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ON THE p-COMPACT GROUPS CORRESPONDING
TO THE p-ADIC REFLECTION GROUPS G(q,r,n)

NATALIA CASTELLANA

ABSTRACT. There exists an infinite family of p-compact groups whose Weyl
groups correspond to the finite p-adic pseudoreflection groups G(q,r, n) of fam-
ily 2a in the Clark-Ewing list. In this paper we study these p-compact groups.
In particular, we construct an analog of the classical Whitney sum map, a
family of monomorphisms and a spherical fibration which produces an analog
of the classical J-homomorphism. Finally, we also describe a faithful complex-
ification homomorphism from these p-compact groups to the p-completion of
unitary compact Lie groups.

INTRODUCTION

The notion of a Lie group was introduced in the last century. The classical ex-
amples are matrix groups such as orthogonal, unitary or symplectic groups. The
program for the understanding of the homotopy properties of compact Lie groups
led to the concept of a p-compact group that was introduced by Dwyer and Wilker-
son [9] in 1994. They are p-local versions of finite loop spaces. Namely, a p-compact
group is a triple X = (X, BX,e), where BX is a p-complete pointed space, X is a
space such that H*(X;F,) is finite, and e : X — QBX is a homotopy equivalence.

The first examples of p-compact groups are the p-completions (in the sense of
Bousfield-Kan [4]) of compact connected Lie groups and their classifying spaces.
Many properties of compact Lie groups can be reinterpreted as homotopy theoretic
properties of the classifying spaces in such a way that the concept extends to the
category of p-compact groups (see [I0]). For example, they admit a concept of
maximal torus and Weyl group. The Weyl group is a finite p-adic reflection group,
that is, a pair (W, L), where L is a Zp—lattice and W is a finite subgroup of GL(L)
generated by reflections.

The recently completed classification of the p-compact groups at odd primes [2]
states that connected p-compact groups are in one-to-one correspondence with finite
Zp—reﬂection groups via the Weyl group action on the maximal torus. Since finite
Zp—reﬂection groups, p odd, were classified by Notbohm [23] (from the classification
over C by Shephard and Todd [25] and over (@;\ by Clark and Ewing [8]), this gives
a rather complete picture. This classification contains four infinite families, and we
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also use the numbering of the different cases in [§], [23], and [25] (namely, families
1, 2a, 2b, 3).

Those p-compact groups whose Weyl group belongs to the infinite family 2a in
the classification of Zp—pseudoreﬂection groups generalize classical matrix groups,
in the sense that their Weyl group looks like the one of classical Lie groups, but
allowing matrix entries to be finite roots of unity in (Z,)*. Their Weyl groups, as
pseudoreflection groups, correspond to family no. 2a in the Clark-Ewing list [8].

Let us describe their Weyl groups (G(q,7,n), L,) where L, = (Zp)". For any
g > 1, fix an embedding gy C (Zp)* of the group of gth roots of the unity where
qlp — 1. If r|g, n > 1, define

A(g,m,n) ={(21,...,2n) Gpg|zl~~~zn € g /r }-

G(q,r,n) is a split extension of 3, by A(q,r,n) (3, acts on A(q,r,n) by permuting
the factors). G(q,r,n) has a representation in GL(n,Z,) generated by A(g,r,n)
regarded as diagonal matrices, and the group X, of permutation matrices,

G(gq,m,n) =2 A(q,r,n) x Z,.

Because of the uniqueness property in [22, Theorem 5.2], and the fact that any
classical group in the above sense not in family no. 2a in the Clark-Ewing list
[8] (families no. 1, 2b, 3) is either the Weyl group of a Lie group (family no.
1) or nonmodular (families no. 2b, 3), we can speak of the unique p-compact
group X (q,r,n) realizing the Weyl group data (G(q,r,n), L,). The Weyl groups of
SO(2n) and SO(2n + 1) belong to family no. 2a: by taking (¢,r,n) = (2,2,n) and
(g,m,n) = (2,1,n), respectively.

The purpose of this paper is to study these p-compact groups and certain ho-
mogeneous spaces which arise from certain monomorphisms between them. In
particular, we construct morphisms similar to the classical Whitney sum map, a
family of monomorphisms and a spherical fibration which produces an analog of
the classical J-homomorphism.

Theorem A. Letp be an odd prime. There exists a morphism of p-compact groups
D X(Qlﬂ“l,nl) X X X(QSarSanS) - X(Qaran)7

where r;|qi, ¢ilql(p—1), %|g and > " n; = n such that the induced map on the Weyl

7
groups corresponds to the canonical coordinate-wise inclusion
(G(CIL T1, nl)a Lnl) X X (G(q87 Ts, n8)7 Lns) i (G(qa T, n)7 Ln)
Moreover ® is unique up to homotopy satisfying this condition.

When the p-compact groups involved are p-completions of classifying spaces
of matrix groups, the morphisms defined in Theorem [A] are homotopic to the p-
completion of the classical Whitney sum maps.

By considering the homotopy fiber of the above Whitney sum map ®, we obtain
p-compact versions of the classical Grassmann manifolds. In a similar way, p-
compact versions of classical Stiefel manifolds can also be constructed.

The restriction of the morphisms ® in Theorem [Alto each factor gives monomor-
phisms between the p-compact groups X (¢, r,n). The following theorem describes
another type of monomorphism between these p-compact groups.
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Theorem B. Let p be an odd prime. Suppose r1|qi|p — 1 and r|qlp — 1. There
exists a monomorphism of p-compact groups T,

I': X(q1,m1,n) — X(¢,7,n+m),
where q1]q and m > 0 such that the induced map on Weyl groups is
t: (G(q1,71,n), L) — (G(g,r,n+m), Lyytm)
defined by

t((a1, -+ ,an),0) = ((ar,...,an, (a1---ap) " 1,...,1),0),
where (ai,...,a,) € A(q1,7m1,n) and 0 € ¥y, and it is an inclusion on the first
coordinates on the Zy-lattices.

The p-completion of the inclusion of SO(2n+1) into SO(2(n+1)) is an example
of a morphism of the type described in Theorem [Bl

This large family of p-compact groups is closely related to the classifying space for
orientable mod p spherical fibrations. This relation is explicitly stated in Theorems
and

Theorem C. Let p be an odd prime. There exists a mod p spherical fibration n,,
2n+1\A
($"), = E—BX(p—-1,p—-1n+1),

whose Euler class is e € H*(BX(p—1,p—1,n+1);F,) 2 Fy[y1,. .., Yn, €], where
deg(y;) = 2i(p — 1) and deg(e) = 2(n+1).

For p = 2, the existence of such fibration is classical. It can be obtained by
considering the action of U(n 4 1) on the unit sphere in R2(?+1),

The spherical fibrations in Theorem [ allow us to describe an analog of the
classical J-homomorphism. Let BSG be the classifying space of the orientable
spherical fibrations. We consider the morphisms

X(p—l,p—l,n)—>X(p—1,p—1,n+1),

which are restrictions of the monomorphisms ® in Theorem [A] to the first
factor, and we denote by BX(p — 1) the corresponding homotopy colimit,
hocolim,, BX(p — 1,p — 1,n).

Theorem D. Let p be an odd prime. There exists a map J: BX(p—1) — BSGQ
such that J* is an F-isomorphism.

The cohomology of BSG has been computed by Tsuchiya [26] for odd primes,
and by Milgram [20] when p = 2.

Finally, we answer the question of whether a p-compact group of type X (g, 7, n)
admits a monomorphism into a unitary group.

Theorem E. Let p be an odd prime. For r|qlp — 1, there exists a monomorphism
of p-compact groups
c: X(q,r,n) — U(nq);\.

When g = 2, this morphism is the p-completion of the complexification map for
classical matrix compact Lie groups.

The proof of Theorems [Aland [Bl follows by using the results and methods in [22].
The proof of Theorem [D| relies on the description of the cohomology of BSG and
the computation of the characteristic classes for the mod p spherical fibrations in
Theorem
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From now on, p is an odd prime and H*(—) := H*(—;F,). This paper is or-
ganized as follows. The construction of generalized Whitney sum maps (Theorem
[A) and a family of monomorphisms (Theorem [B)) is given in Section 2 and the
study of the homogeneous spaces in Section 3. Section 4 analyzes the relation
between p-compact groups X (p — 1,p — 1,n) and the classifying space for mod p
spherical fibrations (Theorems [Cl and [D)). The complexification map (Theorem [E])
is constructed in Section 5.

I am grateful to Carlos Broto for his useful comments and suggestions. I thank
the referee for her/his many comments which improved the paper.

2. MAPS BETWEEN GENERALIZED GRASSMANNIANS

This section is devoted to the proof of Theorems [Aland [Bl For completeness, we
sketch the construction of the p-compact groups X(g,r,n) as a homotopy colimit
following [22].

Let ‘H be a family of subgroups of a given finite group GG. The orbit category
03(G) associated to H is the category whose objects are orbits G/H for each
H € H and morphisms are given by G-maps between orbits, Homg(G/H,G/K).

Definition 2.1 ([22]). Let H be the family of subgroups H < G(q,r,n) conjugate
to some L(I1) := %, X --- x ¥,,_, where ny + - +ns = n and n; = p/ for some
j e Nu{o}.

Theorem 2.2 ([22]). Fiz any odd prime p, any r|q|(p — 1) with ¢ > 1, and any
n > 1. Let G(q,r,n) and Oy (G(gq,r,n)) be as above. Then there exists a functor
v,
U : On(G(g,7,n)) — Top,
such that:
(1) For any partition {ni,...,ns} of n with n; = p’ for some j € NU {0},
U(G/%(IT)) ~ BU(II)).

(2) The composite H*(—;Zp) o U is isomorphic to the fized point functor
G(q,r,n)/H — Zﬁ[xl, L
(3) If we set BX(q,r,n) := (hocolim W)/,
H*(BX(q,7,n);Fp) 2 Fylz,. .. ,xn}G(q’r’").
Notation. For simplicity, we will use the following notation:
X% = X(q1,71,m1) X -0 X X (g5, 755 15),
G =G(qu,r1,n1) X - X G(gs, 755 Ms),

where r;|q;|(p — 1) for any ¢ = 1,...,s. H* is the family of subgroups of G*
corresponding to the product Hi X - -+ X Hg, where H; is the family H defined in
Definition 1] corresponding to G(g;, 7, 1;).

The special feature of subgroup families H in Definition [Z]is described in [22]
Lemma 3.1]: each p-subgroup of G(g,r,n) is contained in a unique minimal element
in H. This property is strongly used in order to compute higher limits of certain
functors ([22, Section 2]). In the next lemma, we check that this property is also
satisfied when we consider products of such families of subgroups.
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Lemma 2.3. Let Gy, G2 be two finite groups. If H; is a family of subgroups of
G; for i = 1,2 such that each p-subgroup of G; is contained in a unique minimal
element of H;, then the family Hy x Ho defined in the obvious way (H € Hy X Ha
if and only if H = Hy x Hy, where H; € H; for i = 1,2) also satisfies the same
property with respect to G1 X Gs.

Proof. For i =1,2, let p;: G1 X G2 — G; be the corresponding projections on each
component. We need to check that if P is a p-subgroup of G; x G4, then there
exists a unique minimal Hy X Hy € H1 X Ho such that P < Hy x Hs.

First of all, we observe that if P, = p;(P), then P < P; x Py, where P; < G;
are p-subgroups for i = 1,2. By [22] Lemma 3.1}, there exists a unique minimal
subgroup H; € H; such that P; < H;. Therefore, P < P; x P, < H; X Hs.

Next, we show that this subgroup H; x Hs is minimal. Suppose that there exists
Q1 X Q2 € H1 X Ha such that P < Q1 X Q2. Since P; = p;(P) C p;(Q1 X Q2) = Q;
and H; are minimal with this property, it follows that H; C @Q;. Finally, we obtain
that Hy x Hy C Q1 X Q. O

Proof of Theorem [Bl We denote G(q,7,n) simply by G. Each subgroup in the
family H* also belongs to the family H of subgroups of G' described in Definition
21l Therefore, there exists a functor between the corresponding orbit categories,

¢ : Opx (G*) — On(G),

defined on objects by ¢(G*/H) = G xgx G*/H = G/H and, in the obvious way,
on morphisms (a G*-equivariant map G*/H — G*/K induces a G-equivariant
map G Xgx G*/H — G xgx G*/K).

Let ¥ : O3 (G) — Top be the functor in Theorem such that

BX(q,r,n) := (hgiczlcgn w))
and W(G/%(IT)) ~ BU(II),).
The composite ¥ o ¢ provides an induced functor on Oy x (G*),
63(W) = W o 6 : Oy (G¥) — On(G) — Top,
and a map between the p-completions of the corresponding homotopy colimits,
(Bocolim ¢ (7)), — (hgcolim ¥);.
In order to construct the map ®, it only remains to show that the homotopy

colimit on the left-hand side is homotopy equivalent to BX*. We proceed by
constructing a map

i+ (hocoli )" = BX*
i (Ogg%rxn)qﬁu( Np — ,

which induces an isomorphism in mod p cohomology. For each G*/3(II), where
¥(II) € H*, there is a map

in: ¢y(V)(G*/S(M) ~ [[ BU(ni) — BX*.
All these maps combine to define an element in the inverse limit

[{in}] € OHIiI?GX)[H BU(n;), BX™].



2804 NATALIA CASTELLANA

The obstructions to extend {i;} to a map from the homotopy colimit are de-
scribed by Wojtkowiak in [28]. These obstructions lie in

li_mi+1 m;(Map(BU(ny) X -+ x BU(ng), BX™)i;)-
0,,x (GX)
We show that these higher limits vanish by describing the homotopy type of the

mapping spaces involved. There is a homotopy equivalence of spaces ([22, Propo-
sition 4.6])

Map(BU (ny) x -+ x BU(ny), BX )i, ~ BZ(] [ BU(n:))
Since BZ(U(IT))) ~ K(((Zy)™)*M 2), the homotopy groups
m:(Map(BU (ny) % - - - x BU(ng), BX*);,) = m:( BT)*W

are the invariants by a permutation action. By Lemma 2.3 the family H* satisfies
the hypothesis of [22] Proposition 2.3]. Therefore, the higher limits vanish,

1) lm' (BT =% 0
0. ) 7 (BT)E™, i=0.

It remains to show that the map just constructed induces an isomorphism on
mod p cohomology. In order to compute the cohomology of the homotopy colimit of
the functor ¢y, we shall use the Bousfield-Kan spectral sequence [4]. It is a spectral
sequence with Fs-term

By =l HI(BU(I)
GX /E(I)€O0, x (GX)
converging to H*(hocolimp_, (ax) ¢5(¥)).

This spectral sequence collapses at the E5 term because of the vanishing of the

following higher limits ([22, Proposition 2.3]):

lim’ HY(BU(II)) = lim" Fylz1,. .. 2, "
P pmn
G* /E(IN)EO,, x (G*) G* [S(IN) €O, x (GX)
~J 0 >0,
| Fplzy,...,2,)%", i=0.
Therefore, H*(BX*) = Fp[z1,... ,xn]GX, and, by construction, the map 4 induces

an isomorphism in mod p cohomology.
Summarizing, we have constructed a morphism of p-compact groups

BX* ~ (hoc?hm ¢y(V))) — BX

which induces the coordinate-wise inclusion of Weyl groups

(G(‘h;rlanl);Lnl) X X (G(QS,TS,TLS),Ln ) i’ (G(Qara n)aLn)

s

Moreover, ® is a regular (also called p-toric) map (see [21I, Proposition 2.4]).
Therefore, the induced morphism between the Weyl groups is unique.

Assume that f: X* — X is another morphism of p-compact groups such that
the induced map in the Weyl groups is ¢. Since H*(BX; Q) = H*(BT; QZ/,\)WX ([9,
Theorem 9.7]), Bf and B® induce the same morphism in rational cohomology. The

restrictions of Bf and B® to each BU(H)Q also induce the same homomorphism

in H*(—; Zp) ® Q. Applying [22, Proposition 3.3] to the situation in which X =



ON THE p-COMPACT GROUPS CORRESPONDING TO G(q,r,n) 2805

X(g,r,n), G=U(n) and H = U(II), we obtain that, in fact, these restrictions are
homotopic. That means that B® and Bf define the same element in the inverse
limit
lim [BU(II)), BX].
ow)(cm[ (1), BX]
The obstructions for the two maps to be homotopic lie in the following higher
limits (see [28]):
lim’ m;(Map(BU (1)), BX)y,)
G/S(NED,, x (GX)
for ¢ > 1. These higher limits have been computed in (1), and they all vanish.
Therefore, the obstructions for uniqueness vanish, and Bf ~ B®. O

Lemma 2.4. Let i: BZ/pZ — BU(n) x (BSY)™ — BX/(q,7,m + n), where the
first map is given by the inclusion of Z/pZ in the centre of U(n) and the last map
is the corresponding inclusion of

U(G(gq,r,n+m)/(Sn x 1 x -+ x 1)) =~ BU(n)) x (BSH)H)™
into the homotopy colimit BX (q,r,m + n). Then,
Map(BZ/p, BX(q,7,n+m)); ~ BU(n) x BX(q,r,m),
up to p-completion.
Proof. The cohomology of the mapping space can be computed using Lannes T-
functor machinery [16]. The components of the T-functor applied to algebras of
invariants can be computed by means of the isotropy subgroups of each component

(see [11l Proof of Theorem 1.1]). Since the isotropy subgroup of i* is X,, x G(g, r, m),
then

Ty (H*(BX (q,7,n +m))) 2 Tpe (Fply, . . ., Ty F@TmH)

EnxG(g,m,
g]Fp[xlv”wanrm] (@.r,m)

>~ H*(BU(n) x BX(q,r,m)).
Next, we consider the composite

pXi

BZ/pZ x BU(n);; x BX(q,r,m) X BU(n); x BX(q,r,m) — BX(q,r,n+m),

where the first map is given by multiplication with the central subgroup Z/pZ in
U(n) and the last one is a morphism described in Theorem [Al From the previous
considerations on the cohomology of that mapping space, it follows that the adjoint
of the above composite of morphisms

BU(n);\ x BX(q,r,m) — Map(BZ/pZ,BX (q,r,n+ m));
induces an isomorphism in mod p cohomology. (I
Proof of Theorem [Bl. We consider the composite
gr: BU(I) 2 BU(I) x (BSY)™ — BX(q,r,n +m),

where the first map is the inclusion in the first factor and the last map is the
corresponding inclusion of

U(G(qr,r1,n)/(S(IT) x 1 x -+ x 1)) = BU(I)) x ((BS")M)™
into the homotopy colimit BX(q,r,m + n).
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Next, we check that these maps commute up to homotopy with maps induced
by morphism in the orbit category Oy (G(¢1,71,n)). Let f be such a morphism in
the orbit category inducing the following diagram:

BU(IL)) —*— BU(T)A x ((BSY)A)™ —— BX(q,r,n + m)

lf lg
BU(IU)A —" s BU(II')A x ((BSY)H)™

The maps induced by morphisms in the orbit category are of three types. We
consider them separately. If f is an inclusion map or a permutation of the factors,
then we take g = f xid. If f is a product of Adams operations ¥ x - .- x W% then
we let g = U x .- x U x Plar-a) ™"« id. With this choice of g, the left square
is homotopy commutative. The right triangle is homotopy commutative because it
commutes in H*(—;Z,) ® Q (|22 Proposition 3.3]).

Summarizing, we have obtained an element in the following inverse limit:

€ li BU(I)", BX(q,7,n +m)].
lonlb €, Jim  [BUD. BX(g.rn -+ m)

The obstructions to extend these compatible maps to a morphism from BX (g1,71,n)
lie in the following higher limits ([28]):

lim™* 7 (Map(BU(IN),, BX (g, 7,1 +m))gy,)-
O (G(q1,m1,n))

First, we analyze the homotopy type of these mapping spaces,

Map(BU (1)), BX (¢, 7,1 + m)) gy
~ Map(BZ/p x BU(H)Q, BX(q,r,n+m))groBmult

~ Map(BU (1), Map(BZ/p, BX (q,r,n +m))

gH‘BZ/p)ad’

where Z/pZ is a central subgroup of U(II) which is also central in U(n). The first
homotopy equivalence follows from [9, Lemma 7.5]. Moreover, by Lemma 2:4]

Map(BZ/p, BX (q,r,n +m)) ~ BU(n) x BX(q,r,m),

gnlsz/p
up to p-completion. Therefore, by [22] Proposition 4.6],
Map(BU (1)), BX (q,7,n +m))g, ~ Map(BU(I1);), BU(n);; x BX(q,r,m))incixx
~ BZ(U(II)); x BX(q,r,m).
Applying [22, Proposition 2.3], we obtain the desired vanishing result
lim’ 7;(Map(BU (1), BX (q,7,n +m)) )

—

=i

=)

Ly (BT x i (BX (q,r,m)) = 0,

I

ifi > 0.
Finally, BI' is a monomorphism since the cohomology of its homotopy fiber is
F,-finite (Definition B.I] and Proposition [3.2)). O
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The uniqueness properties of the maps constructed in Theorems [Al and [Bl can
be used to check that the following diagrams are homotopy commutative:

B®y, n, xid

BX(q1,r1,n1)xBX(g2,72,n2) x BX(q3,73,1n3) BX(q,r,n1+n2)xBX(q3,73,n3)

id ><B<I>n2m,3l Bq)n1+712,n3l

BX(g1,7m1,n1) X BX(g,7,n2 + n3) BX(q',r",n1 +n2 + n3)

Bq’nl ,mo+ng

BX*X ———— BXX

B¢l B¢l

BX(q’ Ty n) ;BX(‘L T,?’L)

where 7 is any permutation of the factors. These diagrams can be interpreted as
the homotopy associative and commutative property of the morphisms described
in Theorem [Al Moreover, we see next that B® commutes with certain self maps.
The classification of self maps of the p-compact groups X (g, r,n) is described in
[22, Theorem 7.2]. Among them there are unstable Adams’ operations ¥* for each
a < (Zp)*v
¥®: BX(q,r,n) — BX(q,7,n).

The induced map on maximal tori BTpA — BTpA is multiplication by a. For each

a=(ay,...,an) € ((Zy)*)", we can consider a self map of type
PO = ™ - x o s BXX — BXX.

There is another type of self maps ¢® of BX (g, r,n) which we consider. They are
given by elements a = (ay, ™., a1, ..., as, ", a5) € pj C ((Zp)*)" Its restriction to
the maximal torus is (%)™ x -+ x (¢p**)™. Again, by the uniqueness property
of the morphisms ® constructed in Theorem [Al the following square is homotopy
commutative:

PYOL X e X Ah S
BX* ———— BX*

B@l lB@
(pa
BX —— BX
Proposition 2.5. The following diagram is homotopy commutative:

BX(g,r,n) x BX(q,r1,5) — % BX(q,r1,n +m) x BX(q,71,5)

B¢l s

BX(q,r,m+n) = B(g,m1,m+n-+s)

whert g g.

T r

Proof. First, we check that the diagram commutes when restricted to subgroups
(BU(IT) x BU(I')); in BX(q,r,n) x BX(q,71,5). This fact follows from the fac-
torization of this restriction map through the corresponding diagram of unitary
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subgroups

ixid

BU(II);; x BU(II'); (BU(IL)y x ((BS")p)™) x BU(II')

idl l

BU(I)A x BU(II) — 22 BU(I)A x BU(II') x ((BSY)M)™

|

BX(g,r1,m+n+s)
Therefore B® o (BT x id) and BI' o B® define the same element in the inverse limit
lim [(BU(IT) x BU(II'))}, BX (q,71,n+m + s)].
01 (G(g,rm)xG(g,r1,m))

The obstructions to uniqueness of the extension lie in the following higher limits
(28)): |
lim m;(Map((BU (IT) x BU(II')), BX (g, 71,m + 1+ 5)) gy )

If we show that these higher limits vanish, then the proof is complete. We first
describe the homotopy type of these mapping spaces.
Map((BU(II) x BU(H’));,\7 BX(g,m1,m+n+5s))gy
~ Map(BZ/p x BU(H)Q X BU(H’);\, BX(q,m1,m+n+8)) g, oBmult
~ Map(BU(II); x BU(II');}, Map(BZ/p, BX (q,1,n 4+ m + 5))gutl gz )ads

where Z/pZ is a central subgroup of U(IT) x U (II') which is also central in U(n+ s).
The first homotopy equivalence follows from Lemma [0, Lemma 7.5] and, by Lemma

24

Map(BZ/p, BX (q¢,r1,m +n+s)) ~ BU(n+ s) x BX(q,r1,m),

gnxu|Bz/p
up to p-completion.
Therefore,

Map(BU (T);; x BU(IT')), BX (q,7,1 + 1)) gy
~ Map(BU(IT) x BU(I"), BU(m +n) x BX (71,71, 1))incix«
~ BZ(U(TI) x U} x BX (11,11, 1),

where the last equivalence follows from [22] Proposition 4.6] and [12, Theorem 9.3].
Finally, [22] Proposition 2:3] implies that, if ¢ > 0,

lin 7;(Map(BU(I), BX (q,71,m +n+ 5))gy)
= Jim' (BT (n + )™M= ey (BSH))™) = 0.
O

Proposition 2.6. Let ¢® be the automorphism of BX(q,r1,m) defined by
a=(1,...,1,a") € pg*. Then p* o BT ~ BT

Proof. We note that ¢®oBI" and BT are homotopic when restricted to any subgroup
BU(IT) by construction. Hence, by uniqueness of extension, we obtain that ¢% o
BT ~ BT. O
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The monomorphisms of p-compact groups
in: X(q,m,n) — X(q,r,n) x X(q,7,1) — X(q,r,n+ 1),
where the second map is a morphism described in Theorem [A] allow us to define

the following homotopy colimit:
BX(g,r): =hocolim BX(q,r,n).
neN
We can also consider the infinite disjoint union of p-compact groups,
n>0
The map [[ B®,,,,, provides a structure of homotopy associative and commutative
topological monoid with unit given by * =: BX(q,,0) in W (g, r). Both spaces are
related by the group completion theorem [19]. The group completion theorem says
that if K is a homotopy commutative topological monoid and if Gr(K): = QBK
is its topological group completion, then mo(Gr(K)) = Gr(m(K)), and there is a
homology equivalence

hocolim K, — Gr(K)y,
z€T(K)

where Gr(K); is the component of the identity.

Corollary 2.7. There is a homology equivalence
hocglim BX(q,r,n) — (QBW(q,r))1
and 7o (QBW (¢q,7)) 2 Z.
Moreover, the homotopy type of BX (g, r) does not depend on r.
Proposition 2.8.
BX(q,7) ~ BX(q,9)
for any rlg|p — 1.

Proof. There is a map Bi : BX(q,r) — BX(q,q) induced by the morphisms of
p-compact groups B® : BX(q,7,n) — BX(q,q,n) constructed in Theorem [A]l Tt is
easily seen that the cohomology of these spaces does not depend on r,

H*(BX(q,7)) = Fyly1,92,. ..,

where deg(y;) = 2¢i. Since Bi induces an isomorphism in mod p cohomology, they
are homotopy equivalent, after p-completion. (I

3. HOMOGENEOUS SPACES

This section is devoted to the study of several homogeneous spaces arising from
the existence of the morphisms ® in Theorem [Al These homogeneous spaces are
the homotopy fibres of several morphisms between p-compact groups defined in
Section In particular, we show that they are F,-finite. The main tool used is
the Eilenberg-Moore spectral sequence developed in [14] and applied to the study
of homogeneous spaces in [3] and [1§].

Definition 3.1. Let Gy m(q1:71,4,7), Vam(q1,m1,4,7) and Wy m(q1,7m1,4,7) be
the following homogeneous spaces.
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(1) Gn,m(q1,7m1,4q,7) is the homotopy fibre of the map
B®: BX(q1,m1,m) x BX(q1,m1,n) — BX(q,r,m 4+ n)

in Theorem [Al
(2) Vam(q1,71,¢,7) is the homotopy fibre of the inclusion map

t:BX(q1,m1,n) — BX(q1,71,n) X ((BSI)I/)\)"L — BX(q,m,n+m).
(3) Wam(q1,7m1,¢,7) is the homotopy fibre of the map
BI': BX(q1,m1,n) — BX(q,r,n+m)
in Theorem [Bl

Inspired by the situation with matrix groups, we obtain the following diagrams
of fibrations up to homotopy:

X(q,r,m) X(q,m,m)

J l

Vn,m(qh’rlaqar) g BX(Q]_,Tl,n) E— BX(ervm + n)

| l

Gnm(qi,71,¢,7) — BX(q1,71,n) X BX(q1,71,m) — BX(q,r,n+m)

The next proposition describes the cohomology of several homogeneous spaces
defined in DefinitionB1l In particular, it shows that they are IF,-finite and therefore
that the maps in Definition B.] are monomorphisms.

Proposition 3.2.

(1) If m >0,
H*(Vn,m(Qa 1,4, T), Fp) = A(an+17 vy Am4n—1, b) ® Fp[h]/(hrl)v
where deg(a;) = 2ig — 1, deg(b) = 2(m + n)g —1, deg(h) = Qn%.
1

H*(Voolq,71,q,7); Fp) = Fy[h]/(R7/™),
where deg(h) = Qn%.
(2)
H* (Wam(a,7m1,¢,7);Fp) = Mants - s amsn—1, f) @ Fple]/(e™),
where deg(a;) = 2ig — 1, deg(e) = 271% and deg(f) = 2(n + m)g 1

Proof. If (E,p, B) is a fibration over the simply connected space B, the Eilenberg-
Moore spectral sequence is a spectral sequence of commutative algebras {E,,d,}
converging to H*(F'; k) where F is the fiber, and Ey = Torg«(p;e)(H*(E; k), k).

The convergence of the spectral sequence when the spaces F and B are finite
loop spaces has been discussed in [I§]. The results in [I8] imply the convergence
of the spectral sequence in the Ey-term and H*(F) = Tory- gy (H*(E),F,), where
H*(E) is a H*(B)-module via p*.

When both algebras H*(E) and H*(B) are polynomial, Tory-p)(H*(E),F,) is
computed in [3, Lemma 4.11]. It is an exterior algebra on the desuspension of the
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kernel of p* tensor the cokernel of p*. The mod p cohomology of the p-compact
groups X (q,r,n) is polynomial. In fact, it is given by

H*(BX(qarhn)) = Fp[yla ce 7yn7176]

and
H*(BX(q,r,m+mn)) 2Fplz1,..., 2mtn-1, f],

where deg(y;) = deg(z;) = 2qi, deg(e) = 2nri and deg(f) = 2(m +n)
1

= IR

(see [22)
Proposition 1.4]).
(1) The induced morphism B:* in mod p cohomology is
Yi, t=1,...,n—1,
B (z;) =< e™, i=n,

0, t=n+1,....m+n—1,
and Bu*(f) = 0 if m > 0 or Bu*(f) = e/ if m = 0. Therefore, by [3, Lemma
4.11] we obtain the following description of the Ea-term of the spectral sequence:

TOI'H*(BX(q,7‘,m+n)) (H* (BX(q, 71, ’Il)), IFP)
= A(an+17 <oy Amdn—1, bm) ® Fp[h]/(hrl)a

where deg(a;) = 2gi — 1, deg(b,) = 2(m + n)g — 1 and deg(f) = Qn%.
1
If m = 0, then
TOI.H*(BX(Q’TW)) (H* (BX(Q7 T1, n))v ]F:D) = Fp [h]/(hT/Tl)ﬂ

where deg(h) = 2n§.
(2) The morphism I induces the following algebra morphism in mod p cohomol-

ogy:

v, 1=1,...,n—1,

BI*(z;)) =< e, i=n,

0, t=n+1,....m+n—1,

and BT™*(f) = 0. Therefore, the Fs-term of the spectral sequence is of the form
Tor g+ (Bx (q,r,m+n)) (H" (BX(q,71,n)),Fp)
= AGnt1s - s Gmgn-1,b) & Ty B/ (A7),

where deg(a;) = 2ig — 1, deg(h) = onL and deg(b) = 2(n + m)g -1 O
1 r

Corollary 3.3.

(1) H*(Vnol(g,r1,q,7)) = TF,[h]/(h7/7), deg(f) = QnTg. In particular,
1

Vn,O(Qv 27“, q, T) = (S(nQ)/T>;/)\
(2) H*(Vaa(a,m,q,7)iFy) = A(B) @ Fy[h]/ (), deg(b) = 2(n + )T — 1 and
deg(h) = Zn%. In particular, V,1(q,1,q,1) ~ (52(”+1)q_1);\.
1
(3) Waa(p—1,1,p—1,p—1) >~ (S>F1)7.
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The proof of the following proposition follows by induction, and it is analogous
to that of the classical case for compact Lie groups (see, for example, [27, Chapter
Iv, 10.11)).

Proposition 3.4. The monomorphisms between p-compact groups in Theorem [Al
induce the morphisms between homotopy groups with the following properties:

(1)
Wz(BX(qa q,m — 1)) - Wz(BX(CL q, m))
s an isomorphism for i < 2mq — 1 and an epimorphism for i = 2mq — 1.

(2)
WZ(BX(qv T, m)) - WZ(BX((], 2’/’, m))
s an isomorphism for i < 2mr and an epimorphism for i = 2mr.
(3)
’/Ti(vn—l,m—l((b Q)) - Tri(vmm (qa Q))
s an isomorphism for i < 2mq — 2 and an epimorphism for i = 2mq — 2.

(4)
Ti(Vam(g,q)) =0 for i<2(m—n+1)g—1.

Corollary 3.5.
7Ti(‘/n,oo(Qa Q)) =0 VZ
Corollary is relevant when applied to the following fibration:
X(q,9,n) = Va,oo(4,9) = Gn,oo(: 9)-

Since Vi,00(¢, q) is weakly contractible, it follows that QG (g,q) is weakly
equivalent to X (q,q,n).

Hopf fibrations arise as particular cases of the fibrations described. When we
consider unitary groups, we obtain the Hopf fibration

Sl _ SS _ SZ
as a special case of a fibration of a Stiefel variety over a Grassmann manifold.

When we are dealing with p-compact groups X (g, r,n), we obtain mod p fibrations
of spheres by spheres.

Proposition 3.6. There exist fibrations of spheres by spheres mod p,
($797 1)y — (SIS — G a(g, 1,0, 1),
Proof. Consider the fibration
X(Qa 1, 1) - n,l(% 1,q, 1) - Gn,l(Qa 1,q, 1)-
The p-compact group X (¢,1,1) ~ (52‘1_1)1’)\ is a Sullivan sphere, and from Corollary
B3 V,1(g,1,q,1) ~ (52(""'1)‘1_1)1’)\. O

These fibrations correspond to fibrations of type I in the paper by Aguadé [IJ.
Gni1(g,1,¢,1) is called a S?9~!-projective (n + 1)-space whose cohomology is

H*(Gnalg, 1,0,1):Fp) 2 F[f]/(F7),
where deg(f) = 2q.
Remark 3.7. When n =1 we obtain a fibration of mod p spheres
(§2171)p — (817 (8%0),
analogous to the Hopf fibration.
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4. MOD p SPHERICAL FIBRATIONS

A mod p spherical fibration is an orientable Hurewicz fibration w : £ — B whose
fibre has the homotopy type of a p-complete sphere. The associated Thom space is
the homotopy cofiber of 7, and its reduced mod p cohomology is also an example
of an H*(B)-Thom module.

In Corollary 3.3 we described several homogeneous spaces arising from p-compact
groups X (q,r,n) which are p-completed spheres.

In particular, we consider the fibration whose fibre is the homogeneous space
Wn,l(p - ]-7 17p - ]-7p - 1) = (S2n+l)z/7\‘

Proposition 4.1. The Euler class of the spherical fibration 1,41,

(SQ”'H);\ —BX(p—-1,1,n) - BX(p—1,p—1,n+1),
ise € H'(BX(p—1,p—1,n+1)) =Fplyr,... yn, €], deg(y;) = 2i(p — 1) and
deg(e) =2(n+1).
Proof. [5] Note that BI™ is onto (see the proof of Proposition 3.2 and, by Corollary
B3 W(p—1,1,p—1,p—1) =~ (§**1)". Then, the Gysin long exact sequence
associated to the fibration

(Szn—‘rl)[/)\ - BX(p_ 1a lan) @: BX(p_ 17p_ 17n+ 1)

gives rise to a short exact sequence

0 _)Fp[ylv"'7yn7e] K)Fp[y17"'7yn7e] _>Fp[y17"'7yn} — 0.
It is easy to check that the mod p Euler class is x = e. O

Remark 4.2. Let R be an unstable algebra over the Steenrod algebra A. A Thom
module M over R is a free R o A-module of rank 1 as an R-module, where Ro A
denotes the semi-tensor product. A Thom module is unstable if it is unstable as
a A-module. The notion of a Thom module appears for the first time in Handel
[15]. The classification of Thom modules was addressed in [6] via the universal
Thom modules T(n) over Fy[q1, ..., qn] = Fplt1, ..., t,]®~ L") with Thom class
E =t;---t,. The cohomology of the Thom space associated to 1,1 is T'(n). This
fact can be used to realize Thom modules as the cohomology of a Thom space.

Let F — E® Band F' — E' 23 B’ be two fibrations. Consider the following
commutative diagram:

F¢——Fx Fl —— [’

Lo b

, 1Xp2 , D1 ,
ExB «——FExFE —BxFE

e

By Puppe’s theorem [24], taking homotopy colimits in the fibre and total spaces
produces another fibration whose fibre is F' x F’,

FxF — E— BxDB,

where E is the homotopy colimit of the diagram in the middle row. This construc-
tion is the fibrewise join fibration.
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Proposition 4.3. Let n, be the mod p spherical fibration defined in Proposition E1
Let BO®*(ny4m) be the pullback of 1, along B®, where ® is a morphism described
in Theorem [A]

Bb:BX(p—1,p—1,n)xBX(p—1,p—1,m) = BX(p—1,p—1,n+m).
Then, the mod p spherical fibration B®*(1y1m) is the fibrewise p-completion of the
join fibration 1y, * Ny, .

Proof. We construct a map of fibrations n,, * 7, — B®*(n,+.m). The total space
of n, * Ny, is the homotopy colimit of

BX(p—1,1,n-1)xBX(p—1,p—1,m) <EL BX(p—1,1,n—1)x BX (p—1,1,m—1)

BFXidl

BX(p—1,p—1,n)xBX(p—1,1,m—1)
and the total space of B®*(1),,+.,) is the homotopy pullback of the diagram
BX(p—1,1,n+m—1)

al

BX(p—1,p—1,n) x BX(p—1,p—1,m) 225 BX(p—1,p— 1,n+m)

In order to construct the map between the total spaces, we use the maps B®
described in Theorem [Al Because of the above description of both total spaces, we
only need to check the homotopy commutativity of the following two diagrams:

BX(p—1,1,n - 1) x BX(p—1,1,m—1) "L BX(p—1,1,n— 1) x BX(p — L,p — 1,m)

BI'xid B®
BX(p—1,p—1,n)x BX(p—1,1,m—1)—2% s BX(p—1,1,n+m—1)
id x BT"

BX(p—1,1,n—1)xBX(p—-1,1,m—-1)—— BX(p—1,1,n—1)x BX(p—1,p—1,m)

BI'xid BT xid

BX(p—1,p—1,n) x BX(p—1,1,m—1) M;BX(p— 1,p—1,n)x BX(p—1,p—1,m)

The commutativity of the first diagram is easy to check. The commutativity of
the second one follows from Proposition Therefore, we obtain a map between
the total spaces. This map also commutes with the projections: the corresponding
diagrams commute up to homotopy because of the compatibility of I' with the
morphisms in Theorem [A] described in Proposition

Finally, we use the Serre spectral sequence in order to prove that the map between
the fibres induces an isomorphism in mod p cohomology. Since the transgression
morphism in the Serre spectral sequence is natural, the mod p Euler class of 7, 41m,
entm € H*(BX(p—1,p—1,n4+m)), maps to the mod p Euler class of the pullback
fibration

B®* (ny4m), B®" (entm)=€nem € H(BX (p—1,p—1,n))@H*(BX (p—1,p—1,m)),

which is nontrivial. Hence, the induced morphism in the fibres is an isomorphism in

mod p cohomology and, therefore, it is a homotopy equivalence after p-completion.
O
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Corollary 4.4. Let Bi,, : BX(p—1,p—1,n) - BX(p—1,p—1,n+1). The pullback
of the mod p spherical fibration 0,41 along Bi,, satisfies Bi¥,(nn11) = nn x ST,

Proof. The monomorphism i, factors through the morphism
B®:BX(p—1,p—1,n)xBX(p—1,p—1,1) > BX(p—1,p—1,n+1)

in Theorem [Al By Proposition B3 the pullback is the join fibration of the re-
striction to both factors. Therefore, when restricted further to the first component
BX(p—1,p—1,n), we obtain Bi} (n,+1) = n, x S*. O

Let BSG be the classifying space of the orientable spherical fibrations. The mod
p cohomology (p odd) of BSG is

H*(BSG,]F;D) = Fp[Ql,QZ, . ] ® A(ﬂqhﬂ‘]% . ) & Ca

where ¢; are the Wu classes in dimensions 2i(p — 1) and C' is the tensor product of
an exterior algebra and a divided power algebra (see [26]).

To show the relation between BX (p —1) and BSG we will use the techniques of
Nil-localization (see [7] for more details).

Proof of Theorem [Dl Each spherical fibration 1, is classified by a map
J,:BX(p—1,p—1,n) — BSG;\.

Since the restriction 7, |px(p—1,1,n—1) = -1 * St (Corollary E4), these maps
are compatible with respect to the monomorphisms BX(p — 1,p — 1,n — 1) —
BX(p—1,p — 1,n). Therefore, they induce a map in the homotopy colimit J :
BX(p—1) — BSG).

The mod p Euler class of 1,41 is e (Proposition [1]), and the spherical charac-
teristic classes are given by applying Steenrod operations to the Thom class. Recall
that

€=y Tpy1 € Fplz, ..., xn+1]G(”_1’p_l’"+1),
therefore,
n+1
Ple)=(JJa+2t"Ne=0+a+ -+ +e Ve
i=1

The morphism J* is an isomorphism onto the polynomial part F,[q1, g2, - . ..
The mod p cohomology of BSG is computed in [26],

H*(BSG) = Fylq1,¢2,.. ] ® C,

where C' is the tensor product of an exterior algebra and a divided power algebra
mod p. In particular, C' is nilpotent. Since S* is an epimorphism and the kernel is
nilpotent, J* is an F-isomorphism. O

Corollary 4.5. Let V be an elementary abelian p-group. Then the orientable
spherical fibrations mod p over BV are classified by BX (p—1). That is, there is a
bijection

[BV,BX (p —1)] = [BY, BSG;\].
Proof. One consequence of Theorem [D]is that J* induces an isomorphism

Homy(H*(BSG), H*(BV)) = Homyx (H*(BX (p — 1)), H*(BV)).
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It follows from the fact that H*(BV) is an injective object in the category of
unstable modules over the Steenrod algebra, and that it is also a reduced module
(see [17]).

Since BX(p — 1) and BSG are spaces of finite type, by Lannes theory [16] we
obtain the following bijections:

[BV, BX(p - 1)] = Homyx (H"(BX (p — 1)), H" (BZ/pZ)),
[BV, BSG| = Homx(H*(BSG), H*(BZ/pZ)),
which complete the proof. O

5. A COMPLEXIFICATION MAP

This section contains the proof of Theorem [El First, we describe the injective
morphism between the corresponding Weyl groups (G(q,7,n), Ly) — (Zgn, Lgn)
which will be topologically realized by a morphism between p-compact groups
X(q,r,n) — U(ng),,.

There is a natural action of G(g,7,n) on C" by linear transformations. We

consider the basis {e1,...,e,} of the C-vector space where ¢; = (0,...,1¢ ... 0).
It is easy to check that the orbit of e; by the action of G(g,r,n) is
{ela cee enagel, cee agenvéaela s 7526717 s agqilela s 75‘171611}7

where £ is a primitive complex gth root of the unity. G(g,r,n) acts transitively
on the orbit as a group of permutations, and this correspondence gives a group
morphism ¢ : G — X,,.

Note that ¢ is injective: if ¢ € G(q,r,n) satisfies ¢(g) = id, in particular,
ge; = e;, this means that g = id.

Proof of Theorem [El. We consider the group of gth roots of the unity pq C pp—1,
and we use them to define a map

Be =" x ¢! x - x 4?71 : BU(n))) — BU(n)) x --- x BU(n)}) < BU(nq)},,
where 9 are unstable Adams’ operations on BU(n); of order £*.
The restriction of Be to each BU(II)
Belgumy : BUAD)) — BU(I)) x -+ x BU(IL)) < BU(nq))

defines a family of morphisms. In fact we check that they all fit to produce an
element in the inverse limit

{[Belpuyly  lm®  [BU(IL), BU(ng),].
O (G(g,rn))
We have to prove that the following diagrams are homotopy commutative, where
f is a morphism in O (G(g,7,n)):

BU(I); —— BU(I)) x --- x BU(I);y —— BU(nq);,
| '
BU(I),; —— BU(I), x --- x BU(IT);,
Recall that there are three kinds of maps induced by morphisms in the orbit

category. On the one hand, there are inclusions and permutations of the factors f;
in this case just take g = f x --- x f. On the other hand, there are unstable Adams’
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operations 1%; recall that ¥" o ¢)® ~ "% thus we have to take on the right-hand
side the permutation of the factors that corresponds to g = ¢(f) € X,gq.

The triangle on the right is homotopy commutative because Whitney sum mor-
phisms are homotopy commutative and associative (g is always given by a permu-
tation of the factors).

The obstructions to extend {[Bc|py(m,]} (see [28]) lie in

lim™** 7 (Map(BU (1), BU(nq) ) Belpo ) )-
On(G(q;mn))
In order to compute the above higher limits, we first deal with the homotopy
type of the mapping spaces. Consider the fibration
BZ/p — BU(II) x BZ/p — BU(II)
induced by the exact sequence Z/pZ — U(II) x Z/pZ — U(I), where the last
morphism is given by group multiplication by a central element Z/pZ.
We have the following homotopy equivalences, up to p-completion:
Map(BU(H)7 BU(nq))Bc x~ Map(BU(H) X BZ/p’ BU(”Q))‘I’OBmult
= Map(BU(H), Map(BZ/pv BU(nq))BdBZ/p)ad(Bc)
~ Map(BU (1), BU(n)?) g

q
~ [[Map(BU(I1), BU(n)) 4 ~ (BZ(U(I1));)".
i=1
The first homotopy equivalence follows from [9, Lemma 7.5], and the third one by
[13]. Therefore,
mi(Map(BU (II), BU (nq)y)
By [22], Proposition 2.3],
lim"  m;(Map(BU(I), BU(nq);) ) = 0,
On(G(g,rm))
ifi >0 and j # 2, and
lim"  m;(Map(BU(I1), BU (nq)p) 5e) = (m;((BT™);) (0™,
On(G(q;mn))
ift=0and j =2.
It remains to show that the morphism Be : BX (g, r,n) — BU(nq);, is a monomor-

phism. We shall compute the mod p cohomology of the homotopy fibre of Be. The
method is exactly the same as the one used in the proof of Proposition

) & (mj (BT™)()e.

Bel|py )

qn

Bc*(14+c1+-+epg) = Bc*(H(l +x;)) = ﬁ ﬁ(l + alt;)

i=1 i=1j=1
= [+ (D)) = 1+ (1) yy + (=12 Dy 4o (1),
1=1
(—1)§(q+1)q%, J=0(q),j # qn,

Be*(ej) = § (~)mater, 5= qn,

0, otherwise,



2818 NATALIA CASTELLANA

where y; are the elementary symmetric polynomials in t{,...,t%, e = t]---t",
yn = €?/". Therefore, the cohomology of the homotopy fibre of Be is an exterior
algebra on a finite number of generators tensor a truncated polynomial on one
generator A(a; : j = 1,...,nq,j # 0(q)) @ Fp[b]/b", where deg(a;) = 2ig — 1 and
deg(b) = 2ng, and hence F,-finite.
r
Note that ¥ is a regular map (also called p-toric [21]),
Map(BT™, BU(nq)})s ~ (BT™)%,

therefore, the induced morphism in the Weyl groups ¢ is unique ([2I, Proposition
2.4]). O

Remark 5.1. Since Bc*(c1) = 0, ¥ factors through SU(ng);.

We finish this section by studying the compatibility of the complexification map
with unstable Adams’ operations on BU(nq);,.

Proposition 5.2. The complexification map is equivariant up to homotopy with
respect to the action of unstable Adams’ operations of order q on BU(nq)Z/,\.

Proof. Let £ be a primitive gth root of unity and ¢ an unstable Adams’ operation
of order ¢ on BU(nq)}. The restriction to BU(II) of the composite ¢* o BU fits in
the following homotopy commutative diagram:

PO x o xqp? L
s

BU(II) BU(I)) x -+ x BU(I)A —~— BU(ng)})

| |

WO qp?—t

BU(II) =, BU(I)A x -+ x BU(IL)) —2— BU(nq)}

In particular, this means that the complexification map fits in the following homo-
topy commutative diagram:

BX(q,r,n) 2= BU(nq)))

L

BX(g,r,n) 2% BU(nq))
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