L3)-COHOMOLOGY OF ORBIT SPACES

REYER SJAMAAR

ABSTRACT. Suppose that a compact Lie group acts on a smooth compact
manifold and that the manifold is equipped with an invariant Riemannian
metric. This metric induces a metric on the open dense stratum of the quotient
space. Then the L(y)-cohomology of the open dense stratum with respect to
the induced metric is isomorphic to the intersection cohomology with upper
middle perversity of the quotient space.
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INTRODUCTION

Let M be a smooth compact manifold and let G be a compact Lie group acting
smoothly on M. A smooth differential form w on M is called invariant with respect
to the action of G if A} (w) = w for all g € G, where A, : M — M denotes the action
of the element g. It is called horizontal with respect to the action if (&7 )w = 0 for
all £ in the Lie algebra of G, where ((£);)w denotes the interior product of w with
the vector field on M induced by £. If a form is both invariant and horizontal, it
is called basic. The graded algebra of all basic forms is denoted by Q' (M/G). It
follows from the infinitesimal homotopy formula, L¢,,w = ¢({ar) dw+d o(Ear)w, that
the exterior derivative d maps Q" (M/QG) into itself. Hence (2 (M/G), d) is a cochain
complex. Koszul [10] has proved that the cohomology of Q' (M/G) is isomorphic
to the singular cohomology with real coefficients of the orbit space M/G. Here
it is not assumed that the action is free. (Note, by the way, that the singular
cohomology of M /G coincides with its Cech cohomology, since M /G is compact
and locally contractible.) His argument involves slices for the action of G on M,
a G-equivariant Poincaré lemma and G-invariant partitions of unity on M. If one
interprets the basic forms on M as being the differential forms on the singular space
M/@G, one can read Koszul’s theorem as a de Rham theorem for quotient spaces.
The purpose of this note is to sketch the proof of a similar theorem:

Theorem 1. There is a natural isomorphism H('Z)(MP““C/G) >~ [.H (M/G).

Here H('z)(MprinC/G) is the L(3)-cohomology of the open dense (or ‘principal’)
stratum of the orbit space with respect to a metric induced by a G-invariant metric
on M. From the compactness of M it follows that H, (M prine /) does not depend
on the choice of an invariant metric on M. On the right-hand side, 7 denotes
the upper middle perversity, which associates to a stratum of codimension k the
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integer [(k — 1)/2], and Iz H (M/QG) is the intersection cohomology of M /G with
real coefficients and with respect to the perversity n. As a consequence of the
theorem, H('z)(Mpri“C/G) is even a topological invariant of the orbit space M/G.
The proof hinges on the fact that the metric on the quotient space is conical in the
sense of Cheeger [5], [6].

Section 1 is a review the definitions of L ,)-cohomology and harmonic forms.
Section 2 contains an outline of the proof of the L,y de Rham Theorem and some
comments, in particular on generalized Poincaré duality. Intersection cohomology
with real coefficients and with respect to the upper middle perversity n of a space
Y will be denoted by I H (Y), and its singular cohomology with real coefficients
will be denoted by H'(Y).

I would like to thank Eduard Looijenga and my thesis advisor Hans Duistermaat
for useful discussions. This paper is a version of a chapter of my PhD thesis [14].

1. L()-COHOMOLOGY AND HARMONIC FORMS

This section is a cursory introduction to Lsy-cohomology. See [5] and [15] for
more information and further references.

Let Y be an m-dimensional Riemannian manifold with metric v. This metric
induces in a natural way inner products on the fibres of the exterior powers of the
cotangent bundle of Y. If o and g are differential forms of the same degree on Y,
their inner product, regarded as a function on Y, will be denoted by (a, ), and
(o, @)'/? will be abbreviated to |a|. For a k-form 3 the form 3 is defined as the
unique (m — k)-form such that for all k-forms « one has a A x8 = (a, 3) dv, where
dv is the volume form defined by the metric. (There is a little problem here if Y is
not orientable. The solution is to regard dv and *« as forms with coefficients in the
orientation bundle of Y; ¢f. de Rham [12].) Define the global inner product {(«a, 3)
and norm ||| by

<a,ﬁ>:[/aw:/y<a,ﬂ>du, ||a\\2:<a,a>:/yama7

if these integrals are absolutely convergent. For a k-form « the (k+ 1)-form d*« is
defined to be d*a = (—1)™*+D+1 4 d x . The operator d* is the ‘formal adjoint’
of d in the sense that for all k-forms o and (k 4 1)-forms [ such that either a or
has compact support we have the equality

(1) (d*, B) = (@, df).
Let L{y (Y') be the space of i-forms « with measurable coefficients such that [, (e, o) dv

is absolutely convergent. Define the domains dom d and dom d* of the operators d
and d* by

dom d® = {oz is a smooth i-form : o € L{y)(Y) and da € Lg)l(Y)} ,

dom(d*)" = {a is a smooth i-form : o € L@)(Y) and d* o € Lg)l (Y)} .
Then domd is a cochain complex, whose cohomology is denoted by H, ('2)(Y), or
by H('Q)’V(Y) if we want to stress its dependence on the metric v. Also, domd* is
a chain complex and the Hodge *-operator induces an isomorphism H;(domd*) ~
H ("21; *(Y'), where m is the dimension of Y. Formula (1) implies that the operators d
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and d* with the domains defined above have functional-analytic closures, denoted
by respectively d and d*. By means of a regularization argument one can show
that the inclusion domd" < domd" induces an isomorphism on cohomology. (See
Cheeger [5].) In other words,

HgQ)(Y) =kerd'/imd" ' =2 kerd'/imd' .
A (distributional) differential form « is called harmonic if do = d*a. = 0 in the weak
(i.e. distributional) sense. The ellipticity of the Laplacian A = dd* + d*d implies

that harmonic forms are smooth. The group of harmonic L3)-forms is denoted by
9(9)(Y). One has

(g (V) = ker d’ Nker(d*)" = ker d’ Nker(d*)".

It is not hard to show that the Hodge *-operator restricts to give an isomorphism
.‘7)1('2)(Y) = ﬁg;i(Y), if Y is orientable. There is a natural map $,) (Y) — H, (V)
from harmonic forms to Lz)-cohomology, which is in general neither injective nor
surjective.

A diffeomorphism ® from Y to another Riemannian manifold Y’ with metric v/
is called a quasi-isometry if there is a positive real number C' such that for allp € YV
and u,v € T,Y

C W (®,u, @) < v(u,v) < CV (®.u, ®,0).

]

It is easy to see that a quasi-isometry ® induces an isomorphism ®* : H ('2) S —
H('Q) LY). If Y =Y, the metrics v and v/ are said to be quasi-isometric, if the
identity mapping is a quasi-isometry from Y with metric v to Y with metric v/’

Definition 2. The metric cylinder on'Y is the cartesian product Y x (0, 1) equipped
with the product Riemannian metric. The metric cone C'Y on Y is the product
CY =Y x (0,1) with metric 7?v & dr ® dr, where r is the standard coordinate on
(0,1).

Theorem 3 (Cheeger [5]). The projection on the first factor p : Y x (0,1) - Y
induces an isomorphism H('z)(Y) =, Hy (Y x (0,1)).

Theorem 4 (loc. cit.). a. The projection on the first factor p : CY — Y induces

an isomorphism HgQ)(Y) = HgZ)(CY) for i < [m/2] (where m is the dimension

of Y).

b. Hy (CY) =0 fori> (m+1)/2.

c. If mis odd, i = (m+1)/2, and the image of diy ' is closed, then HfQ)(CY) =0.
2. AN L3y DE RHAM THEOREM FOR ORBIT SPACES

Let (M, 1) be a compact Riemannian manifold and let G be a compact Lie group
acting on M by isometries. Let 7 denote the projection from M onto the orbit space
M/G. Pick a point m in M. Let H be the stabilizer of m and let V = (T,,,(G-m))*
denote the orthogonal complement in T,, M (with respect to the metric u) of the
tangent space T,,, (G -m) of the orbit. Then V is an orthogonal representation space
for H and the normal bundle of the orbit G-m is the vector bundle G x gV associated
to the principal fibre bundle G — H. The bundle G xg V is a G-space (where
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G acts by left translations on the first factor) and the exponential map defined by
the metric provides a G-equivariant diffeomorphism from a neighbourhood of the
zero section of G x g V' to a G-invariant neighbourhood of the orbit G -m. (This is
equivalent to the familiar slice theorem, see e.g. Koszul [10] or Bredon [4].) For a
subgroup H of G denote by My the set of all points whose stabilizer is conjugate
to H,

Mgy ={m € M : Gy, is conjugate to H }.

By virtue of the slice theorem the set Mz is a smooth submanifold of M (possibly
consisting of components of different dimensions), called the manifold of orbit type
(H), and the quotient M /G is also a smooth manifold. Thus we have a decom-
position M/G = [[y.q M(m)/G of the orbit space M/G into a disjoint union of
manifolds, and it is easy to see that this decomposition is a stratification of M/G
in the sense of [7]. If VH denotes the subspace of fixed vectors in V and W the
orthogonal complement (V)L then the point 7(m) € M/G has a neighbourhood
O of the form O = B(VH)x B(W)/H. Here B(V) denotes a ball round the origin
in VH and B(W) a ball round the origin in W. A neighbourhood of this form will
be called a distinguished neighbourhood.

For convenience we shall assume that the orbit space is connected. This implies
that there exists a maximal orbit type (K), in the sense that for all orbit types
(H) occurring in the G-manifold M the group K is conjugate to a subgroup of H
(see Bredon [4]). The stratum Mgy /G is connected, open and dense in M/G. Tt
follows from the slice theorem that Mg consists precisely of those points m where
the representation of H = G,, on V is trivial, or equivalently, where the vector
space W = (VH)L is 0. The open dense strata of M and M /G are called principal,
and they are denoted by respectively MPT¢ and MP'n¢/G. For each open part U
of M, resp. M /G, define UP"™¢ = U N MPHC yegp. UPHNC = [J N (MP¢ /().

The metric x induces a Riemannian metric on MP"¢ /G, denoted by 7. If m is
a principal point in M, then the restriction of 7, to the slice V at m is an isometry
v = Tr(my(MP"¢/G). Note that all metrics obtained in this way from a G-
invariant metric on M are quasi-isometric to one another. Hence H ('2)(M princ /()
does not depend on the metric p. Let us describe the behaviour of the metric
T/t up to quasi-isometry near the singularities of M/G. Let m € M and let
O = B(VH) x B(W)/H Cc M/G be a distinguished neighbourhood of the point
m(m) € M/G. The principal stratum of O comes equipped with two Riemannian
metrics: the restriction of 7, and the metric fi,, induced by the inner product g,
on T, M. If we choose O small enough, these metrics are obviously quasi-isometric.
So in order to study the metric m.u near m(m) and the local L3)-cohomology of
M/G at m(m), we can turn our attention to O with the metric fi,,. Let S(W)
denote the unit sphere in the vector space W. If m is not a principal point in M,
then W # {0} and the map

U - B(VH) X S(w)Princ % (0, 1) N B(VH) % B(W)princ

sending (y, z,7) to (y,rz) is an H-equivariant diffeomorphism. It becomes an isom-
etry as well, if we endow the product S(W)P'"¢ x (0,1) with the conical metric
r2v @ dr @ dr, where v is the metric m|g(wyprine and 7 the standard coordinate on
(0,1). So ¥ descends to an isometry
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B(VT) x S(W)P¢ /H x (0,1) = B(VH) x B(W)P"/H = OPrine,

where, again, S(W)P""¢/H x (0,1) is equipped with a conical metric. The orbit
space S(W)/H is called the link of the point 7(m).
There are two naturally defined complexes of sheaves on the orbit space.

Definition 5. For any open subset U of M /G, let Q" (U) be the set of all smooth
basic differential forms on the G-invariant subset 7=1(U) of M. (See the Introduc-
tion for the definition of basic forms.) The de Rham complex of the orbit space is
the complex of sheaves Q" assigning to U the complex of vector spaces Q' (U). The
L 2y-complex is the complex of sheaves £ generated by the complex of presheaves
U domdpsinc- So an element of Ei(U) is an i-form w on UP™¢ with the follow-
ing property: For all € U there is an open neighbourhood O C U of x such that

w|oprinc € dom dloprinc .

If w is an element of £ (U), we shall say that it is a form on UP"® such that w
and dw are ‘square-integrable locally on U’. The complex of vector spaces £ (U)
is not necessarily the same as the complex domd" of the Riemannian manifold
UPHnc but may depend on the inclusion UPH1¢ «— UU. But since M/G is compact,
L (M/G) = domd princ /), and the cohomology H' (L' (M/G)) of the complex of
global sections of £ is equal to the L(s)-cohomology of the Riemannian manifold
MPHnC /G with metric . p.

Proposition 6. a. For all open subsets U of M/G, Q' (U) is contained in L (U).
b. The L)-complex L' is a module over the de Rham complex Q).

c. The complex L is fine.

PRrROOF. a. Let U be an open subset of the orbit space and let w be a smooth basic
form on 7~ (U). We want to show that the forms w|,—1(yprine and dw| -1 (gryprinc,
which can be regarded in a natural way as differential forms on UP™"°, are square-
integrable locally on U. Let x € U. It follows from the fact that the metric m,p is
conical near the singularities that = has a neighbourhood O C U such that OPrin¢
has finite volume. Moreover, it is easy to see from the fact that w is a smooth form
on the whole of 771(U), that = also has a neighbourhood O’ C U such that |w|
and |dw| are bounded on O'. Hence, [, ., |w|*d(m.pu) and [, [dw|* d(m.p) are
finite.

b. If U € M/G is open and w € £ (U) and a € Q" (U), then on UP"® one has

anwl = laf-|w]
danw)| < |dal - [w] +]a - d].

From the fact that |«| and |da| are bounded locally on U (see the proof of statement
1), it now follows that o A w and d(a A w) are square-integrable locally on U.
c. The sheaf QU is fine, because there exist G-invariant smooth partitions of unity
subordinate to any cover of M with G-invariant open subsets. (These can be
obtained e.g. by averaging an arbitrary partition of unity subordinate to the given
cover with respect to the Haar measure on G.) Hence, by a standard theorem of
sheaf theory (see e.g. Bredon [3, Chapter II]), the module £ over Q° is also fine.
O
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Sketch proof of Theorem 1. Let Sy denote the union of all k-dimensional strata of
the orbit space M /G, let n be the dimension of M/G, and let Uy C Uy C Uy C -+
be the increasing sequence of open subsets defined by putting Uy = 0 and Uyy1 =
Up USn_k. Then Uy = S,, = MP'"¢/G. If A is a sheaf on M/G, its restriction
to Uy will be written as Ay. Let i be the inclusion Uy «— Ugiy. Goresky and
MacPherson have given a sheaf-theoretic characterization of intersection cohomol-
ogy in [8]. I will quote this in a version due to Borel [2]. According to [2, Theorem
V 2.3] the hypercohomology of a complex of sheaves A’ is isomorphic to the inter-
section cohomology I H (M/G) with respect to the upper middle perversity 7 if
the following statements hold:

1. The complex A" is bounded, A" = 0 for ¢ < 0, and A; is a resolution of the
constant sheaf R on the manifold Sy;

2. The derived sheaves H'(A; ) on Uy4q are zero for i > [(k—1)/2], where k =1,
2, ..., m

3. The attachment map oy, : A, — Rig+A;, induces an isomorphism of derived
sheaves on Uyy1, ay, : H'(Ay 1) — H(RigeAy), for i < [(k —1)/2], where k = 1,
2, ..., n.

Remark 7. Goresky and MacPherson have defined intersection cohomology in [7]
only for stratified spaces whose stratum of codimension one is empty. The orbit
space M /G, however, may have a codimension one stratum. King [9] has extended
the definition of intersection cohomology to arbitrary stratified spaces and shown
that it is a topological invariant. The upper middle perversity index of the codimen-
sion one strata is defined to be n(1) = 0. Actually, a codimension one stratum of
the orbit space always consists of boundary points. To see this, consider a point x in
a codimension one stratum with distinguished neighbourhood B(V#) x B(W)/H.
Then B(V#) has codimension one in M /G, and so the link S(W)/H must be zero-
dimensional. If dim W > 1, then S(W) is connected, so the link must be a point.
If dim W = 1, then the action of H must interchange the two points of S(W), so
S(W)/H is again a point. It follows that = has a neighbourhood homeomorphic to
a half-space R! x R>o.

It is now fairly straightforward to check axioms 1-3 for the complex £ . Axiom 1
follows from the fact that the complex £ is just the de Rham complex of the
manifold S,,, which is a resolution of R by the Poincaré lemma. Axioms 2 and 3
follow from Theorems 3 and 4 of Cheeger and from the observation above that the
metric is conical near the singularities. An outline of the argument can be found
in [11]. This leads to the conclusion that the hypercohomology of the complex of
sheaves £’ is isomorphic to I; H (M/G). But this complex is fine by Proposition 6,
so its hypercohomology is equal to H' (L (M/G)) = H,y) (MP""°/G). This proves
Theorem 1. (]

By virtue of Remark 7, Theorem 1 implies that the group H/, (M prine /G ig a
topological invariant of the orbit space M/G.

Remark 8. Assume that the group G is finite. Let m be a point in M and let W
be the orthogonal complement in T}, M to the subspace of H-fixed vectors, where
H is the stabilizer of m. Then it follows from Bredon [3, Theorem 19.1] that
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R ifi=0;
0 if0<i<dimS(W).

(If i equals the dimension of S(W), one has H'(S(W))# = R, resp. = 0, if the
action of H on W does, resp. does not, preserve an orientation of W. Therefore,
M /@ is a rational homology manifold if and only if for all m € M the action of H on
T,n M is orientation-preserving.) Using this, one can easily show that the sheaf '
of invariant forms on M /G satisfies the axioms of intersection cohomology. Hence,
the inclusion Q° < £ induces an isomorphism H'(M/G) — H('Q)(Mpri“C/G).
Note that we do not require the action to be orientation-preserving. An analogous
statement is true for (compact) V-manifolds (i.e., spaces that are locally modelled
on quotient spaces of manifolds by finite group actions, see Satake [13]).

HY(S(W)/H) = H' (S(W))" = {

Remark 9. One of the most important properties of intersection cohomology with
respect to the upper middle perversity is that it satisfies Poincaré duality for a large
class of singular spaces. A necessary condition for this to hold was stated in [5]
and [8]. For orbit spaces it reads as follows: For any m in M such that the image
w(m) € M/G lies in a stratum of odd codimension k and for all distinguished
neighbourhoods O ~ B(VH) x B(W)/H of m(m), the intersection cohomology
(or, equivalently, the Lz)-cohomology) of the link S(W)/H in middle dimension
vanishes:

(2) HG VR (S(W)Ptne /H) & 1 HED2(S(W) /H) = 0.

If this is the case, we have the generalized Poincaré isomorphism

H(Z2) (Mprinc/G) o~ H&;i(M/Gprinc, O)*,

where O denotes the orientation bundle of MP'n¢ /G (with a constant fibre metric).
Cheeger [5] has shown that in this case we also have a Hodge-de Rham isomorphism
H(iQ) (MPrine /) =2 ﬁfz)(Mpri“C/G). Of course, condition (2) is fulfilled at all points
m € M if there are no strata of odd codimension in M/G. For finite G one can
easily deduce from Remark 8 that (2) holds if and only if the orbit space has no
boundary points. So for V-manifolds without boundary we find a Hodge-de Rham
theorem, which was already known to Baily [1]. The following proposition gives a
necessary and sufficient condition for (2) to hold for orbit spaces of circle actions.
It would be interesting to have an analogous result on actions of higher-dimensional
groups. In the proof we use the notion of a regular point.

Definition 10. A point m in M is called regular with respect to the action of G if
all orbits near m are of the same dimension as the orbit through m. Equivalently,
m is regular if the kernel of the slice representation H — GI(V') has finite index in
H.

All points in MP'"¢ are regular, but a regular point is not necessarily principal.

Proposition 11. Assume that G is the circle. Then (2) holds if and only if

a. M/G has no boundary, and
b. The projection 7(M%) C M/G of the fized point set MS has no connected
components of codimension 1 mod 4 in M/G.
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PROOF. Let k be an odd integer, let m be a point in M such that 7(m) lies
in a stratum of codimension k in M/G, and let O ~ B(VH) x B(W)/H be a
distinguished neighbourhood of 7(m). We may assume that H acts effectively on
W. (Otherwise replace it by its image under the homomorphism H — GI(W).)
Therefore, dimW = k + dim H. The origin in W is the only fixed point, so m is
regular if and only if H is finite. Since G is the circle, every point in M is either
regular or a fixed point.

Case 1: Suppose the point m is regular. Then H is finite, k = dim W and Remark 8
implies that

(3)  LHVE(SW)/H) = HEDR(S(W)/H) = HED2(S(W)) .

If k£ > 1, this cohomology group is 0. If k£ = 1, the group H must be Z/2Z acting
by reflection on the one-dimensional space W, and S(W) consists of two points.
Hence HO(S(W))H = R.

Case 2: Suppose m is a fixed point. Then H = S!. The action of H on S(W) has
no fixed points, hence each point on S(W) has finite stabilizer. Therefore S(W)/H
is a V-manifold. So, by Remark 8, its intersection cohomology is the same as its
ordinary cohomology.

The vector space W is a direct sum of two-dimensional subspaces on each of
which H acts by rotations with a certain angular velocity. So one can introduce
complex coordinates (z1,...,2.) on W (where r = (k — 1)/2) such that H = S =
{teC:jt|=1} actsbyt-(z1,...,2,) = (¥ 21,...,t¥ %), withwy, ..., w, € Zso.
If wy =- - =w, =1, then S(W)/H is the complex projective space P(W) of W
with homogeneous coordinates (21 : - : z.), and S(W) — P(W) is the Hopf
fibration. Now let wq, ..., w, be arbitrary positive integers. There is an action of
the product R :=Z/w1Z x - -- x Z/w,Z on P(W), defined by multiplication of the
homogeneous coordinate z; with the w;-th roots of unity. The quotient P(W)/R is
the weighted projective space with weights w1, ..., w,. It is easy to see that the
mapping S(W) — P(W)/R, assigning

(#15 v eszr) = (W21 0o+ 0 %/z,) mod R,
descends to a homeomorphism of S(W)/H onto P(W)/R. Moreover, all (rational)
cohomology classes of P(WW) are invariant under the action of R. Therefore,

HY(S(W)/H) = H'(P(W)/R) = H'(P(W))"
R if i is even;
0 ifiis odd.

Consequently, H*=1/2(S(W)/H) # 0 if and only if k = 4] + 1 with [ € N.

It follows from this and (3) that condition (2) is fulfilled at the point m € M if
and only if either of the following two conditions holds:
a. m is regular and 7(m) lies in a stratum of codimension k # 1, or
b. m is not regular (so it must be a fixed point) and w(m) lies in a stratum of
codimension k # 1 mod 4.
This finishes the proof of the Proposition. Note that we did not assume M to be
orientable or the action to be orientation-preserving. O

— HI(P(W)) =

Example 12. Consider the product R x C" with the circle action defined by
e . (t,z) = (t,ez). The action restricts to the sphere S** C R x C", where it
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has two fixed points, the north pole (1,0) and the south pole (—1,0). The orbit
space X := §2"/S' is (2n — 1)-dimensional, so by Proposition 11 the intersection
complex of X is ‘self-dual’ if and only if n is even. The principal stratum XPrinc
is a product of the complex projective space CP™~! and an open interval, say
(0,1). The metric is a ‘Riemannian suspension’, sin® w7 - u @ dr ® dr, where p
is the real part of the Fubini-Study metric on CP"~!. The space XP'"¢ has an
open cover consisting of two open subsets, CP"~! x (0,2/3) and CP"~! x (1/3,1),
which are both quasi-isometric to the metric cone on CP"~!. Their intersection is
quasi-isometric to the metric cylinder on CP"~1. A computation using the Mayer-
Vietoris sequence for intersection cohomology, or, alternatively, the L ,)-version of
the Mayer-Vietoris sequence (see Cheeger [5]) yields:

I;H(X) = H{(CpPr1) for i < n;
LHYX) = 0
I;H(X) = H~=Y{CP" 1) fori>n.

We see that Poincaré duality is violated for odd n.
We can find harmonic representatives in L, (XP""¢) for all intersection coho-

mology classes as follows. If « is any k-form on XP""¢, we can write o = a1+ Adr,
with ag = 1(0/0r)a and oy = o — ag Adr. Let x be the Hodge operator on XPrne,
A straightforward computation yields:

(4) s = sin?"E D () (¥ o ) Adr 4 (=1)F 7 sin2 R () (+ 4,

where *’ is the Hodge operator on CP"!. Similarly, if « is square-integrable, we
find:

6
ol = [ {Gsinmr 20D ital s + (sin 209 520/ 0r)) [ | dr
0

Now let w be the imaginary part of the Fubini-Study metric on CP"~!. Then w
is a harmonic two-form, as are its powers w’. The w® are harmonic representatives
for a basis in H (CP"~1). Let p : XP'n¢ = CP"~1 x (0,1) — CP"! be the
cartesian projection. Put ¢ = p*(w). Formula (4) implies that the following forms
are harmonic on XP'"¢: ¢% and %(¢?) for i = 0, ..., n — 1; and also (("~1/2 A dr
if n is odd. It follows from (5) that ¢("~V/2 A dr € Ly ¢ € L) iff i < n; and
*(¢Y) € L?z(;hl)il iff > n. In particular, we see that, for n odd, ﬁFQ)(XPri“C) #0,
while H, (X princ) — () so that the Hodge-de Rham isomorphism breaks down.
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