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Abstract

A partial solution of the quaternionic contact Yamabe problem on the quater-
nionic sphere is given. It is shown that the torsion of the Biquard connection
vanishes exactly when the trace-free part of the horizontal Ricci tensor of the Bi-
quard connection is zero and this occurs precisely on 3-Sasakian manifolds. All con-
formal transformations sending the standard flat torsion-free quaternionic contact
structure on the quaternionic Heisenberg group to a quaternionic contact struc-
ture with vanishing torsion of the Biquard connection are explicitly described. A
’3-Hamiltonian form’ of infinitesimal conformal automorphisms of quaternionic con-
tact structures is presented.
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CHAPTER 1

Introduction

The Riemannian [LP] and CR Yamabe problems | R , , ] have
been a fruitful subject in geometry and analysis. Major steps in the solutions is the
understanding of the conformally flat cases. A model for this setting is given by the
corresponding spheres, or equivalently, the Heisenberg groups with, respectively, 0-
dimensional and 1-dimensional centers. The equivalence is established through the
Cayley transform [K], | ] and | ], which in the Riemannian case is
the usual stereographic projection.

In the present paper we consider the Yamabe problem on the quaternionic
Heisenberg group (three dimensional center). This problem turns out to be equiv-
alent to the quaternionic contact Yamabe problem on the unit (4n+3)-dimensional
sphere in the quaternionic space due to the quaternionic Cayley transform, which
is a conformal quaternionic contact transformation (see the proof of Theorem 1.2).

The central notion is the quaternionic contact structure (QC structure for
short), | , |, which appears naturally as the conformal boundary at infinity
of the quaternionic hyperbolic space, see also [P, , ]. Namely, a QC structure
(n,Q) on a (4n+3)-dimensional smooth manifold M is a codimension 3 distribution
H, such that, at each point p € M the nilpotent Lie algebra H, & (T,M/H,) is
isomorphic to the quaternionic Heisenberg algebra H™ & I'm H. This is equivalent
to the existence of a 1-form 1 = (11, 72,13) with values in R3, such that, H = Ker n
and the three 2-forms dn; |5 are the fundamental 2-forms of a quaternionic structure
Q on H. A special phenomena here, noted by Biquard | ], is that the 3-contact
form 7 determines the quaternionic structure as well as the metric on the horizontal
bundle in a unique way. Of crucial importance is the existence of a distinguished
linear connection, see [ |, preserving the QC structure and its Ricci tensor and
scalar curvature Scal, defined in (3.34), and called correspondingly qc-Ricci tensor
and qc-scalar curvature. The Biquard connection will play a role similar to the
Tanaka-Webster connection [We] and [T] in the CR case.

The quaternionic contact Yamabe problem, in the considered setting, is about
the possibility of finding in the conformal class of a given QC structure one with
constant qc-scalar curvature.

The question reduces to the solvability of the Yamabe equation (5.8). As usual
if we take the conformal factor in a suitable form the gradient terms in (5.8) can be
removed and one obtains the more familiar form of the Yamabe equation. In fact,
taking the conformal factor of the form 7 = u'/(**Dy reduces (5.8) to the equation

n+2
+1

Lu = 4 Au— uScal = —u® 1 Scal,

where A is the horizontal sub-Laplacian, cf. (5.2), and Scal and Scal are the qc-
scalar curvatures correspondingly of (M, ) and (M, 7), 2* = QQ—?Q, and Q@ = 4n+6

1



2 1. INTRODUCTION

is the so called homogeneous dimension. In the case of the quaternionic Heisenberg
group, cf. Section 4.1, the equation is
n
Lu = Z (Tgu + X2u + Yiu + Zzu) =

a=1

n+1

_ 2" 1 a7
74(n—|—2) u Scal.

This is also, up to a scaling, the Euler-Lagrange equation of the non-negative ex-
tremals in the L? Folland-Stein embedding theorem [Fo] and [F'St], see [ ] and
[Va2]. On the other hand, on a compact quaternionic contact manifold M with
a fixed conformal class [] the Yamabe equation characterizes the non-negative
extremals of the Yamabe functional defined by

2 "

T(u) = / il |Vu|* + Scal - v* dv,, / u? dv, = 1, u>0,
M n +1 M

where dv, is the volume form associated to te natural Riemannian metric g on M,

cf. (2.11). When the Yamabe constant

AM) def MM, [n]) = inf{Y(u) : /M u¥ dvy, = 1, u >0}

is less than the corresponding constant for the 3-Sasakian sphere the existence of
solutions can be constructed with the use of suitable coordinates see [W] and [JL2].

The present paper can be considered as a contribution towards the soluiton
of the Yamabe problem in the case when the Yamabe constant of the considered
quaternionic contact manifold is equal to the Yamabe constant of the unit sphere
with its standard quaternionic contact structure, which is induced from the embed-
ding in the quaternion (n + 1)-dimensional space. It is also natural to conjecture
that if the quaternionic contact structure is not locally equivalent to the standard
sphere then the Yamabe constant is less than that of the sphere, see | ] for a
proof in the CR case. The results of the present paper will be instrumental for the
analysis of these and some other questions concerning the geometric analysis on
quaternionic contact structures.

In this article we provide a partial solution of the Yamabe problem on the
quaternionic sphere with its standard contact quaternionic structure or, equiva-
lently, the quaternionic Heisenberg group. Note that according to | ] the ex-
tremals of the above variational problem are C>° functions, so we will not consider
regularity questions in this paper. Furthermore, according to [Val] or [Va2] the
infimum is achieved, and the extremals are solutions of the Yamabe equation. Let
us observe that | | solves the same problem in a more general setting, but under
the assumption that the solution is invariant under a certain group of rotation. If
one is on the flat models, i.e., the groups of Iwasawa type | ] the assump-
tion in [ ] is equivalent to the a-priori assumption that, up to a translation,
the solution is radial with respect to the variables in the first layer. The proof goes
on by using the moving plane method and showing that the solution is radial also
in the variables from the center, after which a very non-trivial identity is used to
determine all cylindrical solutions. In this paper the a-priori assumption is of a
different nature, see further below, and the method has the potential of solving the
general problem.

The strategy, following the steps of [LP] and [JL3], is to solve the Yamabe
problem on the quaternionic sphere by replacing the non-linear Yamabe equation
by an appropriate geometrical system of equations which could be solved.



1. INTRODUCTION 3

Our first observation is that if if n» > 1 and the qc-Ricci tensor is trace-free
(qc-Einstein condition) then the qc-scalar curvature is constant (Theorem 4.9).
Studying conformal transformations of QC structures preserving the qc-Einstein
condition, we describe explicitly all global functions on the quaternionic Heisenberg
group sending conformally the standard flat QC structure to another qc-Einstein
structure. Our result here is the following Theorem.

THEOREM 1.1. Let © = ﬁé be a conformal transformation of the standard

qge-structure © on the quaternionic Heisenberg group G(H). If © is also qc-Einstein,
then up to a left translation the function h is given by

h =c {(1 + 1/|q\2)2 + (@ 4+ v+ 22)},
where ¢ and v are positive constants. All functions h of this form have this property.

The crucial fact which allows the reduction of the Yamabe equation to the sys-
tem preserving the qc-Einstein condition is Proposition 8.2 which asserts that, under
some ”extra” conditions, QC structure with constant qc-scalar curvature obtained
by a conformal transformation of a qc-Einstein structure on compact manifold must
be again qc-Einstein. The prove of this relies on detailed analysis of the Bianchi
identities for the Biquard connection. Using the quaternionic Cayley transform
combined with Theorem 1.1 lead to our second main result.

THEOREM 1.2. Let n = f7 be a conformal transformation of the standard
qc-structure 7 on the quaternionic sphere SY3. Suppose n has constant qc-scalar
curvature. If the vertical space of 1 is integrable then up to a multiplicative constant
1 1s obtained from 1 by a conformal quaternionic contact automorphism. In the case
n > 1 the same conclusion holds when the function f is the real part of an anti-CRF
function.

The definition of conformal quaternionic contact automorpism can be found
in Definition 7.6. The solutions (conformal factors) we find agree with those con-
jectured in | ]. It might be possible to dispense of the ”extra” assumption in
Theorem 1.2. In a subsequent paper | ] we give such a proof for the seven
dimensional sphere.

Studying the geometry of the Biquard connection, our main geometrical tool
towards understanding the geometry of the Yamabe equation, we show that the
qc-Einstein condition is equivalent to the vanishing of the torsion of Biquard con-
nection. In our third main result we give a local characterization of such spaces as
3-Sasakian manifolds.

THEOREM 1.3. Let (M43 ¢g.Q) be a QC manifold with positive qc scalar
curvature Scal > 0, assumed to be constant if n = 1. The next conditions are
equivalent:

a) (M*"*3,g,Q) is a qc-Einstein manifold.
b) M is locally 3-Sasakian, i.e., locally there exists an SO(3)-matriz ¥ with smooth

entries, such that, the local QC' structure (%\P -1,Q) is 3-Sasakian.

¢) The torsion of the Biquard connection is identically zero.

In particular, a qc-Finstein manifold of positive qc scalar curvature, assumed in
addition to be constant if n = 1, is an Einstein manifold of positive Riemannian
scalar curvature.
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In addition to the above results, in Theorem 7.10 we show that the above con-
ditions are equivalent to the property that every Reeb vector field, defined in (2.10),
is an infinitesimal generator of a conformal quaternionic contact automorphism, cf.
Definition 7.7.

Finally, we also develop useful tools necessary for the geometry and analysis on
QC manifolds. We define and study some special functions, which will be relevant in
the geometric analysis on quaternionic contact and hypercomplex manifolds as well
as properties of infinitesimal automorphisms of QC structures. In particular, the
considered anti-regular functions will be relevant in the study of qc-pseudo-Einstein
structures, cf. Definition 6.1.

Organization of the paper: In the following two chapters we describe in
details the notion of a quaternionic contact manifold, abbreviate sometimes to QC-
manifold, and the Biquard connection, which is central to the paper.

In Chapter 4 we write explicitly the Bianchi identities and derive a system of
equations satisfied by the divergences of some important tensors. As a result we
are able to show that qc-Einstein manifolds, i.e., manifolds for which the restriction
to the horizontal space of the qc-Ricci tensor is proportional to the metric, have
constant scalar curvature, see Theorem 4.9. The proof uses Theorem 4.8 in which we
derive a relation between the horizontal divergences of certain Sp(n)Sp(1)-invariant
tensors. By introducing an integrability condition on the horizontal bundle we
define hyperhermitian contact structures, see Definition 4.14, and with the help of
Theorem 4.8 we prove Theorem 1.3.

Chapter 5 describes the conformal transformations preserving the qc-Einstein
condition. Note that here a conformal quaternionic contact transformation between
two quaternionic contact manifold is a diffeomorphism ¢ which satisfies ®*n =
u U - n, for some positive smooth function g and some matrix ¥ € SO(3) with
smooth functions as entries and 1 = (11,72,73)" is considered as an element of R?.
One defines in an obvious manner a point-wise conformal transformation. Let us
note that the Biquard connection does not change under rotations as above, i.e., the
Biquard connection of -7 and 7 coincides. In particular, when studying conformal
transformations we can consider only transformations with ®*n = p 7. We find all
conformal transformations preserving the qc-Einstein condition on the quaternionis
Heisenberg group or, equivalently, on the quaternionic sphere with their standard
contact quaternionic structures proving Theorem 1.1.

Chapter 6 concerns a special class of functions, which we call anti-regular,
defined respectively on the quaternionic space, real hyper-surface in it, or on a
quaternionic contact manifold, cf. Definitions 6.6 and 6.15 as functions preserving
the quaternionic structure. The anti-regular functions play a role somewhat similar
to those played by the CR functions, but the analogy is not complete. The real parts
of such functions will be also of interest in connection with conformal transformation
preserving the qc-Einstein tensor and should be thought of as generalization of
pluriharmonic functions. Let us stress explicitly that regular quaternionic functions
have been studied extensively, see [S] and many subsequent papers, but they are
not as relevant for the considered geometrical structures. Anti-regular functions on
hyperkahler and quaternionic Kéhler manifolds are studied in [ , y | in
a different context, namely in connection with minimal surfaces and quaternionic
maps between quaternionic Kéhler manifolds. The notion of hypercomplex contact
structures will appear in this section again since on such manifolds the real part of
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anti-CRF functions, see (6.18) for the definition, have some interesting properties,
cf. Theorem 6.20

In Chapter 7 we study infinitesimal conformal automorphisms of QC struc-
tures (QC-vector fields) and show that they depend on three functions satisfying
some differential conditions thus establishing a ’3-hamiltonian’ form of the QC-
vector fields (Proposition 7.8). The formula becomes very simple expression on
a 3-Sasakian manifolds (Corollary 7.9). We characterize the vanishing of the tor-
sion of Biquard connection in terms of the existence of three vertical vector fields
whose flow preserves the metric and the quaternionic structure. Among them, 3-
Sasakian manifolds are exactly those admitting three transversal QC-vector fields
(Theorem 7.10, Corollary 7.13).

In the last section we complete the proof of our main result Theorem 1.2.

NOTATION 1.4. a) Let us note explicitly, that in this paper for a one form 0
we use
do(X,Y) = X0(Y) — YO(X) — 0([X,Y]).
b) We shall denote with Vh the horizontal gradient of the function h, see (5.1),
while dh means as usual the differential of the function h.
¢) The triple {i,j,k} will denote a cyclic permutation of {1,2,3}, unless it is ex-
plicitly stated otherwise.
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CHAPTER 2

Quaternionic contact structures and the Biquard
connection

The notion of Quaternionic Contact Structure has been introduced by O.
Biquard in | ] and | ]. Namely, a quaternionic contact structure (QC
structure for short) on a (4n+3)-dimensional smooth manifold M is a codimen-
sion 3 distribution H, such that, at each point p € M the nilpotent step two
Lie algebra H, & (T,M/H,) is isomorphic to the quaternionic Heisenberg alge-
bra H" & Im H. The quaternionic Heisenberg algebra structure on H® & Im H
is obtained by the identification of H™ @& Im H with the algebra of the left in-
variant vector fields on the quaternionic Heisenberg group, see Section 5.2. In
particular, the Lie bracket is given by the formula [(qo,w,), (¢,w)] = 2 Im q, - ,
where ¢ = (¢*,¢%,...,4"), ¢ = (¢}, ¢2,...,q") € H" and w, w, € Im H with
G-q = >on_1q% g%, see Section 6.1.0.1 for notations concerning H. It is im-
portant to observe that if M has a quaternionic contact structure as above then
the definition implies that the distribution H and its commutators generate the
tangent space at every point.

The following is another, more explicit, definition of a quaternionic contact
structure.

DEFINITION 2.1. | | A quaternionic contact structure (QC-structure) on
a 4n + 3 dimensional manifold M, n > 1, is the data of a codimension three
distribution H on M equipped with a CSp(n)Sp(1) structure, i.e., we have:

i) a fized conformal class [g] of metrics on H;

1) a 2-sphere bundle Q over M of almost complex structures, such that, locally
we have Q = {al; + bly + cl3 : a® + b? + ¢® = 1}, where the almost complex
structures Iy - H— H, I? = —1, s = 1, 2, 3, satisfy the commutation
relations of the imaginary quaternions 111y = —I2 I = I3;

i) H is locally the kernel of a 1-form n = (n1,m2,m3) with values in R® and the
following compatibility condition holds

(2.1) 20(I,X,Y) = dn,(X,Y), s=1,23 X, Y€eH

A manifold M with a structure as above will be called also quaternionic con-
tact manifold (QC manifold) and denoted by (M, [g],Q). The distribution H is
frequently called the horizontal space of the QC-structure. With a slight abuse of
notation we shall use the letter Q to also denote the rank-three bundle consisting of
endomorphisms of H locally generated by three almost complex structures I, Is, I3
on H. The meaning should be clear from the context. We note that if in some local
chart 7 is another form, with corresponding g € [g] and almost complex structures

7



8 2. QUATERNIONIC CONTACT STRUCTURES AND THE BIQUARD CONNECTION
I, s=1,2,3 then j = pV¥n for some ¥ € SO(3) and a positive function p Typ-
ical examples of manifolds with QC-structures are totally umbilical hypersurfaces
in quaternionic Kéhler or hyperkahler manifold, see Proposition 6.12 for the latter.
It is instructive to consider the case when there is a globally defined one-form
1. The obstruction to the global existence of 7 is encoded in the first Pontrjagin
class [AK]. Besides clarifying the notion of a QC-manifold, most of the time, for
example when considering the Yamabe equation, we shall work with a QC-structure
for which we have a fixed globally defined contact form. In this case, if we rotate the
R3-valued contact form and the almost complex structures by the same rotation we
obtain again a contact form, almost complex structures and a metric (the latter is
unchanged) satisfying the above conditions. On the other hand, it is important to
observe that given a contact form the almost complex structures and the horizontal
metric are unique if they exist. Finally, if we are given the horizontal bundle and
a metric on it, there exists at most one sphere of associated contact forms with a
corresponding sphere Q of almost complex structures [ ]. These observations
are summed-up in the next Lemma.

LEMMA 2.2. | ]

a) If (n, I, g9) and (n,I.,g") are two QC structures on M, then I, =1, s=1,2,3
and g =¢'.

b) If (n,9) and (1, g) are two QC structures on M with Ker(n) = Ker(n') = H

then Q = Q and n = Uy for some matriz ¥ € SO(3) with smooth functions
as entries.

PROOF. a) Let us fix a basis {e1,...,e4n} of H . Suppose the tensors g, dn1 y,
dn2igs dnz gy 11,12, I3 ( tensors on H) are given in local coordinates, respectively,
by the matrices G, N1, Na, N3, J1, Jo, J3 € GL(4n). From (2.1) it follows

1
(2.2) GJ.=5N. s=123.
Let (4,7, k) be any cyclic permutation of (1,2,3). Using (2.2) we compute that
(2.3) Jy = JiJj =—J'GT'GJ; = —(GJ;) "N (GJ;) = —=N; ' Ny,

which accomplishes the proof.
b) The condition Ker(n) = Ker(n ) = H implies that

3
(2.4) M= Um, k=123
=1

for some matrix ¥ € GL(3) with smooth functions ¥;; as entries. Applying the
exterior derivative in (2.4) we find

(25) d’l];C =dWUu An+ Uy dny, k=1,2,3.

Let the H tensors I and I,; be defined as usual with (2.1) using respectively 7 and
17/. Restricting the equation (2.5) to H and using the metric tensor g on H we have

(26) g(Ian Y) = \Ilklg(IlX7 Y)7 X7Y €H

or the equivalent equations I, = Wy I; on H. It is easy to see that this is possible
if and only if ¥ € SO(3). O
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Besides the non-uniqueness due to the action of SO(3), the 1-form 7 can be
changed by a conformal factor, in the sense that if n is a form for which we can
find associated almost complex structures and metric g as above, then for any
U € SO(3) and a positive function u, the form p W 7 also has an associated complex
structures and metric. In particular, when g = 1 we obtain a whole unit sphere of
contact forms, and we shall denote, as already mentioned, by Q the corresponding
sphere bundle of associated triples of almost complex structures. With the above
consideration in mind we introduce the following notation.

NOTATION 2.3. We shall denote with (M, n) a QC-manifold with a fixed globally
defined contact form. (M,g,Q) will denote a QC-manifold with a fixed metric g
and a sphere bundle of almost complex structures Q. In this case we have in fact
a Sp(n)Sp(l) structure, i.e., we are working with a fixred metric on the horizontal
space. Correspondingly, we shall denote with n any (locally defined) associated
contact form.

We recall the definition of the Lie groups Sp(n), Sp(1) and Sp(n)Sp(1). Let
us identify H” = R*" and let H acts on H" by right multiplications, A(¢)(W) =
W - g~!. This defines a homomorphism A : {unit quaternions} — SO(4n) with
the convention that SO(4n) acts on R*" on the left. The image is the Lie group
Sp(1). Let (i) = I, A(j) = Jo, A(k) = Ko. The Lie algebra of Sp(1) is

sp(1) = span{ly, Jo, Ko}
The group Sp(n) is
Sp(n) ={0 € SO(4n) : OB = BO, B € Sp(1)}
or Sp(n) = {O € M,(H) : OOt = I}, and O € Sp(n) acts by
(q17 q2) MR qn)t H O (ql’ q2’ M) qn)t'
Denote by Sp(n)Sp(1) the product of the two groups in SO(4n). Abstractly,
Sp(n)Sp(1) = (Sp(n) x Sp(1))/Zs. The Lie algebra of the group Sp(n)Sp(1) is
sp(n) @ sp(1).

Any endomorphism ¥ of H can be decomposed with respect to the quaternionic

structure (Q, ¢g) uniquely into four Sp(n)-invariant parts

U =0t ot ot g
where U+ commutes with all three I;, U+~ commutes with I; and anti-commutes
with the others two and etc. Explicitly,
AUt = — W] — LU, — [3W]3, 40T =W — [ U1 + LV, + [3V]3,
AV = U+ UL, — LUy + U]y, 40—+ = U 4 [[UI, + LWl — [yU]5.
The two Sp(n)Sp(1)-invariant components are given by
(2.7) U =0ttt Uy =0T et e

Denoting the corresponding (0,2) tensor via g by the same letter one sees that
the Sp(n)Sp(1)-invariant components are the projections on the eigenspaces of the
Casimir operator

(2.8) T=hLehL + Lol + 383

corresponding, respectively, to the eigenvalues 3 and —1, see [ . Ifftn=1
then the space of symmetric endomorphisms commuting with all I;,i = 1,2,3 is
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1-dimensional, i.e. the [3]-component of any symmetric endomorphism ¥ on H is
proportional to the identity, W3 = %fl)ld“q.

There exists a canonical connection compatible with a given quaternionic con-
tact structure. This connection was discovered by O. Biquard [ | when the
dimension (4n + 3) > 7 and by D. Duchemin [D] in the 7-dimensional case. The
next result due to O. Biquard is crucial in the quaternionic contact geometry.

THEOREM 2.4. | | Let (M, g,Q) be a quaternionic contact manifold of di-
mension 4n+3 > 7 and a fized metric g on H in the conformal class [g]. Then there
exists a unique connection V with torsion T on M*"*3 and a unique supplementary
subspace V to H in T M, such that:

i) V preserves the decomposition H ®V and the metric g;
i) for X,Y € H, one has T(X,Y) = —[X,Y]y;
iii) V preserves the Sp(n)Sp(1)-structure on H, i.e., Vg = 0 and VQ C Q;
w) for & € V, the endomorphism T(&, )y of H lies in (sp(n) @ sp(1))* C gl(4n);
v) the connection on V is induced by the natural identification @ of V' with the
subspace sp(1) of the endomorphisms of H, i.e. Vi = 0.

In (iv) the inner product on End(H) is given by

4n
(2.9) g(A,B) =tr(B*A) = Zg(A(ea),B(ea)),

where A, B € End(H), {e1, ..., e4n} is some g-orthonormal basis of H.

We shall call the above connection the Biguard connection. Biquard [ | also
described the supplementary ”vertical” (sub-)space V explicitly, namely, locally V'
is generated by vector fields {&1, &2, &3}, such that

Ns(&k) = Osks (gstns)lH =0,
<§st77k)|H = _(ngdns)\H7 S, k S {17273}

The vector fields &1, &2, €3 are called Reeb vector fields or fundamental vector fields.
If the dimension of M is seven, the conditions (2.10) do not always hold.
Duchemin shows in [D] that if we assume, in addition, the existence of Reeb vec-
tor fields as in (2.10), then Theorem 2.4 holds. Henceforth, by a QC structure in
dimension 7 we shall always mean a QC structure satisfying (2.10).
Notice that equations (2.10) are invariant under the natural SO(3) action.
Using the Reeb vector fields we extend g to a metric on M by requiring

(2.11) spanf{&1,&2,€3} =V L H and g(&s, &) = Osk-

The extended metric does not depend on the action of SO(3) on V, but it changes
in an obvious manner if 7 is multiplied by a conformal factor. Clearly, the Biquard
connection preserves the extended metric on TM,Vg = 0. We shall also extend
the quternionic structure by setting Iy, = 0.

Suppose the Reeb vector fields {&1,£2,&3} have been fixed. The restriction of
the torsion of the Biquard connection to the vertical space V satisfies | ]

(212) T(flagj) = )‘Ek - [givfj]h-n

where A is a smooth function on M, which will be determined in Corollary 3.14. We
recall that in the paper the indices follow the convention 1.4. Further properties of

(2.10)
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the Biquard connection are encoded in the properties of the torsion endomorphism
Te=T(E,):H—>H, (V.

Decomposing the endomorphism T¢ € (sp(n) + sp(1))* into its symmetric part T
and skew-symmetric part bg,

Te = T¢ + by,
we summarize the description of the torsion due to O. Biquard in the following
Proposition.

PROPOSITION 2.5. | | The torsion T¢ is completely trace-free,
4an 4an
(213) trTe = g(Te(ea),ea) =0, trTcol =Y g(Te(ea), lea) =0, I€Q,
a=1 a=1

where €7 ... eqn 1S an orthonormal basis of H. The symmetric part of the torsion
has the properties:

(2.14) oL = LTy,  i=1,2,3
In addition, we have
(2.15) LT~ = LI+, L(IL)" = L(IT%) T,

L(Tg)™™F = L) .
The skew-symmetric part can be represented in the following way
(2.16) be, = Liu, i=1,2,3,

where u is a traceless symmetric (1,1)-tensor on H which commutes with I, I, I3.
If n = 1 then the tensor u vanishes identically, w = 0 and the torsion is a
symmetric tensor, Ty = Tg.






CHAPTER 3

The torsion and curvature of the Biquard
connection

Let (M*"+3,g,Q) be a quaternionic contact structure on a 4n + 3-dimensional
smooth manifold. Working in a local chart, we fix the vertical space

V= Span{§17 527 53}

by requiring the conditions (2.10). The fundamental 2-forms w;,i = 1,2,3 of the
quaternionic structure Q are defined by

(31) 2wi|H = d77i|Ha aw; =0, &€V
Define three 2-forms 6;,7 = 1,2, 3 by the formulas

(32) 6= Ad(€dm),) + (Ecdny) A (Eodni))

= %{d(ﬁpdnk) + (§indn;) A (Gindne) by — dne(&55 Er)wi + dne(&i, §)wi-
Define, in addition, the corresponding (1, 1) tensors A; by
g(4;(X),Y)=0,(X,Y), X, Y € H.
We recall (2.11), which we shall use to define the orthogonal projections to the
horizontal and vertical spaces H and V', respectively.
3.1. The torsion tensor

Due to (3.1), the torsion restricted to H has the form

3
(3.3) T(X,Y)=—=[X,Y]y =2) w/(X,YV)&, X, YeH
s=1

The next two Lemmas provide some useful technical facts.

LEMMA 3.1. Let D be any differentiation of the tensor algebra of H. Then we
have the identities

D) I; = —I,D(;), i=1,2,3,
LD(I)™ " = LD)"", L D)t = ILD()"T ",
L D)™t = LD(L)t .
PROOF. The proof is a straightforward consequence of the next identities
0= Iy(D(I,) — IeD(I1)I5) + I, (D(I3) — LD(I5)I,) = L,D(I;) "t~ + [LD(I,)"
0= D(-Idv) = D(L;1;) = D(;)I; + I; D(I;).
O

13
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With £ denoting the Lie derivative, we shall denote by £ its projection on the
horizontal space, i.e., L ,(X) = [La(X)]|y, AeTM, X € H.

LEMMA 3.2. The following identities hold true.
(34) Lo,y = 2T 0+ dm (61, 62) o + dm (61, 63) I,
(3.5) Lol = 72T§01——+12 = 2I3u + dn (§2,6) 11
+ %(dm(&,&s) —dn2(&3,&1) — dns(&1,€2)) 1,
(3.6) Lo} = 72T§02——+Il + 23t + dna(&1, §2) 12
- %(—dm(fz,fs) + dn2(€3,61) — dnz(§1,62)) I,

where the symmetric endomorphism w on H, commuting with I, s, I3, is defined
by

(B7) 2= B((LGB) ) + S ({6, ) - dna(€s, &) — ds(6r, €) T,

In addition, we have siz more identities, which can be obtained with a cyclic per-
mutation of (1,2,3).

Proor. For all k,l =1,2,3 we have

(3.8) Leawn(X,Y) = Le,g(IX,Y) + g(Le, [)X, V),
Cartan’s formula yields

(3.9) Le,wy = Epa(dwy) + d(Eawy).

A direct calculation using (3.1) gives

(3.10) 2wy = (dmy)y,, = diy — Zm (Eandm) + > dm(Ea,&)ns A
1<s<t<3

Combining (3.10) and (3.9) we obtain, after a short calculation, the following iden-
tities

(3.11) (Leywr) g = (dm (&, &)ws + dn (&, €3)ws) i
(3.12) 2(Le,wj) g = (d(&iadn;) — (§adne) A (Ekadny))

where i # j £k #14, 1,5,k € {1,2,3}. Clearly, (3.11) and (3.8) imply (3.4).
Furthermore, using (2.10) and (3.12) twice for i =1, =2and i = 2,5 = 1, we
find
1
(3.13) (L&WQ + Lﬁ?wl)lH = i(d(fl_tdng) + d(£24d771))\H
= dm (&, &)wr + dp(&, )we + (dm(€2,&8) + dnz(&,&3))ws
On the other hand, (3.8) implies

(3.14) 2T + L¢lr + 2T80 + LI
= dm (&, &) + dna(61,8) 2 + (dm(€e,&3) + dne(é1,63))1s
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Let us decompose (3.14) into Sp(n)-invariant components:

(3.15) (L;I?)Jrii - 72Tc91__+[2 +dni(&2,61) 1,
(L, 1)~ = =2T2 7 I + da (61, 60) I,
’ ’ ——t
(3.16) (Le, I+ L, Th) = (dny(&2,&3) + dna (&1, E3)) s,

Using (3.16) and (3.7), we obtain

24 = —13((5,5211)__+) + %(—dm (€2,&3) + dn2(83,61) — dns(§1,82)) ldn.

The latter, together with (3.7), tells us that @ commutes with all I € Q. Now,
Lemma 3.1 with D = £ implies (3.5) and (3.6). The vanishing of the symmetric
part of the left hand side in (3.8) for k =1, [ = 2, combined with (3.18) and (3.5)
yields 0 = —2¢g(IsuX,Y) —2¢g(I3aY, X). As @ commutes with all I € Q we conclude
that « is symmetric.

The rest of the identities can be obtained through a cyclic permutation of
(1,2,3). O

We describe the properties of the quaternionic contact torsion more precisely
in the next Proposition.

PROPOSITION 3.3. The torsion of the Biquard connection satisfies the identi-
ties:

(3.17) Te, =T¢ + L, i=1,2,3,
1
(3.18) T = 5L&,g, i=1,2.3,
_ o tr(a)
3.19 =iu———"Id
( ) u u 4n H,

where the symmetric endomorphism w on H commuting with I, I, I3 satisfies
- 1 _ 1
a = iflAT + 1(*11771(52,53) + dp(&3,61) + dns(&,6)) Idg
1 o 1
(3.20) = §I2A2+ + Z(dm(f%&a) — dna(&3,61) + dns(&1,&2)) Idu

1 __ 1
= 513143 R Z(dm(&,&) + dna(€s,61) — dns(6,6)) Idg.
Forn =1 the tensor u =0 and 1 = @IdH.

PROOF. Expressing the Lie derivative in terms of the Biquard connection, using
that V preserves the splitting H & V', we see that for X, Y € H we have

To show that @ satisfies (3.20), insert (3.12) into (3.2) to get
(3.21) 03 = (Le,wa2) g — dn2 (&1, 2)ws + dnz (€3, §1)ws.
A substitution of (3.8) and (3.5) in (3.21) gives

+

(322) Az =210 " I, —2I0

+ dm (&, &) — dna(&, &)1 + %(dm(&,&) +dn2(€3,61) — dnz(&1,&2)) 1.
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Now, by comparing the (++44) component on both sides of (3.22) we see the
last equality of (3.20). The rest of the identities can be obtained with a cyclic
permutation of (1,2,3).

Turning to the rest of the identities, let 2 and A% denote, respectively, the
subspaces of symmetric and skew-symmetric endomorphisms of H. Let skew :
End(H) — A? be the natural projection with kernel 2. We have

T ] s2@spnyyr = 3skew(Te,) + Liskew(Te, ) I + Laskew(T, ) Iz + Izskew (T, )13
3
=Y (skew(Tg,) + Iskew(Te,)I,).

s=1

According to Theorem 2.4, T: X € H for X € H,{ € V. Hence,
(3.23) T(&,X) = VeX = [6, X]i = VeX — Le(X).
An application of (3.23) gives

3
+ %Z {9((Le, 1) X, LY ) — g((Le, 1)Y, I, X)}.

s=1

Let B(H) be the orthogonal complement of ¥:2®sp(n)®sp(1) in End(H). Obviously,
B(H) C A? and we have the following splitting of End(H ) into mutually orthogonal
components

(3.25) End(H) = 2 & sp(n) & sp(1) & B(H).

If ¥ is an arbitrary section of the bundle A2 of M, the orthogonal projection of ¥
into B(H) is given by

(Wpm) =¥~ + 077 0T (U],
where [W],1) is the orthogonal projection of ¥ onto sp(1). We also have

3 4n
1
[\Ij]sp(l) = % Zzg(qjeavfsea)ls~

s=1a=1

Theorem 2.4 - (iv) and the decomposition (3.25) yield

(3.26) T¢, = [Te,](spmymspr))+ = [Te]w2 + [Te,] By
= Tg + [Tﬁi](22@sp(n))L - [Tﬁi]sp(l)'
Using (3.24), Lemma 3.2 and the fact that I;(Ve, I,) € sp(1), we compute

(327) 4[T§i](22@5p(n))l - [Tfi]SP(l)

3 3
= =Y {skew(I(£e I,)) — L(Le, I))spy ) = D skew(2LT2 L) +4u = 4du.
s=1 s=1
A substitution of (3.27) in (3.26) completes the proof. O

The Sp(n)-invariant splitting of (3.22) leads to the following Corollary.
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COROLLARY 3.4. The (1,1)-tensors A; satisfy the equalities
ATt = 2T§1_+_Iz, AT7T = dm(&. &)L, ATTT = —dna(é, &),
_ .1
AF7F = 2D+ §(d771(§27§3) + dn2 (&3, 1) — dns (81, §2)) Is.

Analogous formulas for Ay and As can be obtained by a cyclic permutation of
(1,2,3).

PROPOSITION 3.5. The covariant derivative of the quaternionic contact struc-
ture with respect to the Biquard connection is given by

(3.28) VIi:—aj@)Ik—l—ak@Ij,
where the sp(1)-connection 1-forms o are determined by

(329)  ai(X) =dn(§, X) = —dn; (&, X), X €H, eV,
(3.30)  @i(&s) = dns(&5, &

)
— dis (tr(nN) + % (dni(&2,83) + dna2(€s,61) + dﬂs(fu&))) ;

for s =1,2,3 and (i,4,k) any cyclic permutation of (1,2,3).

PROOF. The equality (3.29) is proved by Biquard in | ]. Using (3.23), we
obtain

Vel = [Te,, I;) + Le I = [T, L) + ully, L[] + L I

An application of Lemma 3.2 completes the proof. ([

COROLLARY 3.6. The covariant derivative of the distribution V is given by
V&= —a; @&, + ap ®E;.

We finish this section by expressing the Biquard connection in terms of the
Levi-Civita connection DY of the metric g, namely, we have

(3.31)
3

VBY = DEY + > {((DEna)Y)és + ne(B)(Lou— L)Y}, BeTM, Y €H.

s=1

Indeed, for B = X € H formula (3.31) follows from the equation VxY = [D%Y]y.
If B € V we may assume B = & and for Z € H we compute

—2g(IiuY, Z) +29(1Y, Z) = 29(Ve, Y. Z) — 2g((Liu — 1)Y, Z).
In the above calculation we used (3.23) and Proposition 3.3.

Note that the covariant derivatives V g, are also determined by (3.31) in view
of the relation g(Vgé&s, &) = ﬁg(VBIS,Ik), s, k=1,2,3
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3.2. The Curvature Tensor

Let R = [V,V] = V[ j be the curvature tensor of V. For any B,C € I'(TM)
the curvature operator Rpc preserves the QC structure on M since V preserves it.
In particular Rgc preserves the distributions H and V', the quaternionic structure
Q on H and the (2,1) tensor ¢. Moreover, the action of Rgc on V is completely
determined by its action on H, Rpcé& = ¢ Y([Rpe, I]), i =1,2,3. Thus, we may
regard Rpc as an endomorphism of H and we have Rpc € sp(n) @ sp(1).

DEFINITION 3.7. The Ricci 2-forms p; are defined by
Zg R(B,C)eq, Lie,), B,C € T(TM).

Hereafter {ey,...,e4,} will denote an orthonormal basis of H. We decompose the
curvature into sp(n) @ sp(1)-parts. Let R% . € sp(n) denote the sp(n)-component.

LEMMA 3.8. The curvature of the Biquard connection decomposes as follows
Rpc = Ry + p1(B,C)I1 + pa(B,C) 1z + p3(B,C)1s.
(3.32) [Rec, L] = 2(—p;(B,C) I + pr(B,C)I;), B,C e I'(TM),

1
(3.33) pi = §(do¢i +aj A ag),

where the connection 1-forms a, are determined in (3.29), (3.30).

ProOOF. The first two identities follow directly from the definitions. Using
(3.28), we calculate

[Rpc, Ii] = Vp(as(C) Iz — a2(C)I3) — Ve(az(B)I2 — ax(B)I3) — (as([B, C])I2
— ag([B, C])Ig) = —(dOQ + asz A al)(B, C)Ig + (dag + a1 A OQ)(B, C)IQ
Now (3.32) completes the proof. (]

DEFINITION 3.9. The quaternionic contact Ricci tensor (qc-Ricci tensor for
short) and the qc-scalar curvature Scal of the Biquard connection are defined by

(3.34) Ric(B,C) = Zg (eq, B)C,eq), Scal = ZRic(ea,ea).

It is known, cf. | ], that the qc-Ricci tensor restricted to H is a symmetric
tensor. In addition, we define six Ricci-type tensors (;, 7;, i = 1,2, 3 as follows
4n

Zg (eq, B)C, ILie,),
(3.35)

Zg (ea, Lieq)B,C).

We shall show that all Ricci-type contractions evaluated on the horizontal space
H are determined by the components of the torsion. First, define the following
2-tensors on H using the tensors from Proposition 3.3

de
50 X, Y)Y g(12 1 + T I + T 1) X, Y),
: def

UX, Y)Y guX,Y), X,Yé€H.
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LEMMA 3.10. The tensors TO and U are Sp(n)Sp(1)-invariant trace-free sym-
metric tensors with the properties:

(3.37) TUX,Y)+ T X, 1Y)+ TY(LX, LY) + T (13X, 1Y) =0,
(3.38) 3UX,Y) - ULX, 1Y)~ U(LX,LY)—U(I3X,I3Y) = 0.

PROOF. The lemma follows directly from (2.14), (2.16) of Proposition 2.5. O
We turn to a Lemma, which shall be used later.

LEMMA 3.11. For any X, Y € H, B e H®V, we have

(3.39)  Ric(B,LY)+4nG(B,Y) = 2p;(B, 1Y) — 2pi(B, ;Y),

1 1 2n—1 4
(340)  G(X.Y) = —5p(XY) + -g(TiuX,Y) + ——g(T{ X, Y)
1 0 1 o
+ 5 ILTE X Y) = g (LT X, Y).

The Ricci 2-forms evaluated on H satisfy

__ tr(u

p(X,Y) = 29(T¢, *IBX,Y)—2g(IluX,Y)—Lwl(X,Y),
0 tr(a)

(3.41) p(X,Y) = 29(Tg " hX,Y) = 29(LuX,Y) = — =w(X,Y),
0t tr(a)

p3(X,)Y) = 2g(T51 LX,)Y)—-2¢(I3uX,Y) — - w3(X,Y).

The 2-forms 75 evaluated on H satisfy
N(XY) = pu(XY) 4 20(huX,Y) 4 (T IXY),
(3.42) (X,Y) = pa(X,Y) +29(LX,Y) + %g(TQj"IlX, Y),
(XY) = ps(X.¥) 4 29(IX,Y) + g(TSHLX,Y).
For n =1 the above formulas hold with U = 0.
PRrROOF. From (3.32) we have
in
Ric(B, 1Y) + 4n(:1(B)Y) = Z{R(ea,B,IlY,ea) + R(eq,B,Y, Iie,)}
. a=1
= > {-2p2(ca, B)ws(Yiea) + 2p3(ca, Blwa(Y. ea))}
a=1
= 2p2(B,I3Y) — 2p3(B, 1Y),

Using (3.2) and (3.33) we obtain p1 (X,Y) = 41 (X,Y)—3a:1([X,Y]v) = A1 (X, Y)+
Z‘Z:l ws(X,Y)a1(&s). Now, Corollary 3.4 and Corollary 3.5 imply the first equality
in (3.41). The other two equalities in (3.41) can be obtained in the same manner.



20 3. THE TORSION AND CURVATURE OF THE BIQUARD CONNECTION

Letting b(X,Y, Z, W) = 2aX7y,Z{Zl3:1 wi(X,Y)g(Te, Z,W)}, where ox v,z is
the cyclic sum over X,Y, Z, we have

an

(3.43) D Ob(X,Y ea, Irea) = 4g(IiuX,Y) + 8g(LTE X, Y),
a=1
an

(3.44) > blea, iea, X,Y) = (8n—4)g(T{ X,Y) + (8n + 4)g(LuX,Y)

a=1

+ 4g9(Tg I3X,Y) — 49(T), 1, X, Y).
The first Bianchi identity gives

(3.45) 4n (1 (X,Y)+20(X,Y))

4n
= {R(ea, Ta, X,Y) + R(X, €4, I1€4,Y) + R(I1€4, X, €a,Y)}
a=1
4n
= ) blea, [16q, X,Y)
a=1

and also

4n
(3.46) 4n(ri(X,Y) — pi(X,Y)) =Y {R(ea, iea, X,Y) — R(X, Y, eq, I1eq)}
a=1
4n

1
=3 Z{b(ea, Leq, X, Y)=b(eq, I1eq,Y, X)=b(eq, X, Y, I1eq)+b(I1eq, X, Y, €a)}.
a=1

Taking into account (3.43), (3.44), (3.45) and (3.46) yield the first set of equalities in
(3.42) and (3.40). The other equalities in (3.42) and (3.40) can be shown similarly.
This completes the proof of Lemma 3.11. O

THEOREM 3.12. Let (M43, g, Q) be a quaternionic contact (4n+3)-dimensional
manifold, n > 1. For any X,Y € H the qc-Ricci tensor and the qc-scalar curvature
satisfy

Ric(X,Y) = (2n+2)T%(X,Y) + (4n + 10)U(X,Y)
tr(a)

(3.47) + (2n+4)
Scal = (8n + 16)tr(a).

9(X,Y),

For n =1 we have Ric(X,Y) = 4T°(X,Y) + 6@Q(X, Y).

PRrROOF. The proof follows from Lemma 3.11, (3.40), (3.41) and (3.39). If n =1,
recall U = 0 to obtain the last equality. ([l

COROLLARY 3.13. The gc-scalar curvature satisfies the equalities

4n 4n 4n
Scal .
m = Zpi(liea,ea) = ZTi(Iiea,ea) = —2Z(i(fiea,ea), 1=1,2,3.
a=1 a=1 a=1

We determine the function A in (2.12) in the next Corollary.
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COROLLARY 3.14. The torsion of the Biquard connection restricted to V sat-
isfies the equality

Scal
(3.48) T(&,6) = ——22

8n(n + 2)
PROOF. A small calculation using Corollary 3.6 and Proposition 3.5, gives
tr(u
Now, the assertion follows from the second equality in (3.47). O

& — &, &]H-

COROLLARY 3.15. The tensors TO, U, @ do not depend on the choice of the local
basts.
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QC-Einstein quaternionic contact structures

The goal of this section is to show that the vanishing of the torsion of the
quaternionic contact structure implies that the qc-scalar curvature is constant and
to prove our classification Theorem 1.3. The Bianchi identities will have an impor-
tant role in the analysis.

DEFINITION 4.1. A quaternionic contact structure is qc-Einstein if the gc-Ricci
tensor is trace-free,

Scal

Rie(X.Y) == —g(X.Y), XY eH.

PROPOSITION 4.2. A quaternionic contact manifold (M, g, Q) is a qc-Einstein
if and only if the quaternionic contact torsion vanishes identically, Te = 0, € V.

PrOOF. If (n,Q) is qc-Einstein structure then T = U = 0 because of (3.47).
We will use the same symbol T° for the corresponding endomorphism of the 2-
tensor T° on H. According to (3.36), we have TV = Tgolll + T§02]2 + Tgoslg. Using
first (2.14) and then (2.15), we compute

(4.1) (19" = (1)L + (1) Iy = A1) k.

Hence, Tg, = T£02 + Iou vanishes. Similarly T¢, = T, = 0. The converse follows
from (3.47). O

PROPOSITION 4.3. For X € V and any cyclic permutation (i,j,k) of (1,2,3)
we have
 X(Secal)
32n(n+ 2)
1
+ §(Wi([€j7€k]’X) - Wj([fk,fi],x) - wk([giafj]’X))7
(43) pZ(X7§J):wj([£J7§k]1X)7 pz(Xaé-k):Wk(Kjagk]aX)7
(4.4) pi(Ie X, &) = —pi(L; X, &) = 9(T'(&5, &k), 1iX) = wi([&), &kl X).
PROOF. Since V preserves the splitting H ® V', the first Bianchi identity, (3.48)
and (3.32) imply

(42)  p(X, &) =

(4.5)  2pi(X, &) +2p5(X, &) = g(R(X, §)E), §k) + g(R(E5, X)Ei, k)
= 06,6, x19((Ve, T) (&5, X), &) + 9(T(T(&:,€5), X), &) }

= AT 66+ 9(TT(6,6).X),60) = — e~ 2l 65, ).

23
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Summing the first two equalities in (4.5) and subtracting the third one, we obtain
(4.2). Similarly,

20(&5, X) = g(R(&5, X)&i, &) = 06,6, x19(Ve, T)(E5, X), &) + 9(T(T(&i, €5), X), €5)
= g(T(T(&,&5), X), &) = ( (=[&&5]m, X), &) = g([[& 51 m, X1, )
= —dn;([&, &lm, X) = —2w;([6, €], X).

Hence, the second equality in (4.3) follows. Analogous calculations show the validity
of the first equality in (4.3). Then, (4.4) is a consequence of (4.3) and (3.48). O

The vertical derivative of the qc-scalar curvature is determined in the next
Proposition.

PROPOSITION 4.4. On a QC manifold we have

1
(4.6) pi(&i, &5) + P&k, &5) = 16n(n + 2)

PROOF. Since V preserves the splitting H @ V, the first Bianchi identity and
(3.48) imply

= 2(pi(&i,&5) + pr €y &5)) = 9o, 6.6 AR (s §5)8k 5 €5)
= 9(0—5775]7§k{(v£7T)(§J7fk) + T(T(Ela§])7£k)}7£j) =

&;(Scal).

1
8n(n 72y (Seab)-
O

4.1. The Bianchi identities

In order to derive the essential information contained in the Bianchi identities
we need the next Lemma, which is an application of a standard result in differential
geometry.

LEMMA 4.5. In a neighborhood of any point p € M*"*3 and a Q-orthonormal
basis

{X1(p), X2(p) = 1 X1(p) - - s Xan(p) = IsXun—3(p), &1(p), &2(p), &3(p)}
of the tangential space at p, there exists a Q - orthonormal frame field
{X17X2 =hLX1,..., Xan = ISX4n—37£17£2353}3X(1‘p = Xa(p)vfs‘p = fs(p)a
a=1,...,4n,1=1,2,3,

such that the connection 1-forms of the Biquard connection are all zero at the point
p, i.e., we have

(4.7) (Vx, Xp)ip = (V&, Xp)1p = (Vx,8)p = (Ve &) ip = 0,
fora,b=1,...,4n,s,t,r =1,2,3. In particular,

(Vx, L) Xp)ip = (Vx, L)) p = (Ve 1) Xp)p = (Ve, I5)&) 1 p = 0.

PRrROOF. Since V preserves the splitting H & V we can apply the standard
arguments for the existence of a normal frame with respect to a metric connection
(see e.g. [Wu]). We sketch the proof for completeness.

Let {X’l7 oy Xan, €1, &9, §3} be a Q-orthonormal basis around p such that Xalp

Xa(p), g}lp &(p). We want to find a modified frame X, = o®X,, & = o] fj,
which satisfies the normality conditions of the lemma.
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Let @ be the sp(n) @ sp(1)-valued connection 1-forms with respect to the frame
{Xla s 7X4n7 gla §2a 53}, i.e.,

V)va :ngm Vgs :Wgét, Bc {Xla"'7X4n7glu527£3}'

Let {z!,...,2%" %3} be a coordinate system around p such that

0 0
axa(p):Xa(p)a W(p)zgt(p)v a:]-v"'74n7 t:17273'

One can easily check that the matrices with entries

4n—+3 6 4n+3 8
b = exp (— ; wZ(W)lpxC> € Sp(n), o = exp <— ; wf(W)pQUC) € Sp(1)
are the desired matrices making the identities (4.7) true.

Now, the last identity in the lemma is a consequence of the fact that the
choice of the orthonormal basis of V' does not depend on the action of SO(3) on V/
combined with Corollary 3.6 and Proposition 3.5. O

DEFINITION 4.6. We refer to the orthonormal frame constructed in Lemma 4.5
as a qc-normal frame.

Let us fix a qc-normal frame {ey, ..., e4n,81,&2,&3}. We shall denote with
X, Y, Z horizontal vector fields X,Y,Z € H and keep the notation for the torsion
of type (0,3) T(B,C,D) = g¢(T(B,C),D),B,C,Dec H® V.

PROPOSITION 4.7. On a quaternionic contact manifold (M*"*3, g, Q) the fol-
lowing identities hold true

4n 3 3
(4.8) 2 (Ve,Ric)(ea, X) — X(Scal) = 4)  Ric(&, I.X) =80 Y pr(&, X),
a=1 r=1 r=1

4n

(4'9) RiC(fs, IsX) = 2pq(ItX7 gs) + 2pt(IsXa fq) + Z(veaT)(g& I, X, ea),

a=1
(4.10) 4n(ps(X,&s) — Cs(&s5 X))
4n
= 2p(I(ItX7 55) + 2pt(ISXﬂ gq) - Z(VeaT)(fsta Isea)a
a=1
4an
(A1) GEnX) =~ D (Ve D)6 LX, ea),
a=1

where s € {1,2,3} is fized and (s,t,q) is an even permutation of (1,2,3).

PROOF. The second Bianchi identity implies

4n 4n
23 (Ve,Ric)(eq, X) — X(Scal) + 2 Ric(T(eq, X), €a)
a=1 a=1

4n
+ Z R(T(ep,eq), X, ep,eq) = 0.
a,b=1

An application of (3.3) to the last equality gives (4.8).
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The first Bianchi identity combined with (2.13), (3.3) and the fact that V
preserves the orthogonal splitting H &V yield

4n
Ric(&,, 1,X) = Z(v T) (&, I, X, eq) —|—2ZwTIXea) (fr7fs,ea)>:

r=1
4n
= (Ve T) (&, L X, €q) + 2T (&, &4, 1, X) + 2T(€g, &6, It X)),
a=1

which, together with (4.4), completes the proof of (4.9).

In a similar fashion, from the first Bianchi identity, (2.13), (3.3) and the fact
that V preserves the orthogonal splitting H &V we can obtain the proof of (4.10).
Finally, take (3.39) with B = &; and combine the result with (4.9) to get (4.11). O

The following Theorem gives relations between Sp(n)Sp(1)-invariant tensors
and is crucial for the solution of the Yamabe problem, which we shall undertake in
the last Chapter. We define the horizontal divergence V*P of a (0,2)-tensor field
P with respect to Biquard connection to be the (0,1)-tensor defined by

4n
V'P() = (Ve P)lear ),
a=1

where e,,a = 1,...,4n is an orthonormal basis on H.

THEOREM 4.8. The horizontal divergences of the curvature and torsion tensors
satisfy the system Bb = 0, where

3
B=|-1 0 n+2 gy 0 |,
1 =3 4 0 -1

t
b — ( VT, VU, A, dScall,. Y}, Ric(&,1;.) ) :
with T° and U defined in (3.36) and
A(X) = g(h[&2, &) + I2[&3, &) + I3[61, &2, X).

PrOOF. Throughout the proof of Theorem 4.8 (s,t,q) will denote an even
permutation of (1,2,3). Equations (4.2) and (4.4) yield

3
(4.12) > (X&) = —mX(Scal) - %A(X%

(4.13) D pa1X, &) = AX).

Using the properties of the torsion described in Proposition 3.3 and (2.14), we
obtain

3 4n

(4.14) DD (Ve D)€ LiX ea) = VTOX) =3V U(X),
s=1a=1

(4.15) Zi(veaT)(gs,X,Isea) = V'TY(X) 4+ 3V*U(X).

s=1a=1
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Substituting (4.13) and (4.14) in the sum of (4.9) written for s = 1,2, 3, we obtain
the third row of the system. The second row can be obtained by inserting (4.11)
into (4.10), taking the sum over s = 1,2,3 and applying (4.12), (4.13), (4.14),
(4.15).

The second Bianchi identity and applications of (3.3) give

s=1

3 4an
(4.16) > (Z[ (Ve, Ric)(I.X, Iyeq) + 4n(Ve, ) (I X, €a) D
3
— 2 (Rie(&s, 1,X) + 8n¢, (€6, X))

3
80 3 [G6 1 X) = s 1iX) = pol€es 1,X) + ps(60s 1 X)| = 0.

s=1

Using (3.39), (3.41) as well as (2.14),(2.15) and (4.1) we obtain the next three
identities

3 [Rz'c(lsx, Lea) + 4nCy (I, X, ea)}

s=1
3
=2y [ps(qu, Lied) — po(L: X, Iqea)}
s=1
— CATO(X, eq) + 24U (X, eq) + mg(x, co),
3
(417) 803" [6u(n 1,X) — (€, 1Y)
s=1

3
= 3 [4Ric(€e, IX) = 8ps(€6 X) + 4p, (&, 1,X) — 4py(0, X

s=1

23:[ 2Ric(E, [,X) + 8nC, (€6, X)]

s=1

Mw

|—4Ric(€s, T,X) = 4py(& 1,X) + 4p(€qs 1Y)

s=1

A substitution of (4.17) in (4.16), and then a use (4.12) and (4.13) give the first
row of the system. O

We are ready to prove one of our main observations.

THEOREM 4.9. The qc-scalar curvature of a qc-Einstein quaternionic contact
manifold of dimension bigger than seven is a global constant. In addition, the verti-
cal distribution V' of a qc-Einstein structure is integrable. On a seven dimensional
gc-Einstein manifold the constancy of the qc scalar curvature is equivalent to the
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integrability of the vertical distribution. In both cases the Ricci tensors are given by

Scal
e t=1,2,3.,
8n(n—|—2)wt s

Ric(§S7X):pS(X7§t):CS(X’§t):Oa 57t:15273'

P = Toi g = —2C i =

PROOF. The statement for n = 1 follows directly from Theorem 4.8 and the fact
that in dimension seven U = 0. Suppose the quaternionic contact manifold is qc-
Einstein. According to Proposition 4.2, the quaternionic contact torsion vanishes,
T: = 0,£ € V. Since n > 1, Theorem 4.8 gives immediately that the horizontal
gradient of the scalar curvature vanishes, i.e., X(Scal) =0, X € H. Notice that
this fact implies also {(Scal) = 0,£ € V, taking into account that for any p € M
one has [eq, [seq])p = T(ea, Isea)p = 285, Now, (4.9), (4.3), (3.40), (3.41) and
(3.42) complete the proof. O

4.2. Examples of qc-Einstein structures
EXAMPLE 4.10. The flat model.

The quaternionic Heisenberg group G(H) with its standard left invariant quater-
nionic contact structure (see Section 5.2) is the simplest example. The Biquard con-
nection coincides with the flat left-invariant connection on G(H). More precisely,
we have the following Proposition.

PROPOSITION 4.11. Any quaternionic contact manifold (M, g, Q) with flat Bi-
quard connection is locally isomorphic to G(H).

PRrROOF. Since the Biquard connection V is flat, there exists a local Q-orthonormal
frame
{Taa LTy, 12Ty, 13T, §1, 62,83 a=1,... ,n},

which is V-parallel. Theorem 4.9 shows that the quaternionic contact torsion van-
ishes and the vertical distribution is integrable. In addition, (3.48) and (3.3) yield
(&, €] = 0 with the only non-zero commutators [I;Tq,T,] = 2&;, i,j = 1,2,3 (cf.
(5.12)). Hence, the manifold has a local Lie group structure which is locally isomor-
phic to G(H) by the Lie theorems. In other words, there is a local diffeomorphism
® : M — G(H) such that n = ®*O, where © is the standard contact form on
G(H), see (5.13). O

EXAMPLE 4.12. The 3-Sasakian Case.

Suppose (M, g) is a (4n+3)-dimensional Riemannian manifold with a given 3-
Sasakian structure, i.e., the cone metric on M x R is a hyperkahler metric, namely,
it has holonomy contained in Sp(n+1) | |. Equivalently, there are three Killing
vector fields {1, &2, &3}, which satisfy

(1) g(glvgj) = 5ija Zvj = 17273

(i) [&,&;] = —2&, for any cyclic permutation (4, j, k) of (1,2, 3)

(iii) (Dpl;)C = ¢(&,C)B — g(B,C)&;, i = 1,2,3, B,C € I'(TM), where
fi(B) = Dpg&; and D denotes the Levi-Civita connection.

A 3-Sasakian manifold of dimension (4n + 3) is Einstein with positive Rie-
mannian scalar curvature (4n+ 2)(4n + 3) [Kas] and if complete it is compact with
finite fundamental group due to Mayer’s theorem (see [BG] for a nice overview of
3-Sasakian spaces).
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Let H = {§Ia§27£3}l' Then
L&) =&, Loli(X)=0LX, Loli(X)=-X, XcH,
dni(X,Y) =29(I;X,Y), X,Y € H.

Defining V' = span{&1, 2,83}, Lyg = I~i|H, Iy = 0 we obtain a quaternionic
contact structure on M | ]. Tt is easy to calculate that

(4.18) Siadnj g =0, dni(&5, &) =2, dni(&, &) = dni(&i, &) =0,

This quaternionic contact structure satisfies the conditions (2.10) and therefore it
admits the Biquard connection V. More precisely, we have

(i) VxI;=0,X € H, V£ili:0, vfilj = =21}, ng[iZZIk,

(i) T(&, &) = —26,

(iii) T(&,X) =0, X € H.
From Proposition 4.2, Theorem 4.9, (3.30) and (3.33), we obtain the following
Corollary.

COROLLARY 4.13. Any 3-Sasakian manifold is a gc-Einstein with positive qc-
scalar curvature

Scal = 16n(n + 2).

For any s,t,r =1,2,3, the Ricci-type tensors are given by

PtlH = Tt|H:*2Ct\H:*20Jt
(4.19) Ric(&s, X) = ps(X,&) = ((X, &) =0
ps(gtvgr) = 0.

The nonzero parts of the curvature R of the Biquard connection is expressed in
terms of the curvature of the Levi-Civita connection RY as follows
i) RX,Y,Z,W) = RI(X,Y,Z,W)
+ Vi {ws (Y, D)ws(X, W) — wilX, Z)ws(Y. W) = 20:(X, Y )ws (Z, W)},

”) R(g?YaZ7W) = _R(K§7ZaW) = Rg(g’KZ,W)7
iii) R(&,E,2Z,W) = RI(E,E2Z,W),

w) R(X,Y,&€) = —4{m Az, ws(X,Y) + n2 Ans(&,wi(X,Y)
newline + 3 Ani(E, §w2(X,Y)},

where X, Y, Z, W € H and £, € V.

In fact, 3-Sasakian spaces are locally the only qc-Einstein manifolds (cf. The-
orem 1.3). Before we turn to the proof of this fact we shall consider some spe-
cial cases of QC-structures suggested by the above example. These structures
will be relevant in Chapter 6, see for ex. Theorem 6.20. We recall that the Ni-
jenhuis tensor Ny, corresponding to I; on H is defined as usual by N, (X,Y) =
[LX,LY]— [X,Y] - LILX,Y) - LIX, Y], X, YeH.

DEFINITION 4.14. A quaternionic contact structure (M, g,Q) is said to be hy-
perhermitian contact (abbr. HC structure) if the horizontal bundle H is for-
mally integrable with respect to I, Is, I3 simultaneously, i.e. fori=1,2,3 and any
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X, Y € H, we have
(4.20) NL(X,Y)=0 mod V.

i

In fact a QC structure is locally a HC structure exactly when two of the almost
complex structures on H are formally integrable due to the next identity essentially
established in | , (3.4.4)]

2N, (X,Y) = N, (X,Y) + LN, (IX,Y) + LN, (X, LY) — Np, (I, X, [LY)—
N, (X,Y)+ LN, (LX,Y)+ LN, (X, Y) = Ni,(LX,[,Y)=0 mod V.

On the other hand, the Nijenhuis tensor has the following expression in terms of a
connection V with torsion 7" satisfying (3.28)(see e.g. [Iv])

(4.21) Ni,(X,Y) = T2 (X, Y)+ B8V LX —Bi(X) LY — L3 (V) [, X +1,8:( X) I Y,

where the 1-forms 3; and the (0,2)-part of the torsion TIOi’2 with respect to the
almost complex structure I; are defined on H, correspondingly, by

(422) B = a; + I,
(4.23)  TPUX,)Y)=T(X,Y)-T(LX,LY)+ LT(LX,Y)+ LT(X,LY).

Applying the above formulas to the Biquard connection and taking into account
(3.3) one sees that (4.20) is equivalent to (3;)|,, = 0. Hence we have the following
proposition.

PROPOSITION 4.15. A quaternionic contact structure (M, g,Q) is a hyperher-
mitian contact structure if and only if the connection 1-forms satisfy the relations

(424) Oéj(X) = ak(IiX), XeH

The Nijenhuis tensors of a HC structure satisfy N1, (X,Y) = TIOi’Q(X, Y), X,Ye
H.

Given a QC structure (M, g, Q) let us consider the three almost complex struc-

tures (n;, ;)
(4.25) LX=5LX, XcH, I(&) =¢& L&) =0.

With these definitions (7;, I;) are almost CR structures (i.e. possibly non-integrable)
exactly when the QC structure is HC since the condition dni(fiX, I}-gj) =dni(X,§;)
is equivalent to ax(X) = —a;(1; X) in view of (3.29). Hence, dn; is a (1,1)-form with
respect to I; on &t =Heo {&;, &} and a HC structure supports a non integrable
hyper CR-structure (1;, I;).

A natural question is to examine when I is formally integrable, i.e N i =
0 mod &;.

PROPOSITION 4.16. Let (M, g,Q) be a hyperhermitian contact structure. Then
the CR structures (n;,I;) are integrable if and only if the next two equalities hold

(4.26)  dn;(&e, &) = de(&s, &), dn;(&5,&) — dnie(&k, &) = 0.

ProOOF. From (3.3) it follows T}m (X,Y) = 0 using also (4.23). Substituting the

latter into (4.21) taken with respect to I; shows N 7,lm =0 mod & is equivalent
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to (4.24). Corollary 3.6 implies

N; (X, &5) = (o (LX) +ou (X)) + (o (§k) +n (§5)) 1 X + (i (§5) — e (€k) ) 1 X +
+ T (ks LX) — LT &y X) — T(&5, X) — LT (&5, L;X).
Taking the trace part and the trace-free part in the right-hand side allows us to
conclude that Nj (X,&;) =0 mod & is equivalent to the system

T(&k, 1 X) = W T (§k, X) = T(&5, X) — LT(&5, LX) =0,
a;j (&) +ax(§) =0 a;(§) — ar(éx) =0.

An application of Proposition 3.3, (2.14) and (2.15) shows the first equality is
trivially satisfied, while (3.30) tells us that the other equalities are equivalent to
(4.26). O

4.3. Proof of Theorem 1.3

ProOF oF THEOREM 1.3. The equivalence of a) and c¢) was proved in Propo-
sition 4.2. We are left with proving the implication a) implies b). Let (M, g, Q) be
a qc-Einstein manifold with qc-scalar curvature Scal. According to Theorem 4.9,
Scal is a global constant on M. We define = %ﬁ. Then (M,g,Q) is a
qc-Einstein manifold with gc-scalar curvature Scal = 16n(n + 2), horizontal distri-
bution H = Ker(n) and involutive vertical distribution V' = span{&;,&s, &3} (see
(5.1),(5.7) and (5.8)).

We shall show that the Riemannian cone is a hyperkahler manifold. Consider
the structures defined by (4.25). We have the relations

ni(&5) = iy midy = =il = M, L& =16 =&
(4.27) LI —nm@t=-LL+neé=1I
I? =—Ild+n; ®&, nifi =0, fifi =0, g(ji~7ji~) = g(., -) - ﬁi(-)ni(-)-

Let D be the Levi-Civita connection of the metric g on M determined by the
structure (n, Q). The next step is to show

(4.28) DLi=1d®@n; —g®& —0; @ Iy + o1, ® I,

for some appropriate 1-forms o5 on M. We consider all possible cases.
Case 1[X,Y, Z € H| The well known formula

(4.29) 2¢g(DaB,C) = Ag(B,C) + Bg(A,C) — Cg(A,B)
+g([A,B],C)*Q([B,C],A)+Q([C,A],B), AaBaCGF(TM)

yields
(4.30) 2¢9((DxI)Y,Z) = dwi(X,Y,Z) — dw;(X, LY, ,Z) + g(N;(Y, Z), [ X).

We compute dw; in terms of the Biquard connection. Using (3.3), (3.28) and (4.22),
we calculate

(433()(,1/, Z) — dwi(X, LY, [;Z) == —20;(X)wi(Y, Z) + 2ax(X) w; (Y, Z)
= BiYV)we(Z, X) — LBE(Y)w;(Z,X) = Bi(Z)we(X,Y) — LBi(Z)w;(X,Y).
A substitution of (4.21) and (4.31) in (4.30) gives

(432) G(DxT)Y, Z) = —ay (XY (Y, Z) + a (X (¥, 2).
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Letting 0;(X) = «;(X), we obtain equation (4.28).
Case 2 [ &,& € V and Z € H] Using the integrability of the vertical distribution
V and (4.29), we compute

29((De, L)ér, Z) = 29(De, Li&e, Z) + 29(De, &1, 1; Z) =
- g([iift,z],fs) - g([@, Z]ailgt) - g([587IiZ]7£t) - g([ftvliz]’gs)'

An application of (2.10) allows to conclude g((Dg, I;)é,Z) = 0 for any i,s,t €
{1,2,3}.
Case 3 [ X,Y € H and C € V] First, let C = &;. We have
29((Dx1)Y, &) = 29(Dx 1Y, &)
= _glg(Xa IIY) + g([X7 IIY]agl) - g([Xa €l]a IlY) - g([IIKé-lLX)
= _(Lﬁlg)(Xv IIY) + nl([Xa IlYD = _dn1<X7 IIY) = _QQ(Xv Y)
after using (3.18), Tz, =0, s =1,2,3, and (2.1).
For C = &,, we calculate applying (4.27) and (4.29) that
29((Dx )Y, &) = 29(Dx 1Y, &) + 29(Dx Y, &)
= _glg(Xa IZY) - 539(Xa Y) + g([X7 Ily]v 52) - g([Xa §2]7 IZY)
— 9([L:Y, &), X) 4+ g([X, Y], &) — g([X, &), Y) — g([Y, &3], X)
= —(L9)(X, 1Y) = (Ley9)(X,Y) +n2([X, LY]) + 03(]X, Y]) = 0.
The other possibilities in this case can be checked in a similar way.
Case 4 [X € H and A,B € V]. We verify (4.28) for I1,A = &,B = & and

I,A= &, B = &3 since the other verifications are similar. Using the integrability
of V, (4.29), (4.27) and (3.29), we find

29((DxT1)é1, &) = 29(Dx61,&3) = 9([X, &1, &) — 9([X, &3], &) = —202(X),
29((Dx11)é2, &) = 29(Dx&s, &) — 29(Dx &2, &) = 0.

Case 5 [A, B,C € V] Let us extend the definition of the three 1-forms o5 on V as
follows

(4.3 0i(6) = 1+ 3 (A (5, &) — dny (&, ) — e[, €5))
oi(&) = dn;(&,&k),  0i(&k) = dnw(&5, &k)-

A small calculation leads to the formula
(4.34) 9(I;A, B) = (n; Ami)(A, B).
On the other hand, we have
(4.35)  2(Dan;)(B) = 29((Da&;, B)

= Ani(B) + &ig(A, B) — Bni(A) + g([A, &), B) — ni([A, B]) — g([&, B], A)
= 3 (A m(B) dni(Ees&) = no(A)me(B) die(s, &) — ms(B) 11(A) dp (€6, )]

s, t=1

= 20 Ank(A,B) — 20(A)m(B) + 20%(A)n;(B).
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With the help of (4.34) and (4.35) we see

(4.36)  g((Dal;)B,C) = Da(n; Ami)(B,C) = [Da(n;) Ak +1; A Da(ni))(B, C)
= ((As(me Ani) — o (A)n; + oi(A)me) A i) (B, C)
+ (nj A (As(ni Ang) — oi(A)n; + o (A)mi))(B, C)
= (m(A)n; Ani(B, C) + n;(A)m; An;(B,C)) = 0;(A)g(IxB,C) + ox(A)g(I;B,C)
=n:(B)g(A,C) — g(A, B)n;(C) — 05(A)g(Ix B, C) + o1 (A)g(I; B, C).

Case 6 [A € V and Y, Z € H]. Let A =&, s € {1,2,3}. The right hand side
of (4.28) is equal to —0;(&s)wi(Y, Z) + 0x(&s)w;(Y, Z). On the left hand side of
(4.28), we have

(4.37)  29((De, 1;)Y, Z) = 29(De (I;Y), Z) + 29(De, Y, 1, Z)
={&9(LY, Z) + g([&, 1Y), Z) — 9([&s, Z], 1Y) — g([I;Y, Z],&5) }
+{&9(Y, L Z2) + 9([6:. Y. L, Z) — g([&s, 1iZ], Y) — g([Y, L Z], &) }
=9((Le, )Y, Z) — g((Le 1) 2, Y) + wi(LsY, Z) + wi(Y, [ 2)

Now, recall Lemma 3.2 to compute the skew symmetric part of g((L¢,1;)Y, Z), and
also use formulas (4.33), to prove the case i = s

9((De, 1) Y, Z) = dni(&:, &) w; (Y, Z) + dni(&i, §k) wi(Y, Z)
= —0(&)wr(Y,Z) + or(&)w; (Y, Z).

Similarly, for s = j we have

9((De; 1) Y, Z) = dn;(&i, &) w; (Y, Z)

= 5 (&6 + dnilen&) — dm(&, &) wn(Y, 2)
—w(Y,2) = —0;(§) wn(Y, Z) + on(85) wi(Y, 2),

which completes the proof of (4.28).
At this point, consider the Riemannian cone N = M x R™ with the cone metric
gy = t?g + dt? and the almost complex structures

d ~ f d
(B, f ) = (Lt L, ) ),
Using the O’Neill formulas for warped product [On, p.206], (4.27) and the just
proved (4.28) we conclude (see also | ]) that the Riemannian cone (N, gn, ¢4,% =
1,2,3) is a quatrnionic Kéhler manifold with connection 1-forms defined by (4.32)
and (4.33). Tt is classical result (see e.g [Bes]) that a quaternionic K&hler manifolds
are Einstein. This fact implies that the cone N = M xR+ with the warped product
metric gy must be Ricci flat (see e.g. [Bes, p.267]) and therefore it is locally
hyperkahler (see e.g. [Bes, p.397]). This means that locally there exists a SO(3)-
matrix ¥ with smooth entries such that the triple (¢~>1, bo, q~53) = U (¢1, P2, ¢3)¢
is D-parallel. Consequently (M, ¥ - n) is locally 3-Sasakian. Example 4.12 and
Proposition 4.2 complete the proof. (]

—_

i=1,2,3, EcI(TM).

COROLLARY 4.17. Let n > 1 and (M, g,Q) be a QC structure on a (4n+3)-
dimensional manifold with positive qc-scalar curvature, Scal > 0. The following
two conditions are equivalent.
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i) The structure (M, 167;(;72)%@) is locally 3-Sasakian.

it) There exists a (local) 1-form n such that the connection 1-forms of the
Biquard connection vanish on H, a;(X) = —dn;(&,X) = 0,X € H,
1,7,k =1,2,3 and Scal is constant if n = 1.

PROOF. In view of Theorem 1.3 and Example 4.12 it is sufficient to prove the
following Lemma. O

LEMMA 4.18. If a QC structure has zero connection one forms restricted to the
horizontal space H then it is qc-Einstein, or equivalently, it has zero torsion.

ProoOF. If a;(X) =0fori=1,2,3 and X € H then (3.33) together with (3.3)
yield
20i(X,Y) = —ai([X,Y]) = ai(T(X,Y)) = 2300, qil)ws (X, Y).
Substitute the latter into (3.41) to conclude considering the Sp(n)Sp(1)-invariant

parts of the obtained equalities that 7°(X,Y) =U(X,Y) = a;(§) =0, (&) =
—3 ?’cal2) O
n(n+2)"°

COROLLARY 4.19. Any totally umbilical hypersurface M in a quaternionic-
Kahler manifold admits a canonical qc-Finstein structure with a non-zero scalar
curvature.

PROOF. Let M be a hypersurface in the quaternionic-Ké&hler manifold (M ,4)-
With N standing for the unit normal vector field on M the second fundamental
form is given by I1(A,B) = —§(DaN,B), with A,B € TM and D being the
Levi-Civita connection of (M g). Since M is a totally umbilical hypersurface of
an Einstein manifold M, taking a suitable trace in the Codazzi equation |
Proposition 4.3, we find I1(A, B) = —Const (A, B). Thus, after a homothety of
M we can assume II1(A, B) = —4(4, B).

Consider a local basis Jy, Jo, J3 of the quaternionic structure of M satisfying
the quaternionic identities. We define the horizontal distribution H of M to be the
maximal subspace of T'M invariant under the action of jl, j2, j3, whose restriction
to M will be denoted with Iy, I, I3. We claim that (H, Iy, I2, I3) is a qe-structure
on M. Defining 7;(A) = §(Ji(N), A) and & = J;N, a small calculation shows

Hence, the conditions in the definition of a qc-structure are satisfied.

Let D be the Levi-Civita connection of the restriction g of g to M. Then we
have
(4.38) DisB=DsB+II(A,B)N, A BeTM

Define I; (4) = Ji(A)7as the orthogonal projection on TM, A € TM. Since by

assumption M is a quaternionic-Kahler manifold we have D.J; = —c; i ® Jp+05® J
This together with (4.38), after some computation gives (compare with (4.28))

(4.39) Dfi:Id®77i*g®fi*0j®fk+0k®jj.
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Using (4.39) we will show that the torsion of the qgc-structure is zero. The same
computation as in the Case 3 in the proof of Theorem 1.3 gives
—29(X,Y) = 29(Dx1))Y, &) = 29(Dx [;Y . &)
Hence 0 = (£¢,9)(X,Y) = 2T£Oi (X,Y). A computation analogous to the the proof
of Theorem 1.3, Case 6 gives
(440) = 203(¢)wi(Y, 2) + 201 (§1)ws(Y, Z) = 29((De, I2)Y, Z)
=9((£e, 12)Y, Z) = g((Le, 12) Z,Y) + wa (1Y, Z) + wa (Y, 11 Z).
From Lemma 3.2 it follows
= 203(§)wi (Y, Z) 4 201(§1)ws (Y, Z) =
= —dg(IzaY, Z) + 2dn (&2, 1)wi (Y, Z)
+ (dni (&2, &3) — dn2(&s, &) — dns (€1, &2) — 2) ws(Y, Z).

Working similarly in the remaining cases we conclude that the traceless part u of
the tensor u vanishes. ]






CHAPTER 5

Conformal transformations of a qc-structure

Let h be a positive smooth function on a QC manifold (M, g,Q). Let 77 = 557
be a conformal transformation of the QC structure 7 (to be precise we should let
g = Q—:lhg on H and consider (M,g,Q)). We denote the objects related to 7 by
overlining the same object corresponding to 1. Thus, di = —#dh AN+ ﬁdn and
g= ﬁg. The new triple {&;, &2, &3} is determined by (2.10). We have

(5.1) £ = 2h& + I,Vh, s=1,2,3,

where Vh is the horizontal gradient defined by ¢(Vh, X) = dh(X),X € H.
The (horizontal) sub-Laplacian and the norm of the horizontal gradient are
defined respectively by

4n 4n
(5.2) Ah = tr§(Vdh) = > Vdh(ea,ea),  |Vh? = > dh(eq).
a=1

a=1

The Biquard connections V and V are connected by a (1,2) tensor S, VB =
VaB + SaB,A,B € I'(TM). The condition (3.3) yields
9(SxY, Z) — g(Sy X, Z) = —h~ ' 320 wi(X,Y)dn(I,Z), X,Y,Z e H.
From Vg = 0 we get g(SxY,Z)+g(SxZ,Y) = —h~'dn(X)g(Y, Z), X,Y,Z € H.
The last two equations determine g(SxY, Z) for X,Y, Z € H due to the equality

3
9(SxY, Z) = —(2h) " M{dh(X)g(Y, Z) = > dh(I X )w,(Y, Z) + dh(Y)g(Z, X)
3 3
+ 3 ALY (2, X) — dh(Z)g(X,Y)Z + Y dh(I,Z)ws(X,Y)}.

s=1 s=1

Using Biquard’s Theorem 2.4, we obtain after some calculations that

(5.3) 9(Tg, X.Y) = 2hg(Te, X, Y) — g(Sg, X, Y) =

— Vdh(X, 1Y) + h™ (dh(I3X)dh(IY) — dh(IsX)dh(I3Y)).
The identity d?> = 0 yields Vdh(X,Y) — Vdh(Y,X) = —dh(T(X,Y)). Applying
(3.3), we can write

3
(5.4) Vdh(X,Y) = [Vdh] [sym] (X,Y) - Z dh(&s)ws(X,Y),

s=1
where [][sym) denotes the symmetric part of the correspondin (0,2)-tensor.

37
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Decomposing (5.3) into [3] and [-1] parts according to (2.7), using the properties
of the torsion tensor T¢, and (3.36) we come to the next transformation formulas:

(5.5) T(X,Y) = TUX,Y) + h™ [Vdh]jsym|-1;
(5.6) UX,)Y) = UX,Y) + (20)"'[Vdh — 2h~"dh @ dh] 3],
1
9056, X.Y) = —3 [ ~Vd(X,LY) + Vdh(I,X,Y) — Vdh(I,X, I5Y)

+ Vdh(I5X, JQY)} ~ (2h)7! [dh(ng)dh(IgY)
— dh(IX)dh(I5Y) + dh(1, X)dh(Y) — dh(X)dh(L,Y)

g (~Ah 4 20 (VAP g1 X, Y) — dh(Es)g(1X,Y) + dh(E)g(IsX, ),

where [. |[symj—1] and [.]g[o] denote the symmetric [—1]-component and the trace-
less [3] part of the corresponding (0,2) tensors on H, respectively. Observe that for
n =1 (5.6) is trivially satisfied.
Thus, using (3.47), we proved the following Proposition.

PROPOSITION 5.1. Let 7] = ﬁr] be a conformal transformation of a given QC

structure . Then the trace-free parts of the corresponding qc-Ricci tensors are
related by the equation

(5.7) Rico(X,Y) — Rico(X,Y)
= —(2n+2)h" [Vdh][(sym)-1](X,Y)—(2n+5)h~" |Vdh—2h~ ' dh@dh - (X,Y).

Forn =1, Rico(X,Y) — Rico(X,Y) = —4h™HVdh][sym)—11(X,Y).

In addition, the gc-scalar curvature transforms by the formula | ], which is the
qc-Yamabe equation,
(5.8) Scal = 2h(Scal) — 8(n + 2)*h~1|Vh|? +8(n + 2)Ah.

5.1. Conformal transformations preserving the qc-Einstein condition

In this section we investigate the question of conformal transformations, which
preserve the qe-Einstein condition. A straightforward consequence of (5.7) is the
following

PROPOSITION 5.2. Let 1 = ﬁn be a conformal transformation of a given qc-
structure (M, g, Q). Then the trace-free part of the gc-Ricci tensor does not change
if and only if the function h satisfies the differential equations

3 3
(5.9) 3(Vxdh)Y = (Vi xdh)LY = -4 dh(&)w.(X,Y),

s=1 s=1

(5.10) (Vxdh)Y —2h~dh(X)dh(Y)
3
+) [(Vi,xdh) LY — 20~ 'dh(I.X)dh(I.Y)] = Ag(X,Y),

for some smooth function \ and any X,Y € H.
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Note that for n = 1 (5.10) is trivially satisfied. Let us fix a qc-normal frame,
cf. definition 4.6, {To, Xo = [1T0, Yo = 1T, Zo = 1374, 61,862,835}, a=1...,n at
a point p € M.

LEMMA 5.3. If h satisfies (5.9) then we have at p € M the relations

(i T)Tah = — To (i To)h = &h

(5.11) (i To) (LiTo)h = = (LiTa) (I; Ta) h = & h.

ProOOF. Working with the fixed gqc-normal frame, equation (5.9) gives
4TaXah(p) - [TonXa}h(p) + [Yaaza]h(p) = *451}1(]))-

Lemma 4.5 and (3.3) yield [To, Xalh (p) — [Ya,Zalh(p) = 0. Hence, (5.11)
follow. (]

5.2. Quaternionic Heisenberg group. Proof of Theorem 1.1

The proof of Theorem 1.1 will be presented as separate Propositions and Lem-
mas in the rest of the Section, see (5.29) for the final formula. We use the following
model of the quaternionic Heisenberg group G(H). Define G(H) = H" x ImH with
the group law given by (¢',w’) = (go,wo)o(q;w) = (¢ + ¢w + wo + 21m g, q),
where ¢, ¢, € H" and w,w, € ImH. In coordinates, with the obvious notation,
a basis of left invariant horizontal vector fields T, Xy = I1To, Yo = LT,, Zo =
IsT,,aa=1...,n is given by

To = O, +22%0, +2y“0, + 220, Xo = 0z, —2t70; —22%0, +2y“0,
Yo = 0y, +22%0, —2t%0, — 22%0, Zo = 05, —2y%0y +22%0, —2t°0, .

The central (vertical) vector fields &1, &2, &3 are described as follows
51 =20, 52 = 28y 53 =20, .

A small calculation shows the following commutator relations
(5.12) [ To, To] = 2¢; L To, ;T = 2&.
The standard 3-contact form © = ((:)1, (:)27 (:)3) is

(5.13) 20 = dw — ¢ -d7 + dq -7

The described horizontal and vertical vector fields are parallel with respect to the
Biquard connection and constitute an orthonormal basis of the tangent space.

We turn to the proof of Theorem 1.1. We start with a Proposition in which we
shall determine the vertical Hessian of h.

PROPOSITION 5.4. If h satisfies (5.9) on G(H) then we have the relations
(5.14) & (h) = &(h) = &(h) = 8po,  &&5(h) =0, i#j=1,23,
where p, > 0 is a constant. In particular,
(5.15) h(g.w) = g(a) + po [ (z + 2o(@))® + (¥ + %(@))* + (= + 2(q))? ]
for some real valued functions g, T, y, and z, on H™. Furthermore we have

ToZoX2(h) = TaZoY2(h) =0, T2&(h) =0.
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PRrROOF. Equations (5.11) and (5.12) yield the next sequence of equalities

266 h = 2T, (IiTa) & h = 2T, & (IiTy) h= Ty [Ta,I; To) (IiTa) b
= T3 Ta) (LTo) h = 200 (L T) To (ITa) h= T3 & h — & & h

Hence, 3¢,£; h = T2 & h. Similarly, interchanging the roles of i and j together with
{I,T,,I;T,} = 0 we find 3§;&;(h) = —T2 &(h). Consequently &£ h = T2 & h =
0. An analogous calculation shows that &, h = 0. Furthermore, we have

262(h) = 2XoToé1(h) = 2Xo&1To(h) = —Xo[YaZa]Tu(h)

= XoZoYaTa(h) = XoYaZoTo(h) = &5 (h) + & (R).

We derive similarly 262(h) = £2(h) + &2(h ) 2¢3(h) = &(h) + & (h). Therefore
& (h) =& (h) =&(h), &)= 2(h) 0, #j=1,2,3 which proves part of
(5.14).

Next we prove that the common value of the second derivatives is a constant.
For this we differentiate the equation T2 £xh = 0 with respect to I, T, from where,
(5.11) and (5.12), we get

= & (WTa) Ta h = & To (InTo) Ta b + & [ Ta, To] h
=Ta&th + 2T & h =3Ta & h
In order to see the vanishing of (I; T,) £ h we shall need
(5.16) (I; T,)* &xh = 0.

The latter can be seen by the following calculation.
2§z§j h = 2£’L (IZ Ta) (Ik Ta) h = 2(11 Ta) €l (Ik: Ta) h = Ta [Taalj Ta] (IzTa) h
= (Il Ta)2 Ta(Ik Ta) h — ([1 Ta) Ta (Iz Ta) (Ik Ta) h= — ([’L Ta)2 gk h— 51 gj h
from where 0 = 3¢,&;h = —(I; T,,)*¢xh. Differentiate (I; T, )% §h = 0 with respect
to I;T, to get
0= é-k (IJ Ta) (I’L Ta)2 é-k: h = é-k: (I’L Ta) (Ik: Ta) Ta h + fk [Ig Ta;Ii Ta] (]7, Ta) h
= (LTa) & h + 2(LTy) & h = 3(LiTa) &N

We proved the vanishing of all derivatives of the common value of §j2-h, i.e., this
common value is a constant, which we denote by 8u,. Let us note that p, > 0
follows easily from the fact that A > 0 since g is independent of z, y and z.

The rest equalities of the proposition follow easily from (5.11) and (5.14). O

In view of Proposition 5.4, we define h = g + u, f, where
(5.17) f=@+2.(0)” + (y+v0(0)? + (24 20(0)*

The following simple Lemma is one of the keys to integrating our system.

LEMMA 5.5. Let X and Y be two parallel horizontal vectors
a) If ws(X,Y) = 0 for s=1,2,3 then

(5.18)  AXYh—2h~[dh(X) dh(Y) + Zdh (I, X) dh(I, Y)] = Ag(X,Y).
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b) If g(X,Y) = 0 then
(5.19) 2XYh — h~'{dh(X) dh(Y)

3 3
+ > dh(I,X) dh(IY)} = Z €sh) we(X,Y) }.
s=1 s=1
c) If g(X,Y) = ws(X,Y) = 0 for s =1,2,3 we have for any j € {1,2,3}
(5.20) XY (§h) = 0,

SXYh = p, {(X&f) (YES) +ZIX§] (LY &1) ).

PRrROOF. The equation of a) and b) are obtained by adding (5.9) and (5.10).
Let us prove part ¢). From (5.9) and (5.10) taking any two horizontal vectors
satisfying g(X,Y) = ws(X,Y) = 0, we obtain ~ 2AVdR(X,Y) = dh(X) dh(Y) +
S dh(I,X) dh(LY).

If X, Y are also parallel, differentiate along &; twice to get consequently

(5.21) 26h XYh + 20XYEh

3
= (X&h) (Yh) + Y [(I,X &h) (LY h) + (I,X &h) (LY h)],

s=1
22h XYh + 4hXYEh = 2{ (X&h) (YER) + Z I,X &h) (IY &h) }.

Differentiate three times along &; and use sz»h =counst, cf. (5.14) to get

2 (&h) XY (§h) = 0,
from where the first equality in (5.20) follows. With this information the second
line in (5.21) reduces to the second equality in (5.20). O

In order to see that after a suitable translation the functions x, y, and z, can
be made equal to zero we prove the following proposition.

PROPOSITION 5.6. If h satisfies (5.9) and (5.10) on G(H) then we have
a) For s € {1,2,3} and 4,5,k a cyclic permutation of 1,2,3

To Tp (&sh) = (IiTa) (Ii1p) (§sh) = 0 Va, B

(IiTa) Tp (§sh) = (LiTa) (IiTp) (§h) = 0, a # 5

(I T ) ( ) = — T, (Ij Ta) (ésh) =38 53]’ Ho
(I; To) (I Ta) (&sh) = — (IiTo) (I; Ta) (§sh) = 8 bk o

i.e., the horizontal Hessian of a vertical derivative of h is determined completely.
b) There is a point (¢o,w,) € G(H), o = (g}, ¢2,...,q7) € H" and w = iz, + jyo +

kz, € Im(H), such that,

il‘o(Q) + jyo(q) + kzo(Q) = w, + 21Imq,q.

PRrROOF. a) Taking o # § and using X =T, and Y = Tj in (5.20), we obtain
ToTpésh =0, o # . When a = j the same equality holds by (5.16).

The vanishing of the other derivatives can be obtained similarly. Finally, the
rest of the second derivatives can be determined from (5.11).

(5.22)
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b) From the identities in (5.22) all second derivatives of z,, y, and z, vanish.
Thus x,, Y, and z, are linear function. The fact that the coefficients are related as
required amounts to the following system

Tal‘o = Zayo = _Yazoa onmo = Yayo = Zazo
Ya‘ro = Xayo = _Tazoa Zaxo = —1a¥Yo = _Xazo~

(From (5.15) we have  &h = 4dus(z+2,(q)), &h = 4dus(y+yo(q)), &h =
411o(z + 25(q)). Therefore, the above system is equivalent to

To&1h = Zyé h = =Y, &3 h, Xo&th =Y, 6 h = Zy& h
Yozglh = Xanh = _Taf?)h Zaglh = _Taf2h = _Xoc§3 h.

Let us prove the first line. Denote a = T, &1 h, b = Z,& h, ¢ = =Y,& h.
From (5.11) and (5.12) it follows

0 = ToZoYa h = ZoaToYa h + [Tn, Zo]Ya h = —b + 2¢
b = ZoYoTa h = YaZoTa h + [Za,Ya]Ta h = —¢ + 2a
¢ = YaTuZa h = TaYaZo h + [Ya,TalZa h = —a + 2b,

which implies a = b = ¢. The rest of the identities of the system can be obtained
analogously. O

So far we have proved that if h satisfies the system (5.9) and (5.10) on G(H)
then, in view of the translation invariance of the system, after a suitable translation
we have

hgw) = ga) + po(® + y* + 2°).

PROPOSITION 5.7. If h satisfies the system (5.9) and (5.10) on G(H) then after
a suitable translation we have

gl@) = b + 1 + i, ld?)? b+ 1 >0

PrOOF. Notice that &1h = 4dp,x,&h = 4dp.y,&sh = 4p,z. With this
equations (5.11) become

ToXa(h) = YoaZa(h) = —XoTa(h) = —ZoYa(h) = —4poa,
(5.23) ToYa(h) = ZoaXa(h) = —YaTa(h) = —Xo0Za(h) = — 441y,
ToZo(h) = XoVo(h) = —ZoTo(h) = —YaXa(h) = —4j1,%.
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Let us also write explicitly some of the derivatives of f, which shall be used to
express the derivatives of g by the derivatives of h. For all « and 8 we have

Taf = 42"z + 4Py + 272), Xpf = 4(—tP2 — 2Py + P2,
Vaf = 4Pz — Py — 2”2), Zsf = 4(—yPx + 2Py — t72),
T.Tsf = 8(z%a® + y*y® + 222°), X, Xapf = 8t + 2227 + y*y?),
YVoVaf = 8(2%2° + t*47 + x%2P),  Z.Zsf = 8(y*y® + x%a® + t*¢P),
ToXpf = —40apx + 8(—ztP — 2P 4+ 22yP),

T.Ysf = —48a5y + 8(2%27 — y2t? — 2%27),

ToZsf = —46apz + 8(—x%y”® + y*af — 2217,

X Tsf = 45a5m+8(—to‘xﬂ — 2P + 2P,

XoYof = —46ap2 + 8(—t227 + 2%t% — y2aP),

XoZsf = 40apy + 8(t%y° — 2%2P + ytP).

From the above formulas we see that the fifth order horizontal derivatives of f
vanish. In particular the fifth order derivatives of h and ¢ coincide.
Taking X =Y =T, in (5.18) we obtain

(5.24) AT?h — 20~ Y{(Tah)? + (Xoh)? + (Yoh)? + (Zoh)?} = \.

Using in the same manner X, Y, and Z, we see the equality of the second deriva-
tives

(5.25) T?h = X2h = Y2h = Z2h.
Therefore, using (5.11) and (5.14), we have

T3h = ToX2h = XoToXah + [To, Xo)| Xoah = —3Xo€1h = 24t
and thus T2h = 244,. In the same fashion we conclude
(5.26)

T3h = 24u,t®  X2h = 24p,x®, Y2h = 24p.y~, Z3h = 24u,2°.
Similarly, taking X =T, Y = Xg and j =1 in (5.20) we find
ToXgh = 8, (—x*t? + t%28 — 2P + 229P), a#8.

Plugging X =T, Y =T with a # § in (5.20) we obtain
T.Tsh = XohXgh = Yo hYsh = ZohZsh = Su,(t2t7 + 2%z + y*yP + 2227).

The other mixed second order derivatives when a # 8 can be obtained by taking
suitable X and Y. In view of the formulas for the derivatives of f and (5.23), we
conclude

ToXpg = Spot®a’, T.Ysg = 1ot yP, TaZ3g = 8ot 2P
X Y39 = 8oxy”, XoZgg = 8uox®2”, YoZgg = 8oy 2P,
T\ Tgsg = 8 t*t?, XaXgg = 8oz’ Y,Ysg = 8uoy®y”,
ZoZgg = 81p2%2%, ToXag = 8ut®a®, ToYag = Sut®y®,
ToZog = 8uot®2® XoYag = 8uoz®y®, XoZag = Suox®z%,
YoZog = Buoy®z.

(5.27)
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A consequences of the considerations so far is the fact that all second order deriv-
ative are quadratic functions of the variables from the first layer, except the pure
(unmixed) second derivatives, in which case we know (5.25) and (5.26). It is easy
to see then that the fifth order horizontal derivatives of h vanish. With the infor-

mation so far after a small argument we can assert that g is-a—polynomial of degree
4-withoutterms-of degree 3and-of the form

9= lto Zé’é‘é =t a2y + e,
a=1

where ps is a polynomial of degree two. Furthermore, the mixed second order
derivatives of g are determined, while the pure second order derivatives are equal.
The latter follows from (5.24) taking ¢ = 0, w = 0. Let us see that there are no
terms of degree one on py. Taking X =T,,Y =T, a# f and j = 1in (5.21) we
find

(Apow) { ATWTpg + 32u0(z*2” + y*y® + 2°2°) }
=2 {(8xa)(ng+4uo(xﬁa: + Py + 2P2)) + (=8t) (X pg+duo(—tPx — 2Py +yP2))
+ (82%)(Ypg+4uo (P — ty — 272)) + (=8y*)(Zsg+4po(—y’u + Py — t°2))
+ (82°) (Tag +4p0(x"x + y*y + 272)) + (=8t°)(Xag+dpuo(—t*z — 2%y + y*2))
+ (82°) (Yag+4po(2%x — t%y — 2%2)) 4+ (—=8y°)(Zag+4po(—y*x + 2%y — t°2)) }
16 ( *Tsg + P Thg — t*Xgg — t’Xog + 2*Ygg + PYag —y “Zgg — yBZag)
+ 1284, x (117 4+ %2 4 12t + xvaP)
Taking into account (5.27) we proved
xo‘Tﬁg—FxﬁTag—to‘Xﬂg—tﬁXag—l—zo‘Y,@g—Fz’BYag—yo‘Zﬂg—yﬁZag =0, a#p.

Comparing coefficients in front of the linear terms implies that g has no first order
terms. Thus, we can assert that g can be written in the following form

2
(5.28) g =1+ Viold®)” + 2alql* + b.

Hence, h = (1 4+ \/fo |q|2)2 + alg)® + b+ po (2% + y? + 22). Taking X = T,,
Y =Tp in (5.19) we obtain 16u0 (1 + b) = 4(a + 2/l,)?. Therefore,

9 = pola* + (a + 2yiio) Vitolal*> + b + 1
—oVh + 1gP + b+ 1= (b+ 1+ Vi)™

In turn the formula for h becomes

(5.29) ho=(b+ 1+ Vi) + mo@® + y* + 7).

Settingc = (b + 1)2 and v = \1/_’?; > 0 the solution takes the form

h = ¢ [(1 + u|q\2)2 + 2% + y? + zQ)}, which completes the proof of
Theorem 1.1. (]

Let us note that the final conclusion can be reached also using the fact that
a qc-Einstein structure has necessarily constant scalar curvature by Theorem 4.9,
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together with the result of [ ] identifying all partially symmetric solutions of
the Yamabe equation on G(H), i.e., of the equation
n

Z (Tgu + X2u + YZu + Ziu) = —uQ-=z.

a=1
The fact that we are dealing with such a solution follows from (5.28). The current
solution depends on one more parameter as the scalar curvature can be an arbitrary
constant. This constant will appear in the argument of | | by first using scalings
to reduce to a fixed scalar curvature one for example.






CHAPTER 6

Special functions and pseudo-Einstein
quaternionic contact structures

Considering only the [3]-component of the Einstein tensor of the Biquard con-
nection due to Theorem 3.12 and by analogy with the CR-case [L1], it seems useful
to give the following Definition.

DEFINITION 6.1. Let (M, g,Q) be a quaternionic contact manifold of dimen-
sion bigger than 7. We call M qc-pseudo-Einstein if the trace-free part of the
[3]-component of the qc-Einstein tensor vanishes.

Observe that for n = 1 any QC structure is qc-pseudo-Einstein. According to
Theorem 3.12 (M, g, Q) is quaternionic qc-pseudo-Einstein exactly when the trace-
free part of the [3]-component of the torsion vanishes, U = 0. Proposition 5.1 yields
the following claim.

PROPOSITION 6.2. Let 7 = un be a conformal transformation of a given gc-
structure. Then the trace-free part of the [3] component of the qc-Ricci tensor
(i.e. U) is preserved if and only if the function u satisfies the differential equations

1
(6.1) (VXdu)Y + (V[lxdu)fly + (ijxdu)IQY + (VISXCZU)I?,Y = ﬁAu g(X, Y)

In particular, the gc-pseudo-Finstein condition persists under conformal transfor-
mation 71 = un exactly when the function u satisfies (6.1).

1

PROOF. Defining h = u~" a small calculation shows

(6.2) Vdh —2h~'dh @ dh = v 'Vdu.
Inserting (6.2) into (5.10) shows (6.1). O

Our next goal is to investigate solutions to (6.1). We shall find geometrically defined
functions, which are solutions of (6.1).

6.1. Quaternionic pluriharmonic functions

We start with some analysis on the quaternion space H".

6.1.0.1. Pluriharmonic functions in H™. Let H be the four-dimensional real
associative algebra of the quaternions. The elements of H are of the form ¢ =
t+iz+jy+kz, where t,z,y,z € Rand i, j, k are the basic quaternions satisfying the
multiplication rules 32 = j? = k? = —1 and ijk = —1. For a quaternion ¢ we define
its conjugate § =t — ix — jy — kz, and real and imaginary parts, correspondingly,
by 8¢ = t and g = xi+ yj + zk.The most important operator for us is the
Dirac-Feuter operator D = 9, + i, + jo, + k0., ie.,

D F =08,F + i0,F + jo,F + kO, F

47
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and in addition

DEF = O F — i0,F — jOo,F — kO.F.
Note that if F' is a quaternionic valued function due to the non-commutativity of
the multiplication the above expression is not the same as FD def O F + 0. Fi +
0,Fj + 0.Fk. Also, when conjugating D F # DF.

DEFINITION 6.3. A function ' : H — H, which is continuously differ-
entiable when regarded as a function of R* into R* is called quaternionic anti-
regular (quaternionic regular), or just anti-regular (regular) for short, if DF =0
(DF = 0).

These functions were introduced by Fueter [F]. The reader can consult the
paper of A. Sudbery [S] for the basics of the quaternionic analysis on H. Let us note
explicitly one of the most striking differences between complex and quaternionic
analysis. As it is well known the theory of functions of a complex variable z is
equivalent to the theory of power series of z. In the quaternionic case, each of the
coordinates ¢, x, y and z can be written as a polynomial in ¢, see eq. (3.1) of
[S], and hence the theory of power series of ¢ is just the theory of real analytic
functions. Our goal here is to consider functions of several quaternionic variables
in H" and on manifolds with quaternionic structure and present some applications
in geometry.

For a point ¢ € H™ we shall write ¢ = (¢!,...,q") with ¢® € H, ¢® = t* +ix® +
Jy® 4+ kz® for o = 1,...,n. Furthermore, ¢° = ¢% , i.e., ¢ = t% —ix® — jy* — kz®.

We recall that a function F© : H"™ — H, which is continuously differentiable
when regarded as a function of R*" into R? is called quaternionic regular, or just
regular for short, if

Dy F = 0, F + i0,, F + jOo,. F + ko. . F =0, a=1,...,n.
In other words, a real-differentiable function of several quaternionic variables is
regular if it is regular in each of the variables (see | , , ]. The condition
that F' = f+iw+ ju+ kv is regular is equivalent to the following Cauchy-Riemann-
Feuter equations

O f — 0w — 0Oy u—0,,v = 0, O, w0y, f+0y,v—0.,,u = 0,

(63) 6tau—8xav+ayaf+azaw = 07 atav+a$au_ayaw+azaf =0

DEFINITION 6.4. A real-differentiable function f : H" + R is called Q-pluriharmonic
if it is the real part of a regular function.

PROPOSITION 6.5. Let f be a real-differentiable function f : H™ — R. The
following conditions are equivalent
i) S s Q-pluriharmonic, i.e., it is the real part of a reqular function;
it) Dg Do f = 0 for every o, € {1,...,n}, where D, = 0
]a a kaza ;
it1) f satisfies the following system of PDEs
(6 4) ftgta + fxﬁxa + fy;sya + fzwa = 07 fxgta - ftgaca - fyBZa + fz,;ya =0
’ _ft/aya + fzgza + fy;sta - fz/gzu = 07 _ft;sza - fmya + fy;a:ra + fz[-jta =0.
PROOF. It is easy to check that Dg D, f = 0 is equivalent to (6.4).

We turn to the proof of ii) implies i). Let f be real valued function on H",
such that, Dg D, f = 0. We shall construct a real-differentiable regular function

— 0y,
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F :H" — H. In fact, for ¢ € H" we define

Fla) = f@) + 3 [ (D0 f)s0)a” ds

In order to rewrite the imaginary part in a different way we compute

1
R[5 (Da 1)(o0) 0 ds
’ 1
= 3?/ 2 <8taf — 10 f — Oy f — k@zaf) (59) (ta +iTa + jya + kza) ds
0
1
= [ (Or ot + 0 )0+ 0, s+ 0., (50)20 ) s

= [ (st0) ds = 1ol -2 [ srtsads= 1@ -2 [ sr(eaas

Therefore we have
1

%/ 52 (Do f)(sq)q*ds = / s2 (Do £)(5q)q*ds — f(q) + 2/0 sf(sq) ds.

In turn, the formula for F(q) becomes

1 1
Fla) = [ 0 o) ads + 2 [ sfsa)ds.

Hence D F(q) = fol s> Dg [(Da f)(sq) q*] ds + 2f01 sDg [f(sq)] ds. We compute
the first term,
Dy (Do 1)(59) 4% = (O +i02,+5 0y, +k0z,) [(Da £)(59) ¢°]
= Dp [(Da )(50)] ¢+ Da f(5q) Oty¢a + iDa f(5q) Ozyda
+ jDa f(59) Oyyqa + kDo f(sq) 02,00
= Dg [(Da f)(s) ] 4°+ Sap{Da f(59) + iDa f(sa)i + jDa f(54)j + kDo f(sa)k}.

The last term can be simplified, using the fundamental property that the coordi-
nates of a quaternion can be expressed by the quaternion only, as follows

Dp f(sq) + iDp f(sq)i + jDp f(sq)j + kDs f(sq)k
= (Ot f — i0usf — §Oyf — kO:uf) + i(Oryf — i0u,f — jOy,f — kO, f)i
+ JOf — i0u,f — Oy, f — KO-, f)j + k(O f — i0u,f — jOyf — kO, f)k
= 220, — i0paf — §0yf — KOS + 00, f — jOpf — KOs,
= W0, [ + Oy, f — KOxyf — i0u,f — jOy,f + kO.,f
= =20, f — 2i0.,f — 2j0,,f — 2kO.,f = —2Dg f(sq).
Going back to the computation of D F(q), we find

1

1 1
Ds F(q) = /0 5[3 [(Da f)(sq)} q“ dsz/O 525/3 f(sq)d5+2/0 5255 f(sq)ds

= /0 D [(Da f)(sq)] g% ds.

Hence, if Dg D, f = 0 for every a and 8 we have Dg F(q) = 0.
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Next we show that i) implies ii). Using (6.3), we have

fosta = Jtona T Foove = fysza = Wagza + Usgy + Vngza + Wity + Vtgy, — Utgz,
— Uzgty T Vzgag = Wzgzy T Vysty T Uygza — Wygy, -

Both sides must be equal to zero by noticing that the left hand side is antisymmetric
while on the right we have an expression symmetric with respect to exchanging «
with 8. The other identities can be obtained similarly. O

According to [Sti] there are exactly two kinds of Cauchy-Riemann equations
for functions of several quaternionic variables. The second one turns out to be most
suitable for the geometric purposes considered in this paper.

DEFINITION 6.6. A function F' : H"™ — H, which is continuously differentiable
when regarded as a function of R*" into R* is called quaternionic anti-regular ( also
anti-regular), if

DF = 8, F — i0, F — jo, F — k., F = 0, a=1,...,n.

The condition that F' = f 4+ iw + ju + kv is anti-regular function is equivalent
to the following Cauchy-Riemann-Feuter equations

65 O [+ 0w+ 0Oy u+0,,v =0, O, w—0,,f—0y,v+0.,,u =0,
(6.5) O u+ 0y, v —0y f —0syw = 0, O v—0, u+dy w—09,f =20

See also (6.8) for an equivalent form of the above system.

Anti-regular functions on hyperkahler and quaternionic Kahler manifolds are
studied in [ R , |, under the name quaternionic maps, in connection
with minimal surfaces and maps between quaternionic Kéahler manifolds preserving
the sphere of almost complex structures. Thus, the anti-regular functions consid-
ered here are quaternionic maps between H” and H with a suitable choice of the
coordinates.

DEFINITION 6.7. A real-differentiable function f : H" — R is called quater-
nionic pluriharmonic ( Q-pluriharmonic for short) if it is the real part of an anti-
regular function.

The anti-regular functions and their real part play a significant role in the
theory of hypercomplex manifold as well as in the theory of quaternionic contact
(hypercomplex contact) manifolds as we shall see further in the paper. We need a
real expression of the second order differential operator D, Ds f acting on a real
function f.

We use the standard hypercomplex structure on H" determined by the action
of the imaginary quaternions

I dt® = dx®, I dy® = dz°, Idt® = dy®, Iydz® = —dz°
I3dt* = dz%, I3 dz® = dy°.
We recall a convention. For any p-form ¢ we consider the p-form I4¢ and three
(p+1)-forms dsv, s = 1,2, 3 defined by

de de
L(Xy,... X)) Y ()P Xy, .. LX),  dow " (1)Ll

Consider the second order differential operators DD;_ acting on the exterior algebra
defined by [HP]

(6.6) DDy, :=dd; + d;dy, = dd; — I;dd; = dd; — Ii.dd;.
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PROPOSITION 6.8. Let f be a real-differentiable function f : H* — R. The
following conditions are equivalent

i) f is Q-pluriharmonic, i.e. it is the real part of an anti-regqular function;
i) DD, f = 0, s=123;
iti) Do D f = 0 for every a, B € {1,...,n}, where
Do = 0O, — 10y, — jO,, — kO.,,
i) f satisfies the following system of PDFEs

f%ta + fw;ama + fyfsya + f%za =0, _fajfsta + ftﬁza - fyﬁza + szaya = 0,
ftgyQ + fmﬁza - fygta - fz5ma = 0, ftﬂza - fmlgya +fy5ma - fzﬁta = 0.

PROOF. A simple calculation of Dg D, f gives the equivalence between iii)
and iv).

Next, we shall show that ii) is equivalent to iii). As df = O, f dt*+ 0, f dx™+
Oy, fdy® + 0., fdz® we have Iidf = 0y, fdx® — Oy, fdt® + 0y, fdz* — 0., f dy™.
A routine calculation gives the following formula

(6.7 DDy f = Y R(Ds Dy f)[dt™ A da” + dy* A dzP]

a,B
+ Y R(iDg Do f) [~ dt* A dt? — da® A da’ + dy™ A dy + dz* A d2P)
a<f
+Y R(iDs Do f) [dt*Ndz’— dz*Ady®] =Y R(EDg Do f) [dt*Ady”+ da® A d2"].
a,f a,B

Similar formulas hold for DDy, and DDy,. Hence, the equivalence of ii) and iii)
follows.

The proof of the implication iii) implies i) is analogous to the proof of the
corresponding implication in Proposition 6.5. Define

Flg) = fl@) + S / Dy f)(sq) 4 ds,

and a small calculation shows that this defines an anti-regular function, i.e., D, F =
0 for every a.

In order to see that iii) follows from i) we can proceed as in Proposition 6.5
and hence we skip the details. See also another proof in Proposition 6.11 O

REMARK 6.9. We note that Proposition 6.5 and Proposition 6.8 imply that the
real part of a regular function is not in the kernel of the operators DDy, which is
one of the main difference between regular and anti-regular function.

6.2. Quaternionic pluriharmonic functions on hypercomplex manifold

We recall that a hypercomplex manifold is a smooth 4n-dimensional mani-
fold M together with a triple (Iy, I, I5) of integrable almost complex structures
satisfying the quaternionic relations I;Io, = —IsIy = I3. The second order differ-
ential operators DDy, defined in [HP] by (6.21) having the origin in the papers
[ , , ] play an important réle in the theory of quaternionic plurisub-
harmonic functions (i.e. a real function for which DDy (., I,.) is positive definite)
on hypercomplex manifold [A1, , V, , A3] as well as the potential theory of
HKT-manifolds. We recall that Riemannian metric g on a hypercomplex manifold
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compatible with the three complex structures is said to be HKT-metric [HP] if the
three corresponding Kéhler forms Qg = g(ls.,.) satisfy d121 = dofQde = d3Q3. A
smooth real function is a HKT-potential if locally it generates the three Kahler
forms, Qs = DDy f [MS, ], in particular such a function is quaternionic
plurisubharmonic. The existence of a HKT potential on any HKT metric on H" is
proved in [MS] and for any HKT metric in [BS].

Regular functions on hypercomplex manifold are studied from analytical point
[ , |, from algebraic point [Joy, Q]. However, as we have already men-
tioned, regular functions are not the appropriate functions for our purposes mainly
because they have no direct connection with the second order differential operator
DDy,.

Here we consider anti-regular functions and their real parts on hypercomplex
manifold.

DEFINITION 6.10. Let (M, Iy,15,13) be a hypercomplex manifold. A quater-
nionic valued function F : M — f+iw + ju+ kv € H is said to be anti-regular if
any one of the following relations between the differentials of the coordinates hold

df = diw + dau + dsv dif = —dw + d3u — dav

(68) dgf = 7d3’w —du + dl’U dgf = dgw — dlu —dv.

A real valued function f: M — R is said to be quaternionic pluriharmonic ( or
Q-pluriharmonic) if it is the real part of an anti-reqular function.

Observe that the system (6.5) is equivalent to (6.8). We have the hypercomplex
manifold analogue of Proposition 6.8

PROPOSITION 6.11. Let (M, Iy, 15, I3) be a hypercomplex manifold and let f be
a real-differentiable function on M, f : M — R. The following conditions are
equivalent

i) f is Q-pluriharmonic, i.e. it is the real part of an anti-regqular function;
it) DD, f = 0, s=1,2,3.

PROOF. It is easy to verify that if each I is integrable almost complex structure
then we have the identities [FP)]

(6.9) ddg +dyd =0,  dyd, +dpds =0, s,r=123.

Using the commutation relations (6.9), we get readily that i) implies ii). For exam-
ple, (6.8) yields

ddy f + dods f + d*w — diw — ddsu + dodiu + ddyv 4 dodv = 0
dldf + dgdgf — d%w + d%w - d1d2U + d3du - d1d3v - dgdlv = 0.

Subtracting the two equations and using the commutation relations (6.9) we get
DDy f=0.

For the converse, observe that DDy, f = 0 < dd, f = Idd, f. The 90-lemma
for I gives the existense of a smooth function A; such that dd; f = dds A;. Simi-
larly, using the Poincare lemma, we obtain d; f — doA; —dBy; =0, dof —d3As —
dBy =0, dsf—diAs—dBs = 0 for a smooth functions Ay, As, A3, B, By, Bs. The
latter implies df +dq(As+ B1)+da(Bz — Ag) +ds(A; — Bs) = 0. Set w = —As — By,
u= Az — Ba, v = By — A; to get the equivalence between i) and ii). O
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6.3. The hypersurface case

In this section we shall denote with (.,.) the Euclidean scalar product in
R4nt+4 =~ H* ! and with fj7 7 = 1,2,3, the standard almost complex structures
on H"t!'. Let M be a smooth hyper-surface in H**! with a defining function p,
M = {p=0},dp#0, and i : M < H""! be the embedding. It is not hard to
see that at every point p € M the subspace H, = ﬂ?:1 I; (T, M) of the tangent
space T, M of M at p is the largest subspace invariant under the almost complex
structures and dimH, = 4n. We shall call H, the horizontal space at p. Thus
on the horizontal space H the almost complex structures I;, j = 1,2,3, are the
restrictions of the standard almost complex structures on H"*!. In particular, for
a horizontal vector X we have

(6.10) i X = i (I;X).
Let 7 = I; I%\' We drop the ” ” in the notation of the almost complex structures

when there is no ambiguity. y R
We define three one-forms on M by setting 67 = i*67 = i*(I; Aoy e,

|dp]
dp(I;.) -
0, (.) = ——22 = (., I;N),
where N = g—z is the unit normal vector to M. We describe the hypersurfaces

which inherit a natural quaternionic contact structure from the standard structures
on H"! (see also [D1]) in the next

PROPOSITION 6.12. If M is a smooth hypersurface of H™t! then we have
(6.11) do, (L X,Y) =d0:(1:X,Y) =dis(IsX,)Y) (X,Y € H)

if and only if the restriction of the second fundamental form of M to the horizontal
space is invariant with respect to the almost complex structures, i.e. if X and Y
are two horizontal vectors we have II(I;X,I;Y) = II(X,Y). Furthermore, if the
restriction of the second fundamental form of M to the horizontal space is positive
definite, I1(X,X) > 0 for any non-zero horizontal vector X, then (M,0,11,1s) is
a quaternionic contact manifold.

PROOF. Let D be the Levi-Civita connection on R***t* and X, Y be two
horizontal vectors. As the horizontal space is the intersection of the kernels of the
one forms 6; we have

(6.12) db,(I,X,Y) = —6,([L X,Y]) = (L X,Y],[,N)
= —(Dj,yY = Dy(I1X),[1N) = —(D;,yY,iN) + (Dy(I,X),[1N)
= (Dj x(L\Y),N)+(DyX,N) = II(ILX,Y)+II(X,)Y).

Therefore d6, (11 X,Y) = df2(1.X,Y) it II(I[; X, I;Y) =I11(X,Y).

The last claim of the proposition is clear from the above formula. In particular,
gu(X,Y) = II(X,Y) is a metric on the horizontal space when the second funda-
mental form is positive definite on the horizontal space and we have df, (1 X,Y) =
29y (X,Y). Hence, (M,0,1,J) becomes a quaternionic contact structure. We de-
note the corresponding horizontal forms with wj, i.e., w;(X,Y) = gu([; X,Y). O
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Let us note also that in the situation as above g = gH+E?:19j ®0; is a Riemannian
metric on M. In view of the above observations we define a QC-hypersurface of
H"*+! as follows.

DEFINITION 6.13. We say that a smooth embedded hypersurface of H™1 is
a QC-hypersurface if the restriction of the second fundamental form of M to the
horizontal space is a definite symmetric form, which is invariant with respect to the
almost complex structures.

Clearly every sphere in H"*! is a QC-hypersurface and this is true also for the
ellipsoids % = 1. In fact, a hypersurface of H**! is a QC-hypersurface if
and only if the (Euclidean) Hessian of the defining function p, considered as a qua-
dratic form on the horizontal space, is a symmetric definite matrix from GL(n, H),
the latter being the linear group of invertible matrices which commute with the
standard complex structures on H™. The same statement holds for hypersurfaces
in quaternionic Kéhler and hyperkéhler manifolds.

PRrROPOSITION 6.14. Let i : M — H" be a QC hypersurface in H", f a real-
valued function on M. If f = i*F is the restriction to M of a Q-pluriharmonic
function F' defined on H™, i.e. F is the real part of an anti-reqular function F +
tW 4+ jU + EV, then:

(6.13) df =d(i*F) =di(i*W) + do2(i*U) + d(i*V) mod 1,
(6.14) DDy, f(X, 1Y) = —4dF(Dp)gu(X,Y) — 4(&f)ws(X.Y)
for any horizontal vector fields X,Y € H.

PROOF. Let us prove first (6.13). Denote with small letters the restrictions of
the functions defined on H". For X € H from (6.10) we have
(@* I dW)(X) = (1 dW)(ix X) = —dW (I} i, X)
= —dW(i. (I; X)) = —dw( X) = dyw (X).
Applying the same argument to the functions U and V' we see the validity of (6.13).

Our goal is to write the equation for f on M, using the fact that f = i*F. Let us
consider the function \, A\ = dF(D”), and the one-form dy, F, dpy F = dF — Adp.

|Dpl?
Thus the one-form df satisfies the equation df = i*(dyF + Adp) = *(duF),
taking into account that (Aoi) d(poi) = 0 as p is constant on M. From Proposition

6.8, the assumption on F' is equivalent to DijF = 0. Therefore, we have

0 = DD; F = dL,dF — LdLdF
= d(LdyF + Mydp) — Ld(LidyF + Mdp)
= dLidyF + d\ALidp + MLdp— LdldyF
— Ly(d\A Lidp) — MIydp.
Restricting to M, and in fact, to the horizontal space H we find
(6.15) 0 = i*(DD; F)|g = i*d (LhdyF)|g + d(XAoi) Ai*(Lidp)|u
+ Nod)di*(Idp)|lg — i*(Iad [ydp F)|g
— i*(L(dA A Ldp)) |l — (Moid) i*(I2d [1dp)|u.



6.4. ANTI-CRF FUNCTIONS ON QUATERNIONIC CONTACT MANIFOLD 55

Since the horizontal space is in the kernel of the one-forms 6; = I, dp| it follows
that ¢* (I; dp)|gw = 0. Hence, two of the terms in (6.15) are equal to zero, and we
have

(6.16) 0 = i*(DD; F),, = i*(dldyF — LdLidyF) |,
+ (Aoi) i*(dhdp — IdILdp), .
In other words for horizontal X and Y we have
(6.17) i*(dLydy F — IpdIdyF)(X,IY)
= —(Xoi)i*(dL1dp — IdILdp)(X,IY)
The right-hand side is proportional to the metric. Indeed, recalling
P (Iidp)(X) = |dp| 0;(X)d6;(X,Y) = 2g(;X,Y)
we obtain the identity
i*(dLidp — LdLdp)(X,Y) = 2|dp| g(ILX,Y) — 2|dp| (11 X, Y)
= 2ldp| g(LX,Y) — 29(I3X, 1Y) = 4|dp| g(L X,Y).

Let us consider now the term in the left-hand side of (6.17). Decomposing d; F' into
horizontal and vertical parts we write dyyF = dgf + F;6?. (From the definitions
of the forms 67 we have I16' = &—Z‘, 1,602 =63, 1,016 = —02. Therefore

. . - d _ -
dhydyF = dldyF + dF; ANL67 + Fld(ﬁ) + Fpdf® — Fydf?

= dhdyF + dF; AL — |dp|=2d|dp| Adp + Fadf® — F3db?

LdlLdyF = LdLdgF + LdFjALLE
— |dp| 2 Lyd|dp| A Iodp + FyIydf® — Fslhdf?.
From I,d6® = —df?3, I,d6? = df? and the above it follows
i*(dLydy F — LdLidy F)),, = DDy, f + Fodf® — F3df* + Fodf® + F3d*
= DD[lf + 4F2 ws.
In conclusion, we proved DDy, f(X,Y) = —4(Xoi) |Vp| g(1 X,Y) — 4F5 w3(X,Y)
from where the claim of the Proposition. O
6.4. Anti-CRF functions on Quaternionic contact manifold

Let (M,n,Q) be a (4n+3)-dimensional quaternionic contact manifold and V
denote the Biquard connection on M. The equation (6.13) suggests the following

DEFINITION 6.15. A smooth H-valued function F: M — H, F = f+iw+
ju + kv, is said to be an anti-CRF function if the smooth real valued functions
fyw,u,v satisfy

(6.18) df = diw + dau + dzv mod n,
where d; = I; od.
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Choosing a local frame {T,, X, = [1T,, Y, = [T, Zy = I3T,,&1,82,83}, a=
1,...,n it is easy to check that a H-valued function F' = f + iw + ju + kv is an
anti-CRF function if it belongs to the kernel of the operators

(6.19)  Dp, = To—iXq—jYa—kZa, DpF =0, a=1,..n

REMARK 6.16. We note that anti-CRF functions have different properties than
the CRF functions | , Jwhich are defined to be in the kernel of the operator

Dr, = To+iXa+jYa+kZa, Dr,F =0, a=1..n
Equation (6.18) and a small calculation give the following Proposition.

PROPOSITION 6.17. A H-valued function F = f + iw + ju + kv is an anti-
CRF function if and only if the smooth functions f,w,u,v satisfy the horizontal
Cauchy-Riemann-Fueter equations

Tof = —Xow—You—Zyv, Xof =Tow+ Zou— Yy,

(620) Yaf _ —Zaw + TO/U + Xa"U, Zaf = Yaw — Xau + TO/U.

Having the quaternionic contact form 7 fixed, we may extend the definitions
(6.6) of DDy, to the second order differential operator DDy, acting on the real-
differentiable functions f : M — R by

(6.21) DDy, f :=dd,f +d;dif = dd;f — I;dd; f = d(L;df) — I;(d(L;df)).
The following proposition provides some formulas, which shall be used later.

PROPOSITION 6.18. On a QC-manifold, for X,Y € H, we have the following

commutation relations
DDy, f(X,LY) = DDy, f(X, 1Y) = =LiNp, (X, LY )(f) — N, (1; X, Y )(f),
(6.22) did; f(X,Y)+d;jd; f(X,Y) = =N (I; X, LY)(f),
ddif(X7 Y) + dldf(X? Y) = NIi (Iin Y)f,
(6.23)  dFf(X,Y) = =2(&)wi(X,Y) + 2(&f)wj (X, Y) + 2(& fwr(X, Y),
In particular, on a hyperhermitian contact manifold we have
DDsz(Xa IIY) - DDIk (Xa IkY) = 4fl(f)wl(Xa Y) - 4§j(f)wj(Xa Y)a
(6.24)  did; f(X,Y) +d;jdi f(X,Y) = —4[(& f)w; (X, Y) + (& f)wi(X, Y],
ddif(Xv Y) + didf(X’ Y) =4 [(gkf)wj(Xv Y) - (fjf)wk(X’ Y)] :

PRrROOF. By the definition (6.21) we obtain the second and the third formulas

in (6.22) as well as DD;(X,Y) +(ddy —d;d;) f(X, I;Y) = —I; N, (X,Y) f. The first

equality in (6.22) is a consequence of the latter and the second equality in (6.22).
We have

3
A F(X,Y) = —Ld(IZdf) (X, Y) = d(df =) (€ Ins)(LiX, 1Y)
s=1
which is exactly (6.23). If H is formally integrable then the formula (4.21) reduces
to N;(X,Y) = T)*(X,Y). The equation (6.24) is an easy consequences of the
latter equality, (6.22) and (3.3) O
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Let us make the conformal change 7 = ﬁn. The endomorphisms I; will coincide
with J; on the horizontal distribution H but they will have a different kernel - the
new vertical space span{&i,&2,&s}, where & = 2hés + I5(Vh) (see (5.1)). Hence,
for any P € I'(T'M) we have

B 3 13
(6.25) Ii(P)=Ii(P =) iis(P)&) = Li(P — o > na(P)(2h€s + I,(Vh)))

s=1 s=1
1
=IL(P)+ ﬁ{m(P)Vh —nj(P)I;Vh + ni(P)I;Vh}.
PROPOSITION 6.19. Suppose i = 2—1,177 are two conformal to each other struc-
tures.

a) The second order differential operator DDy, (restricted on functions) trans-
forms as follows:

DDy f—- DDy, f = —2h7df (Vh)w; — 2h 1 df (I;VR)wy, mod 1.
b) If f is the real part of the anti-CRF function f+iw+ ju+ kv then the two forms
Q = DD, f — dwi + 4 f)wk mod m
are conformally invariant, where A = 4(§1w + &u + fgv).
PRrROOF. a) For any X,Y € H, we compute
d(Ldf)(X,Y) = X(Ldf (Y)) = Y (L;df (X)) — Lidf[X, Y]
= d(L;df)(X,Y) + df (Li[X, Y] = L[X,Y])
Here, we apply (6.25) to get
d(Ldf)(X,Y) = d(Lidf )(X,Y)
+ %{—df(Vh)wi(X, Y)+df Ly Vh)w;(X,Y) — df (I; Vh)wi (X, Y)}.

Now, we apply the defining equation (6.21) which acomplishes the proof of part a).
b) Assuming that f is the real part of an anti-CRF function, from part a) we
have

Q; — O =DD;j f—DDy, f— Ay + Aw; + 4§ f)wor — 4(&f)wr mod n

= —A(&w + Eu + Ev)wi — A((idh)w + (Iadh)u + (Isdh)v) ;’—h
2 2
- Eg(df, dh)w; — Eg(df’ dih)wy + 4(§1w + Eau + E3v)w; + 4g(df, djh)%
= 0 mod 7,
taking into account (6.18). O

We restrict our considerations to hyperhermitian contact manifolds.

THEOREM 6.20. If f : M — R is the real part of an anti-CRF function f +
iw + ju + kv on a (4n+3)-dimensional (n > 1) hyperhermitian contact manifold
(M,n,Q), then the following equivalent conditions hold true.

i) The next equalities hold
(6.26) DDy, f = Aw; — 4(&; flwg mod 1.
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it) For any X, Y € H we have the equality

(6.27) (Vxdf)(Y) + (Vi xdf (1Y) + (Vixdf)(I2Y) + (Vi xdf )(13Y)
= M(X,Y) + df (X)as(L3Y) + df (11X )3 (12Y)
—df(LX)az([1Y) —df (IsX)as(Y) + df (Y)as(IsX)
+df (IhY)asz(IX) — df (LY )as(I1 X) — df (I3Y)as(X).
it1) The function f satisfies the second order system of partial differential
equations
(6.28) R(D1,Dr, f) = Ag(Tp, T
+df (Vr,To) + df (Vi1 11 To) + df (Vi 1oT0) + df (Vi1 13T0)
+df (Ts)as(I3Ta) + df (W Tg)as(I2Ta) — df (12T)as (I To) — df (I3Tg) s (Th)
+ df (Ta)as(IsTp) + df (I T )as(12Tg) — df (I2Ta)as i (T) — df (IsTa)os(Ts)
R(iDr, Dr, f) = R(Dr,1, D1, f),  R(jD1,Dr, f) = R(Dr1, D, f),
R(jDr,Dr, f) = R(Dry1, D1, f).
The function X\ is determined by
(6.30) A = 4[(&w) + (&u) + (§3v)] -

PROOF. The proof includes a number of steps and occupies the rest of the
section. Suppose that there exists a smooth functions w,u,v such that F = f +
iw + ju + kv is an anti-CRF function.

i) The defining equation (6.18) yields

(6.29)

3

(6.31) df = dyw + dyu + dgv + Y _ &(f)ns,
s=1

Since dym(X,Y) = 0, for s,t € {1,2,3}, X,Y € H, applying (6.23) and (2.1), we
obtain from (6.31)
(ddlf — ddzu + ddav — 2&; (w)wl — 262(’11))&12 — 2&3(1{})&}3)()(, Y)

(dldf — dydou — didsv + 2&; (w)w1 — 252(11))&12 — 253(11))(413)()(, Y) =0,

(dgdgf —+ d2d1U —+ deU — 251 (w)w1 —+ 2£2(’UJ)W2 — 253(’10)0.)3)()( Y)

(d3d2f + dsdu — dsdiv + 2&; (w)w1 + 262(’[1))(4}2 - 253(’[1))&)3)()(7 Y) =0.
Summing the first and the third equations, subtracting the second and the fourth
and using the commutation relations (6.24) we obtain (6.26) with the condition
(6.30) which proves 7).

i71) Equations (6.19) and (6.20) yield

)

i

2R(D1, Dr, f) = 2(TsTof + XpXof + YsYaf + ZsZof)
= (R(Dr,Dr, f) + R(D7, D1, f)) + (R(D1, D1, f) = R(Dr,, D1, f)) =
([TﬁvTa] + [X67Xoc] + [YB>YQ] + [Zﬂa Za])f
— ([Ts, Xao] = [X5, Ta] + [Y3, Za] = [Zs, Ya])w
— ([T, Ya] = [Xp, Za] — [Y3, Ta] + [Z, Xa])u
— ([Ts, Za] + (X, Ya] = [Y5, Xa] = [Z3, Ta])v.
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Expanding the commutators and applying (6.18), (3.3), (3.28) and (4.24) gives
(6.28). Similarly, one can check the validity of (6.29)

i) < 1) < i) The next lemma establishes the equivalence between i), ii) and
iii).

LEMMA 6.21. For any X,Y € H on a quaternionic contact manifold we have
the identity

DDy, f(X, 1Y) = (Vxdf)Y + (Vi xdf )[1Y + (Vi,xdf ) [2Y
- (Vixd) X — 46 (flwa(X,Y) — df (X)as(IY) + df (1 X )as(IY)
4 df (LX) as(LY) — df (I X)as(LY) — df (V)as (I X)
— df(L Y )as(BX) + df (Y )as(X) + df (1Y )as (X)),

PrROOF OF LEMMA 6.21. Using the definition and also (3.28), (3.3) and (5.4)
we derive the next sequence of equalities

(ddp, [)(X,Y) = =(Vxdf ) (1Y) + (Vydf) (1L X) — df (Vx (11Y)
= Vy(LX) - L[X,Y]) = =(Vxdf)(LY) + (Vydf)(11 X)
+ a2 (X)df (I3Y) — as(X)df (1Y) — ao(Y)df (I3X) + as(Y)df (I2X)
= —(Vxdf)LiY + (Vixdf)Y — df(T(Y, X))
+ oz (X)df (I3Y) — as(X)df (1Y) — aa(Y)df (IsX) + as(Y)df (12 X).

(6.32) DDy, f(X,,Y) = (dd;, — Lddy,)f (X, 1,Y)
= (Vxdf )Y + (Vi xdf ) 1Y + (Vi xdf ) [2Y + (Vi,xdf ) [3X
—df (T(LI,Y, X)) — df (T (I3Y, I3X)) — df (X)as(I3Y) + df (I X )aa (I3Y)
+df(IX)as(LY) — df (I3X)as(IY) — df (Y)as(IoX)
— df (LY)as(IoX) + df (1Y )as(X) + df (IsY )as(X).

A short calculation using (3.3) gives
df(T(LY, 1 X)) + df(T(I3Y, I3X)) = 4(af) w2(X,Y).
Inserting the last equality in (6.32) completes the proof of Lemma 6.21. O

Taking into account that the structure is hyperhermitian contact, with the help
of (4.24) of Lemma 6.21 the proof of Theorem 6.20 follows. O

We conjecture that the converse of the claim of Theorem 6.20 is true. At this
point we can prove Lemma 6.23, which supports the conjecture. First we prove a
useful technical result.

LEMMA 6.22. Suppose M is a quaternionic contact manifold of dimension (4n—+
3) > 7. If ¢ is a smooth closed two-form whose restriction to H vanishes, then 1
vanishes identically.

PROOF OF LEMMA 6.22. The hypothesis on 1 show that ¢ is of the form
P = Z§:1 os A ns, where o, are 1-forms. Taking the exterior differential and
using (3.10), we obtain for X € H
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4n 4n 3
0= Zdw(ea,fiea,X) = 722205 Aws(ea, Lieq, X)

a=1 a=1 s=1
= (4n — 2)0;(X) + 20, (I X) — 204 (1; X),
where ej,...,eq4, is an orthonormal basis on H. For n > 1 the latter implies
o5, = 0,s =1,2,3. Hence, we have ¢ = Zl§s<t§ At msAny, where Agy are smooth
functions on M. Now, the exterior derivative gives 0 = di)(eq, Iseq,&) = 245, O

The assumption in the next Lemma is a kind of ddg-lemma result, which we
do not know how to prove at the moment, but we believe that it is true. We show
how it implies the converse of Theorem 6.20.

LEMMA 6.23. Suppose, fori=1,2,3,
3 .
DDy f=dd;f +djdi f = Zpiws mod n
s=1
implies
3 .
(6.33) dd;f —dd;A; = 2 riw,  modn
s=1
for some function A; on a QC manifold of dimension (4n + 3) > 7. With this
assumption, if DDy, f = Zgzl plws modn, i =1,2,3, then f is a real part of an
anti-CRF-function.

PrOOF OF LEMMA 6.23. Consider the closed 2-forms
Q= d(dif —djA; — 32 rin,).
We have df2; = 0 and €; =0 due to (6.33) and (3.1). Applying Lemma 6.22 we
conclude 2; = 0, after which the Poincare lemma yields
dlf — dei — dBZ =0 mod n
for some smooth functions Ay, As, As, B1, B, B3. The latter implies
df + dl(Ag + Bl) + d2(B2 — Ag) + dg(Al - Bg) =0 mod .
Setting w = —Ay — By, u= A3 — By, v = B3— A proves the claim. O

COROLLARY 6.24. Let f : M — R be a smooth real function on a (4n+3)-
dimensional (n > 1) 3-Sasakian manifold (M,n). If f is the real part of an anti-
CRF function f + iw + ju + kv then we have:

i) equation (6.26) holds true;
it) for any X,Y € H we have the equality

(Vxdf)(Y) + (VLxdf )(Y) + (Vi xdf) (1Y) + (Vi xdf )(I3Y) = Ag(X,Y).
The function A is determined in (6.30).

COROLLARY 6.25. Let f : G(H) — R be a smooth real function on the (4n+3)-
dimensional (n > 1) quaternionic Heisenberg group endowed with the standard flat
quaternionic contact structure and {T,, Xo,Ya, Za, a =1,...,4n} be V-parallel
basis on G(H). If f is the real part of an anti-CRF function f +iw + ju+ kv then
the following equivalent conditions hold true.

i) The equation (6.26) holds.
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it) The horizontal Hessian of f is given by
TyTof + XoXaf +YoYof + ZuZy = Ag(Th, Ta).
iit) The function f satisfies the following second order differential equation
Dr, Dy, f = Mg — iw1 — jws — kws)(Ty, Tw);
The function X is given by (6.30).
Proposition 6.2, Corollary 6.24 and Example 4.12 imply the next Corollary.

COROLLARY 6.26. Let (M,n) be a (4n+3)-dimensional (n > 1) 8-Sasakian
manifold, f : M — R a positive smooth real function. Then the conformally 3-
Sasakian QC structure 1 = fn is qc-pseudo Einstein if and only if the operators
DDy, f,s =1,2,3 satisfy (6.26). In particular, if f is real part of anti CRF function
then the conformally 3-Sasakian qc structure 1 = fn is gc-pseudo Einstein.






CHAPTER 7

Infinitesimal Automorphisms

7.1. 3-contact manifolds

We start with the more general notion of 3-contact manifold (M, H), where H is
an orientable codimension three distribution on M. Let E C TM™ be the canonical
bundle determined by H, i.e., the bundle of 1-forms with kernel H. Hence, M is
orientable if and only if E is also orientable, i.e. E has a global non-vanishing
section volg locally given by volg = n1 A n2 A ns. Denote by n = (n1,12,73) the
local 1 -form with values in R3. Clearly H = Ker n = N3_;n;.

DEFINITION 7.1. A (4n+3)-dimensional orientable smooth manifold (M,n, H =
Ker n) is said to be a 3-contact manifold if H is a codimnesion three distribution
and the restriction of each of the 2-forms dn; to H is non-degenerate, i.e.,

(7.1) dn?" Ay Ama Ang = wu; voly
for some smooth functions u; >0, i =1,2,3.
We shall denote by €2; the restriction of dn; to H, Q; = dn;),,,i = 1,2,3. The

condition (7.1) is equivalent to
Q2 £0, i=1,2,3

and the forms Q2" define the same orientation of H.

We remark that the notion of 3-contact structure is more general than the
notion of QC structure. For example, any real hypersurface M in H"*! with non-
degenerate second fundamental form carries 3-contact structure defined in Sec-
tion 6.3 (cf. Proposition 6.12 and Definition 6.13 where this structure is QC if and
only if (6.11) holds, or equivalently, the second fundamental form is, in addition,
invariant with respect to the hypercomplex structure on H"*!). Another exam-
ples of 3-contact structure is the so called quaternionic CR structure introduced in
[IXN] and the so called weak QC structures considered in [D1]. Note that in these
examples the 1-form 1 = (1,72, 73) are globally defined.

On any 3-contact manifold (M, n, H) there exists a unique triple (&1,&2,&3) of
vector fields transversal to H determined by the conditions

(&) = 6ijs  (§odmi)y = 0.
We refer to such a triple as fundamental vector fields or Reeb vector fields and
denote V' = span{&1, &2, &3}. Hence, we have the splitting TM = H® V.

The 3-contact structure (n, H) and the vertical space V are determined up to
an action of GL(3,R), namely for any GL(3,R) matrix ® with smooth entries the
structure ® - n is again a 3-contact structure. Indeed, it is an easy algebraic fact
that the condition (7.1) also holds for ® - 7. The Reeb vector field are transformed
with the matrix with entries the adjunction quantities of ®, i.e. with the inverse
matrix ®~1. This leads to the next

63
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DEFINITION 7.2. A diffeomorphism ¢ of a 3-contact manifold (M,n, H) is called
a 3-contact automorphismif ¢ preserves the 3-contact structure n, i.e.,
for some matriz ® € GL(3,R) with smooth functions as entries and n = (n1,m2,m3)"
is considered as an R3-valued one-form.

The infinitesimal versions of these notions lead to the following definition.

DEFINITION 7.3. A wector field @ on a 3-contact manifold (M,n,H) is an
infinitesimal generator of a 3-contact automorphism (3-contact vector field) if its
flow preserves the 3-contact structure, i.e.

We show that any 3-contact vector field on a 3-contact manifold depend on
3-functions which satisfy certain differential relations. We begin with describing
infinitesimal automorphisms of the 3-contact structure 7 i.e., vector fields  whose
flow satisfies (7.2). Our main observation is that 3-contact vector fields on a 3-
contact manifold are completely determined by their vertical components in the
sense of the following

PROPOSITION 7.4. Let (M,n, H) be a 3-contact manifold. For a smooth vector
field Q on M consider the functions f; = n;(Q),1 =1,2,3. A smooth vector field Q
is a 3-contact vector field if and only if its horizontal part

def

o = Q— fif1 — f2b2 — f33,
is the horizontal 3-contact hamiltonian field of (f1, f2, f3) defined on H by
(73) QH_lgi = [—dfl — fj (f]_ld’lh) — fk(fk_ld'lh)]‘H, = ].7 2, 3
PRrOOF. A direct calculation gives (cf. (3.10))

dni = Qi+ Y ne A (Eadn;)

—dni (&5, &)y Ak — dni(Er, §)nre A mi — dni(&a, §)ms A

Furthermore, we compute

(7.4) Loni = Qudn; + d(Q-m;)
= Qu 2 + [d(n:(Q)) + 1:(Q)&iadn; + 15 (Q) & 1dn; + i (Q)Eradni],
+&(:(Q)) + dni(Q, &)]mi
+[65 (1 (Q)) + dni(Q, &5)]m; + €6 (m:(Q)) + dni(Q, &) -

= Qu Qi + [dfi + f5(§5adn;) + fr.(Ekadni)]|
+1&(fi) = fidni(&i, &) — fredni (&, &x)ms + [€5(fi) + dni(Q, &5)In;
+1k(fi) + dni(Q, §x )]

Suppose @ is a 3-contact vector field. Then (7.4) implies that f; and Qg
necessarily satisfy (7.3). The converse follows from (7.4) and the conditions of the
proposition. ([
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The last Proposition implies that the space of 3-contact vector fields is isomor-
phic to the space of triples consisting of smooth function f, fo, f3 satisfying the
compatibility conditions (7.3).

COROLLARY 7.5. Let (M, n) be a 3-contact manifold. Then

a) If Q is a horizontal 3-contact vector field on M then @ wvanishes identi-
cally.
b) The vector fields &;,1 = 1,2,3 are 3-contact vector fields if and only if
gle’rI]|H = 07 @a] = 1a 2) 3.

Proor. a) With the notation of Proposition 7.4, we have f; = 7;(Q) = 0,
Q = Qp. Hence Qg Q; = 0 and since €; is a non-degenerate it follows Qg = 0.

b) The necessary and sufficient conditions are given by Proposition 7.4. For
Q=¢&,s=1,2,3 and Qg = 0 equation (7.3) becomes

0= nj(fs)dnl(f_ﬂx) + nk(fs)dnz(glwx) = dnz(§S7X)7 1= 1a 27 37 X e H7

which proves the claim. O

7.2. QC vector fields
Suppose (M, ¢g,Q) is a quaternionic contact manifold.

DEFINITION 7.6. A diffeomorphism ¢ of a QC manifold (M, [g], Q) is called a
conformal quaternionic contact automorphism (conformal gc-automorphism) if ¢
preserves the QC structure, i.e.

¢ = p¥ -,
for some positive smooth function p and some matriz ¥ € SO(3) with smooth

functions as entries and n = (n1,m2,m3)" is a local 1-form considered as an element
of R3.

In view of the uniqueness of the possible associated almost complex structures,
see Lemma 2.2, a quaternionic contact automorphism will preserve also the associ-
ated (if any) almost complex structures, $*Q = Q and consequently, it will preserve
the conformal class [g] on H. We note that conformal QC diffeomorphisms on $47+3
are considered in [ ]. The infinitesimal versions of these notions lead to the
following definition.

DEFINITION 7.7. A wector field Q on a QC manifold (M, [g],Q) is an infini-
tesimal generator of a conformal quaternionic contact automorphism (QC vector
field for short) if its flow preserves the QC structure, i.e.,

(7.5) Lon=wI+0)-n,
where v is a smooth function and O € so(3) with smooth entries.

In view of the discussion above a QC vector field on a QC manifold (M, 7, Q)
satisfies the conditions.
(7.6) Lgg=vg,
(77) LQI:OI, 0680(3), 1= (Il,IQ,Ig)t,
If the flow of a vector field @ is a conformal diffeomorphism of the horizontal metric

g, i.e. (7.6) holds, we shall call it infinitesimal conformal isometry. If the function
v =0 then @ is said to be infinitesimal isometry.
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A QC vector field on a QC manifold is a 3-contact vector field of special type.
Indeed, let § be the musical isomorphism between T*M and T'M with respect to
the fixed Riemannian metric g on 7'M and recall that the forms o; were defined in
(3.29). (3.30). We have

PROPOSITION 7.8. Let (M, g,Q) be a quaternionic contact manifold. The vector
field Q is a QC vector field if and only if

3
(7.8) Q = _%(fj-[iai - kaia§' — Li(df)*) + Zfsfsv
s=1

for some functions f1, fo and f3 such that for any positive permutation (i,7,k) of
(1,2,3) we have
(7.9)  fidni(&, &) + fedni(Se. &) + & fi

= frdn(&, &)+ fidni(&,&5) + & fis

(7.10)  fidni(&,&5) + frdni(&e, &) + & fi
= — fidn;(§,&%) — fedni(&n, &) — & fj

(711)  fi L) — fiLi(ey) — Li(df:)?
= filn(aj)' — fiLe(ow)* — Ie(dfe)?

Conversely, any three smooth functions satisfying the compatibility conditions (7.9),
(7.10) and (7.11) determine a QC vector field by (7.8).

PRrROOF. Notice that (7.8) implies f; = 7;(Q). By Cartan’s formula (7.5) is
equivalent to
Qadn; + dfi = vy + 0is0s.
In other words, both sides must be the same when evaluated on &, t = 1,2,3 and
also when restricted to the horizontal bundle. Let Q = Qg + Z§:1 fs&s. Consider
first the action on the vertical vector fields. Pairing with & and taking successively
t=1,5,k gives

Q
<
S

fidmi(&. &) + fudni(6r &) + & fi = v +
(7.12) oae(Qu) + fidni(&, &) + fudni(§e, &) + & fi = o4
—a;(Qu) + fidni(&, &)+ fidni(&. &) + & fi = o
Equating the restrictions to the horizontal bundle, i.e., dn;(Q,.)|g + dfilg = 0,
gives

(Fram(&) + fednl&) + dn@Qu.) + dii)lu = 0.

Since g(A,.)|lg = 0 A = Z§=1 1s(A)Es, the last equation is equivalent to
3
(7.13) —fiof + frak + 2LQu + (dfi)* = D (—fionl&) + froy(&s) + & fi) &

s=1

Acting with I; determines 2Qy = f; Li(ar)* — fi Li(a;)* — L;(df;)¥, which implies
(7.8). In addition we have

0;(@u) = 5 (Fros(Tian)’) — fiay(Tilag)) — ay(Li(d)"))
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On the other hand, o € so0(3) is equivalent to o being a skew symmetric which is
equivalent to (7.9) and (7.10), by the above computations. Therefore, if we are
given three functions f1, fa, fs satisfying (7.9), (7.10) and (7.11), then we define
Q by (7.8). Using (7.12) we define v and o with o € so(3) with smooth entries.
With these definitions @ is a QC vector field. O

Using the formulas in Example 4.13 we obtain from Proposition 7.8 the follow-
ing ’3-hamiltonian’ form of a QC vector field on 3-Sasakian manifold.

COROLLARY 7.9. Let (M,n) be a 3-Sasakian manifold. Any QC vector field Q
has the form

Q=Qu+ f1&1 + f2l2 + [3s,
where the smooth functions f1, fo, f3 satisfy the conditions
and the horizontal part Qg € H is determined by

Quadn; = dif;, i€{l1,2,3}

The matriz in (7.5) has the form

§1(m(Q)) =&1(n2(Q)) — 2m3(Q) =& (3(Q)) + 2m2(Q)
vig, + O = | &(n2(Q)) +213(Q) §&1(m(Q)) —&(n3(Q)) —2m(Q)
§1(3(Q)) —2m2(Q)  &(n3(Q)) +2m(Q) &1(m(Q))

In particular, the Reeb vector fields &1,&2,&3 are infinitesimal isometries.

We note that on any QC structure homothetic to a 3-Sasakian structure, the
Reeb vector fields are also infinitesimal isometries, i..e, (7.6) with v = 0 and (7.7)
hold for Q = &;,7 = 1,2,3. This follows easily from Corollary 7.9. Our next goal is
to characterize QC structures for which the Reeb vector fields are QC vector fields.
It turns out that the just mentioned setting is the only possible. More precisely,
we have the following Theorem.

THEOREM 7.10. Let (M, g,Q) be a QC manifold with positive qc-scalar curva-
ture, assumed constant in dimension seven. The following conditions are equivalent.

i) Fach of the Reeb vector fields is a QC vector field.
it) The QC structure is homothetic to a 3-Sasakian structure. In particular, the
Reeb vector fields are infinitesimal isometries.

PROOF. We note that Corollary 7.5 shows that on a QC manifold the Reeb
vector fields &, &9, &3 are 3-contact exactly when the connection 1-forms vanish on
H. By Lemma 4.18, Theorem 4.9 together with the made assumptions on the qc-
scalar curvature we see that the qc-scalar curvature is a positive constant. Now,
Corollary 4.17 shows that the given QC stricture is homothetic to a 3-Sasakian
structure. The converse direction was already explained before the statement of
the Theorem. [l

For the remaining of this section we prove other useful properties of QC vector
fields. The next three Lemmas are of independent interest. Given a vector field @,
we define the symmetric tensor Tg and the skew-symmetric tensor ug

3 3
(7.14) ng = ZUS(Q)TSS, uQ = Zns(Q) Isu,
s=1 s=1
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respectively, such that, — T(Q,X,Y) = g(THX,Y) + g(uX,Y),

LEMMA 7.11. The tensors Tg and ug lie in the [—1] component associated to
the operator t cf. (2.8) and (2.7).

PROOF. By the definition of ug, we have g(ug1 X, 1Y) = Zi:l 7s(Q) g(IsuX,Y)
and after summing we find
3 3
Zj:l g(uQIJXa IJY) = Zj:l 77](@) g(IJUX7 Y) = —g(UQX, Y)
We turn to the second claim. Recall that 7, gj anti-commutes with I}, see (2.14).
Hence,

g(THLX, 1Y) = —m(Q) g(Tg, X, Y)—ma(Q) [9(Te, T X,Y) —g(Te, "~ X,Y)]

— Q) [9(Te, "X, Y) —g(T2 T X, V)],

I(TOLX, LY) = —n(Q)g(TE,X,Y) — m(Q) [g(Te ~ "X, Y) —g(Td ~" X, V)]
— m3(Q) [9(Te, ¥~ X,Y) —g(Tg, "X, V)],

9(THIs X, I3Y) = —n3(Q) g(TE, X, Y ) — m(Q) [9(TY ~*~ X, Y) —g(T, T X,Y)]

— Q) [9(Tg, ™ X,Y) —g(Tg,” XY

Summing the above three equations we come to

3 3
D TGLX LY) = =) g(Q.&)g(TeX,Y) = —g(T§X.Y),
j=1 j=1
which finishes the proof of Lemma 7.11. O

LEMMA 7.12. If Q is a QC vector field then the next two equalities hold

(7.15) 9(VxQ,Y) + g(VyQ.X) + 29(I4X,Y) =vg(X,Y),

3

(7.16) 3g(VxQ,Y) = g(Vi,xQ, LY) +4g(T3X,Y) + 4g(uqX,Y)
s=1

— 23 Ly @ui(X,Y),
(

ijk)
where the sum is over all even permutation of (1,2,3) and
(7.17)  Lij(Q) = —L;i(Q) = & (:(Q)) — n;(Q)dn; (&, &5)

1 Scal
+ Qﬂk(Q) (871(;12) +dn;(§k, &) — dni(§,Ek) — d”7k(§i7§j)) .

PRrROOF. In terms of the Biquard connection (7.6) reads exactly as (7.15). Fur-
thermore, from (7.7), (7.12) and (3.28) it follows

(718) OijIjX + oip L1 X = (LQ Iz)(X) =
= —VixQ +LiVxQ —a;(Q) L X + ap(Q); X — T(Q, ;X)) + LT(Q,X).
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A use of (7.12), (3.29) and (3.30) allows us to write the last equation in the form

9(VxQ)Y) — g(VxQ, LY)+ T(Q,X,Y) — T(Q, X, ;Y)
= (04 — ak(Q))wi(X,Y) — (0ir + ;(Q))w; (X, Y)
= —Lij(Q)uwi(X,Y) + Lin(Q)w; (X, Y),

where L;;(Q) satisfy (7.17). Summing the above identities for the three almost
complex structures and applying Lemma 7.11, we obtain (7.16), which completes
the proof of Lemma 7.12. O

COROLLARY 7.13. Let (M, g,Q) be a QC manifold with positive qc-scalar cur-
vature, assumed to be constant in dimension seven. The following conditions are
equivalent

i) There exists a local 3-Sasakian structure compatible with H = Ker n;
i1) There are three linearly independent vertical QC-vector fields.

PROOF. Let 1,72, 73 be linearly independent vertical QC vector fields. Then
(7.15) for Q = ~; yields Tffi =0,i=1,2,3, v =0 since T, is trace-free. Thus,
for any cyclic permutation (¢, j, k) of (1,2,3), (7.16) imply u,, = 0, L;;(vs) = 0 by
comparing the trace and the trace-free part. Hence, we get Ty, = ug, = 0 since
are linearly independent vertical vector fields. Now, Theorem 1.3 shows that the
given QC stricture is homothetic to a 3-Sasakian structure. O

In the particular case when the vector field @ is the gradient of a function
defined on the manifold M, we have the following formulas.

COROLLARY 7.14. If h is a smooth real valued function on M and Q@ = Vh
is a QC vector field, then for any horizontal vector fields X and Y we have

a) [(Vdh)]ig(X,Y) = 0
b) [Vdh |iaym)-1)(X,Y) = =TH(X,Y) (cf. (7.14) )
) ug(X,Y) = 0 (cf (7.14) ),  Ly(Vh) = 0.

PRrROOF. Use (7.15) and (5.4) to get
2VdR(X,Y) + 2dh(&)w;i(X)Y) + 29(TOX,Y) = vg(X,Y).

Decomposing in the [—1] and [3] components completes the proof of a) and b),
taking into account (7.16) and Lemma 7.11. The skew-symmetric part of (7.16)

gives 2uq + 3 () Lij(VR)we = 0, where the sum is over all even permutations
of (1,2,3). Hence, c) follows by comparing the trace and trace-free parts of the last
equality. (I

We finish the section with another useful observation.

LEMMA 7.15. Let (M,[g],Q) be QC manifold and Q be a QC vector field de-
termined by (7.5) and (7.12). The next equality hold

dni([Q, LX), Y) + dni(L; X, [Q,Y]F) =0
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PROOF. We have using (7.5) that
(7.19) Lodn(1;X,Y) =2(Lowi)(L;X,Y) = dn,([Q, L;i X]*,Y)
—dni(1 X, [Q,Y]") = =2(Lq 9)(X,Y) +29((Lq L) [ X,Y)
— dni([Q, LiX]",Y) — dni(LiX,[Q,Y]") = (dLqn:) (1 X,Y)
= (dv An; + vdn; + dog; Anj + oidn; + dog A i, + 0idny ) (1; X, Y)
= 2vg(X,Y) — 20;jwi(X,Y) + 20;,w; (X, Y),

where o4 are the entries of the matrix O given by (7.12). An application of (7.6)
and (7.7) to (7.19) gives the assertion. O



CHAPTER 8

Quaternionic contact Yamabe problem

8.1. The Divergence Formula

Let (M,n) be a quaternionic contact manifold with a fixed globally defined
contact form 7. For a fixed j € {1, 2,3} the form

(8.1) Voly =m Ama Ans A w?”
is a volume form. Note that Vol, is independent of j. We define the (horizontal)
divergence of a horizontal vector field/one-form o € A (H) by

an

(8.2) Vio =trlgVo= > (Ve,0)(eq).

a=1

Clearly the horizontal divergence does not depend on the basis and is an Sp(n)Sp(1)-
invariant. For any horizontal 1-form o € A' (H) we denote with o# the corre-
sponding horizontal vector field via the horizontal metric defined with the equality
o(X) = g(o#, X). Tt is justified to call the function V* o divergence of o in view
of the following Proposition.

PROPOSITION 8.1. Let (M, n) be a quaternionic contact manifold of dimension
(4n+8) and nAw?n—1 =4 N AN ANz AWt For any horizontal 1-form o € A (H)
we have

d(o#(Vol,)) = —(V*o)nAw?™ .

Therefore, if M is compact,
/ (V*o)n Aw?™ = 0.
M

PrROOF. We work in a qc-normal frame at a point p € M constructed in

Lemma 4.5. Since o is horizontal, we have 0% = g(0%,e,)e,. Therefore, we
calculate
4n .
o# ,(Vol,) = Z(—l)”g(oﬁ €a)N A eﬁ A--Nef nNoonel,
a=1

where e means that the 1-form e is missing in the above wedge product. The

exterior derivative of the above expression gives
4n
d(c*(Vol,)) = —Zeag(a#,ea)Voln = —(V*o)Vol,.
a=1

Indeed, since the Biquard connection preserves the metric, the middle term is cal-
culated as follows e,9(X, e,) = g(Ve, X, eq) + 9(X, V4, e,) which evaluated at the

71
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point p gives
eag<X7 ea)lp = g(veaXv ea)‘p) = ((vﬁaa)ea)|p'

In order to obtain the last equality we also used the definition of the Reeb vector
fields, (2.10), and the following sequence of identities

deb#(eb, ea)‘p = e#([eb, ea})|p = ef(vebea — Ve, € — T(eb,ea))|p =0

since T'(ep, a,) is a vertical vector field. This proves the first formula. If the manifold
is compact, then Stoke’s theorem completes the proof. (Il

We note that the integral formula of the above theorem was essentially proved
in [[W], Proposition 2.1].

8.2. Partial solutions of the qc-Yamabe problem

Given a QC structure 7, the qc-Yamabe problem is to find all gc-structures
n that are qc-conformal to 77 and have constant qc-scalar curvature. The relation
between the two gc-scalar curvatures is given by the qc-Yamabe equation (5.8) and
the problem is to find all solutions of this equation. In this Section we shall present
a partial solution of the qc-Yamabe problem on the quaternionic sphere. Equiva-
lently, using the Cayley transform this provides a partial solution of the qc-Yamabe
problem on the quaternionic Heisenberg group. The extra assumption under which
we classify the solutions of the qc-Yamabe equation consists of assuming that the
"new” quaternionic structure has an integrable vertical space. The change of the
vertical space is given by (5.1). Of course, the standard quaternionic contact struc-
ture has an integrable vertical distribution. A note about the Cayley transform is
in order. We shall define below the explicit Cayley transform for the considered
case, but one should keep in mind the more general setting of groups of Heisenberg
type [ ]. In that respect, the solutions of the qc-Yamabe equation on the
quaternionic Hesenberg group, which we describe, coincide with the solutions on
the groups of Heisenebrg type [ ].

As in Section 5 we are considering a conformal transformation 7 = ﬁn, where
7 represents a fixed quaternionic contact structure and 7 is the "new” structure
conformal to the original one. In fact, eventually, 77 will stand for the standard
quaternionic contact structure on the quaternionic sphere. In this case the qc-
Yamabe problem , up to a homothety, is to find all structures n, which are conformal
to 77 and have constant scalar curvature equal to 16n(n + 2), see Corollary 4.13.

PROPOSITION 8.2. Let (M, 1}) be a compact ge-Einstein manifold of dimension
(4n+3). Letj = ﬁn be a conformal transformation of the qc-structure 7 on M.
Suppose 1 has constant scalar curvature.

a) If n > 1, then any one of the following two conditions implies that n is a
qc-Einstein structure:
i) the vertical space of ) is integrable;
it) the QC structure n is qc-pseudo Einstein.
b) If n = 1 and the vertical space of 1 is integrable than 7 is a qc-Einstein
structure.

PROOF. The proof follows the steps of the solution of the Riemannian Yamabe
problem on the standard unit sphere, see [LP]. Theorem 1.3 shows that 7 is a
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qc-Einstein structure. Theorem 3.12 and equations (5.7), (5.5), and (5.6) imply
(8.3) [Ricol—1)(X,Y) = (2n+2)T°(X,Y)
= —(2n+ Q)h_l [Vdh] [sym][—1] (X,Y)

(8.4) [Ricoliz(X,Y) = 2(2n+5)U(X,Y)
= —(2n+5)h ' [Vdh — 2h~'dh ® dh] 30 (X, Y).
Furthermore, when the scalar curvature of 1 is a constant then Theorem 4.8 gives
(1-mn)
2

If n > 1 and either the vertical space of 7 is an integrable distribution or 7 is
qe-pseudo Einstein U = 0, then (8.5) shows that A = 0 and the divergences of T°
and U vanish V*7T° = 0 and V*U = 0. The same conclusion can be reached in
the case n = 1 assuming the integrability of the vertical space (recall that always
U = 0 when n = 1). We shall see that, in fact, 70 and U vanish, i.e.,  is also
qc-Einstein. Consider first the [—1] component. Taking norms, multiplying by A
and integrating, the divergence formula gives

(8.5) V*TY = (n + 2)A, VU = A.

/ h | [Rico)[—y PnAw®™ = (2n+2) /([Rico][_l],thDn/\wQ"
M

— (2n+2)/ (V* [Rico)i—1), VR]) n Aw?™ = 0.
M

Thus, the [~1] component of the qc-Einstein tensor vanishes | [Ric,][—1) | = 0.
Define h = -, inserting (6.2) into (8.4) one gets

[RiCO][g] = 22n+5U = —(2n+ 5)[Vdu][3][0],
from where, arguing as before we get [Ricg]isy = 0. Theorem 1.3 completes the
proof. O

COROLLARY 8.3. Let 1 = ﬁn be a conformal transformation of a compact
gc-FEinstein manifold of dimension (4n + 3) and suppose 7] has constant qc-scalar
curvature.

i) If n > 1 and either the gradient Vh or the gradient V(3 ) is a QC vector
fields then h is a constant.
i) If n =1 and the gradient V(%) is a QC vector fields then h is a constant.

PROOF. Suppose Vh is a QC-vector field. Corollary 7.14, b) yields
[Vdh] =0

since the torsion of Biquard connection vanishes due to Proposition 4.2. Then
Proposition 8.2 and a) in Corollary 7.14 imply that on H we have

dh @ dh+ dih ® dih + doh @ doh + dgh @ dgh = 142 g,
Ifn > 1 then dhjz = 0, which implies dh = 0 using the bracket generating condition.
Suppose V(%) is a QC vector field. Then Proposition 8.2, (6.2) combined with
b) in Corollary 7.14 show that on H we have
3dh @ dh — d1h @ dih — doh ® doh — dsh ® dsh = 0.
Define X = I X,Y = 1Y etc. to get dh®dh = dih®dih = doh®doh = dsh®dsh.
Hence, dhjy = 0 since dim Kerdh = 4n —1 and dh = 0 as above. (I

[sym][-1]
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8.3. Proof of Theorem 1.2

PrROOF. We start the proof with the observation that from Proposition 8.2
and Corollary 6.26 the new structure 7 is also qc-Einstein. Next we bring into
consideration the quaternionic Heisenberg group. Let us identify G(H) with the
boundary ¥ of a Siegel domain in H" x H,

Y ={(d,p)eH"xH : Rp = |{*},
by using the map (¢/,w’) — (¢',|¢'|* — w’). The standard contact form, written
as a purely imaginary quaternion valued form, is given by (cf. (5.13)) 20 =
(dw — ¢'-d7 + dq' -q'), where - denotes the quaternion multiplication. Since
dp) = ¢ -d7’ + d¢' - — dw’, under the identification of G(H) with 3 we have

also 20 = —dp’ + 2dq¢’-q@. Taking into account that © is purely imaginary,
the last equation can be written also in the following form

40 = (dff — dp') + 2d¢ -q¢ — 2 -dq.

Now, consider the Cayley transform as the map €:S5 — ¥  from the sphere
S = {|q|* + |p|> = 1} C H"® x H minus a point to the Heisenberg group ¥, with €
defined by

(d.p) = ¢ ((q,p)), ¢ =Q0+p~te, P =(0+p) " (1-p)
and with an inverse map (¢,p) = C~! ((q’,p’)) given by

g = 20+p)"d,  p=(1+p)A-D)
The Cayley transform maps S minus a point to X since

o - pl+P0=p _ o1-fpl _ e g
I1+p|? 1+p|? 1+p|?

Writing the Cayley transform in the foorm  (1+p)¢ = ¢, (1+p)p’ = 1—p,
gives

dp-q + (1+p)-d¢ = dg, dp-p' + (1+p)-dp’ = —dp,
from where we find

dp) = =2(1+p)~"-dp-(1+p)~*

(86) —1 -1
df = (1+p)~" -[dg — dp-(1+p)~" -ql.

The Cayley transform is a conformal quaternionic contact diffeomorphism between
the quaternionic Heisenberg group with its standard quaternionic contact structure
© and the sphere minus a point with its standard structure 7, a fact which can be
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seen as follows. Equations (8.6) imply the following identities

(8.7) 2€°6 = —~(1+p) " -dp-(1+p) " + (1+p) " -dp-(1+p)~"
(1+p)~'ldg — dp-(1+p)~"-ql-q-(1+p) "

- (1+p)~'q-[dg — q-(+p)~"-dp]-(1+p)~"
= (1+p) 7 [dp- (L) (145) — lafPdp- (1+p)7"|(1+5)7"

+ W+p) [P (1) dp + g (L 4+p) (L 4+5)
1 _
1 “Yldg-q — q-dg|(1+p) " = ——— A7\,
+ (1+p) [qq q-dg|(1+p) TRl

where A = |1+ p|(1+p)~! is a unit quaternion and 7 is the standard contact
form on the sphere,

_|_

(88) N =dq-q+dp-p— q-dg— p-dp
Since |1 +p| = \1+ 7 we have A = \111_5’,\ equation (8.7) can be put in the form
- 8 .
A-E@hH N = ——
- 1+p'

We see that up to a constant multiplicative factor and a quaternionic contact au-
tomorphism the forms (€~1)*7 and © are conformal to each other. It follows that
the same is true for (€~1)*n and ©.

In addition, © is qc-Einstein by definition, while n and hence also (C~1)*n
are qc-Einstein as we observed at the beginning of the proof. Now we can apply
Theorem 1.1 according to which up to a multiplicative constant factor the forms
(C~H*5 and (C1)*n are related by a translation or dilation on the Heisenebrg
group. Hence, we conclude that up to a multiplicative constant, n is obtained from
7 by a conformal quaternionic contact automorphism, see Definition 7.6. O

Let us note that the Cayley transform defined in the setting of groups of Heisen-
berg type is also a conformal transformation on H, see cf. | , Lemma 2.5]. One
can write the above transformation formula in this more general setting.
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