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Multiplicative Structure
of the Ring K (S(T*R P**1))

M. A. Bousaidi

Abstract. We calculate the additive and multiplicative structure of the ring K (S(T*IRP?"*1)) using the eta
invariant.

1 Introduction

Let RP?"*! be the real projective space of dimension 21+ 1. In his paper [6, p. 125], V. Snaith
calculated the additive structure of K (S(T*RP?"*!)) where S(T*RP***!) denotes the total
space of the sphere bundle associated to the cotangent bundle of RP?**!. The problem of
determining the multiplicative structure was left open.

In this paper, we give a different proof concerning the above additive structure and use
the eta invariant to calculate the multiplicative structure. The proof relies entirely on the
methods developed by Gilkey concerning the eta invariant. This tool allows us to find
explicit generators which make possible the calculation of the multiplicative structure.

After this work was finished, I was made aware by P. B. Gilkey about his work on this
subject, and we refer to [4, Theorem 1.6.6] for a different proof concerning the additive
structure.

I am grateful to Professors P. B. Gilkey and V. Snaith for their patience in reading and
evaluating this work.

I am finally deeply indebted to Professor A. Mesnaoui for proposing the subject and for
his help and advice during the preparation of this work.

2 Preliminaries

The real projective space RP*"*! is a special case of the so called: spherical space form of
odd dimension. They always take the form: M (1) = S*~! /7(G) (we suppose | > 1), where
G is a finite group, 7: G — U(J) is a fixed point free representation; they have two specific
features which will be needed later:

(2.a) T(M (T)) @1 = real(V,), where V is the complex vector bundle associated to the
representation 7. This implies that M (7) admits a spin, structure.

(2.b) T(M(T)) = V@1, which is an immediate consequence of (2.a). As a consequence,
T(M(7)) has a nowhere vanishing section

' M(1) — T(M(T)).
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Then the map defined by:
s: M(r) = $(T(M(7))
x5 (x)/]s"(x)]|
s(T (M)
is a section of the fibre bundle: I . This yields the result: s* o 7* = 1 i.e.:
M(7)

7* is one to one.

Let L be the Hopf complex line bundle over RP*"*!; then it is well known that L =V,
where p;: Z/2 — U(1), p(—1) = —1, and that: (L — 1) = Z/2" = K(RP*"*!) satisfying:
(L —1)2 = —2(L — 1). For notational convenience, we shall write again L for the image
of L in K(S(T*RP***!)). By (2.a), RP***! admits a spin, structure. Let Pp, be the tangen-
tial operator of the spin. complex 3, Lemma 2.4, a]. Consider the bundle: 7. (O’L(PDol))
where o1 (Pp,1) is the leading symbol of Pp, and 7, (O'L(PDOI)(X, .)) is the eigenspace of the

eigenvalue +1; 7, (07 (Ppo1)) is a complex vector bundle over S(T*RP?"*!) =: W,,,;, of
complex dimension 2"~ !,

The main result of this work is:

Theorem 2.1

RKWys) = (L—1)® <(7T+(O'L(PD01)) - 2"_1) ® (L — 1)>
® (my (o1 (Ppat)) —2"71)
— 7/ eZ/2' a2
= Tors (K(W2n+l)) @ Free (K(WZnJrl))-

Ifx=L-1,y= (7Lr (G'L(PDol)) — 2”_1) (L —1)andz = m, (O'L(PDol)) — 2" then
the generators: x, y and z are subject to the relations:

xr = —2x
xz=y
x.y = =2y

Z2=y'=2y=0

3 Proof of Theorem 2.1

First, we recover the results of V. Snaith [6, p. 125].

We shall use the following notation: K := K°, Dy, is the disk bundle of T*RP*"*!,
> (X)) the suspension of the space X and T(V) the Thom space of the vector bundle V.
Now, T*RP*"*! & 1 admits a spin_ structure via TRP*"*! ~ T*RP?"*! and is of even
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dimension. Then, by [5, Theorem IV.5.14], we have:
K®(Dans1, Wansr) = R*(T(T*RP"))
— Rotl <Z (T(T*]R{Pznﬂ)))
= KN (T(T*RP*"™ & 1))
= K*"'(RP**')  for any integer a.

By (2.b), there exists a smooth section s: RP?**! — W,,,,1. Then the exact sequence, in
K-theory, of the pair (D41, Wan+1) yields the following short exact sequence:

0 — RRP*™) Ty R(Wapsy) — K(RP?1) = 0
This sequence splits, and the splitting is given by: K(Wy,11) SR (RP>1), Then,
R(Waps1) ~ K(RP™)) & K(RP*"™)
~Z/2"PL/2"DZL
= Tors (K(Wa11)) @ Free(K(Wap1)).
Next, we need to prove several lemmas: Let us consider the eta invariant:

K(W2n+1)

lnd(*, *)2 Ro(Z/z) X W

— R/Z.

together with its restriction:

. K(W2n+l )
lnd(*.*)|: Ro(Z/z) ®TOI'S<W — Q/Z
W2n+1
where 7 stands for the projection of the fibre bundle: J ™ | then, we have:
]R{PZ’HI
Lemma 3.1 a) ind(x.x)| extends to a bilinear map:
Tors K(Waui1)

ind(x.%)|: K(RP*") @ < ) — Q/Z.

W*K(]R{PMH)
b) TOrS(K(W2n+1)) ={(x)@(y)=2/2"®Z/2".

Proof a) Let py, p, € R(Z/2) such that: V, ~ V, andlet: 7: V,, — V,, be an isomor-
phism of fibre bundles.

Let W be a complex vector bundle over RP?"*! and let: P: C°(W) — C*®(W) be a
pseudo-differential operator. Use 7 to regard p; and p, as two different locally flat struc-
tures on the same bundle: V,, = V,,,.
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Now, consider the operators: P, : C*(W ® V,) — C*(W ® V,), i = 1,2. Let
P(a) = aP, + (1 — a)P,, (a € [0.1]) be a smooth one parameter family of operators and
define:

Vdn(P
ind(p1, p2, 7, P) = / M da € R.
0 a

Then according to [3, Lemma 1.3], ind(p1, p2, 7, *) extends to a linear map:

. K(Wani1)

lnd(pl, P2, T, *)Z W — R.
SO,
K(W2n+1)

ind(p1, p2, 7, %): TOYS(7T*KURUW+1)

) — Tors(R) = 0.

Then, for every element V of Tors( %{PQ,‘,EI) ), we have:

ind(p; — p2, V) =ind(p1, p2,7,V) =0 € R/Z

so ind(p1, V) = ind(p,, V). Then ind (*.x)| extends to a bilinear map:

, ) K(Wau1)
. 2n+1 n
lnd(**)| : KFlat(]R{P + ) X TOI'S(W) — Q/Z

Now, we have obviously:

K(W2n+1) o~ K~(W2n+1) _ Z/Zn a7
m*K(RP2"1) oK (RP?+1)
Then,
K(Wip1) R(Wipi1) Tors (K(Wan:1))
3.1.1 T ————— | =T — | =Z2" = ——————~
( ) ors <7T*K(IR(P2”+1) ors W*K(]R{PZ”“) / 7.‘.*K(]R{pzml)

By (3.1.1) and according to [2, Theorem 3.1], we have:

Tors K(Wau41)

. . 21n+1
1nd(>k>l<)| . KUR{P ) 02 W*K(RPMH)

—Q/Z

b) Now, (L — 1) € K(Wj,4) is a torsion element for 2*(L — 1) = 0, and so is:
(7 (a1(Poo) = 271) @ (L~ ).
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Furthermore,
ind <v,,l_,,0, (7 (or o)) =2 ") @ (1 - 1))
— ind (vpl_po, 74 (01(Ppo)) @ (L — 1))
= ind (p1 = po, ™ (00(Poo) @ (L= 1)

= ind ((m - po)z, T+ (UL(PDOI)))
(3.1.2)
= 2ind <po P T (OL(PDOI))>
= 2ind(py — p1, Ppol)

= Z Tr((po — pl)(g)).def (T(g), Dol) (modZ) by [2, Lemma 2.1,b)]
JEZ/2
i
= 1 mod Z
21’1
where: 7: Z/2 — U(n+1); 7 = (n+ 1)py, S /7(Z2/2) = RP?>"*1. (3.1.2) and the fact
that: K(RP*™!') = Z/2" = (L — 1) = (V,,_,,) implies: ind (*, (mr (o1(Ppol)) — 2”’1> ®

(L — 1)> : K(RP**1) — Z /2" is a ring isomorphism. So

Tors (K(Waus1))

T R(RP2) — Z/2" isonto.

ind(p1 — po, *)|:

This, added to the fact: \W| = 2", yield:

Tors (K(Wa41))

T R(RP>) — Z/2" isaring isomorphism.

ind(p1 — po, *)|:

Then, the exact sequence:

Tors (K(Was1))

& 2n+1y T >
0 — K(RP*"*') & Tors (K(Ways1)) — T RRPT)

=Z7Z/2" =0

splits and the splitting is given by the element: (7@ (UL(PDol)) — 2”*1) ® (L — 1). So, we

have
TorS(K(WZnH)) =(L-1)® <(7T+(UL(PD01)) - 2"71> ® (L — 1)>

=® e
=Z/2"®Z/2". [ |
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Lemma 3.2

a) (m, (UL(PD()l)) — 2771 is a free element.

b) If (Ppol)v denote the operator Ppg with coefficient in the bundle V € K(RP*'*1; Q), then:
% is generated by the bundles: . (crL ((PD01 )v)) as V runs over K(RP?>"*1; Q).

¢) (mi(01(Ppo)) —2"7') = Free(K(Waui1)) = Z.

Remark 1 The proof of a) and b) will be omitted as it is completely the analog of [1,
Lemma 4.3.4] done for the tangential operator of the spin. complex instead of the tangen-
tial operator of the signature complex.

Proof c) Partb) of the lemma above implies that {<7T+ (O'L(PDol)) 72”*1> ®V}
VEK(RP1;,Q)

generates % This implies, using the facts: K(RP***1;Q) = K(RP*"") @ Q =

(Z2/2"22)®Q=28Q = QK(W2415Q) = K(W,,11)®Q = ];:ree(K(WNHl)) ®Q=Q
that { (7, (o1.(Ppol) — 2" 1) @ V }yexmpr1,q)~q) generate Free (K(Wz,m )) ® Q. This gives:
T (crL(PDol)) — 2" € Free (K(W2n+1)). Furthermore, if (1) = Free (K(W2n+1)) =7,

then: 7, (01(Ppo)) — 2"' = mu (m € Z) and p = (7T+(UL(PD01)) - 2"*1) ®V
where V € mK(RP™1). = 7 (01(Pp) = 2" = (7 (on(Poar) = 271) @ mV =
mV =1= (m = *land V = #£1) = 7T+(O'(PD01)) — 2"l = +pie (2)
(mi(01(Ppo)) — 2"71) = (u) = Free (K(Waus1)).

|
A crucial point in determining the multiplicative structure is the calculus of
Ty (UL(PDO1)) ® T4 (O‘L(PDol)). For this purpose, we need the following:

Lemma 3.3 The notation are those of [1, Lemma 2.1.5]. Then, if Tr(ey - - - en) # 0, there
exists an integer o j; €, - - . , €y) such that:

Ty @ mp — dim(my @ 1) = a(fseo, - - -, em).(my —dimmy),
where

Oé(j; €0y .-y em)

_ J! (2a)! (2b)!
_Z(m!).Tr(eo-~-em)'{Z al bl { D el)

atb=j

oS,
1<o(1)<-+-<o(2a)<m
1<oa+1)<---<o(m)<m

.Tr(ep-q(1) - * - €o(2a))- Tr(€0-€5(2a41) * * * €a(m) )] }

Proof Accordingto [1, Lemma 2.1.5], we have:

Q. (x) = %(1 + eo).(% de,uei)z.
i=1
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Then, for a < j, we have:

1

2 (x0) = 2507 (20)! (1 + ) S e d A A, (x0).
1< <o <igg <

1 i\
= cha($2)(x0) = ,Tr(( °) ><xo>

al 27

Qa)l/ine 1

= o (E) Jar Z Tr(eg.€;, - - - €3, )dxi, A -+ A dxi,, (x0).

1<i) <+ <iga<m

because:

Tr(e;, - - ei,,) = —Tr(ei,,.€, - -€i,_,) = —Tr(e;, - -ei,,_,.€;,) Le, Tr(e;, -

Then,

chj(my ® m)(x0)

= Z ch, () (x0) A chy(my)(x0)

atb=j

D cha(92,)(x0) A chy(Q,)(x0)

atb=j

i\ 1 (2a)! (2b)!
<§) 2m+2{§b:, aa! bl [ ; eto)
atb=j 0COom

1<o(1)<--<o(2a)<m
1<oa+l)<---<ao(m)<m

em) =0.

.Tr(eo-e(1) - -  €r(2a))- Tr(€0-5(2a41) " - * ea(m))] }

cdxy A A dx, ().
The curvature of m, ® 7, being tensorial, we have: for every x € §":

chj(m, ® my)(x)

i \S 1 (2a)! (2b)!
-G T S @

atb=j

oES,
1<o(1)<---<o(2a)<m
1<o(a+1)<---<o(m)<m

- Tr(eg-€5(1) * * * €5(2a))- Tr(€0-€r(2a+1) * * * €5

cdxy A A dxg,(x)
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= fsm chj(m, @ ) = (ﬁ 12”%{ - }. Vol(8™) with: Vol(§™) = j!.Z’”“%. This, added
to the fact that: [, ch;(m,) =1/.27/.T(eo. - - - .y) [1, Lemma 2.1.5] yield:

[ enstmom)
Sm

_ J!
C2.om) Tr(eg. - - - .em)

(2a)! (2b)!
(3.3.1) {Z al T[ > e(o)

a+b=j TESH

1<o(1)<---<o(2a)<m
1<o(2a+l)<---<o(m)<m

.Tr(eg-€x(1) * * * €s(2a))- Tr(€0-€5(2a+1) * * - ea(m))] } / ch;(m,)
Sm
=al(jsen, ... em). ch;(m,).
SWI

a(j;eo, .-, en) is an integer. Indeed: - if j = 1, then, trivially we have: a(1;ep, €1, ;) =
2dim(m;) € Z - if j > 2, then S” is a spin manifold with trivial Pontrjagin classes except
po- Then, by [1, Theorem 3.4.4,c], we have:

index (7 ® 7y, spin) = / chj(my @ my)
Sm

—aljiea,..sen) [ eyt
Sm

= a(jseo, ..., en)index(m,, spin) isan integer
s0, a(js ep, - . . , €y) is an integer. Now, according to [1, Lemma 3.8.9], the application:
K(S") = Z

V= Chj(V)
S"Y

is a group isomorphism. This added to (3.3.1) and to the fact that a(j;ep, ..., en) € Z,
yield:
Ty @ my — dim(my ® ™) = aljs e, - .-y ). (my — dimy). u

Remark 2 The expression of a(j; e, - . . , €m), despite its complicated appearance, will sim-
plify considerably in our case.
- We know from [3, p.p 256 — 258 and Lemma 4.4] that:

Ppoi: C (A(RP™1)) — C®° (ARP™))
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01 (Ppot) (x, §) = 16 (€)
2n+1

= ia(z fjsj) where (s;)j—1,..2n+1 is local frame for T*Rp¥+!
j=1

2n+1

— Zgjfj where f; = ic,(s;).

j=1

*(fi)j=1,..2n+1 is a collection of Clifford matrices: f;.f; + f;.fi = 20;;.

- fi,--., fans1 are our ey, . . ., e, of Lemma 3.3 with a translation of indices, but that
does not matter.

- We compute: Tr(fi - - - fans1) = i".2" # 0, s0, by [3, Lemma 4.5], for every x € RP***!,
we have:

7y (01 (Ppol)(x,.)) ® 7y (00(Ppol)(x,.)) — 27"

= als, fir- - o) (7 (00 (Poa)(x, ) —2")
With:

a(ms fi,. .oy fans1)
n!
C2(Cm).Te(fi - o)

(2a)! (2b)!
{Z al bl [ > elo)

a+b=n OES,
2<0(2)<---<0o(2a+1)<2n+1
2<0(2a+2)<---<o(2n+1)<2n+1

. Tr(fl-fa(Z) e ea(2a+l))- Tr(ﬁ-fa(2a+2) te ea(2n+l)):| } n

Lemma 3.4 Fora # 0anda # nandany o suchthat2 < o(2) < --- < 0(2a+1) < 2n+1,
2<0Ra+2)<---<o@n+1) <2n+1, wehave

Tr(fl~fo’(2) e fa(2u+1))~ Tr(f1~fc7(2u+2) e f(r(2n+1)) =0.

Proof Suppose first that o is the identity in S,, then:

In—2 .
fi-frasz s faner = 17" 0u(s1)Cn(S2a42) - -+ Cu(S20) € (851 %+ - % Spap0 % -+ - % 5y)

-3n—2
= £, (52) - culS2041)

= Tr(A-foarz - fur1) = £ 9Ty (c,,(sz) e cn(sz,m)) = 0. General case: let o be an
element of S;, and k an index such that f,x) = fan+1. Suppose that 2 < k < q2a + 1 (the
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other case is similar). Then, as in the first case, we compute:

Te(fi-fo)  fowo - foarn) = Tr(fi-fo) -« fanst -+ fo(2as1))
==+ Tr(f0(2a+2) e f(r(2n+1)) =0. [ ]

Proof of Theorem 2.1 The additive structure is calculated in Lemmas 3.1 and 3.2. For the
multiplicative structure, we have: According to Lemma 3.4

n! (2n)!
(2n)!).Tr(ﬁ o o) 1l
= Tr(IdA(szml)) = d1mc (A(]R{Pznﬂ)) =2".

aln; fiy. .., fonr1) = 5 ( L2 Tr(Id agpeeny - Tr(fr -+ - fant1)]

Then 7, (01 (Ppol)(x,.)) ® T4 (01 (Ppol)(x,.)) — 2272 = 2" (m (o1(Ppol)(x,.)) — 2"‘1)

2n+1
5 S

for every x € RP 0

74 (01(Poo) @ 4 (01(Poon)) — 22772 = 2", (0 (Ppa)) = 2"1).

This last result allows us to complete the multiplicative structure. Indeed: 2> =
(7 (01Po) ® 74 (01(Poo)) = 272 = 2% (. (01(Poa)) — 2'") = 0. Finally, we

deduce:
yz=2"x=0
yr=(zx)?=22x*=0
xy = —2y because x* = —2x.
This completes the proof of Theorem 2.1. ]
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