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Abstract. We prove the existence and uniqueness of a torsion-free and h-metric
linear connection V (CR connection) on the horizontal distribution of a C'R manifold
M. Then we define the C'R sectional curvature of M and obtain a characterization of
the C'R space forms. Also, by using the CR Ricci tensor and the C'R scalar curvature
we define the C'R Einstein gravitational tensor field on M. Thus, we can write down
Einstein equations on the horizontal distribution of the 5-dimensional C'R manifold in-
volved in the Penrose correspondence. Finally, some C'R differential operators are defined
on M and two examples are given to illustrate the theory developed in the paper. Most of
the results are obtained for C'R manifolds that do not satisfy the integrability conditions.
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Introduction

The concept of C'R manifold has its roots in the seminal paper of
POINCARE [15], where he showed that two real hypersurfaces in C? are
in general biholomorphically inequivalent. Since then, C R manifolds have
been studied from both the analytic point of view and the geometric point
of view (cf. CHIRKA [6], DRAGOMIR and TOMASSINI [8], JAcOBOWITZ [10]).
From the abstract concept of C'R manifold (cf. GREENFIELD [9]) emerged
the geometry of C'R submanifolds, which in fact is concerned with embedded
CR manifolds in K&hler manifolds (cf. YANO and KoN [21], BEJANCU [1]).
Also, an important research work was carried out on the applications of the
theory of C R manifolds to physics (cf. PENROSE [13], [14], WELLS [19],
20)).
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The purpose of the present paper is to bring a contribution to the geo-
metry of CR manifolds and to apply it to physics. More precisely, we
introduce and study the C'R sectional curvature of a C'R manifold. This is
done by introducing a C'R connection on the horizontal distribution H M
of a C'R manifold M. Note that, in contrast with some other studies on
CR manifolds (cf. TANAKA [16], [17], WEBSTER [18]), we concentrate our
study on the geometry of H M, instead of the geometry of the whole tangent
bundle T'M. Thus our study does not depend on any extension of the Levi
form to a Riemannian metric on M. The C'R connection on HM enables
us to define the C'R Einstein gravitational tensor field on a C'R manifold.
This is raising the idea of a general relativity theory on the horizontal
distribution of a 5-dimensional C'R manifold, that is, the main object from
Penrose correspondence.

Now, we outline the content of the paper. In the first section we prove
an existence and uniqueness theorem (cf. Theorem 1.1) for a torsion-free
and h-metric linear connection V on the horizontal distribution HM of the
CR manifold M. We call V the C'R connection on HM and concentrate
our study on the geometry of M via V. We should note that, in contrast
with the conditions required for the well known Tanaka—Webster connec-
tion (the integrability condition for the almost complex structure on HM),
the C'R connection is defined on any nearly C'R manifold, which does not
require the integrability condition (1.1b). By using the Darboux coordinate
system on a C' R manifold, we obtain several characterizations of nearly CR
manifolds whose Reeb vector field is a CR Killing vector field (cf. The-
orem 1.3). In Section 2, we present the main properties of the curvature
tensor field of the C'R connection (Theorems 2.1 and 2.2) and then we in-
troduce the C'R sectional curvature of a C'R manifold. We prove a Schur
Theorem for C'R manifolds and find the form of the curvature tensor field of
a C'R space form (cf. Theorems 2.4 and 2.5). The C'R differential operators
like C'R differential, CR gradient, C'R divergence and C'R Laplacian are in-
troduced and studied in Section 3. The C'R Ricci tensor and the CR scalar
curvature are the main objects for an application to Penrose correspondence
which is presented in Section 4. Here, we introduce the C'R Einstein gravi-
tational tensor field and prove that it is symmetric and its C'R divergence
vanishes identically on the 5-dimensional C' R manifold PV(, which is the
main object from the Penrose correspondence. Finally, in the last section
we apply the theory we developed in the paper for the Heisenberg group
and the sphere S3.
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1. The CR connection on a nearly C'R manifold

Let M be a real (2m + 1)-dimensional manifold with tangent bundle
TM and complexified tangent bundle TM ® C. Suppose that there exists a
complex subbundle H of TM ®C such that HNH = {0}, and H is involutive,
that is, for complex vector fields U and V' in H, the Lie bracket [U, V] is
also in ‘H. Then H defines a CR structure on M, and M is called a CR
manifold (cf. GREENFIELD [9]). The concept of C'R structure on M can also
be presented by using a real distribution on M, as follows. Suppose that
HM is a real 2m-dimensional distribution on M endowed with an almost
complex structure J : HM — HM, J?> = —I. Then M is a CR manifold if
and only if the following conditions are satisfied (cf. BEJANCU [1], p. 129)

Ly @ XY X Y] eT(HM)
(1) (b) N(X,Y)=[JX,JY] - [X,Y] - J(X,JY] + [JX,Y]) =0,

for all X, Y e I'(HM).

Here and in the sequel, I'(H M) stands for the F(M)-module of smooth
sections of H M, where F (M) is the algebra of smooth functions on M. Also,
throughout the paper we use the Einstein convention, that is, repeated in-
dices with one upper index and one lower index denotes the summation over
their range. If not stated otherwise, we use indices i, j, k, ... € {1,...,2m}
and a,b,c,... € {1,...,m}.

In the present paper we study a structure which is weaker than a CR
structure. Let M be a real (2m + 1)-dimensional manifold endowed with a
contact form 7, that is, n A (dn)™ # 0 on M. It follows that n A (dn)™ is a
volume element on M, so M is orientable. Also, dn is of rank 2m, and thus
there exists a global vector field £ on M satisfying

(1.2) (a)n&) =1, (b)dn,X)=0, VX eI'(TM).

¢ is called the characteristic vector field or the Reeb vector field of the contact
structure defined by 1. Denote by HM the horizontal (contact) distribution
defined by 7, that is, we have HM, = {X € T,M : n(X) =0}, Vz € M.
As a consequence of (1.2b) we obtain n([¢, X]) = 0, for any X € I'(HM),
that is,

(1.3) €, X] € D(HM), VX € D(HM).

Next, we suppose that on HM there exists an almost complex structure J,
and consider the Levi form g defined by

(1.4) g(X,Y) =dn(X,JY), VX,Y € T(HM).
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Now, we can prove the following.

Proposition 1.1. Let (M,n) be a contact manifold endowed with an
almost complex structure J on the horizontal distribution HM. Then the
following assertions are equivalent:

(i) The Levi form is a symmetric tensor field on HM.

(ii) The Levi form is almost Hermitian, that is, we have

(1.5) g(JX,JY) = g(X,Y), VX,Y € T(HM).

(iii) The condition (1.1a) is satisfied.

Proof. By (1.4) it is easy to see that both (i) and (ii) are equiva-
lent to dn(X,JY) +dn(JX,Y) = 0, VX,Y € I'(HM), which actually is
just (1.1a). O

Next, we suppose that (M,n) is a contact manifold endowed with an
almost complex structure J on HM, satisfying the conditions

a. The Levi form is nondegenerate on M.

b. One of the conditions in Proposition 1.1 is satisfied
(and, therefore, all).

Such a manifold M is called a nearly C R manifold. We gave this name to M
because just one condition, namely (1.1b), is not satisfied on M to be a CR
manifold. Under the name of nondegenerate pseudo-Hermitian manifold,
the same concept has been introduced before by CHERN and HAMILTON [5].
The geometry of (possibly non integrable) almost C'R structures on contact
Riemannian manifolds have been studied by BLAIR and DRAGOMIR [4].

The geometry of C'R manifolds has been intensively studied
(cf. CIRKA [6], DRAGOMIR and TOMASSINI [8], JacoBowITZ [10]). The
main geometric object in these studies was the Tanaka—Webster connec-
tion on M (cf. TANAKA [16], [17] and WEBSTER [18]). The construction of
this connection is tied to both integrability conditions in (1.1), so in case
of nearly C R manifolds is unavailable. On the other hand, the Tanaka—
Webster connection depends on the Webster metric which is an extension
of the Levi form to the whole T'M.

The purpose of this section is to construct a linear connection on the
contact distribution H M of a nearly C'R manifold M which does not depend
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on any extension of the Levi form to TM. In the next sections we will
see that this connection enables us to define some C'R objects like: CR
sectional curvature, C'R Ricci tensor, C'R scalar curvature, C R gradient,
CR divergence and C'R Laplacian on M.

First, we write down the direct sum decomposition

(1.6) TM = HM & {¢},

where {£} is the line distribution spanned by &. Then we denote by h
the projection morphism of TM on HM with respect to (1.6). Next, we
consider a linear connection V on HM and define its torsion tensor field as
an J(M)-bilinear mapping

T:T(TM)xT(HM) —-T(HM),

1.7
.7 T(X,hY) = VxhY — VipyhX — h[X,hY], VX,Y € I(TM).

If T vanishes identically on M, we say that V is a torsion-free connection
on HM. Also, we say that V is an h-metric connection if we have
(Vixg)(hY,hZ) = hX(g(hY,hZ)) — g(VrxhY,hZ)

1.8
(18 — g(hY,VixhZ) =0, VX,Y € [(T(TM).

Now, we can prove the following.

Theorem 1.1. Let M be a nearly CR manifold. Then there exists
a unique torsion-free and h-metric linear connection V on the horizontal
distribution HM of M.

Proof. First, we define the differential operator V : I'(TM)xI'(HM) —
['(HM) as follows:

(a) 29(VpxhY,hZ)=hX(g(hY,hZ))+ hY (9(hZ,hX))
“hZ(g(hX,hY)) + g(h[hX,hY],hZ) — g(h[hY, hZ], hX)
+g(h[hZ, hX], hY),

(b) VehY = [€,hY], VX,Y,Z e D(TM).

(1.9)

Note that, by (1.3), the right part of (1.9b) lies in I'(HM). Then, by using
(1.7), (1.8) and (1.9), it is easy to check that V is a torsion-free and h-metric
linear connection on HM. Next, suppose that V* is another torsion-free
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and h-metric linear connection on HM. Then, by (1.3) and (1.7), we must

have
(1.10) (a) VghY =[€,hY],
' (b) ViyxhY — ViyhX — h[hX,hY] = 0.

Next, by using (1.8) for V* and (1.10b), we obtain

0 = (Vix0)(hY,hZ) + (Viy9)(hZ,hX) — (V},9) (hX, hY )
= hX(g(hY,hZ)) + hY (g(hZ, hX)) — hZ(g(hX,hY))
+ g(h[hX, kY], hZ) — g(h[RY, hZ),hX) + g(h[hZ, hX], hY)
— 29(VjxhY, h2).

(1.11)

Finally, taking into account (1.9), (1.10a) and (1.11), we deduce that V* =
V, which proves the uniqueness of V given by (1.9). O

The linear connection V given by (1.9) is called the CR connection on
HM. In order to define a covariant derivative for more general objects, we
consider the dual vector bundle HM* of HM. Any section of HM (resp.
HM™) is called a horizontal vector field (resp. horizontal 1-form) on M.
For any w € I'(HM™) we define

(Vxw)(hY) = X(w(hY)) — w(VxhY), VX,Y € D(TM).

More general, a horizontal tensor field of type (p,q) is a (p + q)-F(M)-
multilinear mapping S : T(HM*)P x I'(HM)? — F(M). By using the co-
variant derivatives of horizontal vector fields and horizontal 1-forms, as in
case of a linear connection on M, we can extend the covariant derivative to
S. Details can be found in BEJANCU-FARRAN [2].

In particular, J is a horizontal tensor field of type (1,1) and we have

(1.12) (VxJ)(hY) = VxJhY — JVxhY, VX,Y € T(TM).

Then we say that J is h-parallel (resp. &-parallel) with respect to the CR
connection V if we have

(1.13) (VixJ)(hY) =0 (resp. (VeJ)(hY) =0), VXY e I'(T'M).
We are now able to prove the following important result.

Theorem 1.2. A nearly CR manifold is a C R manifold if and only if
J is h-parallel with respect to the CR connection on HM.



7 CURVATURE OF C'R MANIFOLDS 49

Proof. First, according to (1.6) we can write
(1.14) X =hX +n(X)§, VX e (TM).

Then, taking into account that d?n = 0 and using (1.14) and (1.2b) we
deduce that

hX (dn(hY,hZ)) + hY(dn(hZ,hX))+ hZ(dn(hX,hY))
(1.15) — dn(h[hX,hY],hZ) — dn(h[hY,hZ], hX)
— dn(h[hZ, hX],hY) =0,

for all X,Y,Z € T'(T'M). As the CR connection V is torsion-free, by (1.7)
we have

(1.16) VixhY — ViyhX — h[hX,hY] = 0.
Then, by using (1.4), (1.16), (1.8), (1.5) and (1.12) in (1.15), we infer that
(L17)  g(VaxJYhZ, hY) + g((Vay-JYhX, hZ) + g((VazJ)hY, hX) = 0.

Next, replace hY and hZ from (1.17) by JhY and JhZ respectively, and
taking into account that

(1.18) (Vo J)JRV + J (Vi J)RV =0, YU,V € I(TM),

and by using (1.5) we obtain

(1.19) g(JhZ,(Vyny J)hX)+g(JhX, (V jhzJ)RY )—g(RY,(Vix JJ)hZ)=0.
By subtracting (1.19) from (1.17) and using (1.5) we deduce that

(1.20) 2g9(hY, (VixJ)hZ) 4+ g(JhX, J(VhzJ)hY — (VnzJ)RY)
+9(J(Vpy J)hX — (Vyny J)RX, JhZ) = 0.
Taking into account that
9(Vru )RV, hW) + g(hV, (Vpu J)RW) =0, YU, V,W € I'(T' M),
and by using (1.5) and (1.18) we infer that

9(J(Vny DX — (Vyny JYWX, JhZ) = g(hX,(V yny J)JhZ — (Vpy J)hZ)
= g(JhX, (Vyny YhZ — J(Vpy J)WZ).
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Thus, (1.20) becomes

29(hY, (Vix J)hZ) = g(JhX,(VjnzJ)hY —J(VnzJ)hY

(1.21) ~(Vry )WZ+T (Viy J)hZ).

On the other hand, taking into account (1.1a), (1.16) and (1.12) we obtain
N(RY,hZ) = h[JLY,JhZ]— h[hY,hZ] — J(h[RY, JhZ] + h[JhY, hZ])
= (Vv J)hZ — (Vjnz J)RY + J(VpzJ)WY — J(Vpy J)hZ.
Hence (1.21) becomes
(1.22) 2g(hY, (Vix J)hZ) = g(JhX,N(hZ,hY)).

Finally, from (1.22) we see that (1.1b) and the first equality in (1.13) are
equivalent. Thus the proof is complete. [l

Next we want to express the C'R connection and some of its properties
by using some special local coordinate systems. First, we recall that by
Darboux Theorem (cf. BLAIR [3], p. 18), there exist local coordinates
(2%, 2%), i € {1,...,2m}, on M, such that the contact form is expressed as
follows

(1.23) n=dz® — Z " todz.
a=1

Then the contact distribution H M is locally spanned by the vector fields

R R R B
(124) {W—a$a+$ @75$m+a—axm+a7 aE{l,...,m}},

and ¢ = 0/02°. Thus, by direct calculations we obtain

0 ) 0 ) 0
0B @ (g =0 O [ = g

for all 7,7 € {1,...,2m}, where all €;; vanish, except

Qa(m+b) = _Q(m+b)a = 5&57 a7b € {]-7 7m}

We call (z¢,2°), i € {1,...,2m}, the Darbouz coordinate system and
{6/6x2%,0/02°} the local Darboux frame field on M. Next, we put

o 0 5 L 0
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and by using (1.26), (1.4), (1.25b) and (1.2a), we deduce that

(1.27) gij = QunJ} -
Now, we put

1) 0 ) 1)
1.2 —.:Fik'—, — = ik —
(1.28) (2) V% dxt ISk (b) V% Szt 0 Sk

and by using (1.9), (1.28), (1.26a) and (1.25) we obtain

1 6gni | Ognj  0gij
1. k. == gkh k J _ 2L .k, =
(1.29) @) I {5IJ * dxt Sz (b) T'i%o =0,

iiT g
where g*" are the entries of the inverse of the matrix [gr,]. Then, by using
(1.12) and (1.28b), we infer that

5 oIk 5

Next, taking into account (1.3) we define the Lie derivative of the Levi form
g with respect to £, as the horizontal tensor field of type (0,2) given by

(1.31)  (Leg)(hX, hY) = £(g(hX, hY)) = g([§, hX], hY) — g([€, hY], hX),

for all X,Y € I'(T'M). If L¢g vanishes identically on M, we say that £ is
a CR Killing vector field. Now, we recall that the natural extension of the
Levi form to a semi-Riemannian metric in sense of O’NEILL [12] is the so
called Webster metric. More precisely, such a metric g is given by

(1.32) (a) g(§,hX) =0, (b) g(§,€) =1,

and it coincides with ¢ on HM. Clearly, if £ is a Killing vector field with
respect to g, it is a CR Killing vector field. By (1.32) and (1.3) it is easy
to see that the converse is also true. Thus ¢ is a C'R Killing vector field if
and only if it is a Killing vector field with respect to the Webster metric.

Now, we say that the C'R connection V is a &{-metric connection on
HM if
gy (VUK AY) = ElG(AX,RY) — g(TehX hY)

—g(hX,VehY) =0, VXY e I'(TM).

Then, we can prove the following.
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Theorem 1.3. Let M be a nearly CR manifold. Then the following
assertions are equivalent.

(i) The CR connection is a §-metric connection.
(ii) The Reeb vector field is a CR Killing vector field.

(iii) The local components of the Levi form with respect to the Darboux
frame field on HM are functions of (z*,...,2%™) alone, that is, we
have

0gi j
ox0

(1.34) =0, Vi,je{l,..,2m}.

(iv) The almost complex structure J on HM is &-parallel with respect to
the CR connection.

(v) The local components of J with respect to the Darbouz frame field are

functions of (x',...,2*™) alone, that is, we have
o.Jt
J . . .
(135) ﬁ = O, VZ,] S {17 ,2m}

Proof. First, by using (1.31), (1.33) and (1.9b) we deduce that (i) and
(ii) are equivalent. Then, by using the Darboux coordinates, (1.27b) and
(1.28b) we infer that (1.33) is equivalent to

0 ) _ agij _
(% ) (i) = 5 =

Thus (i) and (iii) are equivalent. Similarly, by using (1.13) and (1.30) we
obtain the equivalence of (iv) and (v). Finally, taking into account that €;;
are constant functions, from (1.27) we deduce that (1.34) and (1.35) are
equivalent. This proves the equivalence of (iii) and (v), and completes the
proof of the theorem. O

Now, we denote by R the curvature tensor field of the C'R connection
V, that is, we have

(1.36) R(X,Y)hZ = VxVyhZ — VyVxhZ — Vixy|hZ,
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for all X,Y,Z € T'(T'M). Then we put

5 5\ 0 L
(a) R(w’w)w_& I G

o §N\N& ., &
(b) R(M’M)M_R”OW’

and by using (1.36), (1.37), (1.28) and (1.25) we obtain

(1.37)

(1.38) (a) R, = 5k 500 T | LT WRES LS L
' ar;h;
R
(b) Rl Jj0 — a$0 :

In particular, we suppose that £ is a C'R Killing vector field. Then, by using
(1.34) in (1.29a), we deduce that T';*; are functions of (z!, ..., 22™) alone.
Thus (1.38) becomes

o, oy,

ho
(2)  Ri%j = Oxk OxJ
(b) R0 =0.

(1.39) + Fitjrthk — Fitkrthj,

Finally, we note that (1.39b) is equivalent to

(1.40) R(¢,hX)RY =0, VX,Y € T(TM).

2. CR sectional curvature of a C'R manifold

As it is well known, the holomorphic sectional curvature plays an impor-
tant role in studying Kahler geometry. Such an object was introduced by
using some special properties of the curvature tensor field of the Levi-Civita
connection. As the horizontal distribution HM and the C'R connection V
play respectively the role of the tangent bundle and of the Levi-Civita
connection from the Kéhler geometry point of view, it is natural to ask for
a sectional curvature in the direction of almost complex planes on a CR
manifold. The purpose of this section is to define such a sectional curvature
and to show the similitude between the C'R geometry and the Kéhler ge-
ometry. We also define a C'R Ricci tensor field and a C'R scalar curvature
which enable us to introduce in Section 4 the C'R Einstein gravitational
tensor field.
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First, we define the horizontal tensor field R of type (0,4) by
(2.1) R(hX,hY,hZ hU) = g(R(hX,hY)hU,hZ),

where R from the right hand side is the curvature tensor field of the CR
connection V. Then we prove the following.

Theorem 2.1. Let M be a nearly CR manifold such that € is a CR
Killing vector field. Then we have the following identities:

(a) R(hX,hY,hZ hU)+ R(hY,hX,hZ,hU) = 0,
(b) R(hX,hY,hZ hU) + R(hX,hY,hU,hZ) =0,

() Y. {RMAX,hY,hZ hU)} =0,
(2.2) (hX,hY,hZ)

(d) R(hX,hY,hZ,hU) = R(hZ,hU,hX,hY),

(e) > {(VixR) (WY, hZ,hU,hV)} =0,
(hX,hY,hZ)

for all X, Y, Z, UV € T(TM), where Z(hX,hY,hZ) denotes the cyclic sum
with respect to (hX,hY,hZ).

Proof. First, (2.2a) is a consequence of the skew-symmetry of R given
by (1.36). Then, by direct calculations taking into account that V is h-
metric and using (1.26a), we obtain

1) ) 6 0 6 6 )

9<V5;V5§k &Em> =5 5ok i)~ (?J((sxvg W))
1) 1) 1) 1) 1)

5k <9 (va W)) +9<w’v&; Ve M)

Also, by using (1.25b), (1.28b) and (1.29b) we deduce that

(2.3)

(2.4) Vs a5 ="
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Thus, by using (2.1), (1.36), (2.3), (2.4), (1.25b) and (1.34), we infer that

19 1) 1) 1) 1) 1) 1)
R(mmmw) —f/(V(Sgh Vi G T VeV 5x6xﬂ>

= Lo ) 0900 (5 W, 55V, Vi )
9gij § s\ 48 6
:Q J = 7'« 1 -y
kh 5,0 g<R((5a:h 5ack> SxJ 5.%1)
__p(0 0 0 0
dxh dxk dxt Sxd

which proves (2.2b). Next, we consider the linear connection V oon M
defined as follows

(25)  (a) VxhY = VxhY,  (b) Vx&=0, VX,Y € [(TM).

Then, we recall the Bianchi identities for V (cf. KoBAvasHi and No-
MIZU [11], p. 135)

Oy {(ﬁxf)(x Z2)+ T(T(X,Y), Z) — R(X, Y)Z} —0,
(X,Y,2)

) > {(VxBY, 2)U + RT(X,Y),2)U} =0,
(X,Y,2)

(2.6)

for all X,Y,Z,U € T(TM), where T and R are the torsion tensor field and

curvature tensor field of V, respectively. By using (1.14) and (1.16), we
obtain

T(hX,hY) = VpxhY —VuyhX — [hX,hY]
(2.7) = VixhY — ViyhX — h[hX,hY]| — n([hX, hY])E
= n([hY, hX])E.

Thus, by using (2.5) and (1.9b), we deduce that

T(T(hX,hY),hZ)=n([hY,hX])(VehZ — Vnz€ — [€,hZ]) = 0,
(VixT)(BY, hZ)={hX (n([h 2, hY ) =n([hZ, VaxhY])=n([VaxhZ, hY ] }€.
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Then, we obtain (2.2c¢) by taking the horizontal part in (2.6a), since

(2.8) R(hX,hY)hZ = R(hX,hY)hZ.
Now, by using (2.7), (2.5a) and (1.40), we infer that
(2.9) R(T(hX,hY),hZ)hU = n([hY, hX])R(&, hZ)hU = 0.

Then, we obtain (2.2¢) from (2.6b) by using (2.5a), (2.8) and (2.9). Finally,
following O’NEILL [12], p. 75, by a combinatorial exercise using (2.2a),
(2.2b) and (2.2c), we obtain (2.2d). Thus the proof is complete. O

Theorem 2.2. Let M be a nearly CR manifold such that £ is a CR
Killing vector field. Then we have the following identities:

(a) R(hX,hY,JhZ, JhU) = R(hX,hY,hZ, hU),

2.10
(2.10) (b) R(JhX,JRY,hZ,hU) = R(hX,hY,hZ, hU),

for all X,Y,Z, U € T(TM).

Proof. First, taking into account that J is h-parallel with respect to
the C'R connection V (see Theorem 1.1) and using (1.5), we obtain (2.10a).
Then, (2.10b) is obtained by using (2.2d) and (2.10a). O

Now, we define the CR Ricci tensor field Ric of the nearly C' R manifold
M as follows

2m
(2.11)  Ric(hX,nY)=> ef{R(E;,hX,E;,hY)}, VX,Y € T(TM),

i=1
where {E;}, i € {1,...,2m}, is an orthonormal basis in I'(HM) and ¢; =
g9(E;, E;). By (2.2d) we see that the C'R Ricci tensor field is a symmetric

horizontal tensor field on M. Also, we define the C'R scalar curvature S of
M by

2m

(2.12) S =Y e{Ric(E;, Ei)}.

=1

Next, we put

(2.13) (a) =5 =AE;,  (b) E:=B]
T

bospd’
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and obtain
2m y 2m ‘ ]
(2.14) (a) gij = > _exATAY, () g7 =) BB,
k=1 k=1

Then, by using (2.11), (2.1), (2.13b), (2.14b), (1.38a) and (2.12), we deduce
that

(54
(2.15) (a) Rij = Ric ((5.%"7 W) = Rihjh, (b) S = ijij.

Theorem 2.3. Let M be a connected real (2m+1)-dimensional, m > 1,
nearly C R manifold such that £ is a CR Killing vector field. If the CR Ricci
tensor field satisfies

Ric (hX,hY) = fg(hX,hY), VX, Y € I'(TM),
then the function f must be a constant on M.

Proof. Consider the Darboux frame field {§/dz*,3/02"} and express
(2.2a), (2.2b) and (2.2d) as follows

(2.16) Rijkn = —Rijnk = —Rjikh = Rkhij,

where we put

Rijin = Ri'kngtj.
Next, by using (2.15a) and the hypothesis from the theorem, we deduce
that

(2.17) Rij = " Rigjn = fgij-
Now, we put
OR;jkn

Rijknie = 5at Rgjenl'i®t — Riskn D% — RijsnUi’t — Rijrsl'n’,

and infer that

0 1) 0 1)
(v, 7) (wmwax> = Rijiniz-

Then (2.2e) is expressed as follows

(2.18) Rijknie + Rijheik + Rijtkin = 0.
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Also, since V is h-metric, we have
(2.19) (a) gijik =0, and (b) ¢” 1 = 0.

Now, contracting (2.18) by ¢g*¢’" and using (2.16), (2.17) and (2.19), we
obtain
of

2(m — 1)@

=0, i€{l,....2m}.
As m > 1, we deduce that

5
5—; =0, i€{l,..2m}.

Finally, from (2.17) we obtain df/02° = 0, since both g;; and R;; are
functions of () alone. Then, by (1.24) and (2.20), we infer that

(2.20)

aof .

P 0, Vie{l,..,2m}.
As M is a connected manifold, we conclude that f must be constant on
M. O

Remark 2.1. It is easy to see that f from Theorem 2.3 is given by
f =5/2m. So, under the conditions of this theorem, we conclude that the
CR scalar curvature of M is constant on M. O

Next, we proceed with some algebraic results on quadrilinear mappings
on a real 2m-dimensional vector space V endowed with an almost complex
structure J (cf. YANO and KON [22], pp. 131-132). Suppose that

A: VXV xVxV >R,
is a quadrilinear mapping on V| satisfying the conditions:
(a) AX,Y,Z,U)+ A(Y,X,Z,U) =0,
(b) AX,Y,Z,U)+ A(X,Y,U,Z) =0,
(2.21) © > {AXY,ZU)}=0,

(X,Y,2)
(d) A(X,Y,Z,U)=A(Z,U,X,Y),
(e) A(JX,JY,Z,U)=A(X,Y,JZ, JU) = A(X,Y, Z,U),

for all X,Y,Z,U € V. Then, we recall the following.
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Lemma 2.1 (YANO and KON [22], p. 132). Let A and B be two quadri-
linear mappings satisfying (2.21). If A(X,JX,X,JX)=B(X,JX, X, JX),
VX €V, then A= B.

Now, let g be a Hermitian inner product on V. Then we consider the
quadrilinear mapping

AO(va’ Z7 U) = i{g(X’ Z)g(Y, U) - g(X, U)g(Y, Z) +9(X7 JZ)g(Y, ‘]U)
—g9(X,JU)g(Y,JZ) +29(X,JY )g(Z,JU)}.

It is easy to see that Ag satisfies (2.21) and Ay(X, JX, X, JX) = 1, for any
unit vector X € V. Then we consider a complex plane II in V', that is, II is
a real 2-dimensional subspace of V' such that J(II) = II. An orthonormal
basis in II can be {X, JX}, where X is a unit vector in II. It is easy to
check that the real number, K (II) = A(X, JX, X, JX), does not depend on
the unit vector X € II, where A is satisfying (2.21).

Moreover, from Lemma 2.1 we deduce the following

Lemma 2.2. Let A be a quadrilinear mapping satisfying (2.21). If
K(II) = ¢ for all complex planes 11, then A = cAy.

Next, we consider a complex plane I, in HM,, x € M. Take a
unit vector X € II, and denote by H(II;) the real number H(II,) =
R, (X,JX,X,JX), where R is the curvature tensor field of type (0,4) of
the C'R connection V (see (2.1)). By Theorems 2.1 and 2.2 we see that R,
is a quadrilinear mapping on H M, satisfying (2.21), provided M is a CR
manifold and ¢ is a CR Killing vector field. Thus H(II,) is independent
of the unit vector X € II,. We call H(II,) the CR sectional curvature of
M at the point x € M, determined by the complex plane II,. If H(II,) is
independent of both the point x € M and the complex plane II,, then we
say that M is a C'R space form. The next two theorems entitle us to claim
that CR space forms are those objects in C'R geometry corresponding to
complex space forms from complex geometry.

Theorem 2.4 (Schur theorem for C'R manifolds). Let M be a connected
real (2m + 1)-dimensional CR manifold with m > 1 and with CR Killing
vector field £&. If the C'R sectional curvature is independent of the complex
planes, then M is a CR space form.
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Proof. First, we consider the horizontal tensor field Ry of type (0,4)
given by

1
Ro(hX, hY,hZ, hU)=7{g(hX,hZ)g(hY. hU)~g(hX, hU)g(hY. hZ)

(2.22) + g(hX, JhZ)g(hY, JhU) — g(hX, JhU)g(hY, JhZ)
+2g(hX, JhY )g(hZ, JhU)},

for all X,Y,Z, U € I'(T'M). Taking into account that both Ry and the
curvature tensor field R of V satisfy (2.21) at any point © € M, and by
using the hypothesis and Lemma 2.2, we deduce that

(2.23) R(hX,hY,hZ,hU) = f(z)Ro(hX,hY,hZ, hU).

Here, f(x) represents the C'R sectional curvature of M at the point z, since
Ro(hX,JhX,hX,JhX) = 1 for any unit vector hX € HM,. Then, by
using (2.23), (2.22) and (2.11), we obtain

Ric (hX,hY) = g (m+ 1)g(hX, hY).

Finally, we apply Theorem 2.3 and deduce that f is a constant function
on M. m

From the proof of Theorem 2.4 we deduce the following interesting cha-
racterization of C'R space forms.

Theorem 2.5. A CR manifold M is a CR space form of constant CR
sectional curvature c if and only if the curvature tensor field R of the CR
connection V is given by

(a) R(hX,hY)hZ = g {g(hY, hZ)hX — g(hX,hZ)hY
+ g(JRY, hZ)ThX — g(JhX,hZ)JhY
+ 2g(hX, JhY)JhZ},

(2.24)
(b) R(E,hY)hZ =0,

for all X,Y,Z € T(TM).
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3. Some CR differential operators

Let M be a nearly C'R manifold and f be a smooth function on M.
Then the CR differential of f is a horizontal covector field denoted dp, f and
defined by

(3.1) dnf(hX) = hX(f) = X'E;i(f),

where {E;}, i € {1,...,2m}, is an orthonormal basis in I'(HM) and hX =
X'E;. This enables us to define the CR gradient of f as the horizontal
vector field grad,, f given by

(3.2) glgrad, f,hX) = dy.f (hX).

Then, by using (3.1) and (3.2), we obtain

2m
(3.3) grad, f = Z&Ez(f)Ez
i=1

Moreover, we can state the following.

Proposition 3.1. Let M be a nearly CR manifold and (z*,2°) be the
Darbouz coordinates on M. Then the CR differential and the CR gradient
of f are expressed as follows:

(a) dnf = ;i da?

xJ
G O0f 0
— gk 24 7
(b) grad,f = ¢’ 507 34k

Proof. First, by using (3.1) and (2.13b), we obtain

dnf(E;) = B} o

LY

(3.4)

Then we consider the dual frame field

{dwi, oz = da® — Z xm+ada:“}
a=1
to the Darboux frame field {6/6x%,0/0z°}, and deduce that
o ; ] ) 0
! da? (E;) = of BFda () _p o

Sad - Sl Sxk i Sad
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Thus (3.4a) is proved. Next, by using (3.3), (2.13b) and (2.14b), we obtain

of o of o
_ J B Jk
grady f <Z€ZB >6x3 Sxk —9 oxd Sxk

which proves (3.4b). O

Now, we consider a horizontal vector field A X and a symmetric horizon-
tal tensor field A of type (0,2) on a nearly C'R manifold. Then we define
the C'R divergence of hX and A as follows

2m

(a) divi(hX)=> eg(VEhX, E),
=1

2m
(b) (divpA)(hY) = (Vi A)(Ei, hY), VY € T(TM),
1=1

(3.5)

where V is the C'R connection on M. Then, we put

;0 by 4 , :
= 4 ) A — -y pr— A g J
(3.6) (a) hX =X 5 (b) Aj; = A <5(ﬂ 5aﬂ> , (¢) A= Ajjda* @da’,

and state the following.
Proposition 3.2. Let M be a nearly CR manifold. Then we have

(3.7)  (a) divy(hX) = X'y, (b) divy A = g9 Ajpda® = Alypida®,

R
I

where denotes the covariant derivative defined by V.

Proof. First, by using (3.5a), (2.13b), (2.14b) and (1.26a), we obtain

v = (Somot)o(, (45) )

) 1) 1) )
_ k h —
-7 9<X Uw’w) =X

Similarly, by using (3.5b), (2.13b), (2.14b), (3.6b) and (2.19b), we deduce

that
) . ) ) . .
(divy, A) (M) = gi* (v{;j A> (m(sx) =g A = Ay
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Thus, the proof is complete. O
Finally, for a smooth function f on a nearly C'R manifold M, we define
the CR Laplacian Ay f by

(3.8) Ahf = divh(gradhf).

Then, by using (3.3), (3.5a) and (3.8), we obtain
2m

(3.9) Anf =Y e B} + div(E)E}(f).
i=1

Now, consider the Darboux coordinates (2%, z") on M and, by using (3.4b),
(3.7a) and (2.19b), we deduce that

o Of (6 [of 5f
as = (55, = e (55) -0 )

; 5 f of
— ik _r.h, 2
/ {&L‘kéxj L3t 5$h} '

If, in particular, {6/6x'}, i € {1,...,2m}, is an orthonormal basis with
respect to g, then from (1.29a) we deduce that T';%; = 0 for all h,j,k €
{1,...,2m}. Hence, in this case, the C' R Laplacian is expressed as follows

(3.10)

2m 52
(3.11) Anf=Y (Wf;? .
=1

Remark 3.1. We should observe a striking similitude between the for-
mulas (3.4), (3.7) and (3.10) and the well-known formulas for gradient,
divergence and Laplacian from Riemannian geometry, respectively. The
only difference is that the natural vector fields §/0z° and the Levi-Civita
connection from Riemannian geometry, are replaced in C R geometry by the
nonholonomic vector fields §/6x% and the CR connection, respectively. [

Remark 3.2. All the formulas we present in the paper by using the
Darboux coordinates are still valid with respect to any coordinate system
on M induced by the flow of &. U
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4. An application to Penrose correspondence
First, we prove a general result on the CR Ricci tensor field on a nearly

C R manifold.

Theorem 4.1. Let M be a nearly CR manifold such that € is a CR
Killing tensor field. Then the CR Ricci tensor field and the CR scalar
curvature of M satisfy the identity

(4.1) 2 dth Ric = th.

Proof. First, by using (2.19a) into (2.18), we deduce that R;";p1, +
Rihkmj — Rihjmk = 0, which by (2.15a) is equivalent to

(4.2) R"jj1n + Rintj — Rijix = 0.

Contracting (4.2) by g and using (2.19b), (2.15b) and (2.16), we infer that
5S

4. 2R = Sih = — -

(4.3) R =S =55

Finally, (4.3) represents just (4.1) via (3.4a) and (3.7b). O

Next, we present the Penrose correspondence and then show an appli-
cation of the above theorem to the physical phenomenon described by this
correspondence.

Let V be a 4-dimensional complex vector space and let (20, 2!, 22, 23)
be the coordinates of a vector z of V. Suppose that V is endowed with the
Hermitian form ® of signature (2,2) given by ®(z) = 2922 + 2123 + 2220 +
2371, The pair (V, ®) is called the twistor space and plays an important role
in physics (cf. PENROSE [13], [14] and Wells [19], [20]). Now, we consider the
real 4-dimensional Minkowski space M with a flat semi-Riemannian metric
of Lorentzian signature (1,3). For the real coordinates (x°,z', 22, 2?) of
x € M we consider the coordinates

1 0 1 1 0 1
u = T +x), Vo= r —x ),
75 @ +ah) 75 (@ =a")
1 2 -3 ~ 1 2 . 3
a = — (7 +127), a = — (7 —wx”),
75 @ +ia’) 75 @ —ia’)

on M ® C. Then the points z € V and x € M are said to be incident if we
have

(4.4) (2, 2%) = = (9, 21) [ v ] 7
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which can only hold if ®(z) = 0.
Now, we denote by PV the complex 3-dimensional projective space
associated with V. Then consider the open complex submanifolds

PV, = {ze€ PV :d(2) >0}, and
PV_ = {ze€ PV :®(2) <0},

and the real 5-dimensional manifold
PVy = {z€ PV :®(z)=0}.

As PV is the common boundary of PV, and PV_, it inherits a natural CR
structure as a real hypersurface of the complex manifold PV. We have to
note that PV{ contains the points of PV for which (4.4) holds for a certain
x, but not only them. As we can easily see, the points of the projective line
L, given by 2 = z! = 0 admit no solution for z in (4.4). Thus, for each
z € PVy\ L, the equation (4.4) can be solved for x € M. Moreover, all the
solutions of this equation are null vectors in M, and therefore the points x
that are incident with a given z form a null geodesic. Thus PV \ L can be
considered as the space of null geodesics in M. On the other hand, for each
xr € M fixed in (4.4), there exists a complex projective line in PVp \ L and
each line lying entirely in PV, \ L is obtained from points in M. Therefore,
we have the Penrose correspondence

{points of the Minkowski space M}

4
{projective lines lying entirely in PV \ L}.

Next, we put PV = PVp \ L and consider the CR structure on PV}
induced by the complex structure of PV. Moreover, we suppose that PV
satisfies the hypothesis in Theorem 4.1, that is, ¢ is a CR Killing vector
field. Then we define the CR Finstein gravitational tensor field

S
(4.5) G = Ric — 3 g,
where Ric and S are the CR Ricci tensor and the CR scalar curvature on

PV, respectively. Now, we prove the following.

Theorem 4.2. The CR Einstein gravitational tensor field is a symme-
tric horizontal tensor field of type (0,2) on the CR manifold PVy and its
divergence vanishes identically on PV .
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Proof. As Ric and g are both symmetric horizontal tensor fields of type
(0,2), from (4.5) we deduce that G is so. Then, by direct calculations using
(4.5), (3.7b), (2.19a) and (4.3), we obtain

1 , 1
div,G = div}, Ric — 5 divy(Sg) = Ry.'jsda” — 3 Siedz® = 0.

Thus the proof is complete. O
As it is well known, the general relativity flows from the following law.
7 If M is a spacetime containing matter with stress-energy tensor T, then

(4.6) G = 8nT,

where G is the Einstein gravitational tensor field on M.”

Recall that G from (4.6) is given by (4.5), but Ric and S are the Ricci
tensor and the scalar curvature of the Levi-Civita connection on the space-
time M. Also, we note that the Einstein equation (4.6) is considered on
the tangent bundle TM of M, and it is mainly based on the curvature
of M. Thus, if M is a relativistic model (Robertson—Walker spacetime,
Schwarzschild spacetime etc.), then the Einstein equation is considered on
the tangent bundles of such models.

However, the theory presented in this section shows that Einstein equa-
tions can be considered on the vector bundle II : HPV; — PV, where
PV is the C'R manifold from Penrose correspondence and HPV( is the
horizontal distribution on PV{f". In this way, we have a relativistic model
which grows up directly from a Minkowski space via Penrose correspon-
dence. Moreover, the Einstein equations on H PV} can be thought as in-
duced equations from Einstein equations on the 5-dimensional manifold
PVy. In this way, the study can be related to Kaluza-Klein theories for
5D. We hope that in the future we will come with more details about a
relativistic theory on the above vector bundle and based on the curvature
tensor field of the C'R connection.

5. Examples
In this section we present two examples of C'R manifolds on which &
is a C'R Killing vector field. Both C'R manifolds have constant CR sec-
tional curvature, so they are examples of C' R space forms. Also, we present
explicitly the C'R differential operators we defined in Section 3.
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Example 5.1 (Heisenberg group). Let M = R?™*! considered as a Lie
group with the noncommutative law

r*xx = (%2t %) (z¢, 2t 20)
1 m
= |z +zo2mre £ zmte 20 4 70 4 3 > (atamte — giamte) )
a=1

Then (M, x*) is called the Heisenberg group and it is one of the impor-
tant examples of sub-Riemannian manifolds (cf. DANIELLY-GAROFALO-
NHIEU [7]). Denote by (L,)s the differential of the left translation defined
by © € M, and take the real distribution HM of rank 2m spanned by the
vector fields

o 0 g amte 9
Sxo (La)s <8$“> T 9z 2 9a0

) 0 0 % 0
= (Ly)s = =, 1,....,mh.
dxmta ( ) <8xm+a) Oxmta + 2 aZEO ac { m}

(5.1)

The only nonzero Lie brackets of vector fields in (5.1) are the following

0 0 0
(52 [(sm | W] =0 G0
Now, we define the natural almost complex structure J on HM by
4] 0 0 0
(5:3) / <(5xa) T bgmta’ J <5$m+“> T oz

Then, by direct calculations using (5.2) and (5.3), we obtain
) 5 ) )
[(m J(&;)] * [J (&;) (sx] =0
) ) o 0 .

Thus the conditions in (1.1) are satisfied, and therefore the Heisenberg
group M is a C'R manifold.
Alternatively, HM is the kernel of the 1-form

1 m
_ 0 m+a j,..a a 3. . m+ta
(5.4) n=dx +3 E (" dx® — 2%dx™ ).

a=1
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Then, 7 is a contact form with

dn = — i dz® A dx™*e,

a=1

The real Levi form is given by

m
g(X,Y) =dn(X,JY) =D (XY 4 X™Heymte),

a=1

where

o 0 0 o
_ [ m-—+a _ a 7 m—+a .
X=X dxa X Jaxmta’ Y=Y dzo Y dxmta
It is easy to see that
o 0 .

Taking into account (5.5), we deduce that (1.34) is satisfied, so £ is a CR
Killing vector field. Also, by using (5.5) and (5.1) into (1.29), we obtain

(5.6) % =0, Vi, jke{l,..2m}.

Thus by (1.39a) we infer that Rihjk = 0, and therefore we can state the
following.

Proposition 5.1. The Heisenberg group is a C' R space form of constant
CR sectional curvature ¢ = 0.

Thus we may say that the Heisenberg group is for CR geometry exactly
what the Euclidean space R*™ is for Kdhler geometry.

Next, we write down explicitly the C'R differential operators which have
been defined in Section 3. First, by using (3.4), (5.1) and (5.4), and taking
into account that ¢/ = 6, we deduce that

0 2SF S
dhf:df—a—xfon and gradhfzzd—a“i@-
=1
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Then, we take a horizontal vector field hX = X’§/dz’, and by using
(3.7a) and (5.6) we obtain
2m ;
0X"
divy(hX) = — -
vy (hX) 2 5y

Finally, by using (5.6) into (3.10) and taking into account that ¢g/* = §/% we
deduce that the C'R Laplace operator on the Heisenberg group is given by

2m
52 f
Apf = .
nf Z (0z7)2
=1
The above formulas entitle us to say that the C'R operators on Heisenberg

group are obtained from usual operators on R*™ by replacing the partial
derivatives 9/0z" by nonholonomic derivatives 6/dx". O

Example 5.2 (The sphere S2). Let S% be the 3-dimensional sphere in
R* given by the equation (z!)? + (22)% + (23)% + (2*)? = 1. As it is well
known, S is a parallelizable manifold, and

o ., 08 4,0 4 0

By = 22— — ' gt 2 —
! v ozt o 0z2 o 0z3 T ozt
0 0 0
E — 3 7 4 ¥ 1 ¥ 2 -,
(5.7) 2 ozl T 022 " a3 U 9ad

0 0 0 0
_ e 9 3 9 2 0 1 9\
& =2 <x ol T o2 T gl " 63}4)

are the linearly independent vector fields globally defined on S3. Consider
the distribution HS? on S3 spanned by {E1, Ex} and define the almost
complex structure J : HS? — HS3 by

(5.8) J(E7) = Eo, J(Ey) = —Ej.
It is easy to see that (1.1) is satisfied and therefore S® is a C'R manifold.
Alternatively, HS? is given by the contact form
1

n=3 (ztdz! — 23da? + 22da® — 2tdat).

Then we have

(5.9) dn = —dz' A dzt — dz® A da?,
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and by using (1.4), (5.9) and (5.8) we deduce that the Levi form is given by
(5.10) 9(Ev, Er) = g(Ey, E2) =1, g(E1, Ez) =0.

It is easy to check that g given by (5.10) is just the induced metric on H.S3
by the Euclidean metric of R*. Also, we have

(5.11) (a) [Er, Byl = =, (b) [§, Ea] = —4E2, () [§, Ea] = 4E).

Then, by using (1.9), (5.10) and (5.11), we deduce that the CR connection
V on HS? is given by

(a) VElEl = VE2E2 = VElEQ = VEQEl = 0,

(5.12)
(b) VgEl = —4E2, (C) VgEQ = 4E1.

By using (5.11b), (5.11c) and (5.10) in (1.31), we infer that L¢g = 0, that
is, £ is a CR Killing vector field. Also, by using (1.36), (5.8), (5.11a) and
(5.12c), we obtain R(FE1, JE1)JE, = 4E;. Then, by using (2.1), we deduce
that R(E1, JE1, E1, JE,) = 4, which enables us to state the following.

Proposition 5.2. The sphere S® is a CR space form of constant CR
sectional curvature c = 4.

Finally, by using (3.5a) and (5.12a), we obtain
divy(X1E 4+ X2 Ey) = E1(X1) + Eo(X?).

In particular, we have divy(E1) = divy(E2) = 0, and therefore by (3.9) the
CR Laplacian on the sphere S? becomes Ay f = {(E1)% + (E2)?}(f). O
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