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Abstract

In this paper we get different characterizations of the spherical strictly pseudoconvex CR manifolds
admitting a CR-symmetric Webster metric by means of the Tanaka—Webster connection and of the
Riemannian curvature tensor. As a consequence we obtain the classification of the simply connected,
spherical symmetric pseudo-Hermitian manifolds.
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1. Introduction

A spherical CR manifold is a strongly pseudoconvex CR manifold (M, HM, J) of
hypersurface type which is locally CR-equivalent to the sphere S*'*!, n = dimcg M,
endowed with the standard CR structure as a real hypersurface of C"*!. Recall that
strong pseudoconvexity means positive definiteness of the Levi form L, associated
with a suitable global section 1 of the annihilator H°M of the holomorphic tangent
bundle of M. The 1-form 7 is usually called a pseudo-Hermitian structure on M, and
it canonically determines a Riemannian metric g, which is compatible with the partial
complex structure J : HM — H M (see, for example, [27, 31]). We shall call g, the
Webster metric associated with 7. Denoting by & the Reeb vector field of the contact
form 5, at each point x € M we have an orthogonal decomposition

T.M = H,M & RE,

with respect to g,, and moreover Sniom = (Lpx, gn€, &) =1.

Spherical CR manifolds are characterized by S = 0, where S is the Chern—-Moser—
Tanaka pseudoconformal invariant tensor field of type (1, 3), and they represent
flat spaces among strongly pseudoconvex CR manifolds from the point of view of
Cartan geometry (see, for example, [26]). The simply connected, homogeneous
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spherical hypersurfaces of the Euclidean space C"*! were fully classified by Burns and
Shnider in [11]. In particular, it is known that the unique compact simply connected
homogeneous spherical hypersurface of C"*! is S?**1 up to CR-equivalence. In
this paper we adopt a geometric point of view in studying spherical CR manifolds,
concentrating our attention on CR-symmetric Webster metrics g,. For the general
notion of a symmetric Hermitian metric on a CR manifold we refer to [19] (see also
Section 3). Here we recall that a Webster metric g, is CR-symmetric if for each point
x € M there exists a CR-isometry ¢ : M — M with o (x) = x and

(dU)X|HxM = —Id.

This notion of course is different from the requirement that (M, g,) be a Riemannian
symmetric space, which is known to be quite strong for a Webster metric (see, for
example, [15]).

Actually the standard metric g, of curvature 1 on the sphere S*"*! is a CR-
symmetric Webster metric g,, for the choice of a canonical contact form n,. The
symmetry at a point x € S*"*! is the restriction of the unitary reflection o, (z) =
2(x, z)x — z with respect to the standard Hermitian scalar product of crtl! (see [19)).

More generally, any Sasakian space form (see, for example, [3]) is a spherical CR-
symmetric pseudo-Hermitian manifold. Indeed, in the Sasakian case, the Webster
metric g is CR-symmetric if and only if M is a p-symmetric space (for this notion see,
for example, [25]).

In the present paper some basic features of CR-symmetric Webster metrics are
analyzed (see Theorems 3.2 and 4.4). Our main results can be summerized in the
following statement.

THEOREM 1.1. Let (M, HM, J,n) be a pseudo-Hermitian manifold of CR
dimensionn > 2. Assume that the Webster metric g := g, is not Sasakian. Denote by R
the curvature of the Tanaka—Webster connection and by R the Riemannian curvature
tensor of g. Then:

(@ (M, HM, J, g) is locally CR-symmetric if and only if the underlying contact
metric structure (¢, &, n, g) satisfies the (k, w)-nullity condition — that is, for
somek, u € R,

R(X, V)E =k(n(Y)X —n(X)Y) + u((Y)hX — n(X)hY),
where h =1L q.

(b) Assume that g is locally CR-symmetric. Then the following are equivalent:
(1) M is spherical;
(i1) the Webster scalar curvature vanishes; 5
(iii) the pseudoholomorphic sectional curvature K is constant;

iv) pu=2.
When one of these equivalent conditions holds, then K =0but R #0.
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This result provides an interpretation in CR geometry of the theory of contact
Riemannian (k, @)-spaces started in [4] and fully developed in the last decade by
several authors, especially by Boeckx in [6-8].

We shall present several applications of Theorem 1.1. First of all, one can obtain
a complete classification of the simply connected, spherical, CR-symmetric pseudo-
Hermitian manifolds, as follows. We remark that from the classification of Sasakian
@-symmetric spaces carried out by Jiménez and Kowalski in [18] for n > 2 and
0 < k < n there exists a principal fibre bundle P;' — CP* x CH"* with ¢-symmetric
Sasakian total space, the base space N = CP* x CH"~* being the product of two
Kihler space forms with holomorphic curvatures 1 and —1 respectively. This CR-
symmetric space P;' is spherical since the base manifold is Bochner-flat (see [10]),
according to a result of Webster which identifies the Chern-Moser tensor of P;' with
the Bochner tensor of N (see [32] or [14]).

We can now state the following theorem.

THEOREM 1.2. Every simply connected, spherical CR-symmetric pseudo-Hermitian
manifold of CR-dimension n > 2 is homothetic to one of the following spaces:

s Pl Bt < R, EMTY, PR L P

In this statement, two pseudo-Hermitian manifolds (M;, HM;, J;, n;), i =1, 2,
are called homothetic if there exists a CR-diffeomorphism f : M| — M, such that
S*n2 = an; with « a positive constant. The first three spaces are the simply connected
Sasakian space forms as described in [3, p. 114]. H?'*! denotes the Heisenberg
group endowed with its standard Webster flat Sasakian structure, while B” x R is the
product of a Kihler bounded domain in C" having constant holomorphic negative
curvature with the real line, which carries a Sasakian structure with constant @-
sectional curvature less than —3. The fourth space is the tangent sphere bundle 7;H"*!
of the Riemannian space form of curvature —1, with its standard CR structure and
pseudo-Hermitian structure studied, for example, in [28]. The remaining n — 1 spaces
are the Sasakian p-symmetric spaces described above.

We also get the following consequences of the above classification.

COROLLARY 1.3. Up to homothety, the sphere S+ is the unique simply connected,
compact, spherical CR-symmetric pseudo-Hermitian manifold having CR-dimension
n>2.

COROLLARY 1.4. A spherical, CR-symmetric pseudo-Hermitian manifold of CR-
dimension n > 2, having positive pseudoholomorphic curvature at some point, is
compact and is actually a Sasakian pseudo-Hermitian space form.

The notion of pseudoholomorphic sectional curvature is described in detail in
Section 2. We also remark that Theorem 1.2 includes the classification of pseudo-
parallel strongly pseudoconvex CR manifolds with constant pseudoholomorphic
sectional curvature obtained by Cho in [13]. These manifolds are precisely S>"*!,
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H?> 1 B" x R and T;H"*!. The reason lies in the fact that any pseudo-Hermitian
manifold with constant pseudoholomorphic sectional curvature must be spherical.
Even though this statement should be almost obvious, it is not quoted in the paper of
Webster [31] where the Chern—Moser tensor S is first computed by means of pseudo-
Hermitian structures. In [31] some examples of pseudo-Hermitian space forms in C"
are exhibited, and the vanishing of § is verified case by case. Hence we opted to give
a general proof, making the necessary computation explicit by using the equivalent
Bochner tensor (see Theorem 4.3).

As a further application of Theorem 1.1, in the last section we study the CR
geometry of tangent sphere bundles of arbitrary constant radius over Riemannian
manifolds with constant curvature. Our approach is slightly more general than that
appearing in [30] and [28]. We show that if M is a hyperbolic Riemannian space
form, each T,M carries a one-parameter family of CR-symmetric nonhomothetic
pseudo-Hermitian structures, exactly one of which is spherical (Theorem 6.2). This
should be compared with the relevant fact that a homogeneous CR manifold which
is homeomorphic to a sphere admits a unique homogeneous CR structure [17]. Our
examples emphasize that ‘homeomorphic’ cannot be replaced by ‘homotopically
equivalent’, even if the homogeneous CR structure is spherical.

Finally, we mention that in [21] Kowalski and Sekizawa show how the geometric
properties of tangent sphere bundles 7, M of a given Riemannian manifold (M, g) are
influenced by the value of the radius r. Since in the constant curvature case the metric
induced by g on each 7 M is Webster and CR-symmetric, it is natural to ask how the
pseudo-Hermitian geometry of 7, M varies according to r. As regards this problem,
applying Theorem 6.2, we obtain partial information given by the following.

COROLLARY 1.5. Let (M, g) be a Riemannian manifold of constant curvature K and
dimension n > 3. Consider the standard almost complex structure J on T M defined by

JIXH=xV JxV==-x", Xexwm),

where X" and XV denote horizontal and vertical lifts.
Endow each T, M, r > 0, with the induced CR structure and the standard pseudo-
Hermitian structure n,. Then:

(a) K <O0ifand only if there exists r > 0 such that T, M is a spherical CR manifold;

(b) K >0 if and only if there exists r > 0 such that the Webster metric g, is
Sasakian;

(¢ K=0ifand only if (T,M, H(T,M), J, n,) and (T, M, H(T, M), J, ) are
locally homothetic pseudo-Hermitian manifolds for each r, r’ > 0.

Moreover, if one of the equivalent conditions in (a) holds, there exists a unique r, such
that T,, M is spherical, which is related to K by
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When one of the equivalent conditions in (b) holds there exists a unique r, such
that gy, is Sasakian, which is related to K by

1

_2 .
r{)

K =

2. Preliminaries

Let M be a connected C* manifold of dimension 2n +k, n, k > 1. A partial
complex structure of CR-dimension n and CR-codimension k is a pair (H M, J) where
H M is a smooth real subbundle of the tangent bundle 7 M having rank 2n, and J is
a smooth bundle isomorphism J : HM — HM such that J> = —I. An almost CR
structure is a partial complex structure such that

[X,Y]-[JX,JY]eD (2.1)

for any X, Y € D, where D denotes the module of all smooth sections of HM. If, in
addition, the formal integrability condition

X, JY]|-[X, Y]-J(JX, Y]+ [X,JY]) =0 (2.2)

is satisfied, (M, HM, J) is termed a CR manifold. In this paper we shall be
concerned only with the case where M has CR-codimension 1 (hypersurface type).
Assuming (2.1) and that M is orientable, it is known that there exist globally defined
nowhere zero 1-forms 7 such that Ker(n) = HM. The corresponding Levi form is
defined by
Ly(X,Y)=—dn(X,JY), X,YeD.

The almost CR structure is said to be nondegenerate if L, is nondegenerate for some 7.
In this case, the 1-form 7 is a contact form, in the sense that n A (dn)" is a volume
form on M. Moreover, there exists a unique nowhere vanishing globally defined vector
field & transverse to H M such that

né =1 dn@E, X)=0,

for any X € X(M). The second condition is equivalent to [, D] C D or Lgn =0,
where L¢ denotes the Lie differentiation with respect to £.

An almost CR structure is said to be strongly pseudoconvex if L, is positive definite
for some 7. In this case the Levi form can be canonically extended to a Riemannian
metric on M, called the Webster metric, defined by

gr](X’ Y):LU(X7 Y)’ gi’](Xv g)=07 gn(s’ S):l’

for any X, Y € D. Such a 1-form n will be called a pseudo-Hermitian structure.

By a pseudo-Hermitian manifold we shall mean a strongly pseudoconvex CR
manifold (M, HM, J, n) on which a pseudo-Hermitian structure has been fixed.
The partial complex structure J of a pseudo-Hermitian manifold can be canonically
extended to a tensor field ¢ of type (1, 1) on M such that ¢(§) =0 and ¢ X = J X for
any X € D, which is an f-structure with rank 2n. The tensors (¢, &, 1, g;) make up a
contact metric structure on M in the sense of [3]. Conversely, if M is a contact metric
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manifold with structure (¢, &, n, g), then M admits a strongly pseudoconvex almost
CR structure given by HM = Im(¢) and J = ¢|y y. The Webster metric g, coincides
with g. Tanno proved that this almost CR structure is a CR structure if and only if

(Vx@)Y =g(X +hX, Y)E —n(¥)(X + hX)

for any X, Y € X(M) (see [27]). Here V is the Levi-Civita connection of the Webster
metric g and 4 is the symmetric operator A := %L’g(p.

We also recall that in the literature a pseudo-Hermitian manifold (M, HM, J, n)
such that & = 0 is called standard or regular while the metric g, is called a Sasakian
metric. We shall also use the term Sasakian manifold as a synonym for the regular
pseudo-Hermitian manifold.

Next we recall a special class of contact metric manifolds with which we will be
concerned in the following, the so-called (k, p)-spaces. Such a space is characterized
by the following property of the Riemannian curvature tensor, known in the literature
as the (k, w)-nullity condition:

R(X, V) =k(n(N)X —n(X)Y) + u((Y)hX —n(X)hY), k, peR, (23)

for any X, Y € X(M). In [4] the authors prove the relation h?=(k — 1)(p2 which
implies that k < 1. If k=1, then # =0 and M is a Sasakian manifold. If k£ <1,
the contact metric structure is not Sasakian and M admits three mutually orthogonal
integrable distributions D(0) = R, D(A) and D(—A), determined by the eigenspaces
of h, with A =+/1 — k. Moreover, when k < 1 the curvature tensor is completely
determined by the condition (2.3), and its explicit expression is the following [6]:

R(X.Y)Z = <1 _ %)(g(Y, 2)X — g(X, Z)Y)

+ g(Y, Z)hX — g(X, Z)hY + g(hY, Z)X — g(hX, Z)Y
1 —(u/2)
1—k

- %(g(pr, 2)pX — g(pX, 2)pY) + ug(pX, Y)pZ
k —(u/2)
1 -k

+ n(X)<(k -1+ %)g(Y, Z) 4 (u—1Dg(hY, Z))S

+ (g(hY, Z)hX — g(hX, Z)hY)

+ (g(phY, Z)phX — g(phX, Z)phY)

- n(Y)<<k -1+ %)g(X, Z) + (n — Dg(hX, Z))S

- n(X)n(Z)<<k -1+ %)Y +(n— l)hY)

+n(Y)n(Z)(<k— 1+ %)X-F(IL— 1>hx). 2.4)
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In [7], Boeckx introduced the invariant

,_1-wp
1=k

and proved that two non-Sasakian (k, w)-spaces are locally homothetic pseudo-
Hermitian manifolds if and only if their invariants coincide.

Moreover, the non-Sasakian (k, p)-spaces are also characterized by the requirement
that

g((Vxh)Y, 2) =0 (2.5)

forany X, Y, Z € D. This fact has been proved in [9], where contact metric structures
satisfying (2.5) are called n-parallel.

We conclude this section by recalling some basic facts about the Tanaka—Webster
connection. We shall refer to [23].

THEOREM 2.1. Let (M, HM, J, 1) be a pseudo-Hermitian manifold with su~b0rdi-
nate contact metric structure (¢, &, n, g). There is a unique linear connection V such
that

Ve=0, VE=0, Vp=0, Vg=0, Tp=0, F=-—30Lsp, (2.6)
where T is the torsion tensor field of V, Tp(X,Y) denotes the D-component of
T(X,Y) for any X,Y €D, and F is the tensor field of type (1, 1) defined by
FX =T, X) forany X € X(M).

The linear connection in the above statement is called the canonical connection or
the Tanaka—Webster connection of the pseudo-Hermitian manifold M. Denoting by V
the Levi-Civita connection of g, then V =V + H, with

H(X,Y)=g(X, V)& + n(X)pY + n(Y)pX + g(FX, Y)§ —n(Y)FX (2.7)
for any X, Y € X(M). The curvature tensor R of V satisfies
R(X,V)§=0, R(X,Y)p=¢R(X,Y), R(X,Y)DCD,

forany X, Y € X(M).
If o C HyM is a holomorphic 2-plane in x € M (thatis, Jo = o), then the quantity

K(o) =Ry (X, JX, X, JX),
where {X, J X} is an orthonormal basis of o, depends only on o and will be called the

pseudoholomorphic sectional curvature of o. If K (o) does not depend on o and on
the point x, then M will be called a pseudo-Hermitian space form.
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3. CR-symmetric Webster metrics

Let (M, HM, J, g) be a Hermitian almost CR manifold, that is, an almost CR
manifold, having CR-codimension k£ > 1, on which a Riemannian metric g is fixed,
whose restriction to HM is Hermitian with respect to J. Denote by Do, C X(M) the
Lie algebra generated by D. Let o0 : M — M be an isometric CR-diffeomorphism.
Then o is called a symmetry at the point x € M if x is a fixed point of ¢ and the
differential of o at x coincides with —Id on the subspace Dy, ()c)L ® H M of T, M.
Here Doo(x) = {Xx|X € Do}

A connected Hermitian almost CR manifold M is called (globally) symmetric if
for each point x € M there exists a symmetry o, at x (see [19]). We shall also say
that g is a CR-symmetric Hermitian metric on (M, HM, J). Since the symmetry
at x is uniquely determined (see [19, Theorem 3.3]) it makes sense also to define
Hermitian locally CR-symmetric almost CR spaces in a natural manner. Observe that,
since the symmetries are CR maps, for this class of almost CR spaces the integrability
condition (2.2) is automatically satisfied.

Itis proved in [19] that a Hermitian symmetric CR space M is CR-homogeneous: in
fact the subgroup of the automorphism group Autcr(M) generated by the symmetries
acts transitively. In particular, every Hermitian symmetric CR space M is a real
analytic CR manifold.

From now on we specialize to strongly pseudoconvex CR manifolds of hypersurface
type and discuss CR-symmetric Webster metrics. We remark that for a pseudo-
Hermitian manifold Dy, (x) = Ty M, so that a symmetry at a point x is characterized
by the condition (ds), = —Id on H, M.

LEMMA 3.1. Let (M, HM, J, n) be a pseudo-Hermitian manifold. Denote by g = gy,
the Webster metric associated with n and by (¢, &, 1, g) the corresponding contact
metric structure. Let x € M and assume that o, : U — U is a local symmetry at x
defined on an open neighbourhood of x. Then o is local automorphism of (¢, &, 1, g).

PROOF. According to [19, Remark 3.4] we see that the differential of o, at x is given
by

(doy)x = —1d + 21y ® &x. (3.1
Thus (doy)x(§x) = &, which implies that (o ).& = & because oy is a CR-isometry. It

also follows that (o, )*n = n because 7 is dual to & with respect to g. Since o, is a CR
map it follows immediately that it also preserves the tensor field ¢. O

At this point we get the following characterization of CR-symmetric Webster
metrics.

THEOREM 3.2. Let (M, HM, J, 1) be a pseudo-Hermitian manifold. Assume that
the Webster metric gy, is not Sasakian. The following conditions are equivalent:

(a) the Webster metric g is locally CR-symmetric;
(b) the underlying contact metric structure satisfies the (k, p)-nullity condition.
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PROOF. (a) = (b). It suffices to prove that the contact metric structure is n-parallel.
Let X, Y, Z € D. We need to prove that g((Vxh)Y, Z) =0. Fix a point x € M and
consider a local symmetry o, at x. According to the lemma, o preserves the tensor
field & and also its covariant derivative. Hence at x we obtain

gx((vah)Yxa Zy) = gx((vdoX(Xx)h)de(Yx)a doy(Zy)) = _gx((vah)Yxa Zy)

and the assertion follows.
(b) = (a). In [6] the following tensor field T is considered:

TxY = (g(pX. ¥) + g(phX, Y))E — n(¥)(@X + ¢hX) — %mxw

T is a homogeneous structure for the contact metric structure (¢, &, 1, g), that is,

Vg=VR=VT =0,
VE=Vn=Vp=0,

where V=V —T,V being the Levi-Civita connection and R its curvature tensor. We
also remark that VR = VT = 0, where R is the curvature tensor and 7 is the torsion
of V. Fix a point x € M. From the expression for T we see that T is preserved by the
linear transformation L := —Id + 271, ® &, of Ty M. Moreover, from expression (2.4)
for the curvature tensor R, it is straightforward to verify that L also preserves R,.
This in turn implies that L preserves R,. Hence, by a standard argument (see [20,
p- 261]), there exists an affine transformation o : U — U with respect to @, defined
on an open neighbourhood of x, such that (do), = L. From the parallelism of the
structure tensors (¢, &, 1, g), it follows that o is actually a CR-isometry, and thus a
local symmetry at x. O

To end this section, we shall prove that for Sasakian manifolds, local symmetry in
the sense of [19] is actually equivalent to a similar concept in the literature, namely
locally ¢-symmetric contact metric structure (see [3, 6]). The latter is defined by the
requirement that the characteristic reflections, that is, the reflections with respect to
the integral curves of &, be local isometries. A (global) Sasakian ¢-symmetric space
is a Sasakian locally ¢-symmetric space whose characteristic reflections are globally
defined, and £ generates a global one-parameter group of automorphisms of the contact
structure [25].

PROPOSITION 3.3. Let (M, HM, J, 1) be a pseudo-Hermitian manifold. Assume
that the Webster metric g = g, is Sasakian. The following conditions are equivalent:

(@) (M,HM,J, gy) is a locally (globally) CR-symmetric pseudo-Hermitian
manifold;
(b) (M, ¢, &, n,g)isalocally (globally) ¢-symmetric space.
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PROOF. We treat the local statement first.

(a) = (b). Since the metric g, is Sasakian, it is known that the geodesic reflection s,
at a point x € M with respect to the integral curve of & through x is given, on a normal
neighbourhood U of x, by

sy =exp, oL o exp;l,

where L = —Id + 21, ® &, [5]. By (3.1) in Lemma 3.1 the symmetry o at x coincides
with s, on a suitable U’ C U. Hence s, is a local isometry. This means that M is
locally ¢-symmetric.

(b) = (a) Under assumption (b), it is proved in [5] that sy is a local automorphism
of the contact metric structure, in particular it is a CR-isometry and (ds), = —Id on
H, M, so that s, is a symmetry at x.

Finally, as for the global statement, we remark that if g, is globally CR-
symmetric, M is CR-homogeneous and Riemannian homogeneous, hence & is
complete, being a Killing field. a

4. The Bochner-type tensor of a symmetric CR manifold

Let (M, HM, J) be a strongly pseudoconvex CR manifold having CR-dimension
n > 2 and let n and n’ be two pseudo-Hermitian structures, with subordinate contact
metric structures (¢, &, 17, g) and (¢’, &', 1/, g’). As proved in [23], these structures
are related by

n=ey, & =eE+Q), ¢=¢+n®P,
g (X, Y)=e"g(X,Y), VX,YeD, 4.1

where p is a C*°-function, and P € D is defined by g(P, X) =du(X) for X € D
and Q = JP. In [24] the authors derive a pseudoconformal invariant on the CR
manifold, that is, an invariant of the change (4.1), called the Bochner curvature tensor.
A more general treatment is given in [29], where almost CR manifolds are allowed.
There it is proved that for CR manifolds this tensor coincides with the Chern—Moser—
Tanaka invariant [12, 26]. The definition of the Bochner curvature tensor involves the
curvature of the canonical connection V, as described in the following.
As usual, the Ricci tensor field s of V is defined by

s(X,Y)=t(V - R(V, X)Y)
for any X, Y € X(M). One can define another Ricci tensor field k by
k(X,Y) = 5 u(pR(X, 1))

for any X, Y € X(M). Both s and k are symmetric when restricted to D, and they
satisfy
kX, Y)=s(X,Y)+2(n—1g(FJX,Y) 4.2)
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for any X, Y € D. We recall (see Theorem 2.1) that the tensor F is given by F =
—@ o h. We shall also denote by p the Webster scalar curvature which is defined by

p =tr(s).
The expression for the Bochner curvature tensor also involves the tensors / and m
defined by
I(X,Y)= k(X,Y)+ ! (X,7)
T T2+ T T8 hn+ ) P8

mX,Y)=I1(JX,Y),
for any X, Y € D, and the tensors L and M such that
glLX, Y)=IX,Y), gWMX,Y)=m(X,Y),
which satisfy LJ = JL = M. Then the Bochner curvature tensor is defined by
B = By + By,
where, forany X, Y, Z €D,

Bo(X,Y)Z=R(X,Y)Z —2{m(X, Y)JZ+g(JX, Y)MZ} +1(Y, Z)X
— (X, 2)Y +m(Y, 2)JX —m(X, Z)JY + g(Y, Z)LX
—g(X, Z)LY + g(JY, Z)MX — g(JX, Z)MY, 4.3)
Bi(X,Y)Z=YHR(UX,JY)Z - R(X,Y)Z}. (4.4)

REMARK 4.1. In [23] and [24] the authors actually consider the canonical connection
associated with the structure (¢, &, 1, g) such that

D=

It can easily be seen that the connections associated with (@, &, 77, g) and with
(¢, &, n, g) through conditions in (2.6) coincide. Since our computations involve
(k, n)-spaces, we prefer to express the Bochner curvature tensor in terms of

(0, 6,1, 9.

LEMMA 4.2. Let (M, HM, J, n) be a pseudo-Hermitian manifold with associated
contact metric structure (¢, &, n, g). Let V be the Levi-Civita connection of g and \%
the canonical connection. Then the corresponding curvature tensors R and R are
related by:

E(X, YVZ=R(X,Y)Z+ g(FY — Y, Z)(FX — ¢X)
— g(F~X —pX, Z}(FY —@Y) —2g(pX, Y)pZ
+g((VxF)Y —(VyF)X, Z)§ 4.5)
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forany X, Y, Z € D. Denoting by Ric the Ricci tensor of g, then the Ricci tensor s
satisfies

s(X,Y)=Ric(X,Y) — g(R(X,£)E&,7Y) —g(FzX, Y)+3g(X,Y) (4.6)

forany X, Y € D. Finally, denoting by t the scalar curvature of g, the Webster scalar
curvature is given by

p =1 — 2Ric(E, &) — tr(F?) + 6n. (4.7)

PROOF. Straightforward computations using (2.7) and the parallelism of the structure
tensors with respect to V. O

THEOREM 4.3. A pseudo-Hermitian space form of CR-dimension n > 2 is a spherical
CR manifold.

PROOF. Consider a pseudo-Hermitian space form (M, HM, J, n). We need to prove
that the Bochner curvature tensor vanishes. Since the pseudoholomorphic sectional
curvature is a constant ¢, by [13, Proposition 5.2], using (4.5) we obtain the following
formula for the curvature tensor of the canonical connection V:

R(X,Y)Z = 2 {glY, 2)X — g(X, 2)Y

+8(@Y, 2)pX — g(pX, Z)pY +28(X, Y)pZ}
+ghY, 2)X — g(hX, 2)Y + g(phY, 2)pX — g(phX, Z)pY
+g(Y, 2)hX — g(X, Z)hY + g(pY, Z)phX — g(pX, Z)phY

forany X, Y, Z € D. Using (4.4), a straightforward computation shows that

Bi(X,Y)Z = g(hX, 2)Y —g(hY, 2)X + g(¢hX, Z)pY — g(phY, Z)pX
+8(X, 2)hY — g(Y, Z2)hX + g(pX, Z)phY — g(¢Y, Z)phX.

Now, taking X, Y € D, observing that g(ﬁ(&, X)Y, &) =0and tr(h) = tr(hg) =0, for
the Ricci tensor field s we obtain

S(X, Y) = %(n + Dg(X, Y) +20n — Da(hX, Y).
Applying (4.2), since F = hg, for the Ricci tensor field k we obtain
k(X Y) = %(n + Dg(X, Y).
Computing the Webster scalar curvature gives

p=cnn-+1).
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With these ingredients one can compute the tensor fields [, m, L and M which are
given by
c c
IX, Y)=—2g(X, ), m(X,¥)=—2g(pX, ¥),
c c
LX=—-X, MX=—-¢X.
8 8

Applying (4.3) leads to
Bo(X,Y)Z =g(hY, Z)X — ghX, 2)Y + g(phY, Z)pX — g(phX, Z)eY
+8(Y, Z2)hX — g(X, Z)hY + g(¢Y, Z)phX — g(p X, Z)phY
+ 5 8. 2)X = g(X. 2)Y +g(pY. 29X — g(0X. Z)p¥

C
+2g(X, pY)Z} + 3 glpX, Y)pZ

C
2 {gY, )X — g(X, 2)Y + g(oY, Z)pX — g(pX, Z)pY}
=g(hY, 2)X — g(hX, Z)Y + g(phY, Z)pX — g(phX, Z)pY
+g(Y, Z2)hX — g(X, Z)hY + g(¢Y, Z)phX — g(pX, Z)phY.

It follows that B = By + B =0. O

THEOREM 4.4. Let (M, HM, J, 1) be a non-Sasakian locally CR-symmetric pseudo-
Hermitian manifold having CR-dimension n > 2. Let (¢, &, 1, g) be the underlying
contact metric structure. Then the Bochner curvature tensor is given by
__r
4n2(n + 1)

+8(Y, D)pX — g(pX, Z)pY —28(pX, Y)9pZ)

P
——— (g(hY, 2)hX — g(hX, Z)hY

+5 vy (s( ) 8( )

+ 8(phY, Z)phX — g(phX, Z)phY) (4.8)

B(X,Y)Z = g¥, 2)X —g(X, 2)Y

forany X, Y, Z € D. Moreover, the following conditions are equivalent:
i) B=0;

(i1) the Boeckx invariant I = 0;

(iii) the Webster scalar curvature p vanishes;

(iv) M has constant pseudoholomorphic curvature.

If any of the above conditions holds, then K =0, but R # 0.

PROOF. First we compute the curvature R of the canonical connection V. Let us
consider X, Y, Z € D. We remark that since M is a (k, )-space, then R(X, Y)Z € D.
Hence from (4.5) we obtain

R(X,Y)Z = R(X,Y)Z + g(phY + ¢Y, Z)(9hX + ¢X)
—g(phX +¢X, Z)(phY + ¢Y) — 2g(¢X, Y)pZ,
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using F = —@h. Hence, taking into account (2.4), we get

RX,Y)Z = (1 — %)(g(Y, D)X — (X, Z)Y
+ g(wY Z)pX — g(pX, Z)pY —2g(pX, Y)pZ)
(M/ )

—I— T (g(hY, Z)hX — g(hX, Z)hY

+ g(gth, ZYphX — g(phX, Z)phY)

+8Y, Z)hX — g(X, Z)hY + g(hY, 2)X — g(hX, Z)Y
+ 8(phY, Z)pX — g(phX, Z)pY

+ g(pY, Z)phX — g(pX, Z)phY.

Computing Ié(goX, ¢Y)Z, from (4.4) we get

BI(X,Y)Z = —g(Y, 2)hX + g(X, Z)hY + g(@Y, 2)heX — g(¢pX, Z)heY
—ghY, 2)X + g(hX, 2)Y + g(heY, Z)pX — g(hpX, Z)¢pY.

The Riemannian Ricci tensor is given by (see [4])
Ric(X,Y)=Q2n - 1) —nuw)g(X, ¥) + 2n — 1) + wghX,Y)
for any X, Y € D. Using (4.6), since F2X = h’X = (1 — k)X, we get
s(X,Y)=n2—-wgX,Y)+2n—1ghX,Y),
and the Webster scalar curvature is
o =212 —p), 4.9)
which proves that / vanishes if and only if p = 0. Applying (4.2),
k(X,Y)=n2—nglX,Y).

With these elements, the tensors [, m, L, M are given by

_n(p—-2) )
I(X,Y)= ) g(X,Y), m(X,Y)= 4(n+1)g(90X, Y),
A B V5 A Gl
4n+1) 4n+1)

Using (4.3) and the expression for R, a straightforward computation shows that

Bo(X,Y)Z = (2 1)(g(Y Z)X —g(X, 2)Y

+ g(pY, Z)sDX—g(ch Z)pY —2g(pX, Y)pZ)
2 —

+ — 20 _k) (g(hY, Z)hX — g(hX, Z)hY

+ g(phY, Z)phX — g(phX, Z)phY)
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+8(Y, 2)hX — g(X, Z)hY — g(pY, Z)hpX + g9 X, Z)hpY
+g(hY, 2)X — g(hX, Z)Y — g(heY, Z)pX + g(hoX, Z)¢Y,

and we get the expression (4.8) for B = By -+ Bj, since tr(h?) = 2n(1 — k).
The equivalence of (i) and (iii) is an immediate consequence. As for the
pseudoholomorphic sectional curvature, consider a holomorphic 2-plane o = (X, JX)
where X is a unit holomorphic tangent vector at some point x € M. Using the
expression for R, we get

K(0) = g(R(X, pX)¢X, X)

2 —
=202 — W) — T (8hX. X)? + glhyX. )P,

showing that K vanishes for pu =2. Conversely, if K is constant, Theorem 4.3
guarantees that B = 0. O

5. Classification result
In this section we prove Theorem 1.2 and its corollaries.

PROOF OF THEOREM 1.2. Let (M, HM, J, n) be a simply connected pseudo-
Hermitian manifold which is a spherical CR manifold and such that g, is CR-
symmetric. If g, is not Sasakian, according to Theorem 4.4, M is a (k, u)-space
with vanishing Boeckx invariant. It follows that M is homothetic to 7 H"+! endowed
with its standard CR structure, since it is known that the Boeckx invariant of T;H"*!
vanishes [4]. Next we consider the case where g, is Sasakian. Then M is a simply
connected Sasakian ¢-symmetric space and, according to [18] or [25, Theorem 6.1], it
is a principal fibre bundle 7 : M — N over a simply connected Hermitian globally
symmetric space (N, g,) and 7 : (M, g,) — (N, g,) is a Riemannian submersion
with fibres tangent to &, which is also a CR map. Moreover, since M is spherical,
N is Bochner-flat. Indeed, denoting by By the Bochner tensor of N, by a result of
Webster [32] already quoted in the Introduction,

7(B(X, Y)Z) = By (7 X, w0 Y )74 Z

forany x e M and X, Y, Z € H.M. Now, according to a result of Matsumoto and
Tanno (see [22] or [10, Proposition 2.5]) N is either a simply connected Kéhler space
form or is isometric to a product N k(c) x N"%(=¢), ¢ > 0, of two simply connected
Kihler space forms with holomorphic curvatures respectively ¢ and —c. In the first
case, M is a Sasakian space form and hence, as a pseudo-Hermitian manifold, it is
homothetic to S¥*t1, H2"+1 or B" x R. In the last case, up to a homothetic change
of the metric g,, we can assume ¢ = 1, yielding a homothetic change of the pseudo-
Hermitian structure n of M which turns M into a Sasakian manifold equivalent to the
Sasakian ¢-symmetric space P}’ over CP* x CH"*. O

The proof of Corollary 1.3 is immediate.
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PROOF OF COROLLARY 1.4. According to Theorem 4.4, the assumption on K
forces g, to be Sasakian, hence M is a Sasakian ¢-symmetric space. Thus the simply
connected covering M is also a @-symmetric space which is locally equivalent to M as
a pseudo-Hermitian manifold. In particular, M is a spherical symmetric CR space with
positive pseudoholomorphic curvature at some point, which is a principal fibre bundle
7 :M — N over a Hermitian globally symmetric space N. Now, comparing with
the classification in Theorem 1.2, M cannot be homothetic to any of the spaces P
Indeed, observe that, at each point x of P, K (o) =0 for some holomorphic 2-
plane o. Indeed, choose a holomorphic 2-plane ¢’ of CP¥ x CH" ¥ at 7(x) with
vanishing holomorphic curvature. Such a o’ exists since CP* and CH"* have
opposite holomorphic curvatures. Now take o such that 7.(0) = o’. For the other
models in the classification except for S?**1, it is known that at each point K <0.
Hence M is compact and the assertion follows. O

6. Examples: CR geometry of tangent sphere bundles

Let (M, g) be a Riemannian manifold of dimension n > 3. For each r > 0 we shall
denote by T M the tangent sphere bundle of radius r, which is the hypersurface of the
tangent bundle 7 M defined by

TM={(x,u)e TM|g,(u, u) = r2}.

Here and in the following we consider a point of the tangent bundle 7 M as a pair
(x,u) with x e M and u € TxM. Let m :TM — M be the canonical projection
such that 7 (x, u) = x. For each smooth vector field X € X(M) we shall denote by
XV its vertical lift to TM and by X' its horizontal lift with respect to the Levi-
Civita connection D of (M, g). For details, our standard reference is [3, Ch. 9]. If
t = (x, u) is a fixed point of T M and X € T, M, we shall also denote by XtH e, TM
its horizontal lift and by X ,V € T; T M its vertical lift. Then at each point t = (x, u) of
T, M the tangent space to 7. M at ¢ is given by

T(TM) = (X" + Y/ |X, Y € T.M, g.(Y,u)=0}.

Let A ## 0 be a fixed real number. One can define an almost complex structure
Jo:TTM — TTM by

1
H(xty=xx", JA(XV)=—XXH. (6.1)

Since T, M is a real hypersurface of T M, it inherits canonically a partial complex
structure (H (T-M), J,) from J,. The holomorphic tangent bundle H (7. M) can be
described as follows. At a fixed point t = (x, u) € T, M,

H(T,M)={X"? +YV|X, Y e .M, ge (X, u) =g.(Y,u)=0}.  (62)
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We define a global horizontal vector field & € X (7, M) by
SI = _uz‘ ) 1= (xs M). (63)

Denoting by 3l the canonical vertical vector field of TM (see [3, p. 142] or
[21, p. 210]), then

&E=-2JAL
We recall that the local expression of {{ in a coordinate system (x’, v’) of T M induced
by a local chart (U, x ..., x") of M is
.0
5.1 = 'Ul —.
av!

Then & is everywhere transverse to the holomorphic tangent bundle H (7, M).

THEOREM 6.1. For each r >0 and A >0, (T;M, H(T,M), J,) is a strictly
pseudoconvex almost CR manifold. Moreover, if (M, g) has constant curvature
then T, M is locally CR-symmetric with respect to the Webster metric g,,, where n;
is the pseudo-Hermitian structure such that 1, (§) = 1. If, in addition, M is simply
connected and complete, gy, is globally CR-symmetric.

PROOF. Define the 1-form 5, on 7, M by

m(H(T,M)) =0, n(§) =1

First we shall prove that the partial complex structure (H (T-M), J,) satisfies (2.1)
and that the Levi form associated with 7, is positive definite at each point r = (x, u) €
T-M. In order to simplify the notation, in the following we shall denote simply by J
both the almost complex structure J;, on 7'M and the partial complex structure induced
on T M. We shall also denote 7, by 7.

Hence we shall verify that, for each t = (x, u) € T, M,

dn(Z, W) =dn(JZ,JW), dn(JZ,Z)>0 (6.4)

where Z, W € H,(T,M). To this end, we shall use the fact that, according to (6.2),
H;(T, M) is spanned by vectors of the form X tH and X ,V where X € X(M) is such
that X is orthogonal to u with respect to g. We remark that X ,V can be extended to
a global section X’ of H (T, M) defined as follows. Let g5 be the Sasaki metric on
T M naturally constructed from g (see, for example, [3] or [21]). Observe that & is
orthogonal to H (T, M) with respect to the Riemannian metric induced by g5 on 7, M,
which will be denoted by the same symbol. Then we set

1
X=xV - r—zgS(XV, Hl.

The vector field X! is the tangential lift of X as defined, for example, in [21, p. 211].
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We also remark that X tH can be extended to a global section X 0 of H(T, M) defined

by
A
XY= xH" — ﬁgS(XV,il)S.- (6.5)
Actually, according to (6.1),
1
JX'=1x", JX'= —XXO. (6.6)

Now we compute dn(JXH, Y,H) where X,Y e X(M) with g (X, u) =
gx(Yy, u) =0. According to (6.6),

2dn(Jx°, Y% = —aq(x’, YO.
Moreover, taking into account the formula (see [3, p. 138])
(X7, vV1=(Dx1)", (6.7)

we obtain, evaluating at the point ¢,
A
nlx', Yo = n(—ﬁxvg%YV, ms)m.

On the other hand, it is readily verified that at ¢ the function XV g5(Y'V, 4[) takes the
value g, (X, Y). Hence

X', Y°11) = - *

and we conclude that
H yH A
XY = 25X Y). (6.9)

Next we compute dn(JX,V, Y,V). Using (6.6) again,
1
2dn(I X", Y1) = —nX°, Y],
Hence, evaluating at ¢ and taking into account (6.8), we get

dn(Jx),v))= ﬁgx(x, Y). (6.10)
Next observe that from
2dn(JX°, Y = —ag[X', Y'],
using (X", YV]=0, we obtain
dn(JxH, vVy=o. (6.11)

Thus, taking into account (6.2), equations (6.9), (6.10) and (6.11) yield (6.4). The first
assertion is proved.
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Now suppose that (M, g) has constant curvature K. We shall compute first the
expression for the Webster metric g;. First of all we claim that £ is actually the Reeb
vector field of n, that is, dn(Z, &) = 0 for any Z € X(T, M). To justify this, it suffices
to verify that

dn(X®, &) =dn(X',§) =0

for any X € X(M), or equivalently n[XO, £]l=n[X", €1 =0, which in turn is
equivalent to
g2 (1x%, £, &) =g° (X", €1, &) =0. (6.12)

Indeed, we have
A
(X%, 61 =1x", 61+ 58e° (XY, hE.

Now fix a point ¢t = (x, u) and consider a coordinate neighbourhood (x%, vh) ayound t;
then we have the local expression & = (Z/X)vk(ak)H. Assuming X = X'0;, u =
uF (3)x, we compute

2
(X7, &), = X{Xﬁ W@ + uF X, 31 — (R (X, wu))'}

2
= X{Xﬁ W@ + u* (Dx ) — uF(Dy, X)H — (R (X, wu))}

2
= —x{uk(DakX)tH + (Re (X, wu))' }, (6.13)

where we have used the formula for the Lie brackets of type [X H yH]in[3, p. 138].
Here R denotes the curvature tensor field of (M, g). It follows that

2
SUx? E1,6)(0) = —Xu"gs(<DakX)H, £)(1). (6.14)

On the other hand,
A 2
gs(ﬁsg%xv, SDE, s) = £ (XY, 1.

Now, taking into account that, with respect to the Levi-Civita connection V of
(TM, g5), the equality VB[’L[ = 0 holds and that the vertical component of V, i xVv

is (D, X)" (see [21, p. 210]), we obtain
2
g5 (XY, W) = Xukg3<<DakX)V, W) =uf g5 (Dy, X)), £)(0).

Thus, comparing with (6.14), we can conclude that gS([X 0, &], £) =0. The proof of
gS (X', €], &) = 0 is similar and hence omitted for the sake of brevity.
Now we see that the Webster metric g, is the restriction to 7, M of the g-natural

metricon T M:
oo | 5, A2 —1
_4r2g

g’ (6.15)
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(see [1, 2] for the general theory of g-natural metrics on tangent bundles). Here g
denotes the vertical lift of g determined by

X Yy =X, V), g'X7, Y)Y =¢g"XV,Y")=0, X,YeXM).

This follows from formulas (6.9), (6.10), and (6.11) for the Levi form at a generic point
t = (x, u) € T, M, from the fact that G(X, &) = G(X), &) = 0 for every X € T, M
with g, (X, u) =0, and finally observing that G(&, &) = 1.

Now we show that at each point ¢ = (x, u) there exists a local symmetry of 7, M.
Since (M, g) has constant curvature, there exists a local isometry f : U — U defined
on an open neighbourhood of x in M such that

J@)=x, dfx) =u, dfx(X) =—-X if g«(X, u) =0.

Indeed, the linear mapping —Id + (2/r?)u’® @ u of (Ty M, g,) preserves the curvature
tensor R,. Now consider the induced mapping F =df : TU — TU. We remark that,
since f is an isometry, d ' commutes with horizontal and vertical lifts, that is,

dF(X[) = dfy(X) ).  dF(X{) = dfy (X)) (6.16)

at each point s = (y, v) of TU, for every X € T, M. This implies that F is both a local
isometry of (T M, G) and a holomorphic mapping with respect to J. In particular, F
restricts to a local isometry of 7, M which is also a CR map. Finally, F is a local
symmetry at ¢, since F(t) = (f(x), df.(u)) =t and, using (6.16) again, for every
Z=XxH +vY e H(T,M),

dF(Z2) = dfs (X)) + @f ()] =-Z.

Finally notice that f can be globally defined when M is complete and simply
connected, thus F is also globally defined on 7, M. O

THEOREM 6.2. Let (M, g) be a Riemannian manifold with constant curvature K and
dimensionn > 3. Fixr > 0, A > 0, and consider the CR manifold (T, M, H(T, M), J,)
as above. Then:

(@) T,M is spherical if and only if \* + Kr* = 0;

(b)  the metric gy, is Sasakian if and only ifA> —Kr?=0;

(c) when (T,M, H(T, M), Jy, gy,) is not Sasakian, its Boeckx invariant is

A+ Kr?

2 — K2
Hence, when K # 0, each T, M admits a one-parameter family (H(T, M), J,, n,) of
locally (globally for a complete, simply connected M) CR-symmetric nonhomothetic

pseudo-Hermitian structures. If K < 0, exactly one of the underlying CR structures is
spherical.
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PROOF. We begin by computing the spectrum of the operator & = %Eg(p where @ is
the f-structure extending J := J, on T(T,M) by ¢(§) =0. Fix a point t = (x, u)
and consider a holomorphic vector of the form Z = Xtv with g,(X,u)=0. We
shall verify that X,V is an eigenvector of h;. Indeed we shall compute 2h(X") =
[€, JX'] — J[£, X'] and then evaluate at 7. Here X' is a tangential lift extending Z as
in the preceding proof. Now observe that

1 1
(&, JX'], — JIE, X'], = -5 & X%, —JIE, X", = -5 & X", —Jig, X1,

(6.17)
In a coordinate neighbourhood (x’, v*) around ¢,
2
(£, X" = (D), = X[T)
using (6.7), whence
1% 2|1 H 1%
JE XVl = =15 (DO +2x) .
On the other hand, since (M, g) has constant curvature K, (6.13) yields
L, xM, = Z(D0f + Kr2x))
)\' ) = )\’2 u t t )
Thus, coming back to (6.17), we get
22— Kr?
h(X,V)zTX,V. (6.18)
Since h anticommutes with J, from this it also follows that
A2 —Kr?
h(xH) = —TX,H (6.19)

for any X € Ty M. Thus according to (6.2) we can conclude that the spectrum of &
is {0, £(A% — Kr?) /Az}. Since T, M is a CR manifold, assertion (b) follows directly.
To prove (a), we need to compute the Webster scalar curvature of 7, M. To this end,
we compute the scalar curvature of g,, where n:=mn,. We denote by V’ the Levi-
Civita connection and by R’ the curvature tensor of g,,. Recall that g, is the restriction
of the g-natural metric G in (6.15); in particular, we remark that 7 : (T, M, g,) —
(M, (\*/4r?)g) is a Riemannian submersion. By standard arguments, we see that
the fibres of 7 are totally geodesic and of constant curvature 4. Indeed, we have the
formula

1
R/, vy)Hz! = —Slex, )X, — g (X, 2)Y)}

=g, v}, z" X! — gn(X), Z)HY)"}.
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Here t = (x, u) and X, Y, Z € T, M are orthogonal to u. Using the Gauss equation,
this formula can be derived from the fact that R(X", YV)Z"V =0, which holds for
the curvature of any g-natural metric on T M of type G = ag® + bg" + cg¥ (see [2]).
Now the scalar curvature t of (7, M, g,) is related to the scalar curvatures 7y, T of
(M, (A2/4r2)g) and of the fibres of 7 by

T=1y+7— ||A|? (6.20)

where A is the O’Neill fundamental horizontal tensor field of the submersion 7 (see,
for example, [16]). To compute A2, we fix a point t = (x, u) and an orthonormal
frame {(1/rp)u, X1, ..., X,} of (TyM, p>g) where p := A/2r. Then we can con-
sider the orthonormal basis {(1/rp)u®, (XDH, ..., (X»)HE, a(X1)), ..., x(Xn))}
of (T;(T, M), g,). Now we take into account the formula

VY = (R VIXOH 1 (DY)
XtH - 2)\‘2 x\U, t X1);

which can be derived from Gauss’s formula for 7, M and the expression for the Levi-
Civita connection of (T M, G) (see [2]). This formula yields

2
K_rXH
2200

AXﬂX]"/= 8t ufl, AuHXiV=—

2)\2p2 J

Thus

)\42
AP =22 en(Axn X}, Axn X))+ e > en(Au XY, AuX))
ij i

Hence, using (6.20), we obtain

Kr? K2rt
T=4n(n + 1)7 +4n(n —1) —2n 3

which in turn yields the following formula for the Webster scalar curvature

= 4n? 1+K_r2
10_ )\’2 .

Hence, since the metric g, is locally CR-symmetric, assertion (a) follows from
Theorem 4.4. The determination of the Boeckx invariant is an immediate consequence
of (6.18) and (4.9). a
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PROOF OF COROLLARY 1.5. Let (M, g) be a Riemannian manifold with constant
curvature K and dimension n > 3. Assertions (a) and (b) and the uniqueness assertions
are direct consequences of (a) and (b) in Theorem 6.2, setting A = 1. To prove (c), first
we remark that when K =0 then (7, M, H(T, M), J, g;) are all non-Sasakian and
that the Boeckx invariant actually does not depend on r, namely / = 1. Conversely,
assuming that the pseudo-Hermitian manifolds 7, M are all locally homothetic, we see
from (a) and (b) and the uniqueness assertions that both K > 0 and K < 0 must be
excluded. O
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