

e1dsr = (=1)"A1g— Asg+ Asy,
€1ls 1 = —Aig—Ago+ Ag 1,

€2A1,0 = (—1)n141,0,

€2A2,o = A2,07

€2A2,1 = AQ,—h
62142,—1 = A2,17

€3A1,o = A 05

eshdoy = (—1)"Ay,
€3A2,1 = (-1)”141’0 + (_1)1114270 + (-1)”71142’,1,
e34s 1 = Ao+ (—1)"Agg+ (—=1)"Ay,.

Recall the maps p; ; and f, s introduced in and . By abuse of notation, for |j| <i < 2,
we will denote by f;; the composition ma 1 f;; : St — Confz, (R™ — {0}, 2). These maps, together
with the corresponding maps p,, detect the generators for Confy, (R —{0}, 2) in the sense of (3.1.8)).
To prove the above set of relations, we will compute the degree of the compositions

§n1 19 Gonfy, (R™ — {0},2) —“~ Confz, (R" — {0},2) 2% gnt
for 0 <1 <3, |j] <i<2,and |s| < r < 2. We start by computing the action of ¢;.

1. €A1 o: We have

p1,0€1f1,0(95) = x, p1,0€1f2,0($> = € p1,061f2,1(l‘) = € p1,0€1f2,—1(l‘) = €.

The first map is a reflection and the rest are constant maps, therefore

deg(pio€ifio) = —1, deg(pioeifon) =0, deg(pioeifar) =0, deg(pioerfs,—1)=0.
ThU.S, ElAl,O = _Al,O-
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2. 1Asg:  Clearly, pagerfio(®) = N(£), which implies deg(paoerfio) = 0. Note that

N(R(y)) = N(j) for all y € R* — {0}, iherefore
p2o€if20(z) = N(2) = T, i
peoeifei(z) = N(R(e+3)) = Nie+ %)3
p270€1f27_ (I‘) = N(R( e+ )) = N(—B + %),

The second and third maps are not surjective, therefore we have
deg(pao€1fop) = —1, deg(paoerfo) =0, deg(pzoerfz—1) = 0.
Thus 61A270 = —A270.
3. €1A421: We have

paacifiolr) = N(

N

therefore
deg(P2,1€1 fl,o) =(— 1)n_1-

We also have
pai€ifoo(r) = N2z —e) = N(z-—

N0
~—

SO
d€g<p2’1€1f270) = —1

Recall the map F' defined earlier, given by (¢, (t1,...,t,)) — (tt1,ts,...,t,). We have

pracifei(z) = N(R(e+%)—e) = N(e+ 252 — e+ Z|%)

~ N(e+ LD A% —lle+ Z|Pe) =~ N(w).

The first homotopy is given by
F(t,x)

N(e+ —le + gHQe) with ¢ € [~1,1].

As before, we have to check that this homotopy is well defined: suppose there exist ¢ € [—1, 1]
and z = (t1,...,t,) € S""! such that F(¢,%) + (1 — |[e+ £||*)e = 0. Then

F(t,5) = (<14 [le+ 5I")e

and so we have &L = —1 + [le + £ and t; = 0 for ¢ > 1. This, in turn, implies t; = 1.

e Suppose t; =1. Then L = -1+ e+ &P = -1+ %> =2, s0t =2 > 1.

e Suppose t; = —1. Then —f = -1+ fle— P = -1+ 5] =3, s0t =2 > 1.
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Both assumptions lead to a contradiction, so the homotopy is well defined. The second homo-
topy is

F(-1,z T
N((T’x)%—t(l— ||e+§||2)e), with t € [0, 1].
Let us verify that this homotopy is well defined: suppose there exist ¢ € [0,1] and
2= (t1,...,t,) € S" ' such that 2522 1+ #(1 — ||le 4+ Z||?)e = 0. Then
F(—l,j:)

7 ==L+ e+ ZIP)e

and so we have —4& =t(—1+ [le + Z||?) and t; = 0 for ¢ > 1. This, in turn, implies ¢, = +1.

e Suppose t; = 1. Then—%: t(=1+lle+£[?) =t(— 1+| °|?) = 2 ot:—§<0.

e Suppose ¢t; = —1. Then § =t(—1+ [le — £[|*) = t(—=1 + [|§]|*) = —t3, s0t = —2 < 0.
Both assumptions lead to a contradiction, consequently the homotopy is well defined. Therefore
D2.1€1 f21 is homotopic to a composition of two reflections. Thus

deg(p2,1€1f2,1) =

Finally, since e is not enclosed by the image of R(—e + %), we have that the map

5 -0

pai€rfo1(x) = N(R(—e + 5

is not surjective. Therefore
deg(P2,1€1f2,71) =0,
and we conclude that €; Ay = (—1)" 1A 9 — Ago + Az

. 1Ay 11 We clearly have
p27_161f1,0($) = N(% — T(i’)) = N(f + %) ~ I
and
p27,1€1f270<1’> = N(Qf + 6) = N(i’ + %) ~ I.
Therefore
deg(pz,—1€1f20) = deg(pa,—1€1f10) = —1.
On the other hand, since —e is not enclosed by the image of [fi(e + 5), the map

p2,—1€1fa1(x) = N(R(e 4 x

D) +e)

is not surjective. Therefore
deg(pQ,—1€1f2,1) =0
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Finally,

po—1€1fo_1(z) = N(R(—e+ 7)+e) ~ N(—e+ w + |—e+ 3 %e)
N

z,

F(t,x z —
N(— (2’ )4 I—e + 5“26), with ¢ € [~1,1],
and the second one by
La _
N<(T’) t(—1 +H—€+g’\2)e), with ¢ € [0,1].

We can show that these homotopies are well defined in a similar fashion to the previous case.

Therefore,
deg<p2,71€1f2,71) =1,
And we conclude that ey Ay 1 = —A; 9 — Ay + Az 1.

From now on we will just record the results of the computations, without writing out the details,
for these computations are entirely analogous to the computation of the action of €;. Next we consider

€9.

1. 62141’0 : We have

P1,0€2f1,0(37) = -, p1,0€2f2,0($) = €, p1,0€2f2,1($) = —¢,

therefore

P1,0€2f2,71(56) = €,

deg(p1,062f1,0) = (—1)"7 deg(p1,052f2,0> =0, deg(p1,0€2f2,1) =0, deg(pl,o€2f2,—1) = 0.

ThHS, €2A1,0 = (—1)77'14170.

2. €2A270 : We have

Pao€2f10(T

)
pao€afoo(z) = N(%) ——
pro€afor(z) = N(e+35) =~ 0,
proerlsa@) = N(ci5) ~ 0

therefore

deg(paoeafio) =0, deg(papeafan) =1, deg(paoeafsr) =0, deg(paoeafo,—1)=0.

ThUS, 62A270 = AQVO.
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3. €245 1 We have

p27162f1?0($) = N(26 + l’) ~ 0,
p27162f270(l') = N(% —I— e ~ 0,
p271€2f271 SL’) = N(e + % + 6) ~ 0,
p27162f27,1(x) = N<—€—|— % +€) = N(%) = X

therefore
deg(p2,1€2f170) =0, deg(p2,1€2f2,0) =0, deg(p2,1€2f2,1) =0, deg(p2,1€2f2,—1) = 1.
Thus €2 As1 = Ay 1.
4. egAy 1 : Note that €5 = identity. Application of the previous case yields €9y 1 = Ag;.
Next, €3.
1. e3A; : We have
p1,0€3f1,0(33) = T, p1,0€3f2,0($) = €, p1,063f2,1(33) = €, p1,0€3f2,—1(33) = €
therefore
deg(proesfio) =1, deg(pioesfan) =0, deg(pioesfoi) =0, deg(pioesfo_1)=0.

ThUS, 63A170 = ALO'

2. 6314270 : We have

P2,0€3f1,0(x) = N(—%),

p2o€sfoo(z) = N(7(5)) = -,
peoesfor(r) = N(r(e+3)) = 0,
pao€sfo1(z) = N(r(-=e+3)) = 0

therefore

deg(paoesfio) = 0, deg(paoesfon) = (—1)", deg(pooesfoi) = 0, deg(pooesfo—1) = 0.
T‘hllS7 €3A2’0 = (-1)71./42,0.

3. e3As1 1 We have

paeshole) = N—f—r) = -NG+n) = =
p2,163f270(x) = N(—Q,Z' — 6) = —N(2:L‘ + 6) ~ —x,
poa€sfoi(z) = N(t(e+35)—e) =~ 0,



therefore

deg(pa,i€3fio) = (—1)", deg(pai€sfa0) = (—1)", deg(pai€sfa1) = 0.

Lastly,
paesfra(@) = N(r(—e+§)—e) = N(e+ 5= —|—e+ %)
~ N(HE) = —F(-1,2),
where the first homotopy is given by
F(t,—
N(e + % ~—e+ gn%), with t € [~1,1],

and the second one is given by

F(-1,—

N(% Sl |—e+ §|y2>e), with ¢ € [0, 1].

Therefore
deg(pa€3fo,—1) = (—1)" L.

And we conclude €347 = (—1)" Ay + (—1)"Agp + (—1)" 1Ay 5.

4. €3A5 1 : Note that €5 = identity. By our previous computations,

Ay =e3(esdar) = e((—1)"A1 o+ (—1)"Agp + (—1)"71142,—1)
= (—].)nAl’o + AQ,() + (—1)”7163/127_1.

Therefore 631427_1 = Al,O + (-1)”1427[) + (-1)”7114271.

Remark 3.2.6. Theorems [3.2.1| and [3.2.2| correct results in [I0]. The situation is closely related to
our discussion, in Remark [3.1] of the existence of inconsistencies with the determination in [10] of a
presentation for the cohomology ring of the fiber and base spaces in . As described next, the
problem can be traced back to the description in [0, Lemma 7] of the action of the various ¢; on
cohomology rings. To simplify the explanation, once again we adopt momentarily Feichtner-Ziegler’s
notation in [I0]—which the reader is assumed to be familiar with. The proof of Lemma 7(iv) in
[10] is based on the asserted equality (A o Ay)*(cfy) = (—1)F¢i, whose proof, in turn, is reduced to
showing that the obvious map

AQOAli M({Ul,UQ,Uf:Q}> —>M<{U1,U2,Uf:2}) (323)

satisfies
(AQ (o] A1>*(El,2) = (—1)1651’2. (324)
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(Note that (3.2.3) is not to be understood as a composition of maps from M({Uy, Uz, U, }) to itself.)
Feichtner-Ziegler’s argument for (3.2.4)) then proceeds by considering the central sphere S (of radius
V2) in *UF, \ {0} which retracts from M({Uy, Uz, U}',}) (with retraction p). It is observed that

(3.2.3) restricts on S as the antipodal map (3.2.5)
and, from this, (3.2.4)) is concluded. But such a conclusion is clearly flawed: The assertion in (3.2.5))

is right, and gives the (strict) commutativity of the diagram
S——= M{Uy, 0>, Uy, })
antipodal\ lAgoAl
S(—> M({Ul, UQ, Uf:Q})
But (3.2.4) cannot be drawn from this, since the map induced in cohomology by the inclusion
S — M({Uy,Us,Uf,}) has a nontrivial kernel. Indeed, H*"'(M({Uy, Uz, U, })) is free of rank 3,

while H*1(S) is free of rank 1. Instead, what would certainly give (3.2.4) is the existence of a
commutative diagram (at least up to homotopy)

M{U, Us, Ufy}) ——= 5

Ag0Aq l ‘antipodal
MU, Us, U} — 8.

But (3.2.4) is false according to Theorem [3.2.1] so that such a diagram is impossible.

3.3 (Zy)"-Invariants

In this section R will denote a commutative ring with unit where 2 is invertible, and n will be an inte-
ger greater than or equal to 2. First we will compute the (Zy)*-invariants in
H*(Confz,(R™ — {0}, k — 1)) starting with the case n odd, assumption that will be in force un-
til Theorem B.3.8

For 0 <7 < k we let (¢ stand for A, o, and for 0 < j < i < k we define
Gy = A+ A — A,
07:] - _Ai,j + Az’,—j - Aj70.

For ease of notation, for a positive j we will also use the notation C; ; and C; _; to stand respectively
for C7; and Cj;. Put
Ct={CH|1<j<i<k},

C={C;[1<j<i<k},
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COZ{CZ70|1§Z<I{J}

and C = CTUC~ UCy. Clearly, C is a basis for H"~!(Confz,(R" — {0}, k — 1)) with inverse change
of basis map given by

G =G+ Cip — Cjg

Ay =

2 )
4 Gt C Gt G
1,—] 2 9
A’L70 = OLO)

for 0 < j < i < k. These formulas make it clear that:
Proposition 3.3.1. H*(Confz,(R™ — {0}, k — 1)) is additively generated by the products
Civir- - Ci . (3.3.1)
with 5| <iy <k forl=1,...,r.
Our first goal is to show that, in fact, an additive basis is formed by such products that satisfy
in addition
np<ipifl< . (332)

Example 3.3.2. Forn > 2 odd, the multiplicative relations among the A; ;’s yield

C32C30 = —AgoAsg+ Az 2430 — Az0Aszs
= —AgpAs_o+ AsgAso — Az pAse
- —0;20270.

Example 3.3.3. For odd n, the multiplicative relations among the A; ;’s yield

0130;2 = —AgoAy_3+ Ay _3A4 o+ AsgAsg — Ay _2As0 — Ay _3A40 + AspAsp
—AgoAyz + Ay _0Ay3 — AgoAyz
= AgoAy 53— Az oAy 3+ A3pAy 35— Az 2Ay o+ A3pAy o — Az2A4 o
—AgoAup + Ag _9Ass — Az A + Az Ays — AspAus + Ag _9Asz — As2Ass
= —C5,015— 0;20::2 - Cgf,ng,o — (3,030 — C0Chp.

Therefore, by the previous example,
CZBC& = —05,0,5 — 04_,20;2 — Co0C1p.

Note that the set of products in (3.3.1)) satisfying (3.3.2)) is in bijective correspondence with the
basis described just before Theorem [3.1.6l By Lemma [2.1.2] we see that the former set will be in
fact an additive basis of H*(Confz,(R™ — {0}),k — 1) as long as it additively generates. In turn,
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the latter condition follows directly from the fact that the products A, j, --- A;, ;. satisfying the
condition form an additive basis, from the explicit form of the relations expressing the A; ;’s
in terms of the C;;’s, and from the relations in item 2 of Lemma below—which generalizes the
calculation illustrated in Example |3.3.2l The proof of the lemma is straightforward and left to the
reader.

Lemma 3.3.4. Forn > 2 odd, the elements of C satisfy the following multiplicative relations:

1. ForO0<j<i<r<k,

CriCry = =G0+ GG
C,f;-ng = _CiTjC;i_Cz‘J,er;j — Cj0Cro,
C.CH = CLCo +CHCH = CioChry,
—r— e o ~
CaCry = G005 =G0+ CioCip.
2. ForO<i1<r<k,
C:iCr,O = —CioC,;,
CoiCro = —CioCh
3. For0<j<i<k,
2
(Oi,j) - 07
-\
(O’LJ) - 07
ChC; = —ChoCig.

The advantage of using C over A to compute invariants becomes apparent when describing the
action of (Z,)* as a straightforward verification yields

elC’;; = C;]“- for all 0 < 5 <7 and all [,

-C, iti=1-1 =1—1;
61052{ A or j ;

Cij» otherwise,

C —Ci’(], 1f’L:l—1OI'l:1,
€l —
o Cio, otherwise.

Theorem 3.3.5. Suppose R is a commutative ring with unit where 2 is invertible. For n > 2 odd,
the (Zso)*-invariants in H*(Confz, (R™ — {0}, k — 1)) are multiplicatively generated by the set C*. In

fact, an additive basis of the invariants is formed by the products satisfying and j; > 0
forl=1,...r.
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Proof. Let x € H™" Y (Confz,(R" — {0}, k — 1)) be an invariant. We will show that each of the
basis elements appearing with a nontrivial coefficient in the expression of x as a linear combination

of the basis of products (3.3.1)) satisfying (3.3.2)) has no factors belonging to C~ or Cy. Write

where each coefficient a; is non-zero and the summation runs over some multi-indices

I'=((i1, 1), (im> Jm))

such that |j;| < 4; and i; < ip if | < . Note that given our description of the (Z;)*-action on C,
each monomial C; . ---C is sent to a multiple of itself under the action of any element in (Z)*.

11,J1 ) im,Jm ]
Since 2 is invertible, this means that each term C; C;. ;. appearing in (3.3.3)) is invariant. Fix
e . Suppose that the set of

i G
I, and consider the corresponding invariant monomial z = C; . i i
integers ¢ such that we have a factor of the form Cj; in z is non-empty, and let i be the greatest
element of this set. By applying €;,+1 to z we get that —z = €;,,12 = 2, which is a contradiction, so

z has no factors belonging to C~. An entirely analogous argument shows that there are no factors
belonging to Cy in z either. O]

Theorem 3.3.6. Suppose R is a commutative ring with unit where 2 is invertible. For n > 2 odd,
there is an R-algebra isomorphism

H*(Confz,(R" — {0}, k — 1))#)" = R[C*]/K,
where K is the ideal generated by the elements C;ij and CH,CH—CH(CHL=C) for0 < j <i<r <k,

1T,
Proof. Lemma [3.3.4] gives an obvious ring map (with domain in R[C*]/K). This is an isomorphism
since it sets a bijective correspondence between the basis described in Theorem [3.3.5| and the usual
basis in the domain. O

Remark 3.3.7. Note that the second relation in the preceding Theorem is identical to the known
relation . In particular, the cohomology ring described in Theorem is isomorphic to the
cohomology ring of the standard configuration space of k — 1 ordered points in R".

Since the canonical projection S® — RP™ induces a (Zy)* covering space Confz,(S™ k) —
Conf(RP", k), Theorem , the fact that the (Zy)*-action on H*(S™) is trivial for odd n, and
the preceding theorem imply the following result:

Theorem 3.3.8. Suppose R is a commutative ring with unit where 2 is invertible. For n > 2 odd,
there s an R-algebra isomorphism

H*(Conf(RP", k)) = H*(Confz,(S™, k))®)" = A(1,) ® R[CT]/K.

Next, we describe (Zy)*-invariant permanent cycles in K* C H*(Confz,(R" — {0}, k — 1)) for n
even, assumption that will be in force throughout the rest of the section. For 0 < j < i < k define

+
Dy B;j + Bi—j — Bio — Bjp,
Di; = Bij— Bij
Di,O = Bi,Oa
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and, for |j| < i with i > 2, let

D;fj if j > 0;
D, ;= Dijljl’ if 7 <0;
Dig, ifj=0.

(Recall Big=0.) Pt D={D/. |0<j<i<k}U{D; |0<j<i<k}U{Dio|l<i<k} With

5] 5]

this notation, the action described in (3.2.2)) takes the form

e [-Dh =i
' D otherwise,

b _ D iti=1-1
D;. otherwise,

and

aDio = ’ .
’ Do,  otherwise.
Clearly, D forms a basis for K with inverse change of basis given by

B _ D;; 4+ D;;+ Do+ Djg

i
2
n _ Dij=Dij+ Do+ Dio
i,—7 2 5
By = D;p,

for 0 < j < i < k. We leave to the reader the verification of the following multiplicative relations
among the elements of D:

Lemma 3.3.9. Let R be a commutative ring with unit where 2 is invertible. Suppose n > 2 even.
The elements of D satisfy the following multiplicative relations:

1. ForO<j<i<r<k,

Pt — e + -
DyDy = DD — DD — DjoDig+ DjoDyrog — DioDro,

Di.D,; = D;;(D};— D),
-t _— pr(pt +
Dr,iDT,j - Di,j(DT,j_Dr,i)7
D.;D;; = —D;;D;;+D{;D.;.

2. ForO0<i1<r<k,

D::Z'DT,O = _-Di,O-DJr

%)

D Dyo = —DioD,

rat
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3. For0<j<i<k,

Dio)* =
D.J’F,Df. =

o o o o

By repeated applications of Lemma [3.3.9| we see that
Proposition 3.3.10. K* s additively generated by products of the form

D (3.3.4)

i1 e e
where
up<ipifl< l. (335)

The set of these products is in bijective correspondence with the basis consisting of products
B, j, - -+ B;, j, satisfying condition , and so by Lemma the set of products of the form
(3.3.4) satisfying  (3.3.5) is an additive basis of the permanent cycles in
H*(Confz,(R™ — {0}, k — 1)).

Remark 3.3.11. The previous discussion and our description of eg(ij) easily yield that the map
h*=1) in Lemma 3.3 acts on the permanent cycles in K™ as multiplication by (—1)™.

Next we define elements which are clearly (Z,)*-invariants; in fact we will show in Theorem [3.3.14
below that they are multiplicative generators for all (Zy)*-invariants. For 0 < j < i < r < k, put

+ + -
I = DiDy;
I, = DDy,

and for 1 < j <i < k put
Lijo = DjoDip.

For j > 0, we will sometimes write I, ; ; and I,.; _; instead of I:i’j and [g i respectively. Accordingly,

we will sometimes write I;;, or even I as a substitute for I ;0. Let

+_rrt S

ET={L5;10<j<i<r<k},
E={l,;10<j<i<r<k},
50:{Ii7j70|1<j<i<k}

and

E=ETUE UE,.

The corroboration of the existence of the following relations is straightforward, although it can take
quite some time to write down. As such, it is left to the reader.
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Lemma 3.3.12. Let R be a commutative ring with unit where 2 s invertible. Suppose n > 2 even.
The elements of € satisfy the relations listed below. Relations through express a product
I= 1=, with

T?l’.] S’a’7

0<j<i<r<k 0<b<a<s<k, 2<i, 2<a, and r<s (3.3.6)

as a linear combination of such products satisfying in addition
r<s and a¢{ri}. (3.3.7)

Those relations are listed according to the several possibilities for the indices 1,1, j,s,a, and b when

they satisfy but not .

(a) r=s

(a.2) j£0#b
(a.a.a) [{i,7,a,b}] =4 (can assume a < 1)
(a.a.a.a) b<a<j

+ + _ + - + + . 7t _7 . _T. +
Ir,i,j rab T Ij,a,b(]r,i,a - Ir,i,a + Ir,i,j) + (1271770 ]'L',j,a ]27]70 ]vav())]r,a,b’
. — _ — — _ + —_
Liilap = Liapdris = Lijplrap

+ - — - (I + - + . R AR
Ir,i,j[r,a,b - [j,a,b(jr,i,j - [r,z’,b) + (Iz‘,j,b - Iz’,j,b - [J,b,O + Iz,b,O [z,J,Oﬂr,a,bv
- + _ ]+ - _ 7t +

ri,j rab T J,a,b 1,7 %,5,a” r,a,b

(a.a.a.b) b<j<a

:,_i,j :,_a,b = ( a_,j,b - I;;b + Ia,b,O - Ia,j,O - ]j7b70)(]:,_i,a - L:z',a - I:,_i,j)
+ L (L = )+ (Tivo — Lijo — Lino) Iy p
Lijlias = —lajsluiy = TipTras
I:i,jlga,b = I(;,j,b(j;,ri,b - I;,rz‘,j - I;i,b) + (Ii,b,o - IiTj,b - Ij,b,O - Ii,j,O)I;a,M
Ir_,i,j[:,_a,b = [:j,b<[:,_a,j - I:,_a,b) + (Ij,b,O - Ia,b,O + [a,j,O - Ia_,j,b + [;:j,b)lgi,j'
(a.a.a.c) j<b<a
I:i,j]:,_a,b = (I;,b,j - ]a_,b,j - ]a,j,O + ]a,b,O + Ib,j,o)(]:,_i,a - I;i,a - I:,—'i,j)
+ L = Ly + (Lipo = Tijo + Toj0) L,
Ligliay = —Lipilian = L ilvig
I:i,j]r?a,b = ];:b,j(]:,_i,b - IEz’,b - I:,—i,j) + (Ibu‘,o - Ii7j70 + ]i,b70 - Iijb,j)]q:a,bv
[;i,jlrfa,b = Iijb,j([:a,j - [;,raj)) + ([(;,b,j - [;b,j - Ib,j,O + [a,j,O - [a,b,O)I;i,f

(a.a.b) |{7,j,a,b}| =3 (can assume a < i)

41



(a.a.b.a) a =1 (can assume b < j)

155, = 0
(a.a.b.b) a=j
T
]r,i,jIr,j,b 0
(a.a.b.c) b =i is impossible.
(a.a.bd) b=
+ o+
Ir,i,j[r,a,j = 0
(a.0.0) |{i.ja,b)] =2
T
Ir7i7]IT’Z7‘7 — O-

(a.b) j=0%#0b (the case j # 0 = b is symmetric)
(a.b.a) |{i,a,b}| =3
(a.b.aa) i <b<a

[r,i,OI:a,b = Ib,i,OI:,_a,b’
]r,i,OI;a,b = Ib,i,OI;a,b‘
(a.bab) b<i<aorb<a<i
Ir,i,OI::a’b = - i,b,OI::a’b;
Lioliay = —Lipol,ap
(a.b.b) |{i,a,b}| =2
(a.b.b.a) a =1
Liols;, = 0.
(a.b.b.b) b=1
Ini’()[fa’i == O
(a.c) j=0=10 (can assume a < i)
[r,i,OIr,a,O = 0.

(b) a=r<s
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(ba) j#0#b

(b.a.a) |{i,j,b}| =3
(b.a.a.a) j<i<b

(b.a.ab) j<b<i

Ll
ryigLsmb
:i,j];r,b

I .1

T?i’j S’r7b

(b.a.a.c) b<j<i

]7:;7j :7_7”717
riglsnb
+ —
74,7 8,7,b
- 7+
3,77 s,r,b
(b.a.b) [{i,,b} =2
(b.a.b.a) b=1i
(b.abb) b=j
(bb) j=0#b
(b.b.a) |{i,b}] = 2
(b.b.a.a) i <b

I:,—i,j ;:r,b = I;;i,j(ls—i:r,b_]:r,i)7
Liilory = Toaglovw + Loiglin s
Liilore = Dhglow + 1510
IEZ'JI;,_T,IJ = Il;i,j(I::r,b_]:nj)‘

(I = Ly = Tojo + Lijo — Lino) (IS — 11,4),
TS S el oy

74,5 8,b,7 Js,rb?

(L5 = L)L+ (=L + I A oo — Lijo + Livo) Iy,
L‘Tb,j(jg:r,j - [:,_r,b)'

(Lo — L5p = Lino + Tino — Lijo) (IS, — 1,0),

Liiiloin = Lo

(I:,_i,j - ]:,ri,b)[s_,j,b + (]ijj,b - I;,rj,b - ]j7670 + ]i7670 - ]i7j70)]s_,r,b’

]i—j_j,b( ;,_r,j - ];_r,b>'

+ 7+ _
[r7i7.jIS7T7i - O‘
+ 7+ _
Iﬂi,jjsmj = 0.
+ _ +
Ir,i,OI&nb - Ib:iyojs,r,lﬂ

[T7i70[S,T‘,b - Ib7i70];"’,b'
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(b.b.ab) b < i

Lioll,, = —Lisol).,
Liolg,, = —lLipols,s
(b.b.b) [{i, b} =1
Liols,; = 0.
(b.c) 7#£0=0
I:i,j]s,r,o = [:i,j-[s,j,m
Iiidsro = I ils 0

(bd) j=0=0

Ir,i,OIs,r,O = 0.

(c)a=i<r<s

(ca) j£04b
(ca.a) [{j, b} =2
(ca.a.a) j<b

LGidsy = Ty — Do+ Tijo— Liso — Ly ;) s,
Lilas = Toglas+ 1010,
I:,_i,j[s_,i,b = (I:,_i,j - I:,—i,b)]:,_b,ﬁ
ciliin = Loy (L, — 15 ).
(c.a.a.b) b<j
L ilde = (FLy+Lhy+ Lino — Lipo + Tijo) 15,
Liglain = Tragloge + Liploin
Loy = (L= L) 0
[Ei,szJ,ri,b = [ij,b([;,ri,b - szg)
(c.a.b) {70} =1
1505, = 0.
(¢b) 7=0#0b
Ir,i,0[:i7b = [r,b,Olii’b7
Ir,i,OIs_’i,b = [r7b,OIS_’Z'7b-
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(cc) j#0=0b

+ _ g+
I idsio = 1 i1s 50,

7‘717.7 T7l’.7 s

]m,jls,i,o = Ir,i,j]s,j,o-

(cd) j=0=0
Ir,i,Ols,i,O = 0.
(d) For0<j<t<s<i<r<k,
Iz’js,j];t,j = ]s_,t,jI?:ivj’
[ijt,jlgs,j = _[s:t,jlgi,j'
(e) For0<j<i<t<s<r<k,
Is,t,i'[r,i,j - ]t,i,j ]T7S,i7
+ - _ + -
Is,i,jIr,t,i - _It,i,j]ns,i'

Remark 3.3.13. Relations @ and @ in the previous lemma are not a consequence of the multi-
plicative relations among the elements in D, but rather a consequence of the fact that, in some cases,
there are different alternatives for associating four D’s to form a product of two I’s.

The relations in Lemma [3.3.12] imply that every product

I, xy}

Tmyimajm

with |jl|<il<rl<kand1<il fOI‘l:L...,m (338)

1,81,J1 °

can be written as a linear combination of products of the form (3.3.8)) satisfying in addition

r<rpifl <l (3.3.9)

the sets {i;, 7}, with 1 <1 <m, are pairwise disjoint, (3.3.10)
if jo = 7» <0, say with r, < 1, then in fact r, < i, (3.3.11)
if j, > 0 and i, = —jp, then in fact r, < 7. (3.3.12)

Theorem 3.3.14. Suppose R is a commutative ring with unit where 2 is invertible. Forn > 2 even,
the (Zy)*-invariants in K* C H*(Confz,(R™ — {0}, k — 1)) are multiplicatively generated by the set
E. In fact, an additive basis for the invariants is given by all products of the form satisfying

(3.3.9)-(3.3.19).

Proof. Suppose m odd and let x € K™ be an invariant. By Remark [B.3] we have that
T=€6T=—€-  -r=—x, 50x=0.
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Suppose now m is even and, as above, let x € K* be an invariant. Write

= E :aIDil,jl Dy

where each a; is non-zero and the summation runs over all multi-indices

1= ((i1,51)s- - (ims Gim))

such that |j| < 4, for I = 1,...,m and 4, < iy if [ < I". Recall that an ¢ sends each monomial
D, 5 -+ D, ;. toamultiple of itself, therefore, since 2 is invertible, each D, ; --- D, . isinvariant.
Fix I, and consider the corresponding monomial z = D, ; --- D, . . Note that the action of €; on
z implies that an even number of factors in z are of the form D;,. Further, such factors can be
matched in pairs to yield a product of the form

Liy 1,0z go0 - Where ji <y < jp <idg <---. (3.3.13)
Likewise, for each [ between 2 and k, we have two possibilities:

1. There is no factor D", , in z (e.g. if [ = 2). In this case, there is an even number of factors of
the form D_,_,, because otherwise we would have z = ¢z = —z.

2. There is (exactly) one factor D, , in 2. In this case, there is an odd number of factors of the
form D_, ;| in z.

The first case allows us to associate products of the form D; D", and the second allows us to associate

a product of the form D;&D;i and products of the form D; D, . Further, just as with (3.3.13)), the
new matchings can be done so to yield, together with (3.3.13)), a unique expression of D;, ;, --- D

as a product of the form (3.3.8)) satisfying in addition ({3.3.9)—(3.3.12)).

The above analysis shows that the (Zy)*-invariants in K* are generated by the products of the

form (3.3.8]) satisfying in addition (3.3.9)—(3.3.12). In fact, this is a basis, since such generators are
a subset of the additive basis of K* given by the products (3.3.1]) satisfying (3.3.5)). O

We arrive at the complete description of the invariants for the case n even.

im»jm

Theorem 3.3.15. Let R be a commutative ring with unit where 2 is invertible. For n even, there is
an R-algebra isomorphism

H*(Conf(RP", k)) = H*(Confz, (5", k))®" =~ A(w) ® R[E]/JT,
where J is the ideal generated by the relations in Lemma[3.5.13,
Proof. Since we are assuming that 2 is a unit in R, the isomorphism of Theorem reduces to
H*(Confz, (5", k)) = A(w) ® R[B]/J.

Recall from Corollary that w is fixed by the action of (Zs)*. The result follows from Theorem
3.3.14} which implies that the subring of Zs-invariants in the tensor factor R[B]/.J has the presentation
RIE]/T. O
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3.4 Punctured real projective spaces

In this section we maintain the assumption that n is an integer greater than or equal to 2, and that
R will denote a commutative ring with unit where 2 is invertible. Note that the canonical projection
S™ — RP™ induces a (Zy)"-covering space

Confz,(R" — {0}, k) ~ Confz,(S" — Q¥ , k) — Conf(RP" — x, k)
which, given that 2 is invertible in R, induces an isomorphism
H*(Conf(RP™ — %, k)) & H*(Confz, (5™ — Q% k))®)" = H*(Confy,(R" — {0}, k))?)".

In order to reuse the notation of the previous section when computing invariants, we will consider
that the group action in this section is that of the subgroup (Z)* = (ez,...,exy1) < (Z2)* on
R” — {0} ~ 5™ — Q%. We can do this because in this case each ¢ preserves fibers, so there is no
need for the correcting rotation 7" used at the beginning of Section In practice this means that,
when computing invariants, we just have to ignore the action of ¢;. Thus Lemma [3.2.3] and Theorem

yield:

Theorem 3.4.1. Let R be a commutative ring with unit where 2 is invertible. For n > 2 odd, there
15 an R-algebra isomorphism

H*(Conf(RP" — %, k)) = H*(Confz, (R" — {0}, k))®)" =~ R[c*]/K.

Note that the role of the parameter k in Theorem 4.5 changes here to k£ 4+ 1. For instance, the
generators C’fj of C* are now defined for 0 < j < i < k.

For n even, we have only computed invariants in the permanent cycles K*, but we now have
to account for all the invariants in the cohomology of Confz, (R™ — {0}, k). Start by noticing that
the considerations following Theorem and Lemma show that H*(Confz,(R™ — {0}, k)) is
multiplicatively generated by A; o and the elements D; ; with |j| < i < k subject only to the relations
in Lemma [3.3.9 together with A%O = 0. Further, an additive basis is given by all products of the
form (3.3.1)) and products of the form

AyoD, . ---D (3.4.1)

11,J1 iryJr

satisfying (3.3.5]).
It is natural to expect now more invariants than those found in the previous section. In fact, all
the elements in the set

/ . . —
E={;10<j<i<r<k}U{l;

are clearly (Zy)*-invariant. Before showing these generate all other invariants, we describe their
multiplicative relations. First of all, while all relations in Lemma are clearly inherited (albeit
with upper bound k + 1 instead of k for indices r, i, j), the relations involving terms of the form I, ;,
are evidently not in the most primitive form. Instead, we have the following easy-to-check relations:
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Lemma 3.4.2. Let R be a commutative ring with unit where 2 is invertible. Suppose n > 2 even.
For 0 < j<i<r <k we have:

+ +
I iDio I iDjo,

+ _ 7t

[m',anO - [r,i,ij,Ov
Ir,i,jDi,O = Ir,z‘,ij,Oa
I iDro I Djo-

Therefore, any product of the form

Ds1,0 cee Dsmholrl,ihjl e 1 with 0 < |]l| <py<r<kforl= 1,....m

B and 1< s <kforli=1,...,m (3.4.2)
or
A1oDsi o0 Ds 0Ly gy - Drimgm With 0 < [5i] <4y <1 <k for l/: 1,....,m (3.4.3)
and 1< s <kforl=1,....m
can be written as a linear combination of products of the form (3.4.2)) or (3.4.3)) satisfying
sp<spifl <, (3.4.4)
s {ry,...,rmp U{is,...,in} forl=1,...,m/, (3.4.5)

as well as conditions (3.3.9)—(3.3.12)).

Theorem 3.4.3. Let R be a commutative ring with unit where 2 is invertible. For n > 2 even, the
(Zy)*-invariants in H*(Confz,(R™ — {0}, k)) are multiplicatively generated by the set £'. Moreover,
an additive basis is given by products of the form (3.4.9) together with products of the form
all of which satisfy (3.4-4)), (34-9), and (3.3.9)-(3.3.19).

Proof. The proof is almost the same as the proof of Theorem [3.3.14] except for two differences:

1. We ignore the action of ¢;. This, however, only removes the condition of having an even number
of terms D, o, and now we can just associate all terms D, .

2. We add A, as a potential factor to all monomials. This does not affect our previous proof,
because A is already an invariant. ]

We thus get:

Theorem 3.4.4. Let R be a commutative ring with unit where 2 is invertible. For n > 2 even, there
15 an R-algebra isomorphism

H*(Conf(RP™ — %, k)) = H*(Confy, (R" — {0}, k))@)" =~ R[g'] /T,

where J' is the ideal generated by the relations in Lemma not involving a term I, ;o together
with the relations of Lemma and the relation A}y = 0.
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Chapter 4

Applications to the
Lusternik-Schnirelmann category and
topological complexity

4.1 Preliminaries

In this section we give the definitions of higher topological complexity, as in found in [I], and
Lusternik-Schnirelmann category, as in [4]. The remainder of the results from outside sources used
in this chapter are given with detailed references of their location in their respective sources.

Definition 4.1.1. The sectional category of a map p : E — B 1s the least number k such that there
1s an open covering Uy, Uy, ..., Uy of B such that there exist maps s; : U; — E with ps; homotopic to
the inclusion U; — B.

Definition 4.1.2. Let X be a path-connected space. The Lusternik-Schnirelmann category of X,
cat(X), is the sectional category of the fibration

PX 5 X,
where P,X denotes the based path space of X and p is evaluation at 1.

Definition 4.1.3. Let X be a path-connected space. The n-th topological complezity of X, TC,(X),
is the sectional category of the fibration

ef =e,: X" — X", en(v) = (v(11),...,v(1n))

where J,, is the wedge of n closed intervals [0, 1] (each with 0 as basepoint) and 1; stands for 1 in the
it interval.

49



4.2 Results

The results in the previous chapters are now used to study the category and all the higher topological
complexitied]] of the auxiliary orbit configuration space Confz,(R™ — {0},k) for n > 2 (hypothesis
that will be in force throughout this section, unless explicitly noted otherwise). In what follows all
references to cohomology use integer coefficients—omitting the coefficients from the notation.

The homotopy exact sequences associated to the fibrations in inductively yield that
Confz,(R™ — {0}, k) is (n — 2)-connected. Further, from (3.1.5)), the cohomology of this space is
torsion-free, and vanishes above dimension k(n — 1). Therefore Confz,(R™ — {0}, k) has the homo-
topy type of a cell complex X which is (n — 2)-connected and k(n — 1)-dimensional (see [12], Section
4.C]). Then the upper bounds in [4, Theorem 1.50] for the Lusternik-Schnirelmann category, and
in [I, Theorem 3.9] for the higher topological complexities immediately yield

cat(Confz, (R" — {0},k)) <k and TCs(Confz,(R"—{0},k)) < sk. (4.2.1)

The former inequality is in fact sharp, as the product A;g---Apo € H*(Confz, (R™ — {0}, k)) is
non-zero. We thus get:

Corollary 4.2.1. Forn > 2, cat(Confz,(R" — {0},k)) = k.

Alternatively, we could use the observation that the rule A}, — A; 1;4, 1 < j <i < k+1,
determines a ring monomorphism

H*(Conf(R", k + 1)) — H*(Confz,(R" — {0}, k)).

so that the non-triviality of the product A, --- A}, yields the existence of a non-trivial product
with k factors in H*(Confz,(R™ — {0}, k)). Further, since these rings are torsion-free, we also get a
ring monomorphism

H*(Conf(R", k+1)) ® H*(Conf(R", k4 1)) — H*(Confz,(R" — {0}, k)) ® H*(Confz, (R" — {0}, k)).

Consequently, the s-th zero-divisors cup-length of Confz,(R™ — {0}, k) is bounded from below by
the s-th zero-divisors cup-length of Conf(R", k + 1). Thus, the second inequality in (4.2.1)) and [1T],
Proposition 4.2] yield:

Corollary 4.2.2. Let n > 2. Then TCy(Confz,(R™ —{0},k)) = sk if n is odd, whereas, if n is even,
TCs(Confz, (R™ — {0}, k)) € {sk — 1,sk}.

Note that item (d) of Theorem 2.2 in [§] implies that the indetermination by one unit in the
case with an even n in Corollary is resolved in terms of the s-th zero-divisors cup-length of
Confz, (R™ — {0}, k)):

"'We use the reduced versions of these homotopy invariants, so that the category and all the higher topological
complexities of a contractible space are 0.
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Corollary 4.2.3. Let n > 2 (any parity). Then TCs(Confz,(R™ — {0}, %)) agrees with the s-th
zero-divisors cup-length of Confz, (R™ — {0}, k).

Since H*(Confz,(R" — {0}, %)) and H*(Confz,(R"? — {0}, %)) differ only by degree scaling,
Corollary implies that, for fixed s and k, TC4(Confz,(R™ — {0}, k)) depends only on the parity
of n. In particular, the indeterminacy by one in Corollary could be settled by considering the
situation for a single value of n. In our setting, n = 4 would be the most reasonable instance to
explore. However, for the analogous situation in [8] and [T1], n = 2 is the right choice, in view of the
standard splitting

Conf(R?* k) ~ X x S! (4.2.2)

with X a CW complex of dimension k& — 2. Indeed, standard cohomology considerations give
TC,(Conf(R?™, k)) € {s(k —1) —1,s(k — 1)}, and then (4.2.2)) implies that the actual answer is
given by the lower value.

Note that, just as above, the indeterminacy by one in Corollary would be resolved with the
smallest value (and the restriction n > 2 in this section would be waived) by answering affirmatively
the following analogue of in the case of Confz,(R? —{0}, k). So the question is: Is it true that
the latter space has the homotopy type of a product S' x X for some CW complex X of dimension
k—17

Evidence towards an affirmative answer for the previous question comes from the fact that the
result is true for k = 2. Indeed, note that R? — {0} ~ C*, and consider the fibration

St — Confz,(C*,2) — M, (4.2.3)
where S acts on C* by multiplication and on the total space diagonally, and where M denotes the

corresponding orbit space. First we show that M has the homotopy type of a wedge of three circles.
Note that there is a well-defined map

MLW{OA?“))€R+><(C*|r>(),w7§—1,w7ér}::5
,

given by

\/Z_

121
2 Z2)7

21, 20] V> (\/ﬁ )
where the space on the right has the subspace topology. This map has continuous inverse
(r,w) — [r, w]
and therefore is a homeomorphism. An illustration is given in Figure [4.1
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Figure 4.1: S is homeomorphic to the complement of the hyperbola, the
diagonal and the vertical line in R* x C*.

Denote now by L3 the union of the lines (z,0,0), (z,—1,0), (z,1,0) in R®. We consider now
f:S—R"xR?—Lsgand g: R" x R? — L3 — S given by

fir,w) = f(r,x,y) = {(7"7;71/) if x >0,

(r,xr,y) otherwise;

and

(ryory)  if x>0,
g(r,z,y) = (r, iy) otherwise.
r
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These are well-defined maps and are inverses of each other, therefore S ~ R x R? — Lj, and so
S~ Stv Sty St Also note that admits a section: the composition

M 5 § C R* x C* < Confz, (C*,2)
and, since is a principal fibration, we have

Confz, (C*,2) ~ ST x M ~ S' x (S'v §'v Sh).
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