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Abstract

We use the exterior and composition products of double forms together with the alternating operator
to reformulate Pontrjagin classes and all Pontrjagin numbers in terms of the Riemannian curvature. We
show that the alternating operator is obtained by a succession of applications of the first Bianchi sum and
we prove some useful identities relating the previous four operations on double forms. As an application,
we prove that for a k-conformally flat manifold of dimension n > 4k, the Pontrjagin classes P; vanish
for any i > k. Finally, we study the equality case in an inequality of Thorpe between the Euler—Poincaré
characteristic and the kth Pontrjagin number of a 4k-dimensional Thorpe manifold.
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1. Introduction

Let (M, g) be a compact oriented Riemannian smooth manifold of dimension » and k
a positive integer such that 4k < n. We denote by R the Riemann curvature tensor of
(M, g) seen as a (2,2) double form. It results from a theorem of Chern [4] that the
object (which is written using double form operations)

Pu(R) = Alt(R* o RY)

1
(k)2(2m)*
is a closed differential form of degree 4k that represents the kth Pontrjagin class of M.
In particular, if n = 4k, the integral over M of Py(R) is a topological invariant, namely
it is the kth Pontrjagin number of M.

In this paper, we first study in some detail the double form operations that were used
to define the above differential form, namely the Alt operator, the exterior product of
double forms that were used to define the kth power of R and finally the composition
product o.
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In particular, we show that the Alt operator is obtained by a succession of
applications of the first Bianchi sum & in the algebra of double forms; more precisely,
we prove the following result.

PropositioN 1.1. Let w be a (p, q) double form; then

Alt(w) = (_1)P6]+(Cl(q—1)/2) p! Slw
P+t

where 1 = S o ... 0 G, g times. In particular, if w satisfies the first Bianchi identity,
then Alt(w) = 0.

We also prove another useful identity.

ProposiTion 1.2. Let g, s > 1 and p > 0. If wy is a (p,q) double form and w, is a
(g —1,s—1) double form, then

1
Alt(gws 0 wy) = (- 1?22

Alt(w; o S(wy)),

s
where g is the Riemannian metric. In particular, if wy satisfies the first Bianchi identity,
then Alt(gw; o wy) = 0.

As a direct consequence of the previous proposition, we show that Pontrjagin
classes depend only on the Weyl part of the Riemann curvature tensor R. In particular,
all the Pontrjagin classes of a conformally flat manifold vanish.

More generally, for n > 4k, following Kulkarni we shall say that a Riemannian
n-manifold (M, g) is k-conformally flat if its Riemann curvature tensor R satisfies
R* = gH. In other words, the kth exterior power of R is divisible by g in the exterior
algebra of double forms. We recover the usual conformally flat manifolds for k£ = 1.

Another consequence of the above formula is the following result.

Tueorem 1.3. If (M, g) is a k-conformally flat Riemannian manifold of dimension
n > 4k, then the Pontrjagin classes P; of M vanish for i > k.

In Section 5, we study a generalization of four-dimensional Einstein manifolds,
namely Thorpe manifolds. An oriented compact Riemannian manifold (M, g) of
dimension n = 4k is said to be a Thorpe manifold if *R* = R*, where R is the Riemann
curvature tensor seen as a (2,2) double form, R* its exterior power and * the double
Hodge star operator acting on double forms. The usual Einstein 4-manifolds are
obtained for k = 1.

The following theorem provides topological obstructions to the existence of a
Thorpe metric.

TueEOREM 1.4. Let (M, g) be a compact orientable 4k-dimensional Thorpe manifold.
Then

klk!
X(M) = @ka(M)l.
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Here pi(M) is the kth Pontrjagin number of M and y(M) is the Euler—Poincaré
characteristic of M. Furthermore, if equality holds, then M is k-Ricci flat, that is,
cR* = 0.

The first part of the previous theorem is originally due to Thorpe [16]; however, the
second part is a new result. Both parts of the theorem will be proved in the last section
using the double form formalism.

In dimension four, the second part of the previous theorem tell us that a compact
orientable Einstein manifold M that satisfies 2y (M) = |p;(M)| must be Ricci flat. We
note that Hitchin [7] showed that such a metric must then be either a flat or a Ricci-flat
Kahler metric on the K3 surface (Calabi—Yau metric) or a quotient of it.

In dimension eight, Kim [9] showed if equality holds in the previous theorem (that
is, 6y(M) = |p,(M)|) and if we assume also that the metric is Einstein, then the metric
must be flat. We prove the following generalization of Kim’s result.

THeEOREM 1.5. A compact orientable manifold M of dimension 8k that is at the same
time hyper 2k-Einstein and Thorpe and satisfies ((4k)!/(2k)!(2k))xy(M) = |pa(M)|
must be k-flat, that is, Rk =0.

Recall that a metric is said to be hyper 2k-Einstein if its Riemann curvature tensor
satisfies cR¥ = 1g?*~! for some constant real number 1. We recover the usual Einstein
metrics for k = 1.

In the final section, we prove a Stehney-type formula for all the (mixed) Pontrjagin
numbers plf‘ pgz ... pkn Recall that these numbers are important topological invariants
for a manifold, they are oriented cobordism invariant and, together with Stiefel-
Whitney numbers, they determine an oriented manifold’s oriented cobordism class.
Furthermore, the signature and the A genus can be expressed explicitly through linear

combinations of Pontrjagin numbers.

TueOREM 1.6. Let (M, g) be a compact 4k-dimensional Riemannian oriented manifold
with Riemann curvature tensor R, seen as a (2,2) double form, and let ky, ks, . . ., k,, be
a collection of natural numbers such that ky + 2k, + - - - + mk,, = k. Then the Pontrjagin

number p];‘ p]; e pl:,;” of M is given by the integral over M of the following 4k-form:

phpl.ple - 0! (’" [20)!?

o Y (R2 0 RAY . . . (R o RMYkn
SENCRIECDES, (i!)zkf(4i)z)A“[(R RY"(R? o R%)" -+ (R o R™)""],

where all the powers over double forms are taken with respect to the exterior product
of double forms.

2. The exterior and composition algebras of double forms

2.1. The exterior algebra of double forms. Let (V,g) be a Euclidean real vector
space of finite dimension n. Let AV* = €D ., APV* (respectively AV =D ., A”V)
denote the exterior algebra of the dual space V* (respectively V). We define the space
of exterior double forms of V (respectively the space of exterior double vectors) as
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DV = AV @AV = D DP9V
p.q=0
(respectively D(V) = AV @ AV = (P DP(V)),
p.q20
where DP4(V*) = APV* @ ATV* (respectively DP4(V) = APV @ A1V).

The space D(V*) is naturally a bigraded associative algebra, called a double exterior
algebra of V*, where for simple elements w; = 0y ® 6, € DP4(V*) and wy =03 ® 0,4 €
D"*(V*), the multiplication is given by

wiwy = (61 ® 62)(03 ® 04) = (61 A 63) ® (62 A 6y) € DPTIT(VY),
where A denotes the standard exterior product on the exterior algebra AV*. A double
form of degree (p, q) is by definition an element of the tensor product DP4(V*) =
APV* @ ATV™.

The above multiplication in D(V*) is called the exterior product of double forms.
2.2. The composition algebra of double forms. We define a second product in the
space of double exterior vectors D(V) (respectively in the space of double exterior
forms D(V*)), which will be denoted by o and will be called the composition product;
see [5, 13]. Given w; =6, ® 6, € DP9 and w, = 63 ® 4 € D™, two simple double
exterior forms (or double exterior vectors), we set

wWiowy=(01®6)0(03004) =(01,04)0;® 6, € D™,
It is clear that w; o w, = 0 unless p = 5. Then one can extend the definition to all
double forms using linearity. We emphasize that, in contrast with the exterior product
of double forms, the composition product clearly depends on the metric g.

It turns out that the space of double forms endowed with the composition product o
is an associative algebra.

For a double form (or vector) w € DP9, we denote by w' € D?P the transpose of w.
For a simple double form, it is defined by

(G ®92)t =60, R® 0.

Using linearity, the previous definition can be extended to all double forms. Note that
a double form w is a symmetric double form if and only if ' = w.

3. Basic maps in the space of double forms

Let (ey,...,e,) be an orthonormal basis of V and (e],...,ey) its dual basis of
1-forms.

Let h = e} ® ¢ € D"D(V*) be a simple double form. We define four basic linear
maps D(V*) — D(V*) as follows. For w = 0, ® 6, € D(V*), we set

L) (w)=¢ AN ® e A,
L (w) =01 ®i,6s,
Ly (w)=¢€ A0 ®i, 6,
L (w)=i0®¢; A0,
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where i, denotes the usual interior product. We then use linearity to extend first the

previous maps LZ’b to D(V*) and secondly to define them for any h = DI-D(V*). For
instance, for the inner product g = Y| e} ® ¢; € DD(V*),

n

a,b _ b

L) = ) L (@),
i=1

Recall that the exterior algebra AV* inherits naturally an inner product, denoted (., .),
from the inner product g of V. This inner product can be canonically extended to
an inner product, denoted also by (.,.), on the space of double forms D(V*). More
precisely, for simple double forms in D9 (V*), we set

(01 ® 02,03 @ 64) = (01, 03)(6>, 64).
With respect to the previous canonical inner product, we have the following result.

ProposiTioN 3.1. For any h € DHD(V*):
(1) the map L;l’_l is the adjoint map ofL,Il’l;
(2) the map L;l’l is the adjoint map of L}ll’_l.

Proor. The proof is straightforward; it results directly from the fact that the interior
product by a vector v is the adjoint of the exterior multiplication by v*. O

The following proposition shows that the previous maps are the basic maps of the
algebra of curvature structures as defined in [10].

ProrosiTion 3.2. Let (V, g) be a Euclidean vector space and w € D(V*) an arbitrary
double form. Then:

(H L;,’l(a)) = gw is the left multiplication map by g;

2) Lgl’_l(w) = cw is the contraction map of double forms;

3) Lgl,’fl(a)) = Sw is the first Bianchi sum;

4@ L;l’l(w) = Guw is the first adjoint Bianchi sum.

Proor. The proof of (1) is straightforward; (2) results from the fact that the contraction
map is the adjoint of the multiplication map by g; see [11]. To prove (3), we proceed
as follows.

Letw=¢; A---A e;‘p ® e;‘.] ARERWAN e’;q be a simple (p, g) double form; then

n

1,-1 _ * * * PR *
Ly (w) = Zei Ney N Ne ®lge; Nov-Nej
i=1

n q
= * * * _1Y et o* Vet R~ SR *
—Zei/\eil/\ /\el-p®Z( 1) (ei,ejk)ejl/\ ej - Nej,
i=1 k=1
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n q
_1Y et o* Vet * * * R~ SR *
ZZ( 1) (ei,ejk)ei/\eil/\ Nep ®ej N-wrej-Nej
1 k=1

1

* * * - *
NejyNew-Ne ®ej N---ej---Ne;

—1 %
e :

Jk

M=

1

Il
N >
€

In the same way, one can prove that

q
-L1 - Dl A * N N -G
L;" (w) = Z( DIle Ay Aep ®ep Aes A Aej = Cw.
k=1
This completes the proof of the proposition. O

Remark 3.3. We remark that the first Bianchi sum and its adjoint are related by the
formula (which can be easily checked)

S(w) = (S(wh))'.

As a first direct application of the previous proposition, we show that the Bianchi
sum is an antiderivation, as was observed in [10].

PrOPOSITION 3.4. Let wy € DD (V*) and w, =€ D (V*¥); then

S(wlwz) = (ewl)wz + (—l)lﬁqwlewg. (31)

Proor. Without loss of generality, we may assume that w; =6, ® 6, € DPD(V*) and
Wy =603 ® 64 € D"I(V*) . Then

S(wiwr) = S(O1 A3 ® 6, A by)

n
= > ei N0 A G0 A 6y)
i=1
n
= Z ei N0y A O3 ® (i, (62) A Oy) + (=1)70, A i, (64)
i=1
n n
= DN ®igt)(0: @04 + Y (=101 Aei Ay & (=1)160; A, (6)
i=1 i=1
= D (€ A @i 02)(03 @ 01) + (61 ® O)(=1)"" D e A0 ® i (62)
i=1 i=1

= (Gw))wy + (1) w; Sw,. ]
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Recall that the alternating operator is a linear map D(V*) — A(V*) defined as

follows: »

P
(p )'
where 0; ® 6, € DP4(V*). It is clear that Alt is a surjective map. However, it is far

from being injective. The next proposition shows in particular that the kernel of Alt
contains all double forms satisfying the first Bianchi identity.

Alt(; ® 6,) = (3.2)

Prorosition 3.5. Let w be a (p, q) double form. Then

p!
Altw = (- 1)Pq+(q(q D/2) e
P+9!

where 1= So---0 G, g times.

Proor. By linearity, we may assume that w = 6; ® 6, is a decomposed (p, g) double
form. Using Proposition 3.2,

S = (L))

— * * .
= Z e, N A A 0 ® le,, Ane, 0,

Il
INg
=
>

/\e /\91®<€ A - /\e;,92>
= Z (€ N Aej.0el A Al A6y

=(- 1)(q(q D/2) Z <e A - e;*q’92>e; Ao /\e:‘:, N

- q!(_l)(tl(q—l)/z)g2 A6 = q!(_l)m+(£l(q—1)/2)91 A6,

= (—1)pa+ata=b/2 (G ‘Q)! Alt(w). o
p:

The next proposition shows that the operator Alt defines an exterior algebra
endomorphism.

PrOPOSITION 3.6. Let w; € DPD(V*) and w,y € DU(V*); then wiw, € DP9 (V*)
and

(p+r+q+s)!Alt(wlw2)=(_1)qr((p+q) Altw 1) ((r-:—s)!

(p+nlig+s)! Alth)'

In particular, if Alt(w,) = 0 for some double form w, then Alt(w\w,) = 0 for any
double form w,.
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Proor. Without loss of generality, we may assume that w; = 6; ® 6, € DP9 (V*) and
wy = 63 ® 0y € DI(V*). Then

Alt(wiwy) = Alt(0; A O3 @ 6, A Gy)
_(p+nlg+s)!
_(p+nlig+9)!

(p+nlg+ ) (p+P!r+s)!

(p+r+qg+s)!  plg'rls!

N A YA
(_l)qrgl NGy AB3 A B,

= (-

Altw; A Altw,. O

We shall say that a double form w satisfies the first Bianchi identity if Sw = 0. In
the next proposition, we use the Bianchi first sum to reformulate the classical Pliicker
relations, also called the Grassmann quadratic p-relations.

ProposiTiON 3.7. A p-form a € AV* is decomposable if and only if the double form
a ® a € DPP(V™) satisfies the first Bianchi identity.

Recall that a p-form « is said to be decomposable if there exist p 1-forms «; such
thata =a; A -+ A ).

Proor. Let (ey,...,e,) be an orthonormal basis of V. We look at double forms as
multilinear forms on V and we use an alternative form of the first Bianchi sum as
follows:

S(a@a)(ei,.--»€i,3€j---5€j,,)
p+1
k —~ .
= Z(—l) (@®a)e,,...,e;,.. @iy 3 iy €y .,e.,-p_l)
k=1

p+1
k —_
= Z(—l) alei,...,e,.. .,eiw)a(e,-k,ej],. . .,ejpfl). O
k=1

The following lemma will be useful in proving some results of the next section.

Lemma 3.8. (1) Letr,p>1, ¢ >0 and w, € DPI(V*), w; € DY (V) be two
double forms; then
qg+1

Alt(w; 0 gw,) = (—1)"ITA1t(@(wl) o wy).

In particular, if w| satisfies the first Bianchi identity, then Alt(w; o gw,) = 0.
(2) Letq,s>1, p>0and w, € DPUV*), wy € DI5"1(V*) be two double forms;

then
p+1

s
In particular, if w; satisfies the first Bianchi identity, then Alt(gw, o wy) = 0.

Alt(gw, o wy) = (=1)? Alt(wy o S(wy)).
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Proor. Let w; = 0; ® 6, € DP4(V*) and w, = 63 ® 0, € D~ 1P~1(V¥).
On one hand, using the definition of the composition product of double forms,
n n
w1 ogwy = (1 ®0)0 Y ¢ N3 ®e} Aby= ) (B1,¢] Abu)e; A @06,
i=1 i=1

On the other hand, recall that the first adjoint Bianchi sum is given by

n
S(w)) = Z i0,01 ® € A by

i=1
therefore,
é(wl) owy = 2(91, e;-k A 04)03 ® 6? A 6.
i=1
To complete the proof, it is enough to check that

r—lq-'-1

Alt(6; ® 6? AbBy)=(-1) —Alt(e;‘ ANbO3®6,).
r

The proof of the second statement is identical. O

4. Pontrjagin forms and scalars
4.1. Pontrjagin forms.

Dermnition 4.1. Let R be a (2, 2) double form on the Euclidean vector space (V, g). The
kth Pontrjagin form of R, denoted Py(R), is the 4k-form defined by

Pi(R) = Alt(R* o RF) e A% (V™). 4.1)

1
(k)2(2m)**
Remark 4.2. The previous definition is motivated by Riemannian geometry. If (M, g)
is a Riemannian manifold of dimension # and k is a positive integer such that 4k < n,
let R be the Riemann curvature tensor seen as a (2,2) double form. In Stehney [15],
it is shown that the differential form P(R) is a closed differential form of degree 4k
that represents the kth Pontrjagin class of M. Let us note that the previous result of
Stehney is a reformulation of a result originally due to Chern [4].

ProposiTioN 4.3. Let W denote the Weyl part of the (2,2) double form R; then

Pi(R) = P(W) = Alt(W* o W),

1
(k)2(2m)*
In other words, the Pontrjagin forms depend only on the Weyl part of R.

This result was first proved by Avez [1], Bivens [2], Greub [6] and Branson and
Gover [3].
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Proor. Recall that we have the decomposition R = W + gh, where 4 is the Schouten
tensor. Then R* = W¥ + gH for some double form H and therefore

RY o R = (W + gH) o (WX + gH) = Wr o WX + Wk o gH + gH o W* + gH o gH.

Since W* and gH are both symmetric double forms and both satisfy the first Bianchi
identity, Lemma 3.8 shows that

Alt(W* o gH) = Alt(gH o W*) = Alt(gH o gH) = 0.
The proposition then follows immediately. O

As a direct consequence of the previous proposition, all the Pontrjagin classes of a
conformally flat manifold vanish. In the next theorem, we are going to generalize this
to more general g-conformally flat manifolds.

First, recall that for n > 4k — 1, the kth Gauss—Kronecker curvature R* of a
Riemannian n-manifold (M, g) admits a unique decomposition [10, 14]

R* = conR* + gH,

where con R¥ is a trace-free (2k, 2k) double form and H is a (2k — 1,2k — 1) double
form. This is somehow like a Euclidean division by the metric g. Note that for k = 1,
conR is just the Weyl tensor of the Riemann curvature tensor R.

For n > 4k, following [10, 14], we say that a Riemannian n-manifold (M, g) is k-
conformally flat if con R¥=0or, equivalently, R¥ is divisible by the metric g, that is,
RF = gH for some (2k — 1,2k — 1) double form H.

We recover the usual conformally flat manifolds for k = 1. Using Lemma 3.8, one
can easily prove the following result.

Tueorem 4.4. Let (M, g) be a k-conformally flat Riemannian manifold of dimension
n > 4k. Then the Pontrjagin classes P; of M vanish for i > k.

Proor. Let R* = gH for some (2k — 1,2k — 1) double form H. Then, using Lemma 3.8,
Alt(R* o R*) = Alt(gH o R*) = 0.
This completes the proof. O

REMARK 4.5. Let us remark here that if R* = gH for some (2k — 1, 2k — 1) double form
H, then H automatically satisfies the first Bianchi identity, for Proposition 3.1 shows
that

0= G(R") = S(gH) = gS(H).

Recall that if S(H) is a (2k, 2k — 2) double form, then, by [10, Proposition 2.5], we
have S(H) =0, as 2k + 2k — 2 is less than n.
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4.2. Pontrjagin—Chern scalars of double forms.

4.2.1. The volume double form. Let (V, g) be a Euclidean vector space of even
dimension n = 4k. Fix a volume form w, on V, that is, choose w, € A"(V*) with
norm 1. In other words, we choose an orientation on V. Using the inclusion
A*(V*) ¢ DERZO(V*), one can look at w, as a (2k, 2k) double form. The so-obtained
double form, which we continue to denote by w,, shall be called the volume double
form of (V, g).

It is easy to check that the operator A%(V*) — A%¥(V*) that is canonically associated
to w, is nothing but the Hodge star operator . In particular, for any two 2k-vectors
a, 3, one has

Wy, B) = (xa, B) = (@, B) = *(@ A P).

We list below some useful properties of this volume double form.

ProrosiTion 4.6. (1) In the composition algebra of double forms D(V*), the volume
double form w, is a square root of unity, that is,

g2k

k)"
(2) For any two (2k,2k) double forms w, and w,,

(Wg © W1, Wg © W2) = (W1, W2) = (W] © Wy, W) O Wy).

Wg O Wg =

(3) If=denotes the double Hodge star operating on double forms and  is an arbitrary
(2k, 2k) double form, then

() owg =wy oy and Yo w, = w, o ().
In particular,
* = Wg © Yo Wy.
Proor. Let (e;) be a positive orthonormal basis of V; then it is easy to show that
Wy = Z e; ® ey,
T
where the index I runs over all multi-indices iy, ..., iy suchthat 1 <ij <---<in <n

and the star power denotes duals as usual. Consequently,

2%
W 0 Wy = Z(ﬁ,*ej)ej ® *e) = Z e ®e; = %
1J 1 :
This completes the proof of (1).

Next, note that
(Wg 0 W) 0 (Wg © W) = W} 0 Wy 0 Wy 0 Wy = W) 0w,
where we used the fact that w, is a symmetric double form. After taking full
contractions of both sides, one gets the relation in (2).

To prove (3), without loss of generality let w = ¢; ® ¢}, where I and J are multi-
indices as above. Then *w = xe; ® *e’; and

(*w) 0 Wy = Z(*e?, key ey ® xe) =€) ® xej.
K
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On the other hand,

— * * * * o __ * *
We oW = Z(eK,ej>eI ® xep = e; ® *e].
K

This completes the proof of the proposition. O

The proof of the following properties is straightforward.
Proposition 4.7. If w, is the (2k, 2k) volume double form, then
*Wg = Wg, CWg=0, gw,=0 and (w, we) =1.
4.2.2. Pontrjagin—Chern scalars of double forms.
DeriniTioN 4.8. Let R be a (2,2) double form on an oriented Euclidean vector space

(V, g) of dimension n = 4k. The kth Pontrjagin—Chern scalar of R, denoted pi(R), is
the real number defined by

pi(R) = (R* o R, wy),

1
(k!)>(2m)*
where w, is the volume double form of V.

It is easy to show that

Pi(R) = (AIt(R* o RY), wg) = (Pi(R), wy),

1
(k)2 (2m)*
where the previous inner product is the one of 4k-forms, w, is the volume form of
(V, g) and Pi(R) is the kth Pontrjagin form of R. In particular, since dim A% V* = 1,

Pi(R) = (P(R), wg)wg = pr(R)wy.
The following proposition provides an alternative definition of the previous scalars.

ProposiTiON 4.9. The kth Pontrjagin—Chern scalar pi(R) is given by a full contraction
as follows:

pr(R) = c*(RF o R* o Wy).

(k1)2(2m)2k(2k)!

Proor. It results from Proposition 4.6 that

1
Pi(R) = ka o R, wy)

1
(kD22m)%*
1 g2k
= (RroRouw, _>
(k!)Z(zn)2k< oY p1
1 % pk . pk
=——-—————Cc"(R"oR ,
KRearan S Kok ew)
where in the last step we used the fact that the contraction map c is the adjoint of the
multiplication map by g; see [11]. O

(RFo R* o Wy, Wg O Wy)

https://doi.org/10.1017/51446788714000366 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788714000366

[13] Pontrjagin classes 377

Remark 4.10. We remark that if (e;) is an orthonormal basis of (V, g) and R¥ is seen as
a bilinear form on A%, then

n
HRoR ow)= D R oR e At Aeixlen e Aer,).
1 yeesiop=1

For a Riemannian oriented manifold of dimension n = 4k, let R be its Riemann
curvature tensor seen as a (2,2) double form. The integral over M of the function
pir(R) is a topological invariant called the kth Pontryagin number of M and is denoted

by pi(M).
ProrosiTion 4.11. Let R be a (2,2) double form on an oriented Euclidean vector space

(V, g) of dimension n = 4k. Then

|pr(R)| < W”Rk”z-

Furthermore, if equality occurs, then the contraction cRF = 0.

Proor. As the double form R? is symmetric,

1

k k _
Kok w0 = Gpans

Pe(R) = (R, RF o wy).

1
(kH2(2m)*
The Cauchy—Schwartz inequality shows that

(kD> |pu(R)] = KRY, R 0 w)l < [IRX[IR" © wyll.
Next, we apply Proposition 4.6 to show that |[R¥ o w,|| = [IR¥||, as follows:
IR o well® = (RF 0 wy, R 0 w,) = (R*, R).

This completes the proof of the first part of the proposition. To prove the second part,
first we use Lemma 4.12 below to show that

c(RFo Wg) = SRk o wg = 0.

Finally, if equality holds, then R* must be proportional to Rf o w, and therefore
cRF = ¢(R* o w,) = 0. O

Lemma 4.12. Let n = 2p and w be a (p, p) double form. Then
c(w o wy) = Gw o wy,
where the last w, is the volume double form seen as a (p — 1, p + 1) double form.

Proor. Let (ey,...,e,) be an orthonormal basis of V. By linearity, we may assume that
w = e; ® e, where I, J are two multi-indices of length p. Then

WO wy = e; ®xe].
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Therefore,

c(w o wy) = Z io,€) ® g (x€)).
i=1

A straightforward computation shows that i, (xe’) = *(e;e); therefore,

n n
c(wowy) = Z i;e; ® *(eje)) = Z(ie[e;‘ ®eje)) ow, = Cw o w,. O
i=1 i=1
Remark 4.13. If W denotes the Weyl part of R, then in a similar way one can prove
that
WP,

1
Ipr(R)| < K2

5. Thorpe manifolds

An oriented compact Riemannian manifold (M, g) of dimension n = 4k is said to
be a Thorpe manifold if *R* = R*, where R is the Riemann curvature tensor seen as a
(2,2) double form, R* its exterior power and * the double Hodge star operator acting
on double forms.

For k =1, we recover four-dimensional Einstein manifolds. For n > 4, Thorpe
manifolds are in general not Einstein and vice versa; see for instance [8].

Recall that the Gauss—Bonnet theorem asserts that

f hagwog = Q0P (M),
M

where hy is the 4k-Gauss—Bonnet curvature of (M, g), which is given by (see for
instance [11])

ha = *R* = «(R‘R*) = (+R*, R").
In particular, for a Thorpe manifold,
har = |IR¥|* > 0.

Therefore, the Euler—Poincaré characteristic of a compact Thorpe manifold of
dimension n = 4k is always nonnegative, and it is zero if and only if the manifold
is g-flat. This remark can be refined as follows.

TueOREM 5.1. Let (M, g) be a compact orientable 4k-dimensional Thorpe manifold;
then

klk!
x(M) > @L’H(M)L

where pi (M) is the kth Pontrjagin number of M. Furthermore, if equality holds, then
M is k-Ricci flat, that is, cR? = 0.
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Proor. Using Proposition 4.11, we get

(M| < f P (R)lwg
M

1 k112
= K22 fM IR g

1
=——— | h
k2@n)% fM s

_ (2!

= T XYM
Furthermore, if equality holds, then |px(R)| = (1/(k!)*2m)*)|IR*||>. Again, by
Proposition 4.11, the metric must then be k-Ricci flat. This completes the proof of
the theorem. O

We note that the first part of the theorem was first proved by Thorpe [16]. As
a consequence of the second part of the theorem, we get the following main result
of [9].

CoROLLARY 5.2. A compact orientable manifold M of dimension eight that is at the
same time Einstein and Thorpe and satisfies 6xy(M) = |po(M)| must be flat.

Proor. On one hand, Theorem 5.1, once applied to the case k = 2, shows that cR? =
0. Consequently, the second Gauss-Bonnet curvature satisfies hy = 3;¢*R* = 3¢

(cR?) = 0.
On the other hand, an Einstein manifold with identically zero h4 must be flat [11].
This completes the proof of the corollary. O

Next, we are going to generalize the above corollary to higher dimensions. First,
we start with a definition.

Dermnition 5.3 [12]. Let 0 < 2g < n. We shall say that a Riemannian n-manifold is
hyper (2q)-Einstein if the first contraction of the tensor R? is proportional to the metric
g%, that is,

cR? = 2g* !,

We recover the usual Einstein metrics for ¢ = 1. The following theorem generalizes
a well-known result about four-dimensional Einstein manifolds.

TueorEM 5.4 [11, 12]. Let k > 1 and (M, g) be a hyper (2k)-Einstein manifold of
dimension n > 4k. Then the Gauss—Bonnet curvature hyy of (M, g) is nonnegative.
Furthermore, hgy = 0 if and only if (M, g) is k-flat.

Recall that k-flat means that the sectional curvature of R is identically zero.
Now we are ready to state and prove a generalization of Corollary 5.2.
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THEOREM 5.5. A compact orientable manifold M of dimension 8k that is at the same
time hyper 2k-Einstein and Thorpe and satisfies ((4k)!/(2k)!2k))xy(M) = |pa(M)|
must be k-flat.

We recover Corollary 5.2 for k = 1.

Proor. Theorem 5.1 shows that cR* = 0. Consequently, the (4k)th Gauss—Bonnet
curvature satisfies i = (1/(4k))c*R* = (1/(4k))c*1(cR?*) = 0. Then Theorem 5.4
shows that the manifold must be k-flat. O

6. Final remarks

6.1. Mixed Pontrjagin numbers. Let (M, g) be a compact 4k-dimensional
Riemannian oriented manifold with Riemann curvature tensor R, seen as a (2,2)
double form, and ki, k», ..., k, a collection of natural numbers such that k; + 2k, +
<o+ mk,, = k.

The Pontrjagin number plf‘ pgz e p’,‘,{” of M is defined by the integral over M of the
following 4k-form:

PUPY - Phri= (Py A~ APOAPa A~ AP) A APy Aee APy,
~— —————

k| times ko times k,, times

where, for each i, P; = P;(R) denotes the ith Pontrjagin form of R as defined in
Section 4.1.

The above Pontrjagin numbers are important topological invariants for a manifold,
they are oriented cobordism invariant and, together with Stiefel-Whitney numbers,
they determine an oriented manifold’s oriented cobordism class. Furthermore, the
signature and the A genus can be expressed explicitly through linear combinations of
the above Pontrjagin numbers.

We are now going to prove a Stehney-type formula for all these numbers.

TueoreMm 6.1. With the above notation,

ki pka | pkn — (4h)! - [(2i)!]2 o R (R? o R2Y2 .. . (R™ o R™Mkm
PIPE - F _[(2k)1]2(27r)2"(£[ (i!)2kf(4i)!)Alt[(R R R (R RO,

where all the powers over double forms are taken with respect to the exterior product
of double forms. In particular, the Pontrjagin numbers are given by the integral

m . 2
phiph . phe = G0 (1—1[ (i[<2z)!])

- [@R1PEm* 126 (4i)!
2k
* fM iR R (R 0 R - (R" 0 ™) 0 s,

where c is the contraction map of double forms and w, is the volume form as above.
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Proor. Let w;, fori=1,2,...,k, be a collection of arbitrary (2p;,2p;) double forms.
Then successive applications of Proposition 3.6 show that

(Zz 1 pl (4pl
[(ZE, 2p)!12 [(2pd)!]
In particular, if w is an arbitrary (2p, 2p) double form,

_@pkt w [ @p!
[piop )= [[(Zp)!]z] A“(‘“)Ak , £ Altw).

Using the previous two formulas, one can directly and without difficulties complete
the proof of the theorem. The second part can be easily proved by imitating the proof
of Proposition 4.9. O

Alt(wiwp - - wp) = ( )Alt(wl) A Alt(wn) A - -+ A Alt(wp).

6.2. Stehney’s formula for Pontrjagin forms. For the sake of completeness, we
include here the derivation of Stehney’s formula (4.1) from Chern’s theorem [4].

Let (M, g) be a Riemannian n-manifold with Riemann curvature tensor R, m € M
and (e;) an orthonormal basis of the tangent space at m. Chern’s theorem [4] shows

that at m,
[(2k)12
Pi(R) = QA Qy,
KR = o iy le red
where the sum runs over all multi-indices I = (i1, ..., iy) such that 1 <ij <--- <iy
< n, and
Q.. va) = 2R A A v ).

We used the notation e; = ¢;, A --- A ¢;,,. We emphasize that our convention for the
wedge product is as defined by formula (3.2). Next, let J, K in the sums below run
over all multi- indices of length 2k as was the case for / in the previous sum. Then

77 Z UAQ = o Z Q(enel A Qlex)ey
LJK

= Z Rf(es, e))RK (e, ene; A €
1K

= ZRk o R(ey, ex)e; N eg

’ (4k)!

[ S A k o k * *
= (2k)!(2k)!Alt(;:‘R R (ej,eK)eth)eK)
CIS) -
= —(2k)!(2k)!Alt(R RY).
Finally,
B [(2k)!]? _ 2%AI(R* o RY) 1 P
PR = (45)1(2m) 2k (2kk )2 Z PR T Qe kK2 T 2m)k(k)? AR o BE).
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