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On the Pontrjagin classes of spray
manifolds

Zhongmin Shen and Runzhong Zhao

Abstract. The characterization of projectively flat Finsler metrics on an open subset in R" is the
Hilbert’s fourth problem in the regular case. Locally projectively flat Finsler manifolds form an
important class of Finsler manifolds. Every Finsler metric induces a spray on the manifold via
geodesics. Therefore, it is a natural problem to investigate the geometric and topological properties of
manifolds equipped with a spray. In this paper, we study the Pontrjagin classes of a manifold equipped
with a locally projectively flat spray and show that such manifold must have zero Pontrjagin classes.

1 Introduction

The notion of projectively flat metrics in Finsler geometry originated from the famous
Hilbert’s fourth problem, that is, to characterize Finsler metrics on an open subset
of R" whose geodesics are straight lines as sets of points. By Beltrami’s theorem,
a Riemannian metric is locally projectively flat if and only if it is of constant sec-
tional curvature. However, things are much more complicated in Finsler geometry.
Although every locally projectively flat Finsler metric is of scalar flag curvature,
many are not of constant flag curvature [5, 12]. There are also Finsler metrics of
scalar flag curvature but are not locally projectively flat. Therefore, the study of
locally projectively flat metrics is of its own interest. The characterization of locally
projectively flat Finsler metrics dates back to Hamel’s work [4] at the beginning of
20th century. In recent years, many more explicit constructions have been found for
special types of Finsler metrics. For example, a Randers metric F = a + f8 is locally
projectively flat if and only if « is a locally projectively flat Riemannian metric and
B is a closed one-form [1]. Locally projectively flat (e, 3) metrics [10] and general
(e, B) metrics are also studied intensively. In [14], Yu and Zhu constructed a class of
locally projectively flat general («, ) metrics. In [6], the first author and Li gave the
equivalent conditions for a general («, ) metrics to be locally projectively flat, and
constructed some interesting local examples.

Every Finsler metric induces a spray via geodesics. The study of sprays on a man-
ifold will lead to a better understanding on Finsler metrics. The notion of projective
flatness can be extended naturally to sprays. We would like to know any topological
obstruction to the existence of locally projectively flat sprays on a manifold.
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On the Pontrjagin classes of spray manifolds 545

Theorem 1.1  Let G be a locally projectively flat spray on a n-manifold M. Then the
Pontrjagin classes py of M with rational coefficients are all zero for k + 0.

This gives a topological obstruction to the existence of locally projectively flat
sprays on a manifold.

Example 1.2 It is well known that spheres have trivial Pontrjagin classes. The
standard Riemannian metric gg» on an n-dimensional unit sphere has constant
sectional curvature 1, hence is locally projectively flat. Let G be the spray of this
metric, a family of locally projectively flat sprays can be constructed using positively
homogeneous functions P on the slit tangent bundle TS" \ 0. See Section 5 for more
detailed constructions.

Example1.3 The cohomology of the complex projective space CP” with coefficient
Gis
G, iflisevenand0<1<n,

H'(CP",G) = ,
0, otherwise,

and the total Pontrjagin class of CP" is p = (1+¢*)""!, where c is the image of
the generator of H?(CP", Z) under the natural map H*>(CP",Z) - H?*(CP",G). In
particular, the Pontrjagin classes of CP"(n > 2) are not zero, hence CP"(n > 2) does
not admit a locally projectively flat spray.

2 Preliminaries

A spray G on a manifold M is a smooth vector field on the slit tangent bundle TM \ 0
expressed in a standard local coordinate system (x’, y*) on TM as

9 .
€] G=y'—— -2G'(x,y)

0
ox! ayi’
where G(y) are local functions on TM satisfying

G'(x,Ay) = A*G'(x, )

forall A > 0. The G's are also called the spray coefficients.
Let § be an integral curve of G on TM \ 0, and y = m o j be its projection on M,
where 77 : TM \ 0 = M is the canonical projection. y satisfies the equation

' +2G(y,9) =0

and it is called a geodesic of G. We say that two sprays G and G are (pointwise)
projectively related if their geodesics are the same as sets of points on the manifold.
Equivalently, this is characterized by the condition

G'=G'+ Pyi,
where P = P(x, y) satisfies the homogeneity property
P(x,Ay) = AP(x, y)
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for A > 0. A spray G is said to be flat if at every point, there is a local coordinate system
in which

0
oxi’
Itis said to be locally projectively flat if it is projectively related to a flat spray. A quantity
is said to be projectively invariant if it is the same for projectively related sprays.

In order to study the Pontrjagin classes of 7* TM and T M, we shall use the Berwald

connection on the pullback bundle 7* T M. Let

G:yi

)
Ni.="2 i .- i
the local connection one-forms of the Berwald connection are given by
i_pi gk
(2) w;j =Tdx",
and its curvature forms are
i ogoi_ ok i
(3) Q= dwj Wi AW
Put 0’ := dx’ and """ :=dy’ + N}dxj, we have

do' =w A wjl

and
i Lo ok ik I
(4) QjIZElekl“’ Aw =B/t no™,
where R is the Riemann curvature and B is the Berwald curvature. In local coordinates,
they are given by
) A
il ik i pm _pi pm
Riy = ok ol + D Uj1 = T Ui
Bl -_2G
jkl dyioykay!’
where % = aai — N/-2 s the horizontal covariant derivative. For the simplicity of
x x i 9y
. . _ 4 _ 0
notation, we will denote A**Ij =5oA%and A% = a—yjA’;.
. . . . . i _pi il
The two-index Riemannian curvature tensor is then given by R, = R/, y’y". We
have
5 Riy=1 (R, - R
(5) jkl — g( k-l-j — l‘k‘j)

so the two-index Riemann curvature tensor and the four-index Riemann curvature
tensor basically contain the same geometric data. The Riemann curvature can be
computed directly using the spray coefficients as
;. 0G' . 9G ; °G'  9G' 9G’
(6) Ri=2— -y — 426/ —— -
oxk ox/oyk oylayk  dyl oyk

We will also use R = —R™

1
n—-1""m:*
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In the case when G is a Berwald spray, where Bji .1 = 0, the spray coefficients G’s are
quadratic in yis, and so are the Riemann curvature Rik. In particular, F;.k and Rji xl

are independent of y's. Therefore, the differential forms w; and Q; can be viewed
as differential forms on M, and the connection can be viewed as a connection of the

tangent bundle TM. In fact, we have
e ;
Q= ERj’k,dx Adx'.

In dimension n > 3, locally projectively flat sprays are characterized by two pro-
jectively invariant quantities. The Douglas curvature is constructed from the Berwald
curvature:

2

. . . . )
i _ i Y B\ i J i
(7) Djkl_Bjkl 7]1-4—1 E]k8l+E]l8k+Ek18j+7ayl Y|

where E;; = 3B, j s called the mean Berwald curvature.
The Weyl tensor is the spray analog of the projective curvature tensor in Rieman-

nian geometry. It is defined by

8 Wizal - — ki
(8) k KT, y
where A’ K= Rik - R(S;;. The followings are well-known [8].

Lemma 2.1 A spray G is of scalar curvature, in the sense that
R =R8; - 11y’
for some one-form T on TM \ 0 with 7, y* = R, if and only if W = 0.

Lemma 2.2 A spray G on a manifold M of dimension > 3 is locally projectively flat if
and only if W =0 and D = 0.

For convenience in discussing the projective change by the S-curvature, we will
also use another formula for the Weyl tensor. Let dV = o(x)dx' A--- A dx" be a
volume form on M, the quantity

Vdetgii(x,y)

a(x)
is called the distortion and its rate of change along geodesics is measured by
S-curvature. Namely, let y(t) be a geodesic with y(0) = x and y(0) = y € T, M\ 0,
we have

7(x,y) =In

d .
©) $(x.y) = =0 [7(y(8), 7(1)].
The S-curvature can be expressed as
oG™ m O
5003 = 5260 3) — " 5o I o) (x)
y ox
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and satisfies the homogeneity property
S(x,4y) = AS(x,y)

for A > 0. The non-Riemannian quantity y-curvature

1 m m
Xk = _g (2R km T R m~k)‘

relates the S-curvature and the Weyl tensor. Indeed, it can be computed using the
S-curvature by

1
Xk =3 <S~k|mym - S|k))

and the Weyl tensor can be expressed as
wi =R —(R(Si _1p ")+i i
k=R kT 5k PO
Thus, for a spray (G, dV') whose S-curvature is vanishing, we have y; = 0 and
4 . | .
(10) Wi = Rl (Ra,z - Ry y’).

3 Pontrjagin classes

The Pontrjagin classes were originally introduced by Lev Pontrjagin in 1940s in the
study of the Grassmannian manifolds. In modern texts, it is most often described
using the Chern class of a complexified bundle. Let £ be a real vector bundle, and let
¢c = £ ®g Cbe its complexification, then the ith Pontrjagin class of £ is given by

pi=(-1)c2i(&c),

where ¢;(&c) is the jth Chern class of the complex vector bundle &c.

Using a connection D on the vector bundle &, we can express the Pontrjagin classes
of £ as a differential form representing a de Rham cohomology class. Let U c M be
an open subset on which there is trivialization y : |y = U x R" of the bundle &, and
e; = ¥ '9;. The connection D, viewed as a covariant derivative, can be described by

Dx1 = [dﬂi(X) + ijji(X)] e

where X is a vector field on U, 7 is a section of & given by # = 'e¢; on U, and the w jis

are n” local one-forms on U. The curvature of D is hence described by an # x n matrix
of (real-valued) two-forms

Q=(Q/),
where Q jis are given as in (3). The differential forms w jis and O ji s, viewed as complex-
valued forms, define a connection on the complexified bundle &¢ and its curvature,

which we will still denote by D and Q, respectively.
Given an n x n complex matrix T, we have

(11) det(I+tT) =1+t (T) + -+ t"0,(T),
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where ¢;(T) is the ith elementary symmetric polynomial evaluated on the # eigenval-
ues of T. The following can be found on most textbooks covering characteristic classes
(see, for example, [7]).

Theorem 3.1 Let & be a complex vector bundle of rank n with connection D. Then
the cohomology class [a,(Q)] € H¥ (X;C) is equal to (2mi) ¢, (&), forallr=1,...,n,
where ¢, (&) is the rth Chern class with coefficient C.

In the study of Riemannian manifolds of constant curvature, Chern obtained a
consequence of this theorem [3, 7].

Corollary 3.2 Let & be a real vector bundle of rank n with connection D. Then the
de Rham cocycle 0,;(Q) represents the cohomology class (21)** px (&) € H**(M;R),
while [0541(Q)] = 0in H**2(M;R), where py (&) is the kth Pontrjagin class of € with
coefficient R.

Chern proved the following.

Theorem 3.3  Suppose that for a Riemannian manifold M, the sectional curvature
K(Vy, Wy) of the plane span{V,, W, } c T, M depends on the point x € M only. Then
all its Pontrjagin classes with rational coefficients are zero.

We shall remark that such manifolds are said to have isotropic curvature in Finsler
geometry.

In terms of the local curvature forms Q /s defined in some neighborhood of x € M,
a direct computation using (11) gives

o2k (Q) (x) = > signo - Qii”(‘)(x) Acee A Qiizim) (x)
i1<++<iyk,0€S2k

1

_ . e RO) ig(2k)
_7(2k)!,~1 Z signo - Q, "V (x) A NOY (x),

----- i2k,0€S2k

where Sy is the symmetric group on 2k elements.

4 Pontrjagin classes of Douglas sprays

In this section, we study the Pontrjagin classes of Douglas sprays. The main tool will
be a projective change by the S-curvature.

Let G be a spray, and let dV be a volume form on an n-dimensional manifold M.
We define another spray G by

S
n+1

i

12) Gi=Gi— >y,

where § is the S-curvature of (G,dV). In the sequel, a letter with a hat over it will
always represent a quantity of the spray G. We have the following.
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Lemma 4.1 [11]

D i i
Bk =Djy

(13) S =0.

Thus, if G is Douglas, then G is a Berwald spray. As an immediate consequence,
we have the following lemma.

Lemma 4.2  Let G be a Douglas spray on a manifold M. The Pontrjagin classes of M
with coefficient R are represented by the forms

1 2k N 2k
—_— signo-[]R,°® dx™ A dx",
@R, s, S LIRG A

15000 irk,0€S2k

where R is the Riemann curvature of the associated spray G.

Proof of Theorem 1.1  We will assume that the dimension of the manifold is n > 4,
for otherwise, there is nothing to prove. We already have that G is a Berwald spray.
On the other hand, $ = 0 implies that §; = 0 for the spray G. The expression for the
Weyl tensor (10) now becomes

A7i

£ N o 1. .
k = R’k - (128;< - ERkyl) = 0,
hence

\ AUV D
R, = (R(S,'c - ER.ky').
A straightforward calculation yields
N I . |
Rip = 3 (Riyp; - Riyj) = 5 (Rpj8) — Ry j07).
It follows that the curvature forms of the Berwald connection of G is given by

Q=

n A : 1. .
j (R.l.j(?,’( - Ry.j0}) dx* ndx' = ER'H dx' A dx'.

-

) Ay A
= Y signo Q0 A A Q0
(2K1) i, . fooesn

= S > signo - Ry, .. R dx’® A dx" ... dx'e@ A dxh
22 i foproesa
(-1* : A A i i ! !
= > signo Ry .o Ry dx™® A Adx™@ Adx Ao A dx'
2 (Zk)' i15eees i2k,0€Sk
k
) S Ry oo R dx™ A e Adx™ A dxh Ao A dx™
- 2k iy e Belpeing .
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Since R.;. i= R j-i» we obtain 0 after summing over i; and /;. We conclude that
Uzk(ﬂ) = 0.

Since G is Berwald, these curvature forms can be viewed as curvature forms on TM.
Therefore, the Pontrjagin classes of M with real coefficients are identically zero. It
follows from naturality of cohomology in coeflicients that the Pontrjagin classes of M
with rational coeflicients are zero. ]

5 Locally projectively flat sprays on the sphere

In this section, we describe in more detail, some known locally projectively flat sprays
on the unit sphere.

Example 5.1 Let G, be the spray of the standard Riemannian metric on the unit
sphere, and let P : TS" \ 0 — R be a smooth function satisfying

P(x,Ay) = AP(x,y)

for all x €S", y e T,§"\ {0}, and A > 0. Then the spray Gp = Gy — 2PY is locally
projectively flat, where Y is the vector field expressed as ' a?u‘ in local coordinates
(x', y") for the slit tangent bundle TS" \ 0.

Among this family are a collection of sprays induced by Randers metrics F(y) =

V&s» (¥, y) +df(y), where f is a smooth function on " and y € TS" \ 0. In this case,
we have

( ) — Hessf(y’y)
2F(y)

Example 5.2 According to the characterizations of locally projectively flat general
(&, B) metrics studied in [6, 14], a general («, ) metric F = a¢ (bz, é) is locally
projectively flat if « is locally projectively flat, f3 is closed and conformal with respect
to a, and ¢ = ¢(b?, s) satisfies

(14) $22 = 2(¢1 — s¢2).-

On the sphere S", let a be the standard Riemannian metric of constant sectional
curvature 1, written as
o* = dr* + sin’ rds?

n-1>

where 7€ [0,7] and ds?_, is the standard Riemannian metric on the (n-1)-
dimensional sphere $"7'. 1t is well known that the one-form f = sinrdr is closed
and conformal with

bi;j = cosra;j.
Using the example constructed in [14], namely

¢ = (V1+b%+5s)%,
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which satisfies the equation (14), we see that the general («, ) metric

F() = a(y) (m+ sin rdr(y))

a(y)

is locally projective flat with the projective factor

_ 2a(y)cosr

PO e

Example 5.3  Another interesting class of locally projectively flat Finsler metrics on
the sphere are the Bryant metrics [2, 9]. In gnomonic coordinates, it is given by

F(y):\} VA+B +(C)2+g,

2D D
where
A= (cos(a)lyl + (<P - (x9))) + (sina)lyf)
B =cos(2a)ly” + (IxIy” - (x.2)°)
C =sin(2a)(x, ),

D =|x[* + 2 cos(2a)|x|* +1,

with (-, -) being the standard inner product in the Euclidean space R” and |- being the
induced norm. The spray induced by a Bryant metric can also be written in the form
Gy — 2PY, with the function P satisfying

[(P+dp()* + (da(»)) ] [(F(y) - da())* - dq(y)*] = (Hessr(y, y) + s(x)gs» (3, )’

where y € TS" \ 0 and the functions p, g, s can be expressed in the gnomonic coordi-

nates as
1. 1+2cos(2a)|x|” +|x|*
p(x)==1In 5 i
4 1+ 2)x|” +|x|
2
1 + 2
q(x) — ftan_l |x| : COS( “))
2 sin(2a)

s(x) = s(xl”) = 4+ I3*) 2" (|x) + 4L+ )7 (12]),
and r = r(|x|*) satisfies the differential equation

sin(2a)
2(1+2cos(2a)|x” + |x]*)

(15) 4r" () (1+ |2 + 67" (Ix[*) =

One may check that these functions are indeed smooth on the whole sphere as follows.
Let ¢ be the inclination angle in the spherical coordinate. Since the Bryant metrics are
invariant under vertical reflection ¢ — 7 — ¢, it suffices to check that these functions
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extend to even smooth functions in u = 1/ tan ¢ = 1/|x|. For p and g, this is clear. For
s, we have

d? d
s(u) =2 (1+ 62?21+ (3ud + 5u)(u? +1)
du? du
so s is even and smooth as long as r is. Finally, the differential equation (15) reads

(1+u2)d—2r +3u£ = sin(2a)
du? du  2(1+2cos(2a)u? +ut)’

Note that it can be written as

d (i 3u . sin(2e)
d(r) =fu,r#) = 1+u2 |+ 2(1+2cos(2a)u? + u*)(1+ u?)
u i 0

Since f is uniformly Lipschitz in (r,7) for all u € R, an improved Picard-Lindel6f
theorem (see, e.g., [13]) implies the existence of an even solution for all u € R. The
solution is smooth since f is smooth. Another application of the theorem to the
original equation (15) shows that this solution extends smoothly to the north and
south poles of the sphere.
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