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Abstract. As a first step in the search for curvature homogeneous unit tangent sphere
bundles we derive necessary and sufficient conditions for a manifold to have a unit tangent
sphere bundle with constant scalar curvature. We give complete classifications for low
dimensions and for conformally flat manifolds. Further, we determine when the unit tangent
sphere bundle is Einstein or Ricci-parallel.
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1. INTRODUCTION

A Riemannian manifold (M, g) is curvature homogeneous ([23]) if and only if, for
each pair of points p and ¢ in M, there exists a linear isometry F': T,M — T,M
such that F*R, = R,, where R is the Riemann curvature tensor of (M,g). This
means, intuitively speaking, that the curvature is the “same” at all points. Clearly,
(locally) homogeneous Riemannian manifolds are curvature homogeneous, but the
converse is not true. We refer to [7, Chapter 12] for an extensive and up-to-date
survey about curvature homogeneous manifolds and for many non-trivial examples,
i.e., curvature homogeneous spaces which are not locally homogeneous.

Most, if not all, of these examples, were found or constructed by ad hoc methods.
In the search for new ones, we propose to take a different road. Starting from a
given Riemannian manifold (M, g), we consider spaces naturally associated to it and
investigate under which conditions these are curvature homogeneous. This plan was
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first adopted in [27]. We intend to deal with the tangent bundle and the unit tangent
sphere bundle, equipped with the natural Sasaki metrics.

The tangent bundle (T'M,Tg) turns out to be uninteresting. Indeed, in [21],
E. Musso and F. Tricerri show that (T'M,Tg) has constant scalar curvature if and
only if the base manifold (M, g) is flat. Hence, (T'M,Tg) is curvature homogeneous
(even locally homogeneous) only in this specific case.

The unit tangent sphere bundle looks more interesting. In this article, we study
as a first step under which conditions (71M, gs) has constant scalar curvature. In
contrast to the case of the tangent bundle, we find many non-trivial examples. We
give a complete classification for low dimensions (dimM = 2 or 3) and for conformally
flat spaces. These results serve as the basis for the upcoming paper [9] devoted to
curvature homogeneous unit tangent sphere bundles as such.

In the last two sections, we study some stronger restrictions on the curvature
and determine explicitly which unit tangent sphere bundles (T3 M, g) are Einstein
or Ricci-parallel. As a consequence, we find a new proof of Blair’s theorem about
locally symmetric unit tangent sphere bundles ([5]).

2. CURVATURE EXPRESSIONS

We recall the conventions and notations of [8] and collect the formulas we need.
We refer to that paper for a more elaborate exposition.

Let (M, g) be a smooth, n-dimensional (n > 2), connected Riemannian manifold
and V its Levi Civita connection. The Riemann curvature tensor R is defined by
R(X,Y)Z =VxVyZ —VyVxZ —V|xy)Z for all vector fields X, Y and Z on M.
The tangent bundle of (M, g), denoted by T'M, consists of pairs (z,u) where x is a
point in M and u a tangent vector to M at x. The mapping 7: TM — M: (z,u) —
x is the natural projection from T M onto M.

It is well-known that the tangent space to TM at (x, u) splits into the direct sum of
the vertical subspace VI'M(, ) = ker m,(;,,) and the horizontal subspace HT M, )
with respect to V:

T(I’u)TM = VTM(I’u) ©® HTM(:L,’U)

For X € T, M, there exists a unique vector X" at the point (x,u) € TM such that
X" e HT M, and m.(X") = X. X" is called the horizontal lift of X to (z,u).
There is also a unique vector X" at the point (z,u) such that XV € VI'M,
and XV(df) = X f for all functions f on M. XV is called the vertical lift of X
to (x,u). The map X — X", respectively X +— XV, is an isomorphism between
T:M and HT M, ), respectively T, M and VT M, ). Similarly, one lifts vector
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fields on M to horizontal or vertical vector fields on T'M. The expressions in local
coordinates for these lifts are given in [8].

The tangent bundle TM of a Riemannian manifold (M, g) can be endowed in a
natural way with a Riemannian metric T'g, the so-called Sasaki metric, depending
only on the Riemannian structure g of the base manifold M. It is uniquely determined
by

Tg(X"Y") =Tg(X", V") =g(X,Y)om,  Tg(X",Y")=0

for all vector fields X and Y on M.

In this paper, we consider the hypersurface T1 M, the unit tangent sphere bundle,
consisting of the unit tangent vectors to (M,g). TiM is given implicitly by the
equation g, (u,u) = 1. A unit normal vector N to Ty M at (z,u) € Ty M is given by
the vertical lift of u to (z,u): Nz = u'.

As the vertical lift of a vector (field) is not tangent to 73 M in general, we define
the tangential lift of X € T, M to (z,u) € T1M by

Xfaf,u) = (X - g(X’ u) U)E}x,u)

The tangent space to Ty M at (z,u) is spanned by vectors of the form X" and X*
where X € T, M. When working at a fixed point (z,u) € TyM, we will use X for
X — g(X,u)u in order to keep the notation as simple as possible.

We endow T3 M with the Riemannian metric gs induced from the Sasaki metric T'g
on T'M. Tt is given explicitly by

9s|(z,u) (Xta Yt) = gx()_(a Y)a
gS\(x,u)(XtaYh) =0,
gS\(x,u)(Xh,Yh) = gm(Xa Y)

The Levi Civita connection V associated to this metric is given at (z,u) by

Ve Y! = —g(Y,u) X",

1) V¥ = 2 (R, X)Y)",
ﬁXhYt = (ny)t + % (R(U,Y)X)h,
VY = (VxY)h - % (R(X,Y)u)

for all vector fields X and Y on M. (See [8].)
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Also the Riemann curvature tensor R associated to gs was calculated in [8] (see

also [28]). In its (0,4)-tensor form, R is given by

Ry (XYL Z0 V) = — 90(X, 2) 9. (Y, V) + 92(V, Z)g.(X, V),
Ry(e) (XL Y, 20 V) =0,

_ %gm(R(?, Z)X,V)
+ igm(R(u, 2)X, R(uw, Y)V),

- 1
Ry(puy (X" Y, 20 Vi) = igm((VXR)(u,Y)Z, V),
Ry (X" Y, 28 V) = g (R(X,Y)Z, V)

+ %ggg(R(u, Z)X,R(u, V)Y)

_ igx(R(u,V)X, R(u, Z)Y),

R|(z,u)(Xha Yha Zh7 Vh) = gﬂ?(R(X’Y)Z7 V)

+ %gm(R(X, Y)u, R(Z,V)u)

+ igx(R(X, Z)u, R(Y, V)u)
1

= 79:(R(X.V)u, R(Y, Z)u).

R\(x,u)(Xh,Yta Zt, Vh)

Next, we determine the Ricci tensor p of (11M, gs) at the point (z,u) € Thi.M.

For this purpose, let E1,...,E, 1, FE, = u be an orthonormal basis of T, M. Then

EY,...,E!_,E}, ... E"is an orthonormal basis of T(, )71 M and p is defined by
n—1 n
=Y R(E{,A,B,E})+» R(E!'A B,E}".
i=1 i=1

We obtain

Bl (X', YT) = (n = 2)g2(X, V) + ng X)Ei, R(u,Y)E;),

((vumz(xz Y)- <vxg>z<u,Y>),

DN | =

(2) §|(x,u)(XtaYh) =

Q|(z u)(X Yh) = Qa: X Y ng X R(u E; )Y)
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Another metric contraction gives the scalar curvature 7:

n—1 n
i} _ _ h ok
Flaw) = O B (BLED + > 0y (B EP
i=1 i=1
=7+ (n—1)(n—2)—&(u,u)/4

n
where, as in 2] and [11], &(u,v) = > g(R(u, E;)E;, R(v, E;)Ej).
i,j=1
We note that the natural projection m: (Th1M,gs) — (M,g): (z,u) — z is a
Riemannian submersion with totally geodesic fibres. Hence, one can also use the
standard formulas in [3, pp. 243-244] to obtain the above expressions for the curva-

ture. O’Neill’s integrability tensor A is given in this case by

as follows from the expressions (1) for the covariant derivative, while the shape
tensor 7' is zero.

Finally, we also need the first covariant derivative of the Ricci tensor. A straight-
forward calculation, using the expressions (2) above and the formulas (1) for the
covariant derivative V, gives

(3) (ﬁZ" @)l(aﬁ,u) (XtaYt) =7 Z (gm Z )_( EZ,R(U Y) )

(V70 (X', Y") = %((V;MX:Y) - (vgg>m<2,Y>)

(¥ 208) o (X", V) = %(gm R(u, 2)Y) + 0x(R(u, 2)X,Y))
%Z ( )X, R(u, E;)Y)

+ 9.(R(u, E)X, R(Z, E))Y))

+
N

(gx(R(u, E)R(u, Z)X, R(u, E;)Y)

+ 9.(R(u, B) X, R(u, B)R(u, Z)Y) )

(3
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(ﬁZ’1 @)l(aﬁ,u) (Xta Yt) =

\
=

<
IS
=
X
E
S
i
N
=

(V00) (XY = 2 (V3,00 (X, V) = (Vhx0)a (0, 7))

= 337 (9 (V2R . BX, R BY)
+ gm(R(u’ Ez)Xv (VZR) (ua EZ)Y))

((Vue)e(B(Z, X)u.Y)
+ (Vu0)e(X, R(Z,Y)u)
— (Vrz,x)u0)z(u,Y)
— (Vrz,y)u0)z(u, X))

NG

+

In the rest of this paper, especially in calculations, we will often use the Einstein
summation convention, which says that every index appearing twice in a formula is to
be summed over. The indices refer to elements of an orthonormal basis {E1, ..., E,}.

Remark 1. The unit tangent sphere bundle 73 M can be equipped with a natural
contact metric structure (£,7, %, gem) (see [4], [8]). Obviously, the characteristic
vector field £ has nothing to do with the (0, 2)-tensor £ mentioned previously. The
metric gem, is up to a homothetic change with factor 1/4 equal to gs. In particular, all
the results in this paper hold also for the unit tangent sphere bundle 77 M endowed
with the metric g.,, (up to an occasional factor 1/4).
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3. CONSTANT SCALAR CURVATURE
In the previous section, we calculated the scalar curvature
7__|(a:,u) =Tz + (TL - 1)(77’ - 2) - Em(uau)/4

Suppose next that 7 is constant along 71 M. In particular, for fixed z € M, 7(;,u)
does not depend on the choice of unit vector u. This implies that &, is proportional
to the metric g,, and the proportionality constant is necessarily equal to |R|?, /n.
Moreover, 7 should be independent of the point x € M. This proves

Theorem 3.1. The unit tangent sphere bundle (T1M,gs) has constant scalar
curvature 7 if and only if on (M, g) it holds

R|?
4 =
(4) £=="-9
(5) 4nt — |R|* = constant.

Remark 2. The algebraic condition (4) has appeared in the literature before
(see, e.g., [2], [11], [15]), but without a clear geometric meaning. In [3, p. 134], an
analytic interpretation is given of this condition for the case of a compact manifold:
an Einstein metric (or, more generally, a metric with parallel Ricci tensor) is critical
for the functional SR(g) = [, |Rg|*dvol restricted to those metrics g such that

vol(M) =1if and only if £ = @ g. Based on the above theorem, we can now give a
nice geometric interpretation of condition (4) for Riemannian manifolds (M, g) such
that (5) holds: such manifolds satisfy (4) if and only if their unit tangent sphere
bundle (T1M, gs) has constant scalar curvature. Clearly, (5) holds for curvature
homogeneous manifolds. Hence, in view of our quest for curvature homogeneous
manifolds, a classification of all curvature homogeneous spaces (and, in particular,

locally homogeneous spaces) satisfying & = (|R|?/n) g would be very desirable.

The case of (locally) reducible manifolds is now easy to deal with:

Corollary 3.2. The unit tangent sphere bundle (T1 M, gs) of a (local) product
manifold (M, g) = (M{"*, g1) X (M3, g2) has constant scalar curvature if and only if
the unit tangent sphere bundles of both (M, ¢1) and (Ma, g2) have constant scalar
curvature and, additionally,

[Ri* _ |Rof?
ny no '

(6)
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Proof. Suppose that (T1M, gs) has constant scalar curvature 7. Condition (4)
2

\Ij;‘\ gi fori = 1,2, and that (6) holds. In particular, |R;|? and |Rz|?

are constant. (5) reads 4(ny + n2)(11 + 72) — |R1]? — |R2|? = constant, so also 71

implies that &; =

and 79 are constant. Hence, the tangent unit sphere bundles of (M1, ¢1) and (Ma, g2)
have constant scalar curvature. The converse is immediate. O

Remark 3. Corollary 3.2 can be used for the construction of examples. Suppose
that (My,g1) and (Mo, g2) are such that their unit tangent sphere bundles have
constant scalar curvature and that 7; and |R;|?, i = 1,2, are separately constant.
If either one of these spaces is flat, so must the other be in order that (77(M; X
M>), (g1 % g2)s) have constant scalar curvature. Otherwise, we make a homothetic
change of the metric g on M; to a new metric g1 = cg; with factor ¢ = Zﬂg;}z >
0. Then, (6) is satisfied for the Riemannian manifolds (M3, §1) and (Ma,g2), and

(M, g) = (M1 x Ma, g1 X g2) has a unit tangent sphere bundle with constant scalar

curvature.

When looking for further examples, the following Schur-like theorem is useful.

Lemma 3.3. Let (M™, g) be a Riemannian manifold of dimension n # 4 such that
its Ricci tensor is a Codazzi tensor (i.e., (Vx0)(Y,Z) = (Vyo)(X,Z)). If £ = Ay,
then \ = |R|?/n is constant and (Ty M, gs) has constant scalar curvature 7.

Proof. Derive the equality RijimRijre = Adme with respect to E,, and sum
overm = 1,...,n. Using the second Bianchi identity and the equality nA = (Rijkm)?,
we derive

8 Z ViojkRijre = (n — 4)VA,
0,4,k
or the equivalent formula

8 (Vigjr — Vjoi) Rijie = 2(n — 4) VA
igk
for all £ = 1,...,n. Hence A = |R|?/n is constant under the hypotheses of the
lemma. As is well-known (see, e.g., [13]), a Riemannian manifold with Codazzi Ricci
tensor has constant scalar curvature. So, both (4) and (5) are satisfied and the last
statement of the lemma follows. O

We are now ready to give some classes of Riemannian manifolds whose unit tangent
sphere bundles have constant scalar curvature for the metric ggs.
0. Spaces of constant curvature.
1. Irreducible symmetric spaces and, more generally, isotropy irreducible homoge-
neous spaces: irreducibility ensures that &, an invariant (0,2)-tensor, is propor-
tional to the metric; homogeneity takes care of condition (5).
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Furthermore, for reducible symmetric spaces (M, g) = (M1, g1)X. .. X (Mg, g)
with irreducible components (M;, g;), we have from the above and condition (4)
that (T1M, g) has constant scalar curvature 7 if and only if |R1[?/n; = ... =
| R|? /1.

2. Super-Einstein spaces ([15]): these are Einstein manifolds (M, g) satisfying ad-
ditionally the condition (4). By Lemma 3.3, we find that |R|? is constant if the
dimension is different from four. For a four-dimensional super-Einstein space
we require the constancy of |R|?.

3. Harmonic spaces: because every harmonic space is super-Einstein (see, e.g., [2],
[11]). In particular it follows that the unit tangent sphere bundle of any Damek-
Ricci space has constant scalar curvature. For the definition of Damek-Ricci
spaces, their geometric properties and further references, see [1].

4. Sasakian space forms with constant ¢-sectional curvature ¢ = +1: this follows
from a straightforward computation expressing condition (4), where we use the
curvature formulas given in [4, p. 97]. For every odd dimension, we single out
two Sasakian space forms in this way: one of these (¢ = 1) is locally isometric
to a sphere of radius 1 and has a locally homogeneous unit tangent sphere
bundle; the unit tangent sphere bundle of the other is not even Ricci-curvature
homogeneous. (See [9].)

A Riemannian manifold (M, g) is called a semi-symmetric space ([7]) if its curva-
ture tensor R is, at each point, the same as that of some symmetric space. These
spaces are characterized by the curvature property R(X,Y) - R = 0 for all vector
fields X and Y on M, where R(X,Y) acts as a derivation on tensors. For such
spaces, we have

Proposition 3.4. Let (M, g) be a semi-symmetric space. If (T1M, gs) has con-
stant scalar curvature 7, then (M, g) is locally symmetric.

Proof. Thelocal structure theorem for semi-symmetric spaces by Z. Szabé ([25])
states that, around the points of a dense open subset, a semi-symmetric space is a
local product of symmetric spaces, two-dimensional manifolds, six types of cones
and Riemannian manifolds foliated by Euclidean leaves of conullity two. If the semi-
symmetric space has a unit tangent sphere bundle with constant scalar curvature,
then the same is true for all the factors in this local decomposition by Corollary 3.2.

Next, we note that the nullity distribution for the semi-symmetric spaces of cone
type or of foliated type is non-empty. Condition (4) then implies readily that these
spaces must be flat if their unit tangent sphere bundles are to have constant scalar
curvature. On the other hand, we will show in Proposition 4.1 that a surface whose
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unit tangent sphere bundle has constant scalar curvature must itself have constant
curvature and, hence, is locally symmetric. O

Next, we consider Einstein spaces. We have immediately the following results.

Proposition 3.5. Let (M?*, g) be a four-dimensional Einstein space. Then
(T1M, gs) has constant scalar curvature if and only if |R|? is constant.

Proof. This follows at once from the observation that a four-dimensional Ein-
stein space always satisfies the property ¢ = (|R|?>/n) g (see [2]). O

From the definition of a super-Einstein space above, we get

Proposition 3.6. An Einstein space (M,g) is super-Einstein if and only if
(T1M, gs) has constant scalar curvature.

Remark 4. As stated in [2, p. 165], it would be worthwhile to find more exam-
ples, besides the ones mentioned in 1 and 3 above, of super-Einstein metrics.

Next, suppose (M, g) to be 2-stein, i.e., the manifold is Einstein and Z R?

uiuj

constant for all unit vectors u at a given point z. This condition 1mphes ( ) ([2]).
Hence with Lemma 3.3 above, we find

Proposition 3.7. Let (M™,g), n > 4, be a 2-stein space. Then (T1M,gs) has
constant scalar curvature.

A Riemannian manifold is pointwise Osserman if the eigenvalues of R, = R( -, u)u
are independent of the choice of unit vector u at a given point x. If the eigenvalues
are global constants, i.e., also independent of z, the space is said to be globally
Osserman. See [12] for more information.

If a manifold (M™,g) is pointwise Osserman, it is also 2-stein ([12]) and hence
super-Einstein for n # 4. If we suppose moreover that n # 2, then both 7 and |R|?
are constant. So, we have

Corollary 3.8. Let (M™,g) be a pointwise Osserman space and n # 2,4. Then
(T1M, gs) has constant scalar curvature.
In dimension four, 2-stein is equivalent to pointwise Osserman ([12]) and we get

Corollary 3.9. Let (M*,g) be a four-dimensional pointwise Osserman space.
Then (T1M, gs) has constant scalar curvature if and only if |R|? is constant.
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Still in dimension four, an orientable Einstein manifold is 2-stein if and only if it
is self-dual or anti-self-dual ([22]). Hence,

Corollary 3.10. Let (M*, g) be an orientable four-dimensional Einstein manifold
which is self-dual or anti-self-dual. Then (T1 M, gs) has constant scalar curvature if
and only if |R|? is constant.

Finally, the global Osserman property implies the 2-stein condition and the con-

stancy of |R|?. So for all dimensions we get

Corollary 3.11. Let (M, g) be a globally Osserman space. Then (T1M, gs) has
constant scalar curvature.

4. CLASSIFICATION IN DIMENSION TWO AND THREE

We now determine all two- and three-dimensional Riemannian manifolds (M, g)
whose unit tangent sphere bundles have constant scalar curvature 7. We begin with

Proposition 4.1. (T1M?,gs) has constant scalar curvature 7 if and only if
(M?,g) has constant curvature.

Proof. The curvature tensor of a two-dimensional Riemannian manifold is given
in the form R(X,Y)Z = k(9(Y,Z) X — g(X,Z)Y). One easily checks that (4) is
satisfied. On the other hand, (5) reduces to

4k — K% = constant.

So k must be constant. O
The scalar curvature 7 is given explicitly as 7 = k (4 — k) /2.

Next, we have

Proposition 4.2. (T1M?3,gs) has constant scalar curvature 7 if and only if
(M3, g) has constant curvature or (M?3,g) is a curvature homogeneous space with
constant Ricci roots g1 = g2 = 0 # p3.

Proof. In dimension three, the Riemann curvature tensor R can be expressed
completely through the Ricci curvature ¢ and the scalar curvature 7 (see, e.g., [3]):

(7) R=9®g—£g®g
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where @) is the Kulkarni-Nomizu product of symmetric 2-tensors defined as follows:

(h® k)XY, Z,V) = h(X,2)k(Y,V) + h(Y,V)k(X, Z)
— WX, V)k(Y, Z) — h(Y, Z)k(X, V).

A straightforward calculation using (7) gives

|R‘2 = 4|Q|2 - T27
§(X,Y) = (2o —=7°)g(X, V) +270(X,Y) =2 o(X, Ei)o(Y, Ey).

%

Condition (4) then reduces to

(8) %(‘9‘2 _ TQ)Q(X, Y) = Z‘Q(X’ Ei)Q(Y, Ez) _ TQ(X, Y)

%

Note that both sides are linear in X and Y. So, it is enough to check equality (8)
for an orthonormal basis. Take an orthonormal basis {E7, Fs, E3} consisting of
eigenvectors of the Ricci tensor g, i.e., o(E;, E;) = 0;0;;. We find

1
9) Q?_TQi_§(|Q|2_72):O-

So, at z € M, p;(z) is a root of a quadratic equation. Hence, there can be at most
two different Ricci roots and there is a root with multiplicity at least two. Put
01(x) = 02(z) = A\, 03(x) = p. Then 7(x) = 2X\ + p, |0|*(z) = 2A% + p? and (9) gives

Alp—A) =0.

So, either all Ricci roots are the same at x, or two of them are zero and one is
non-zero.

Now, let U be the dense open subset of M on which the multiplicity of the Ricci
roots is locally constant. If on a connected component of U there is only one root
with multiplicity three, then this component has constant curvature; if we have a
zero root with multiplicity two, then the non-zero root must be constant on the
connected component by condition (5). In particular: the Ricci roots are always
locally constant, hence globally constant and U = M. O

In the case when (M3, g) has constant curvature x, we have 7 = 2 + 6x — K2

When (M3, g) has two Ricci roots equal to zero (01 = 02 = 0 # p3), we have
’f:2+93*Q§/4.
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Remark 5. Three-dimensional curvature homogeneous spaces have been studied
extensively ([10], [18], [19] and [7, Chapter 6] for further references). The class of
spaces with constant Ricci roots o1 = g2 = 0 and p3 # 0 contains both homogeneous
([20]) and non-homogeneous ones ([18]). O. Kowalski has given explicit examples
of three-dimensional curvature homogeneous spaces with two zero Ricci roots and
negative third Ricci root ([18, Example 5.8]). As a simple example, R® with the

metric
ds? = e M da? + (e)‘zdy +a(e ™™ — )\ZyZe)‘Z)dx)2 + (dz + 2)\zy dm)2

has Ricci roots 9, = 03 = 0, g3 = —2X%2. Moreover, this example is not locally
homogeneous.

Remark 6. Three-dimensional curvature homogeneous spaces with two zero
Ricci roots and one non-zero constant Ricci root are also non-trivial examples of
so-called O-spaces. These are Riemannian manifolds (M, g) defined as follows: let
c(t) be a circle in (M, g), i.e., Ve¢ = kn and Ven = —k¢é for some k € Ry, and
consider the associated curvature operator R.(X) := R(¢,n)X. (M,g) is an O-
space if, for every circle ¢, R, has constant eigenvalues along this circle. See [16] for
classification results and for more details.

5. CONFORMALLY FLAT MANIFOLDS

The classification of three-dimensional Riemannian manifolds whose unit tangent
sphere bundle has constant scalar curvature was possible because we could express
the Riemann curvature R using only the Ricci curvature g and the scalar curvature 7.
The same is true for conformally flat manifolds. So, suppose that (M™,g), n >4, is
conformally flat. Its curvature tensor R is given by

1 T
02209 3= 709
A routine calculation gives
4 2
RI2 = 2 2
B 1l rrp e

€0Y) = =gz ((lef = Z5)alx.Y)

Zro(X,Y) + (= )3 o, BV, ),

%
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and condition (4) reduces to

(10) Lot + —2r) g(x.7)

= - 2 -To(X,Y) + (n —4) > o(X, Ei)o(Y, E).

i

As before, we take an orthonormal basis {E1, ..., E,} consisting of eigenvectors of g,
ie., o(E;, E;) = 0i6;5. The equation (10) simplifies to
(11) (n*4)9?+%9ﬁ%((nf4)\g\2+%72) =0.

First, we consider the four-dimensional situation, n = 4. In that case, (11) reads
7 (40; — 7) = 0. Let Uy be the open subset of M where 7 # 0. Then p; = 7/4 for all
t=1,...,n,and o = (7/4) g. Hence, (Uy, g) is a space of constant curvature and 7 is
constant. Denote by Uy the set of points z € M such that 7 is identically zero on
some neighbourhood of x. On the open set U we have 7 = 0. Condition (5) simply
says that |Q|2 is constant on Us. But U; U Us is an open and dense subset of M and
7 is locally constant on this set. So the scalar curvature is globally constant and we
have

Proposition 5.1. Let (M*,g) be conformally flat. Then (TyM, gs) has constant
scalar curvature if and only if (M*, g) has constant curvature or its scalar curvature
is zero and |p|? is constant.

When (M*, g) has constant curvature x, 7 is given by 7 = 3 (4+8k — x2)/2. When
7 =0 and |g|? is constant, 7 = 6 — (]0|?/8).

Examples of this last class of spaces are the Riemannian products M = M?(c) x
M?(—c), where M?(c) is a two-dimensional space of constant curvature c (cf. Proposi-
tion 5.2). It would be worthwhile to classify explicitly the four-dimensional Riemann-
ian manifolds with 7 = 0 and |g|* constant.

Returning to the general situation, n > 4, (11) says that all Ricci roots are solu-
tions of a quadratic equation. So, at each x € M, there are at most two distinct Ricci
roots, say A with multiplicity & and p with multiplicity n—k. Then 7 = kA4 (n—k)pu,
lo]? = kA% + (n — k)p? and (11) gives

(12) (k=N ((n* —5n+4+2k)A+ (n® — 3n+4 — 2k)u) = 0.

As in the previous section, it follows from condition (5) that the Ricci roots are
constants and (M", g) is curvature homogeneous.
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In [26], H. Takagi gives an explicit classification of conformally flat locally homoge-
neous spaces of arbitrary dimension. He shows that such a space is locally isometric
to one of the following locally symmetric spaces:

1. a space of constant curvature;

2. the Riemannian product of a space of non-zero constant curvature x and a space

of constant curvature —k;

3. the Riemannian product of a space of non-zero constant curvature x and a

one-dimensional space.

As his proof uses only curvature homogeneity, this classification is also valid for
conformally flat curvature homogeneous spaces. (See also [17].) We check which of
the above three classes in the classification are possible in our present situation.

1. A space of constant curvature corresponds to the solution A\ = p in (12).

2. Suppose (M",g) is locally a product of the form M" = M¥(k) x M"*(—k),
where MP* (k) is a k-dimensional space of constant curvature #, x # 0. Then
from (12) it follows n = 2k.

3. Suppose (M™",g) is locally a product of the form M"™ = M" (k) x R, x # 0.
Then (12) gives the contradiction (n — 1)(n — 2) = 0.

We have proved

Proposition 5.2. Let (M™,g), n > 4, be conformally flat. Then (T1M, gs) has
constant scalar curvature if and only if either (M, g) has constant curvature, or if n is
even, say n = 2k, and (M™, g) is locally isometric to the product M*(x) x M*(—k),
K # 0.

In the case when (M™, g) has constant curvature x, we have 7 = (n—1)(2(n — 2)+
2nk — £2)/2. When (M?*, g) is locally isometric to M*(k) x M*(—x), we have
7= (n-2)((n—-1)—k2/4).

Remark 7. In this section we have only considered conformally flat manifolds
of dimension greater than or equal to four. One could ask the question which of
the three-dimensional conformally flat manifolds has a unit tangent sphere bundle
with constant scalar curvature. Combining Proposition 4.2 with Takagi’s result on
conformally flat curvature homogeneous spaces mentioned above, we see easily that
only the three-dimensional spaces of constant curvature qualify.

537



6. EINSTEIN UNIT TANGENT SPHERE BUNDLES

The previous sections dealt with unit tangent sphere bundles having constant
scalar curvature. In the rest of this paper, we consider some further subclasses.

First, we investigate for which Riemannian manifolds their unit tangent sphere
bundle with the metric gg is Einstein, i.e., 3 = a gg for some constant .

Theorem 6.1. (T1M, gs) is an Einstein manifold if and only if (M, g) is locally
isometric either to a two-dimensional Euclidean space or to a two-dimensional sphere
of radius 1.

Proof. From the expressions (2) for the Ricci tensor it follows that (T3 M, gg) is
Einstein if and only if

(13) RuxijRuyij = 4(a —n+2)(g(X,Y) — g(X,u)g(Y,u)),
(14) (Vuo)(X,Y) = (Vxo)(u,Y),
(15) RuxjRuv; =20(X,Y) — 2ag9(X,Y)

for some constant «, all unit vectors v and all vectors X and Y tangent to M.
In (13) and (15) we put X =Y = Ej, and sum for k = 1,...,n to obtain

(16) E(uyu) =4(a—n+2)(n—1),
(17) &(u,u) =27 — 2na.

As an Einstein manifold of dimension greater than or equal to three has constant
scalar curvature, we know from (4) that &(u,u) = |R|?/n. Eliminating « from these
two equations, we obtain the identity

(18) (3n — 2)|R|? = —4n*(n — 1)(n — 2) + 4n(n — 1)T.

Next, put X = Y = u in (15) and integrate over u € S"~1(1) in T, M (see the
formulas in [11]). This gives

1
n(n + 2)

3 2T
(5172 +10?) = = —2a.
n

(19)
We eliminate « from (17) and (19) to find a second identity:
(20) (n —4)|R|* 4 2n|o* = 0.

For n > 4, |o|?> = 0 and hence also 7 = 0. But then (18) gives a contradiction.
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For n = 3, (20) reads |R|?> = 6|o/?. On the other hand, we always have |R|?> =
4|o|* — 72 for a three-dimensional manifold. Hence, 7 = |g|?> = |R|?> = 0 and again
(18) cannot hold.

Forn =2, R= (k/2) g®g and |R|? = 4k?2, |o|*> = 2k%, 7 = 2x. The only solutions
to (18) and (20) are x = 0 and x = 1.

Conversely, if (M, g) is locally isometric to a two-dimensional Euclidean space,
then (T1 M, gs) is locally flat. If (M,g) is locally isometric to a two-dimensional
sphere of radius 1, then (71M, gs) has constant curvature 1/4 ([8]). In both cases
the unit tangent sphere bundle is an Einstein manifold. O

7. RICCI-PARALLEL UNIT TANGENT SPHERE BUNDLES

Next, we consider the case when the unit tangent sphere bundle (T1M,gs) is
Ricci-parallel, i.e., Vg = 0. Reverting to index notation and adopting the Einstein
summation convention, we have the following necessary and sufficient conditions,
coming from (3):

(21)  RzxijRuvij + RuxijRzvij =0, XY, Z L u,
(22)  2(Vzoxy — Vxovz) — Ruzvi(Vuoxi — Vxouw) =0, X, Z 1 u,
(23)  RuzxjRuijkRuivi + RuzyjRuijk Ruixk

—2(Ruzyioxi + Ruzxiovi)

—2(RzixjRuivj + RuixjRzivj) = 0, Z L u,
(24)  VzRuxijRuvij + RuxijVzRuvij

= Ruxzi(Vuoiy — Vy0iu) — Ruy zi(Vuoix — Vxoi) =0,
(25)  4(n—2)Rzyux — 4Ruxzi0iv

+4(Vy,0xy — Vixou)

+ 2RuxzjRuijk Ruivk + Rzyuj Rujik Ruxir = 0,
(26)  4Vzoxy —2VzRuixjRuivj — 2Ruix;Vz Ruiv;

+ Rzxui(Vuoiv — Viouwy) + Rzyui(Vuoix — Vioux) = 0.

Here, u is an arbitrary unit vector, X, Y and Z are arbitrary vectors and the in-
dices i, j, k stand for vectors of an orthonormal basis {F1, ..., E,}.

Lemma 7.1. Both 7 and |R|? are constant on the manifold (M, g).

Proof. As (Th'M,gs) has constant scalar curvature, we know that the linear
2
combination 4n7 — |R|? is constant and that £(X,Y) = Rxjx Ryijk = % 9(X,Y).
We use this last fact implicitly in all the calculations in this section.
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We only need condition (22) to prove the lemma. We note beforehand that by the
second Bianchi identity we have

Vxovz —Vyoxz = ViRxyz.

Using this, we rewrite (22) in the form

2(Vzoxy — Vxovz) — RuzviViRuxij
—29(u, Z)(Vuoxy — Vxouy) — 29(u, X)(Vzouy — Vuoyz) =0

which holds for all vectors X, Y and Z tangent to M. Integrating this formula
over u € S"71(1) (using again the formulas in [11]), we find

(27) 2(n —2)(Vzoxy — Vxovz) — RezviV;jRixij = 0.

First, put X = Z = E; and sum over { = 1,...,n. This gives Rypy;VjRpei; =0
or, after some reworking (using the second Bianchi identity),

(28) (n —4)Vy|R|? = 0.
Next, we take X =Y = E; in (27) and sum over £ = 1,...,n to obtain
(29) (n—2)Vyr — Ryze;V jRyei; = 0.

We rewrite the last term on the left hand side: start by differentiating the equality
RizeiRiei; = —(|R|?/2n) g(Z, ) with respect to E; and sum over j = 1,...,n.
Then use (4), the first of the identities (30) below and the second Bianchi identity
to find RyzeiVjRyei; = ((n —4)/8n) Vz|R|2. By (28), this is zero. So, we have
(n—4)Vy|R|?> = (n —2)Vz7 = 0 and the lemma follows for all dimensions from the
constancy of 4nt — |R|%. O
Next, we derive identities between curvature invariants of order two, four and six
from the conditions (23) and (25). The ones of order six that show up are (o, R),
(0® 0, R), R and R. With our sign convention for R, they have the expressions

(0, R> = 0ij Ripgr Rjpgr,
(0® 0, R) = —oijoneRinje,
R = —Rijie Riepg Rpgij
E = *RikijkpqupiqT
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We also need the identities (see [14] for more details)

RijkpRikjq = %quv
Rt Rty Rpigg = 3 1,
(30) Rijre Ripeq Rpiqy = *ER,
RijreRjpeg Rpkgi = ~R+ %R,
0ij Rikpg Rjpkq = %(Q, R).

We do not go into detail as concerns the computations and only indicate how we
obtain the identities between the curvature invariants.
First, we rewrite (23) in a form which is valid for all vectors Z:

RuzxjRuijk Ruivi + Ruzy j Ruijk Ruixk
—2(Ruzyioxi+ Ruzxioyvi) — 2(Rzixj Ruivj + Ruix;j Rziv;)
+4g9(u, Z)RuixjRuiy; = 0.

Then we take X = u and integrate over u € S"~1(1) in T, M. Next, we put Y =
Z = E4 and sum over ¢ = 1,...,n. In this way we find

R+ {0, R) —2nlo]> — (n — 4)|R|> = 0.

N |
N | —

(31) (0®0,R) + R~

In (25), we first take Y = u and integrate, followed by a summation over X =
Z = E, to obtain

(32) 4n+2)(n—2)7 —4(n+2)|o> + 4(0, R) + 2(0 ® 0, R) +

Also in (25), we take Z = u and integrate, followed by a summation over X =
Y = E,. We get

(33) —A(n+2)(n—2)7 +4(n+2)|g|* — 3(0, k) + 2R — ~R = 0.

N | Ot

If we now sum equations (32) and (33) and subtract (31) twice, we have the simple

relation

(34) (n —4)|R)? 4 2n|o|? = 0.
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If n > 4, the only solutions to (34) are |R|?> = |g|> = 0 and the manifold (M, g) is
flat. But then (71 M, gs) is locally isometric to R™ x S"~1, which is locally symmetric,
hence Ricci-parallel.

If n =4, |p|?> = 0 by (34), hence also 7 = 0. (M, g) is Ricci-flat. In particular, we
can use a Singer-Thorpe orthonormal basis {E1, ..., F4} such that

Ri212 = R3a34 = A1, Ri234 = 1,
Ri313 = Raaoa = Mg, Ri342 = po2,
Ra323 = Ris14 = A3, Ris23 = 3,

Rt = 0 otherwise.

(See [2] and [24].) As the Ricci tensor o vanishes in the present case, we have
A1+ A2 + A3 = 0. By the first Bianchi identity, also p1 + po + ps = 0 holds.
Take u = cosf E; + sinf E> and express condition (21) for arbitrary X, Y and Z
perpendicular to u. The algebraic equations one obtains for \; and p;, together with
the analogues corresponding to similar choices of u, have only the zero solution. So
again, only the flat space is a solution.

If n = 3, it always holds |R|? = 4|o|? — 72. Combined with (34), we see that the
flat space is the only solution also in this dimension.

Finally, if n = 2, an easy calculation shows that the spaces of constant curvature
zero or one are the only solutions to the equations (31)—(33). Conversely, their unit
tangent sphere bundles also have constant curvature, hence are Ricci-parallel.

‘We have proved

Theorem 7.2. (T1M,gs) has parallel Ricci curvature tensor if and only if
(M, g) is either flat or is a surface of constant curvature 1.

Corollary 7.3. ([5]) (T1M, gs) is locally symmetric if and only if (M, g) is either
flat or is a surface of constant curvature 1.

Remark 8. Blair’s proof of this last result uses the natural contact metric struc-
ture of (T1 M, gs) in an essential way. Our proof is more basic in that it uses only
curvature information.

Remark 9. Our formulas may also be used to determine for which Riemannian
manifolds (M, g) the corresponding unit tangent sphere bundle (71 M, gs) is confor-
mally flat. As in [6], we find that this is the case if and only if (M, g) is a surface of
constant curvature 0 or 1.
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