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ABSTRACT. A complete solution to the quaternionic contact Yamabe problem on the seven dimen-
sional sphere is given. Extremals for the Sobolev inequality on the seven dimensional Heisenberg
group are explicitly described and the best constant in the L2 Folland-Stein embedding theorem
is determined.

CONTENTS
1. Introduction 1
2. Quaternionic contact manifolds 4
2.1.  The qc-Einstein condition and Bianchi identities 7
3. Conformal transformations 8
4. Divergence formulas 11
5. Proofs of the main theorems 18
5.1.  Proof of Theorem 1.1 19
5.2. Proof of Theorem 1.3 20
References 22

1. INTRODUCTION

It is well known that the sphere at infinity of a any non-compact symmetric space M of rank one
carries a natural Carnot-Carathéodory structure, see [M, P]. A quaternionic contact (qc) structure,
[ , ], appears naturally as the conformal boundary at infinity of the quaternionic hyperbolic
space. In this paper, following Biquard, a quaternionic contact structure (qc structure) on a real
(4n+3)-dimensional manifold M is a codimension three distribution H locally given as the kernel
of a R3-valued one-form 1 = (11, 72,713), such that, the three two-forms dn;|z are the fundamental
forms of a quaternionic structure on H. This means that there exists a Riemannian metric g on
H and three local almost complex structures I; on H satisfying the commutation relations of the
imaginary quaternions, I1I5I3 = —1, such that, dn;|g = 2¢(l;.,.) . The 1-form 7 is determined
up to a conformal factor and the action of SO(3) on R3, and therefore H is equipped with a
conformal class [g] of Riemannian metrics and a 2-sphere bundle of almost complex structures, the
quaternionic bundle Q. The 2-sphere bundle of one forms determines uniquely the associated metric
and a conformal change of the metric is equivalent to a conformal change of the one forms. To every
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metric in the fixed conformal class one can associate a linear connection preserving the qc structure,
see | ], which we shall call the Biquard connection.

If the first Pontrijagin class of M vanishes then the 2-sphere bundle of R3-valued 1-forms is trivial
[AL], i.e. there is a globally defined 3-contact form 7 that anihilates H, we denote the corresponding
QC manifold (M, n). In this case the 2-sphere of associated almost complex structures is also globally
defined on H.

Examples of QC manifolds are given in | , , , D1]. In particular, any totally umbilic
hypersurface of a quaternionic Kéhler or hyperKéhler manifold carries such a structure | ]. A
basic example is provided by any 3-Sasakian manifold which can be defined as a (4n+ 3)-dimensional
Riemannian manifold whose Riemannian cone is a hyperKéhler manifold. It was shown in | ]
that the torsion endomorphism of the Biquard connection is the obstruction for a given qc-structure
to be locally 3-Sasakian, up to a multiplication with a constant factor and a SO(3)-matrix.

For a fixed metric in the conformal class of metrics on the horizontal space one associates the
scalar curvature of the associated Biquard connection, called the qc-scalar curvature. Guided by the
real (Riemannian) and complex (CR) cases, the quaternionic contact Yamabe problem is: given a
compact QC manifold (M,n), find a conformal 3-contact form for which the qc-scalar curvature is
constant.

In the present paper we provide a solution of this problem on the seven dimensional sphere
equipped with its natural quaternionic contact structure. The spheres are important examples of
locally quternionic conformally flat qc structures characterized locally in [[V] with the vanishing of
a curvature-type tensor invariant and from the point of view of the Yamabe problem play a role
similar to their Riemannian and CR counterparts. The question reduces to the solvability of the
Yamabe equation (3.4). Taking the conformal factor in the form 7 = u*/(@=2y, Q = 4n + 6, turns
(3.4) into the equation

Q +2
Q -2
where A is the horizontal sub-Laplacian, Ah = trg (th) Scal and Scal are the qc-scalar curvatures
correspondingly of (M, n) and (M, 1), and 2* = Q , with @ = 4n+ 6-the homogeneous dimension.

On a compact quaternionic contact manifold M Wlth a fixed conformal class [n] the Yamabe equation
characterizes the non-negative extremals of the Yamabe functional defined by

T(’u,) _ / ( g+2 |vu|2 + Scalu )d’Ug, /Mu2* d’Ug = 1, u > 0.

Considering M equipped with a fixed qc structure, hence, a conformal class [n], the Yamabe constant
is defined as the infimum

Lu = Au— uwScal = —u* 1 Scal,

MM) = XM, [n]) = inf{Y(u): /Muz* dvg = 1, u>0}.

Here dvg denotes the Riemannian volume form of the Riemannian metric on M extending in a
natural way the horizontal metric associated to 7.

When the Yamabe constant A(M) is less than that of the quaternionic sphere with its standard
qc structure the existence of solutions to the quaternionic contact Yamabe problem is shown in
[W], see also [J1.1]. We consider the Yamabe problem on the standard unit (4n + 3)-dimensional
quaternionic sphere. The standard @saki structure on the sphere is a qc-Einstein structure 7
having constant qc-scalar curvature Scal = 16n(n + 2). Its images under conformal quaternionic
contact automorphism have again constant qc-scalar curvature. In [ ] we conjectured that these
are the only solutions to the Yamabe problem on the quaternionic sphere. The purpose of this paper
is to prove this conjecture when the dimension is equal to seven, i.e., n = 1.

Theorem 1.1. Let = %hn be a conformal deformation of the standard qc-structure n on the
quaternionic unit sphere S7. If n has constant gc-scalar curvature, then up to a multiplicative
constant 1 is obtained from 7 by a conformal quaternionic contact automorphism. In particular,
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A(S7) = 48 (47)Y/5 and this minimum value is achieved only by 7 and its images under conformal
quaternionic contact automorphisms.

In | ] a weaker result was shown, namely the conclusion holds (in all dimensions) provided
the vertical space of 7 is integrable. ~We recall the definition of conformal quaternionic contact
automorphism in Definition 2.1.

Another motivation for studying the Yamabe equation comes from its connection with the de-
termination of the norm and extremals in a relevant Sobolev-type embedding on the quaternionic
Heisenberg group G (H), [ | and [Val] and [Va]. As it is well known, the Yamabe equation is
essentially the Euler-Lagrange equation of the extremals for the L? case of such embedding results.
In the considered setting we have the following Theorem due to Folland and Stein [I'St].

Theorem 1.2 (Folland and Stein). Let Q C G be an open set in a Carnot group G of homogeneous
dimension Q and Haar measure dH. For any 1 < p < Q there ezists S, = Sp(G) > 0 such that for
u € C(Q)

(11) ([ dH<g>)1/p* <5, ([ pxor dH<g>)1/p,

where | Xu| = Z;":l | X ul?> with X1, ..., Xy, denoting a basis of the first layer of G and p* = é’—?p.
Let S, be the best constant in the Folland-Stein inequality, i.e., the smallest constant for which (1.1)
holds. The second result of this paper is the following Theorem, which determines the extremals
and the best constant in Theorem 1.2 when p = 2 for the case of the seven dimensional quaternionic
Heisenberg group G (H). As a manifold G (H) = H x ImH with the group law given by

(¢",w") = (goswo) o (q,w) = (g + q,w + wo + 2Im g,7),

where ¢, g, € H and w,w, € ImH. The standard quaternionic contact(qc) structure is defined by
the left-invariant quaternionic contact form © = (0, Oy, O3) = % (dw — ¢ -dqd + dq - @),
where . denotes the quaternion multiplication.

Theorem 1.3. Let G (H) = H x ImH be the seven dimensional quaternionic Heisenberg group.
The best constant in the L? Folland-Stein embedding theorem is

2V/3
3/5

Sy =

An extremal is given by the function

b= 24P + W (0w) € G ()

Any other non-negative extremal is obtained from v by translations (5.10) and dilations (5.11).

Our result confirms the Conjecture made after | , Theorem 1.1]. In | , Theorem 1.6] the
above Theorem is proved in all dimensions, but with the assumption of partial-symmetry. Here with
a completely different method from [ | we show that the symmetry assumption is superfluous
in the case of the first quaternionic Heisenberg group. On the other hand, in | ] we proved
Theorem 1.1 in all dimensions, but with the ’extra’ assumption of the integrability of the vertical
distribution. In the present paper we remove the ’extra’ integrability assumption in dimension
seven. A key step in present result is the establishment of a suitable divergence formula, Theorem
4.4, see [J12] for the CR case and [Ob], [LP] for the Riemannian case. With the help of this
divergence formula we show that the 'new’ structure is also qc-Einstein, thus we reduce the Yamabe
problem on the 7-sphere from solving the non-linear Yamabe equation to a geometrical system of
differential equations describing the gc-Einstein structures conformal to the standard one. Invoking
the (quaternionic) Cayley transform, which is a contact conformal diffeomorphism, | ], we turn
the question to the corresponding system on the quaternionic Heisenberg group. On the latter all
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global solutions are explicitly described in | ] and this allows us to conclude the proof of our
results.

Remark 1.4. With the left invariant basis of Theorem 1.3 the Heisenberg group G (H) is not a
group of Heisenberg type. If we consider G (H) as a group of Heisenberg type then the best constant
in the L* Folland-Stein embedding theorem is, cf. | , Theorem 1.6],

151/10
Sy = ——.
72/52/2
and an extremal is given by the function
-2
Flgw) = v [A+]a*)?* + 16lw)] ", (¢,w) € G (H)
where

v o= 32 7T_17/50 21/5 152/5.

Organization of the paper. The paper uses some results from | ]. In order to make the
present paper self-contained, in Section 2 we give a review of the notion of a quaternionic contact
structure and collect formulas and results from | ] that will be used in the subsequent sections.

Section 3 and 4 are of technical nature. In the former we find some transformations formulas for
relevant tensors, while in the latter we prove certain divergence formulas. The key result is Theorem
4.4, with the help of which in the last Section we prove the main Theorems.

Convention 1.5. We use the following conventions:

o {e1,...,e4,} denotes an orthonormal basis of the horizontal space H.
e The summation convention over repeated vectors from the basis {e1,...,es,} will be used.
For example, for a (0,4)-tensor P, the formula k = P(ep, €q, €q, €p) means
4n
k= Z Plep, eq,€q,€p).
a,b=1

e The triple (i, 7, k) denotes any cyclic permutation of (1,2, 3).
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2. QUATERNIONIC CONTACT MANIFOLDS

In this section we will briefly review the basic notions of quaternionic contact geometry and recall
some results from [Biql] and [IMV].

For the purposes of this paper, a quaternionic contact (QC) manifold (M,g,Q) is a 4n + 3
dimensional manifold M with a codimension three distribution H equipped with a metric g and an
Sp(n)Sp(1) structure, i.e., we have

i) a2-sphere bundle Q over M of almost complex structures, such that, we have Q = {al;+bl2+
cl3 : a®>+b%+c? = 1}, where the almost complex structures Iy : H — H, 1?2 = —1, s =
1, 2, 3, satisfy the commutation relations of the imaginary quaternions I1Is = —I>1; = Is;

ii) H is the kernel of a 1-form 7 = (1,72, 73) with values in R? and the following compatibility
condition holds

2(I,X,Y) = dn(X,Y), s=1,2,3, X,YeH.
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Correspondingly, given a quaternionic contact manifold we shall denote with 7 any associated
contact form. The associated contact form is determined up to an SO(3)-action, namely if U € SO(3)
with smooth functions as entries then Un is again a contact form satisfying the above compatibility
condition (rotating also the almost complex structures) . On the other hand, if we consider the
conformal class [g], the associated contact forms are determined up to a multiplication with a positive
function p and an SO(3)-action, namely if ¥ € SO(3) then p¥n is a contact form associated with
a metric in the conformal class [g].

We shall denote with (M, n) a QC manifold with a fixed globally defined contact form. A special
phenomena here, noted in | ], is that the 3-contact form 7 determines the quaternionic structure
and the metric on the horizontal bundle in a unique way.

A QC manifold (M, g,Q) is called conformal to (M,g,Q) if g € [g]. In that case, if 7 is a
corresponding associated one-form with complex structures I, s = 1,2,3, we have n = p ¥ for
some ¥ € SO(3) with smooth functions as entries and a positive function p. In particular, starting
with a QC manifold (M, n) and defining 7 = pn we obtain a QC manifold (M, 7) conformal to the
original one.

Definition 2.1. A diffeomorphism ¢ of a QC manifold (M, [g], Q) is called a conformal quaternionic
contact automorphism (conformal qc-automorphism) if ¢ preserves the QC' structure, i.e.

¢*n = pv -,
for some positive smooth function p and some matriz ¥ € SO(3) with smooth functions as entries

and 1 = (n1,m2,m3)" is a local 1-form considered as a column vector of three one forms as entries.

Any endomorphism ¥ of H can be decomposed with respect to the quaternionic structure (Q, g)
uniquely into Sp(n)-invariant parts as follows ¥ = T+ 4 U+== 4 U=~ 4 ==+ where
PUT++ commutes with all three I;, U+~ commutes with I; and anti-commutes with the other two
and etc. The two Sp(n)Sp(1)-invariant components are given by
(2.1) \11[3] = \I/+++, \I/[_l] =0T T 4T T
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
(22) Tt =hLehL + Ll + I3®I1;

corresponding, respectively, to the eigenvalues 3 and —1, see | ]. If n = 1 then the space of
symmetric endomorphisms commuting with all I;,;i = 1,2, 3 is 1-dimensional, i.e. the [3]-component

of any symmetric endomorphism W on H is proportional to the identity, W3 = br (\P)Id|H.

4
On a quaternionic contact manifold there exists a canonical connection defined in | ] when
the dimension (4n + 3) > 7, and in [D] in the 7-dimensional case.
Theorem 2.2. | | Let (M,g,Q) be a quaternionic contact manifold of dimension 4n +3 > 7

and a fized metric g on H in the conformal class [g]. Then there exists a unique connection NV with
torsion T on M*"3 and a unique supplementary subspace V to H in TM, such that:

i) V preserves the decomposition H ®V and the metric g;
ii) for X, Y € H, one has T(X,Y) = —[X,Y]|v;
i11) V preserves the Sp(n)Sp(1)-structure on H, i.e., Vg = 0 and VQ C Q;
w) for & € V, the endomorphism T(,.)u 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.

We shall call the above connection the Bigquard connection. Biquard | | also described the
supplementary subspace V explicitly, namely, locally V is generated by vector fields {&1,&2,&3},
such that

s (fk) = 651@7 (Estns)\H =0,

(2.3) (Esadmi) g = —(Ekadns) -
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The vector fields &1, &2, €3 are called Reeb vector fields or fundamental vector fields.

If the dimension of M is seven, the conditions (2.3) do not always hold. Duchemin shows in
[D] that if we assume, in addition, the existence of Reeb vector fields as in (2.3), then Theorem 2.2
holds. Henceforth, by a qc structure in dimension 7 we shall mean a qc structure satisfying (2.3).

Notice that equations (2.3) are invariant under the natural SO(3) action. Using the triple of Reeb
vector fields we extend g to a metric on M by requiring span{&1,&2,&3} =V L H and g(&s,&k) = sk
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 quaternionic structure by setting Iy = 0.
The fundamental 2-forms w;,7 = 1,2, 3 of the quaternionic structure @ are defined by

(24) 2wz‘H = dni\H; wai =0, &€V
Due to (2.4), the torsion restricted to H has the form

3
(2.5) T(X,Y)=—[X,Y]y =2) wi(X,Y)&, X, Y €H.

s=1

The properties of the Biquard connection are encoded in the properties of the torsion endomor-
phism Tz = T(€,.) : H — H, ¢ € V. Decomposing the endomorphism T¢ € (sp(n) + sp(1))* into
its symmetric part Tg and skew-symmetric part be, T: = TgO + be, we summarize the description of
the torsion due to O. Biquard in the following Proposition.

Proposition 2.3. | | The torsion T is completely trace-free,
trTe = g(Te(ea),€a) =0, trTgol =g(Te(ea) lea) =0, I€Q,

where e1 . ..eqy 1S an orthonormal basis of H. Decomposing the torsion into symmetric and anti-
symmetric parts, Te, = Tgoi +be;, @ =1,2,3, we have: the symmetric part of the torsion has the
properties

T I = — LTy,
IR = LIR) ™, LI8) = BIL)—*, h(I8) —* = L(IL)*—
the skew-symmetric part can be represented in the following way
b&, = Iiu,

where u is a traceless symmetric (1,1)-tensor on H which commutes with Iy, I, I3.
If n = 1 then the tensor u vanishes identically, w = 0 and the torsion is a symmetric tensor,
T, =TY.
3

The covariant derivative of the quaternionic contact structure with respect to the Biquard con-
nection and the covariant derivative of the distribution V are given by

(2.6) VI =—0; ® I, + o ® I, V&= —a; @&+ ap @Ej,

where the sp(1)-connection 1-forms a; on H are given by | ]

(2.7 o (X) =dng(&,X) = —dn;(&, X), Xe€H, &eV,

while the sp(1)-connection 1-forms a on the vertical space V are calculated in | ]

Scal

(2.8) Oéi(fs) = dns(gjvgk)_ 61’5 ( +

16n(n + 2) %(dm(&’@) + dia(&s,61) + dn3(§1,€2))),

where s € {1,2,3}. The vanishing of the sp(1)-connection 1-forms on H is equivalent to the vanishing
of the torsion endomorphism of the Biquard connection, see [IMV].
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2.1. The qc-Einstein condition and Bianchi identities. We explain briefly the consequences
of the Bianchi identities and the notion of qc-Einstein manifold introduced in [ ] since it plays a
crucial role in solving the Yamabe equation in the quaternionic seven dimensional sphere. For more
details see [IMV].

Let R = [V,V]— V[ | be the curvature tensor of V. The Ricci tensor and the scalar curvature
Scal of the Biquard connection, called gc-Ricci tensor and ge-scalar curvature, respectively, are
defined by

Ric(X,Y) = g(R(eq, X)Y,e,), X,Y € H, Scal = Ric(eq,eq) = g(R(ep, €q)€a, €p)-

According to | ] the Ricci tensor restricted to H is a symmetric tensor. If the trace-free part of the
qc-Riccei tensor is zero we call the quaternionic structure a ge-Einstein manifold | ]. Tt is shown
in [ | that the gc-Ricci tensor is completely determined by the components of the torsion. First,
recall the notion of the Sp(n)Sp(1)-invariant trace-free symmetric 2-tensors 7°, U on H introduced
in [IMV] by
def def
TO(XaY) = g((Tgolll +T§O212+T§OJI3)X7Y)7 U(va) = g(Uva)v XaYEH-

The tensor T belongs to [—1]-eigenspace while U is in the [3]-eigenspace of the operator { given by
(2.2), i.e., they have the properties:

(2.9) TUX,Y)+ T X, 1Y)+ TY(LX, LY) + T (13X, 1Y) =0,
(2.10) 3U(X,Y) — U(LX, 1Y) — U(LX,LY) — U(I3X, I5Y) = 0.
Theorem 1.3, Theorem 3.12 and Corollary 3.14 in | ] imply:
Theorem 2.4. | ] Let (M*"+3,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
Rie(X,Y) = (2n+2)T°(X,Y) + (4n + 10)U(X,Y) + S:sl 9(X,Y)
Scal = —8n(n+2)9(T(&1,£2),83)

For n =1 the above formulas hold with U = 0.

In particular, the qc-FEinstein condition is equivalent to the vanishing of the torsion endomorphism
of the Biquard connection. If Scal # 0 the latter holds exactly when the gc-structure is 3-Sasakian
up to a multiplication by a constant and an SO(3)-matriz with smooth entries.

For the last part of the above Theorem, we remind that a (4n+3)-dimensional Riemannian man-
ifold (M, g) is called 3-Sasakian if the cone metric gy = t2g + dt?> on N = M x R¥ is a hyperkiihler
metric, namely, it has holonomy contained in Sp(n + 1).

The Ricci 2-forms p,s, s = 1,2,3 of a quaternionic contact structure are defined by

dn ps(B,C) = g(R(B, C)eq, Ise,), B,C € T(TM).

For ease of reference, in the following Theorem we summarize the properties of the Ricci 2-forms,
the scalar curvature and the torsion evaluated on the vertical space established in Lemma 3.11,
Corollary 3.14 Proposition 4.3 and Proposition 4.4 of | ].

Theorem 2.5. | | The Ricci 2-forms satisfy
Scal
_ 0\——+7. _ _ -
p(X,Y) = 29((Tg,) LX,Y)—29(LLuX,Y) 8n(n—|—2)w1(X7Y)’
Scal
0 __
(2.11) p2(X,Y) = 29((Te)* " hX,Y)—29(LuX,Y) — WWQ(X7Y)7
0\ —t— Scal
p3(X,Y) = 29((Tg,) LX,Y)—-29(I3uX,Y) — w3(X,Y).

8n(n +2)
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X (Scal 1
X 6) = ~ e b S (65,601 X) = (60,61, 5) (6,651, 0)
(2.12) pi(X, &) = wi[&,8k), X))y pi(X, &) = wi([&, k], X,
pillkX, &) = —pi(1; X, &) = 9(T(&5, &), LiX) = wi([§5, &kl X),
1
(2.13) pi&i &) + pi(&r, &) = mﬁj(swl)
The torsion of the Biquard connection restricted to V satisfies the equality
Scal
(2.14) T(6) = g gy~ [ &l

where [&;,&;]a denotes the projection on H parallel to the vertical space V.

We also recall the definition of the Sp(n)Sp(1)-invariant vector field A, which appeared naturally
in the Bianchi identities investigated in | ]

A = §[&, &) + 12[€3, 6] + I3[€1, &2]-
We shall denote with the same letter the corresponding horizontal one-form, i.e.,

A(X) = g(I1[82, 8] + 12[€3, §1] + I3[&1, &2], X)-

The horizontal divergence V*P of a (0,2)-tensor field P on M with respect to Biquard connection
is defined to be the (0,1)-tensor field

V*P() = (VEQP)(€a7 )

Then we conclude from | , Theorem 4.8], that
Theorem 2.6. | | On a (4n+ 3)-dimensional QC manifold with constant gc-scalar curvature we
have the formulas
1—
(2.15) VIO = (424, VU=— 4y

3. CONFORMAL TRANSFORMATIONS

Note that a conformal quaternionic contact transformation between two quaternionic contact
manifold is a diffeomorphism ® which satisfies

Q' =p W,

for some positive smooth function p and some matrix ¥ € SO(3) with smooth functions as entries
and 7 is an R3-valued one form, n = (11,72,73)! is a column vector with entries one-forms. The
Biquard connection does not change under rotations, i.e., the Biquard connection of ¥ -7 and n
coincide. Hence, studying conformal transformations we may consider only transformations ®*n =
1.

Let h be a positive smooth function on a QC manifold (M,n). Let 7 = 2%;77 be a conformal
deformation of the QC structure 7. We will denote the objects related to 77 by over-lining the same
object corresponding to n. Thus, dij = —ﬁ dhAn + ﬁdn and g = ﬁg. The new triple {£1, &2, &3}
is determined by the conditions defining the Reeb vector fields. We have

(3.1) £ = 2n& + I,Vh, s=1,2,3,

where Vh is the horizontal gradient defined by g(Vh, X) = dh(X), X € H.
The components of the torsion tensor transform according to the following formulas from | ,
Section 5]

(3.2) T (X,Y) = TO(X»Y) + n! [th][sym][—l](Xv Y),
(3.3) UX,)Y) = UX,Y) + (2h)7'[ Vdh — 20~ dh @ dh]30)(X,Y),
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where the symmetric part is given by, cf. (3.9),
3
[ Vdh]isym)(X,Y) = Vdh(X,Y) + Zdh({s)ws(X, Y)

s=1

and [g)[g) indicates the trace free part of the [3]-component of the corresponding tensor. In addition,
the ge-scalar curvature changes according to the formula | ]

(3.4) Scal = 2h(Scal) — 8(n+2)*h~|Vh|*> + 8(n+2)Ah.
The following vectors will be important for our considerations,
(35) Ai = Ii[€j7£k]a hence A = A1 + A2 + Ag.

Lemma 3.1. Let h be a positive smooth function on a QC manifold (M, g,Q) with constant gc-
scalar curvature Scal = 16n(n+2) and 7 = ﬁ 1 a conformal deformation of the qc structure n. If
7 1s a 3-Sasakian structure, then we have the formulas

(3.6) Ai(X) = f%h*th(X) - %h*ﬂVhFdh(X)
- %h*l(wh(fgx,gz) + th(fgx,gg)) + %h*(dh(gg)dh(fz)() + dh(gg)dh(zg)())

1
+ Zff2( Vdh(I X, I,Vh) + th(13X,13Vh)).

The expressions for As and As can be obtained from the above formula by a cyclic permutation of
(1,2,3). Thus, we have also

A(X) = —gh—th(X) - gh‘3|Vh|2dh(X)

3 3 3
— K'Y Vdh(I,X,&) + h72) dh(&) dh(I,X) + %h‘QZ Vdh(I,X,I,Vh).

s=1 s=1 s=1

Proof. First we calculate the sp El)—connect}on 1-forms of the Biquard connection V. For a 3-
Sasaki structure we have dij;(§;,&) = 2, &di; = 0, the non-zero sp(1)-connection 1-forms are

a;(&) = —2,i = 1,2,3, and the qc-scalar curvature Scal = 16n(n + 2) (see [Example 4.12,] -
Then (3.1), (2.7), and (2.8) yield
(3.7) 2dni(&5,6r) = 2h™ + h7?|dhlf?, ai(X) = —h~'dh(I;X),
' ai(§) = —h7'dh(&) = —a;(&),  4dai(&) = —4 — 27" — h7?|dR|.
From the 3-Sasakian assumption the commutators are [§;,&;] = —2&. Thus, for X € H taking
also into account (3.1) we have
9([61,&), 3X) = —29(&, BX) = —2g(2h& + [3Vh, LX) = —2dh(X).

Therefore, using again (3.1), we obtain

(38) —2dn(X) = g([&, &), LX) = g([2hé + [ Vh,2h&s + I Vh], I3X)
= —4h® A3(X) + 2hg([&1, LVA], I3 X) + 2hg([[Vh, &), I3 X)
+ g([I1 Vh, I, Vh], I3 X).
The last three terms are transformed as follows. The first equals
g([§1, VA, I3 X) = g((Ve L) Vh + IVe, Vh, LX) — g(T(&, I2Vh), IX)
= —a3(&1) dh(2X) + ai(&)dh(X) — Vdh (&, LX) — g(T (&, 12Vh), I3X),
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where we use (2.6) and the fact that V preserves the splitting H @ V. The second term is
g([hVh,&] I3 X) = ax(&)dh(X) + as(&e)dh(l1X) — Vdh (&, LX)
- g(T(11Vh, §2)7 I3X)a
and finally
g ([[1Vh,LVh], I3 X) = —a3([1Vh)dh([2X) + a1 (I1Vh)dh(X) — Vdh([;Vh, 11 X)
+ ao(IVh)dh(X) + az(laVh)dh([1X) — Vdh(I2Vh, [ X).

Next we apply (3.7) to the last three equalities, then substitute their sum into (3.8), after which we
use the commutation relations
3

39) Vdh(X,Y)~Vdh(Y,X) = —dh(T(X,Y)) = -2 w,(X,Y)dh(&),
Vdh(X,¢) — Vdh (&, X) = —dh(T(X,¢)), S)_(, YeH, ¢eV.

The result is the following identity

(3.10) 4h?A3(X) = (—4h + R7Y|VA|?) dh(X)
—2h [Vdh (I, X,&) + Vdh(I:X,&%)] — [Vdh(I;X,11Vh)) + Vdh (12X, ,Vh)]
+ 2[dh(&) dh(I1X) + dh(&)dh(I2X) + 2dh(&s) dh(I3X)]
+ 2h[T(&1,[1X,Vh) + T(é,1.X,Vh) — T(&1,1.X,I3Vh) + T(&, 11X, 13Vh)],

where T'(§, X,Y) = g(T¢ X,Y) for a vertical vector £ and horizontal vectors X and Y. With the help
of Proposition 2.3 we decompose the torsions into symmetric and anti-symmetric part T¢, = Tgoi +L,U,

i=1, 2, 3, and then express the symmetric parts of the torsion terms in the form TEO1 = (Tg)_—"’ +
(Tgl)_+_, Tgo2 = (TEOQ)__+ + (Tg2)+__. Hence, using 70 = = Z(Tg)"‘__lg = 2(T§01)_+_11 ete.,
which follows again from Proposition 2.3, the sum of the torsion terms in (3.10) can be seen to equal
27° " "(X, Vh) — 4U(X,Vh). This allows us to rewrite (3.10) in the form

(3.11) 443(X) = (—4h™' + R VA|?) dh(X) — 2h~ ' [Vdh (1 X,&) + Vdh (X, 6)]

+ 2h72 [dh({l)dh(IlX) + dh(&) dh(I2X) + 2dh(§3)dh(IgX)]
— W72 [Vdh(LX,,VR) + Vdh (X, 1,Vh)] + 4~ [(T° " (Vh,X) — 2U(Vh, X)].

Using (3.2) the 7° ' component of the torsion can be expressed by h as follows, see (2.1) and (2.9),

——+

AT " (Vh, X) = T°%Vh,X) — T°(I,Vh,[1X) — T°(I,Vh, [, X) + T°(I3Vh, I3X)

= _h_l{[th][*l](V]%X)_[vdh][*l](llvmIlX)_[vdh][*l](Izv}%I2X)+[vdh}[*1](13v}i>IBX)}

3
! Z{dh(gs) [g(ISVh,X) — G(I,LVh, LX) — g(I,I,Vh, [,X) + g(IsIg,Vh,IgX)}}
s=1
- fhfl{th(Vh,X) — Vdh(LVh, LX) — Vdh(IVh, LX) + th(13Vh,13X)}
+ 4htdh(&) dh(I3X).

Invoking equation (3.9) we can put VA in second place in the Hessian terms, thus, proving the
formula,

(3.12) 4T "(Vh,X) = — 4h~'dh(&) dh(IX)
—ht {th (X,Vh) — Vdh(I;X,1;Vh) — Vdh(I,X,1,Vh) + Vdh(IsX, Ith)}.
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On the other hand, (2.10), (3.3) and the Yamabe equation (3.4) give

3
(3.13) 8U(Vh X) = fhfl{th(Vh,X) + 3 Vdh (I,Vh, I,X)
s=1

2
o a2 dn(x) — 2 ancx) + 2n-t IVAE dh(X)}
n n

3
- fhfl{th (Vh,X) + Y Vdh (ISVh,ISX)}

s=1

— -1 2 ?
n n

- h*1{72h*1\|Vh||2dh(X) -
3

= fhfl{th(X,Vh) + Zth(ISX,ISVh)} — BT (=3h7Y| VA2 = 2 + 4h)dh(X).
s=1

Substituting the last two formulas in (3.11) gives Ajs in the form of (3.6) written for A;, cf. the
paragraph after (3.6). O

4. DIVERGENCE FORMULAS

We shall need the divergences of various vector/forms through the almost complex structures,

so we start with a general formula valid for any horizontal vector/form A. Let {ej,...,e4,} be an
orthonormal basis of H. The divergence of I1 A is
VA (LA) = (Ve,(LiA))(ea) = =(Ve,A)(liea) — A((Ve, l1)ea),

recalling Iy A(X) = —A([; X).
We say that an orthonormal frame
{e1,e2 = Iiei,e3 = Irer,eq = I3eq, ..., e4n = I3€4n3,61,&2,&3}
is a qc-normal frame (at a point) if the connection 1-forms of the Biquard connection vanish (at that
point). Lemma 4.5 in | | asserts that a gc-normal frame exists at each point of a QC manifold.
With respect to a qc-normal frame the above divergence reduces to

VA A) = —(Ve,A)(Iieq).

Lemma 4.1. Suppose (M,n,Q) is a quaternionic contact manifold with constant qc-scalar curvature.
For any function h we have the following formulas

3 3
V(Y dhA) = 3 Vdh (Lea €A, (e0)
s=1 s=1

3 3
v* (Zdh(gs)ISA) = 3" Vdh (Lea, &) Alea):
s=1 s=1

Proof. Using the identification of the 3-dimensional vector spaces spanned by {&1, &2, &3} and {11, I, I3}
with R3, the restriction of the action of Sp(n)Sp(1) to this spaces can be identified with the action
of the group SO(3), i.e., & = Zle U, & and I; = Zle U, Iy, i = 1,2,3 with ¥ € SO(3). One
verifies easily that the vectors A, Z‘:’Zl dh(&s)IsAs = — 2?21 dh(&;)[&;, k] and Z§:1 dh(&s)IsA are
Sp(n)Sp(1) invariant on H, for example A = (det¥) A. Thus, it is sufficient to compute their di-
vergences in a qc-normal frame. To avoid the introduction of new variables, in this proof, we shall
assume that {eq,...,e4n,&1,&2,&3} is a qc-normal frame.
We apply (2.14). Using that the Biquard connection preserves the splitting of TM, we find

V¥ 6, &) = —g(Ve, (T(&1,8)) €a)
= —9((Ve,T) (£1,&2),ea) — 9(T(Ve,&1,82),ea) — 9(T (81, Ve, 62), €a)-



12 STEFAN IVANOV, IVAN MINCHEV, AND DIMITER VASSILEV

From Bianchi’s identity we have (o4 p,c means a cyclic sum over (A4, B, C))

9(Ve, T)(&1,82),eq) = _9((VE1T)(£2»€a)»ea) - g((Vg2T)(ea,fl),ea)
— Oenere{ T(T(eas€0),€2) fra) +9(0er crc0{ Rlews €1)6 }ea)
= 7g(T( (eaagl) 52) ) - g(T(T(£1a£2)7ea)aea) - g(T(T(§2,ea),§1),ea)
= g( ( (617611)752)7611) - g(T(T(£27ea)7£1>7ea> - g(T(T(£17€2)ﬂea)ﬂea)u

taking into account that as mappings on H the torsion tensors T'(¢;, X) and the curvature tensor
R(&1,&) are traceless, so g((Ve,T)(&2,€q),€q) and g(R(&1,&2)€q,€q) = 0, while the connection
preserves the splitting, to obtain the next to last line. The last term is equal to zero as

9T (T, L2 ea)s ea) = g(ﬂ—mgg — €1, &lm,ea) ea) = —&fﬁm

taking into account that the torsion T, is traceless and T'([¢1, &2 H, €q) is a vertical vector. On the
other hand,

g(T(Tfleav§2)7ea) - g(T(Tﬁzeavfl)aea)
= - {g(T(eba§2)aea)g(T(€17ea)7eb) - g<T(eb;§1)7ea)g(T<£2aea)aeb)}

= |9(T (&, e0),ca) 9(T(Er,ea)sen) = 9(T(Er,e0), ea) 9(T (€2 0a), e0)| = 0.

The equalities V*(I14;) = V*(I2A2) = 0 with respect to a qc-normal frame can be obtained
similarly. Hence, the first formula in Lemma 4.1 follows.

We are left with proving the second divergence formula. Since the scalar curvature is constant
(2.12) implies

Q(T(fg, ea)7 ea) =0,

(4'1> A<X) =-2 Zps(Xv gs)

Fix an s € {1,2,3}. Working again in a qc-normal frame we have

3
(Ve, AIsea) = =2 Y (Ve pi)(Iseas &)-
t=1

A calculation involving the expressions (2.11) and the properties of the torsion shows that
1

(4.2) tr(ptols) = “3nt2)

dst Scal.

The second Bianchi identity

0 = g((VCaR)(Iseaagt)ebajteb) + g((vfsen,R)(gtaea)ebaIteb) + g((vftR)(eavlsea)ebvIteb)
+ g(R(T(ethIsea>7§t)eb71—t6b) + g(R(T(Iseaagt)vea)ebv-[teb) + g(R(T(gtaea)a—[sea)eba—[teb)u

together with the constancy of the qc-scalar curvature and (4.2) show that the third term on the
right is zero and thus

Z{ eapt [eaagt) - Zpt(T(gtvlsea)vea) + pt(T(eaaISea)agt)} =0

Substituting (2.5) in the above equality we come to the equation

3
(Veapt)(lseavgt Zﬂt gt,l ea a —4n Zpt(fs,ft) =0

t=1 t=1

N

(4.3)
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where the vanishing of the second term follows from (2.13), while the vanishing of the first term is
seen as follows. Using the standard inner product on End(H)

9(C, B) = tr(B"C) Zg €a)),

where C, B € End(H), {e1, ..., €4, } is a g-orthonormal basis of H, the definition of TOS, the formulas
in Theorem 2.5 and Proposition 2.3 imply

Zps gsyllea a)

= g(pr, TE ) + glp2, TOL) + 9(ps, TE ) — glpr,u) — g(p2, Isu) + g(ps, L)

= 9(p, T2 N) + g(p2, T, 1) + g(ps, T, Ih)
Scal
= g(AT°)""*I; — 2w — —— 1, T2 T
g(2( 52) 3 1U 8n(n +2) L Lg 1)

Scal Scal

0 \+—— 0 0\—+— 0
g(Q(Tfs) Il - 2[2u - 712, T5211)+ 9(2(T§1) 12 - 2[3u - m[g, Tfsjl)

8n(n +2)
= —29((Tg) VI, T) + 29((Tg)* 7, T8) + 29((Tg) " I, Tg)
= 29((T2)* 7 (Te)" ) + 29((T8) 7, Is(Tg) ")
= 29(I(TY) ", L(TL)T™7) — 29(I(TY) T L(T2)" ) = 0.

Renaming the almost complex structures shows that the same conclusion is true when we replace Iy
with I or I3 in the above calculation.

Finally, the second formula in Lemma 4.1 follows from (4.1) and (4.3). O
We shall also need the following one-forms
Di(X) = —h~'T°" (X, Vh)
(4.4) Dy(X) = —h~'T" " (X,Vh)
D3(X) = —h~'T° (X, Vh)

For simplicity, using the musical isomorphism, we will denote with Dy, Dy, D3 the corresponding
(horizontal) vector fields, for example  g(D1, X) = D1(X) VX € H. Finally, we set

(4.5) D = Dy + Dy + D3y = —h 'T°%X, Vh).

Lemma 4.2. Suppose (M,n) is a quaternionic contact manifold with constant qc-scalar curvature
Scal = 16n(n + 2). Suppose 7 = 5-1 has vanishing [—1]-torsion component T = 0. We have

3 3
1
D(X) = ih—2(3 Vdh(X,Vh) — 3 th(ISX,ISVh)) + 1723 dh(e,) dh(ILX).
s=1 s=1
and the divergence of D satisfies

V*D = |[T°? —h~'g(dh,D) — h™*(n+2)g(dh,A).

Proof. a) The formula for D follows immediately from (3.2).

b) We work in a gc-normal frame. Since the scalar curvature is assumed to be constant we use
(2.15) to find

V*D = —h7'dh(eq)D(es) — h*V*TY(Vh) — h7'T%eq, e5) Vdh(eq,ep)
= —hYdh(es)D(es) — h™ (n+2)dh(es)Ales) — g(T° h™' Vdh)
= |T°? —h7'dh(es)D(eq) — h™ Y (n+2)dh(eq)A(eq),
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using (3.2) in the last equality. |

Let us also consider the following one-forms (and corresponding vectors)
F(X) = - 'T%X,I,Vh), X€H s=1,2,3.
From the definition of F} and (4.4) we find
Fi(X) = = 'T°(X,1,Vh)
= —h'TTTT(X,VR) — hMTOTTT(X, LVR) — BT T (X, I VR)

= BITOYTT(LX,VA) — AT X, VR) — AT TN (L X, VR)
= —-D\(I;X) + Do(I1X) + D3(I,X).

Thus, the forms F can be expressed by the forms Dy as follows

Fi(X) = —Di(X) + Do(LX) + Ds(I,X)
F3(X) = Dl(I3X) + DQ(IgX) — Dg(IgX).

Lemma 4.3. Suppose (M,n) is a quaternionic contact manifold with constant qc-scalar curvature

Scal = 16n(n + 2). Suppose ij = 51 has vanishing [—1]-torsion component, T = 0. We have

v (idh(és)Fs) i[th (Lsea &) Fu(Luea) |

s=1

3
Z[dh €.)dh(Ioea)D(ea) + (n+2) dh(gs)dh(fsea)A(ea)]

Proof. We note that the vector Ei’zl dh(&s)Fs is an Sp(n)Sp(1) invariant vector, hence, we may

assume that {e1,...,e4n,&1,&2,&3} is a qe-normal frame. Since the scalar curvature is assumed to
be constant we can apply Theorem 2.6, thus V*T° = (n + 2)A. Turning to the divergence, we
compute

(23: )F,) = i[th (cas &) Fulea)| — Zh dh(,) V*TO(I,Vh)

s=1

.
Z[h Ah(&s) dh(ea) T (€a, Tuew) dh(er) — h™" dh(€) T (cas Luer) Vdh (cas )]

Z[wh €as E5)F. ] Zh dh(€,) V*T°(I,Vh)

s=1
3
+ Z[ Rt dh(¢,) dh(Ize,) D(ea)}
s=1
3
= Y[ Vah(ea &) Fulea) + BTV dR(E) dh(Tseq) Dlea) + B~ (n+2) dh(E,) dh(Lsea) Alea)|,

s=1

using the symmetry of 70 in the next to last equality and the fact T°(e,, I1ep) Vdh (eq,e5) = 0.
The latter can be seen, for example, by first using (3.2) and the formula for the symmetric part of
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Vdh given after (3.3) from which we have

3
To(em Iiey) Vdh(eq,ep) = — hilth[sym][—l] (€a, I1ep) th[sym] (€aser) — Z dh(&s)ws(eas en)
s=1
= hilth[sym][—l] (eav Ileb)vdh[sym][—l] (eaa eb) - hilth[sym][—l] (eaa Ileb)th[sym] (3] (eaa eb)
3
+ B Vdhym) 1) (€a, Trey) Y dh(€s)ws(eqs ep) = 0,
s=1

using the zero traces of the [-1]-component to justify the vanishing of the third term in the last
equality. Switching to the basis {I;e, : @ = 1,...,4n} in the first term of the right-hand-side of
(4.7) completes the proof. O

At this point we restrict our considerations to the 7-dimensional case, i.e. n = 1. Following is
our main technical result. As mentioned in the introduction, we were motivated to seek a divergence
formula of this type based on the Riemannian and CR cases of the considered problem. The main
difficulty was to find a suitable vector field with non-negative divergence containing the norm of

the torsion. The fulfilment of this task was facilitated by the results of | ], which in particular
showed that similarly to the CR case, but unlike the Riemannian case, we were not able to achieve
a proof based purely on the Bianchi identities, see [ , Theorem 4.8].

Theorem 4.4. Suppose (M7,n) is a quaternionic contact structure conformal to a 3-Sasakian
structure (M7, 1), 7 = ﬁ n. If Scal,, = Scal; = 16n(n + 2), then with f given by

1 1
= — 4+ h + A VA
f=5+h+ Jh VAP,

the following identity holds

3 3 3
V(5D 4 SDdhE)Fy + 4D dnELA, — B S dhe) LA) = fITOP + h(QV, V).

s=1 s=1 s=1

Here, Q is a positive semi-definite matriz and V = (D1, Dy, D3, A1, Ag, A3) with Ag, Dy defined,
correspondingly, in (3.5) and (4.4).
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Proof. Using the formulas for the divergences of D, Zi:l dh(&s) Fs, Zi’:l dh(&5)IsAs and Zi:l dh(&) I, A

given correspondingly in Lemmas 4.2, 4.3 and 4.1 we have the identity (n = 1 here)

3
(18) v*(fD + S dhe) Fo 4Zdh (€A, — 5" dne,) 1,4)
s=1

s=1 =
- (dh(ea) - Zh—2dh(f,aa)|Vh|2 + %h‘l th(ea,Vh)) D(ea)

+ f(|T0|2 — h~Ydh(ea)D(es) — h~L(n+2) dh(ea)A(ea))

3 3
+ Zl Vdh(Iseq, &) Fs(Iseq) + hlzl[dh(fs)dh(lsea)D(ea) + (n+2)dh(&) dh(Iseq) Aleq)
- 3 - 10 3
+ 4zvdh I emgs) a - ? Z I ea,fs ( a)
s=1 s=1

3
(dh(ea) - %h*th( JIVA? + h L Vdh( ea,Vh> Z

3

+ f(|T°\2 — hld( ea) ZDt ea)) — fhi(n+2)dhle.) (Y Alea))

t=1

+ Vdh(Iieq, &) (Dy(ea) — Dolea) — D?,(ea)) + Vdh(Izeq, &) (=Di(ea) + Da(ea) — Ds(ea))
T th(lgea,gg) (=D1(eq) — Da(eq) + Ds(eq))

3 3 3
+ W7 (D dn(&s) dh(Iseq)) ZDt ea)) + bt n+2)(D" dh(&,) dh(lseq)) ZAt ca))
. 3 1511 3 3
+ 4> Vdh(Lea, &) As(ea) — 3 O Vdh(Ieq, &) (O Alea))
s=1 s=1 t=1

where the last equality uses (4.6) to express the vectors Fy by Ds, and the expansions of the vectors
A and D according to (3.5) and (4.5). Since the dimension of M is seven it follows U = U =
[ Vdh —2h~tdh ® dh) g0) = 0. This, together with the Yamabe equation (3.4) , which when n = 1
becomes Ah = 2 — 4h + 3h~1|Vh|?, yield the formula, cf. (3.13),

3
(4.9) Vdh(X,Vh) + Y Vdh(I,X,I,Vh) — (2 — 4h +3h'|VA|?) dh(X) = 0.

s=1

From equations (4.4) and (3.12) we have

Dy(X) = h™2dh(&)dh(I,X) + h ?[ Vdh (X,Vh)+ Vdh(I,X,1;Vh)
—~ th (I X, I,Vh) — Vdh(I3X,I3Vh)],
Dy(X) = h™2dh(&) dh(I,X) + h 2[Vdh (X,Vh) — Vdh (I, X, Vh)
+ th (I.X,I,Vh) — Vdh(I3X,13Vh)],
D3(X) = h™2dh(&)dh(I3X) + ih_z[th(X, Vh) — Vdh (I, X,1,Vh)
— Vdh (I X,I,Vh) + Vdh(I3X,I3Vh)].
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Expressing the first term in (4.9) by the rest and substituting with the result in the above equations
we come to

1
(4.10) Dy(eq) = Zh—2 (2 = 4h +3h7'|Vh|?) dh(eq) + h™? dh(&) dh(Lieq)+

1

5h—2 [~ Vdh (Ijeq, I;Vh) — Vdh (Ixeq, V)] .

At this point, by a purely algebraic calculation, using Lemma 3.1 and (4.10) we find:

22 2 2 11 1 1
Sl I P | — D, — =Dy — =D
g 41T gde T gdAs o o g gl

_ -1 L L, 2 -2 ¢
= —3h (1 + 5h 7 dh(ea) + gh 72|V ) dh(eq) + 3h (Zl dh(gs)dh(lsea)>

2 1 1
+ gh—lvczh(llemgl) — ;h_1th(Igea,£2) - th_1th(I36a,53).

Similarly,

3
1 1
3A; — Ay — A3 +2Dy = (_2h—1 + 5h—2 + h—3|Vh|2> dh(eq) — §h—2 > Vdh(Ieq, I.VR)

s=1
3
+ b7 Vdh(Iyeq, &) — h™' Vdh(Izea, &) — b Vdh(Iseq, &) +h™> > dh(&s) dh(Ieq).
s=1

On the other hand, the coefficient of A;(e,) in (4.8) is found to be, after setting n =1,

3
h[— 3(1 +%h*1 + ih2Vh|2> htdh(e,) + 3h~2 (Z dh(gs)dh(lsea)>

s=1

2 1 1
2NV &) — V(e &) — 5 b Vdh(Tea, 6)]

while the coefficient of Dy (e,) in (4.8) is

(4.11)  dh(es) — ih‘zdh(ea)wh\? + %h‘l Vdh(eq, Vh) — fh~tdh(e,)

+ Vdh(lieq,§1) — Vdh(Ize,, &) — Vdh(Izeq,€3)D1(eq)
3

+ (D dh(gs) dh(Tsea)).

s=1

Substituting Vdh(eq, Vh) according to (4.9), i.e., Vdh(eq, Vh) = — S°_ Vdh (I eq, [,Vh) +
(2 — 4h +3h7'|Vh|?) dh(e,) and using the definition of f transforms the above expression into

dh(es) — ih_zdh(ea)WhF - (; + h + jlh_1|Vh|2) h™tdh(eq)

3
1
+ ih‘l <— > Vdh(Ieq, I,Vh) + (2 — 4h +3h7'|Vh|?) dh(ea)>

s=1

3
+ Vdh(Leq, &) — Vdh(Iseq, &) — Vdh(Izeq, &)D1(eq) + h° (Zdh(gs)dh(lsea)>.

s=1
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Simplifying the above expression shows that the coefficient of D;(e,) in (4.8) is

3
| -2 2 L
(2 +ShTh TV >dh(ea) - 5h > Vdh(Ieq, 1.Vh)

s=1

3
+ Vdh(Iyeq,&1) — Vdh(Izeq, &) — Vdh(Izeqa,&3) + b (Z dh(&s) dh(Isea)>
s=1
Hence, we proved that the coefficient of Dj(e,) in (4.8) is h (3 Ay — As — A3 + 2D1) (e,), while
those of Aj(e,) is h(% A — %Ag — %Ag + % Dy — % Dy — % Dg)(@a). A cyclic permutation
gives the rest of the coefficients in (4.8). With this, the divergence (4.8) can be written in the form

3

3 3
V(5D 4 Dode) B+ DA — (e 14)

s=1 s=1

— f|T0|2 + h0172,3{g(D1,3A1 — A2 - A3 —+ 2D1)

22 2 2 11 1 1
+ 9(A, 5 A — A4 — A3+ — Dy — - Dy — *D3)},

3 3 3 3 3 3
where 01 2 3 denotes the sum over all positive permutations of (1,2,3). Let @ be equal to
r 10 2 2 7
9 - 2 _=z
0 0 3 3 3
2 10 2
0 2 0o - = —-c
3 3 3
2 2 1
0 0 2 —= - 10
Q= 3 3 3
' 10 2 2 22 2 2
3 3 3 3 3 3
2 w22 2 2
3 3 3 3 3 3
2 2 10 2 2 22
L3 3 3 3 3 3
so that

3 10 3
V(ID + DD dh(E) Fe + Adh(€) AL ~ 3S§_jldh<55>ISA) = fIT°F + h(QV.V),

s=1

with V' = (Dy, Dy, D3, Ay, Ag, A3). Tt is not hard to see that the eigenvalues of @) are given by
{0, 0, 2(2+v2), 2(2-+72), 10, 10},
which shows that @ is a non-negative matrix. O
5. PROOFS OF THE MAIN THEOREMS

The proofs rely on Theorem 4.4 and the following characterization of all qc-Einstein structures
conformal to the standard qc structures on the Heisenberg group.

Theorem 5.1. | , Theorem 1.2] Let © = ﬁé be a conformal deformation of the standard gc-

structure © on the quaternionic Heisenberg group G (H). Then © is gc-Finstein if and only if, up
to a left translation the function h is given by

2
(5.1) h =c [(1 + vig?)” + 2@ + y? + 22)},
where ¢ and v are any positive constants.

Consider first the case of the (seven dimensional) sphere.
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5.1. Proof of Theorem 1.1. Integrating the divergence formula of Theorem 4.4 we see that ac-
cording to the divergence theorem established in | , Proposition 8.1] the integral of the left-hand
side is zero. Thus, the right-hand side vanishes as well, which shows that the quaternionic contact
structure 7 has vanishing torsion, i.e., it is also qc-Einstein according to Theorem 2.4.

Next we bring into consideration the 7-dimensional quaternionic Heisenberg group and the quater-
nionic Cayley transform as described in | , Section 5.2]. The quaternionic Heisenberg group of
dimension 7 is G (H) = H x ImH. The group law is given by (¢,w’) = (¢go,wo) 0 (qw) =
(¢o + ¢w + wo + 21Im g, q), where ¢, g, € H and w,w, € ImH. The left-invariant orthonormal
basis of the horizontal space is

_ 9 10 510 510 _ 9 a0 o190 10
ho=gy Tty T2 M= g, "Me B e
_ 9 190 _on0 10 _ 90 o0 510 10
o= oy +2z Ox 2t Ay 2 0z’ o= 0z 2y Ox 2w Oy t 0z

using g = t1 + iz + jy1 + kzrandw = iz 4+ jy + kz. The central (vertical) orthonormal
vector fields &1, &9, &3 are described as follows
0 0

0
51:2% 52:2@ 5322&.

Let us identify the (seven dimensional) group G (H) with the boundary ¥ of a Siegel domain in
H x H,

2= {d.p)eHxH : Ry = [¢"}
¥ carries a natural group structure and the map (q,w) — (q,|¢/*> — w) € ¥ is an isomorphism
between G (H) and X.

The standard contact form, written as a purely imaginary quaternion valued form, on G (H)
is given by 20 = (dw — ¢-dj + dq -q), where - denotes the quaternion multiplication.
Since dp = ¢-dj + dq -4 — dw, under the identification of G (H) with ¥ we also have
20 = —dp’ + 2dq'-q'. Taking into account that O is purely imaginary, the last equation can be
written also in the following form

40 = (dff — dp') + 2d¢ -q — 2¢'-dq.
The (quaternionic) Cayley transform is the map € : S\ {(—1,0)} — ¥ from the sphere S =

{(¢,p) e H x H : |q|?> + |p|*> = 1} C H x H minus a point to the Heisenberg group ¥ = {(q1,p1) €
HxH : Rp; = |q1]?}, with € defined by

(5.2) (q1,p1) = € ((q,p)), o= 00+p) e, p=0+p) " (1-p).
with an inverse (q,p) = €’1<(q1,p1)) given by

(5.3) g=20+p) g, p=Q—p)(L+p) "
The Cayley transform is a conformal quaternionic contact diffeomorphism between the quaternionic

Heisenberg group with its standard quaternionic contact structure © and S\ {(—1,0)} with its
standard structure 7, see | 1,

_ 8§

is a unit quaternion and 7 is the standard quaternionic contact form on the

(5.4) A (Ced) - A

1+p:
[1+p1 |
sphere, n =4dq-q + dp-p — q-dg— p-dp. Hence, up to a constant multiplicative factor and

a quaternionic contact automorphism the forms C,n and © are conformal to each other. It follows
that the same is true for C,n and ©. In addition, © is qc-Einstein by definition, while n and hence
also C,n are qc-Einstein as we observed at the beginning of the proof. According to Theorem 5.1, up
to a multiplicative constant factor, the forms C,7 and C.n are related by a translation or dilation on
the Heisenberg group. Hence, we conclude that up to a multiplicative constant, n is obtained from

where A\ =
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7 by a conformal quaternionic contact automorpism which proves the first claim of Theorem 1.1.
From the conformal properties of the Cayley transform and [Val, Va] it follows that the minimum
A(S4+3) is achieved by a smooth 3-contact form, which due to the Yamabe equation is of constant
qc-scalar curvature. This shows the second claim of Theorem 1.1.

5.2. Proof of Theorem 1.3. Let D2 be the space of functions u € L?" (G (H)) having distribu-
tional horizontal gradient |Vu|? = |Tyu|? + | X1u|? +|Yiu|?> + | Z1u|? € L?(G (H)) with respect to the
Lebesgue measure dH on R”, which is the Haar measure on the group. Let us define the constant
(2* =5/2 here)

A inf / |Vo|> dH : v e DYM2 v >0, / > dH = 1
G (H) G (H)
Let v be a function for which the infimum is achieved. Note that such function exists by [Val] or

[Va]. Furthermore, A = S5 2, where Sy is the best constant in the L? Folland-Stein inequality (1.1),
since v € D12 implies |v] € D12 and the gradient is the same a.e.. From the choice of v we have

A = / |Vo|? dH, / v dH = 1.
G (H) G (H)

Writing the Euler-Lagrange equation of the constrained problem we see that v is a non-negative
entire solution of (T2 + X7 + Y2 + Z})v=—Av*2 By | , Lemma 10.2] ( see [Va] or [Val,
Theorem 10.3] for further details) v is a bounded function. Similarly to [F'St, Theorem 16.7] it follows
v is a Lipschits continuous function in the sense of non-isotropic Lipschits spaces [I]. Iterating this
argument and using [I', Theorem 5.25] we see that v is a C'*° smooth function on the set where it is
positive, while being of class Fi;’f , the non-isotropic Lipschits space, for some 8 > 0. In particular
v is continuously differentiable function by [F, Theorem 5.25]. Applying the Hopf lemma | ,
Theorem 2.13] on the set where v is positive shows that v cannot vanish, i.e., it is a positive entire
solution to the Yamabe equation. The positivity can also be seen by the Harnack inequality, see [W]

for example. Let u Ll p\r= v, then wu is a positive entire solution of the Yamabe equation
(5.5) (T2 + X + Y2 + ZY)u = —u??

From the definition of u, we have

A = (/|vu|2 dH)% - (/ u?/? dH)%.

G (H) G (H)

We shall compute the last integral by determining u with the help of the divergence formula.

As before, let © be the standard contact form on G (H) identified with ¥. Using the inversion
and the Kelvin transform on G (H), cf. | , Sections 8 and 9], we can see that if © = %é has
constant scalar curvature, then the Cayley transform lifts the qc structure defined by © to a qc
structure of constant qc-scalar curvature on the sphere, which is conformal to the standard. The
details are as follows. Let us define two contact forms ©; and ©, on ¥ setting

=/ /

0, = /@29, and O, = (Ku)¥@Q2 L/ &) L/,
Pl |

where w is as in (5.5), Ku is its Kelvin transform, see (5.8) for the exact formula, and @ is the
% ] |Z—,l defines the same qc structure on the
Heisenberg group as O and Ku is a smooth function on the whole group according to | , Theorem
9.2]. We are going to see that using the Cayley transform these two contact forms define a contact
form on the sphere, which is conformal to the standard and has constant qc-scalar curvature.

homogeneous dimension of the group. Notice that
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Let P, = (—1,0) and P, = (1,0) be correspondingly the ’south’ and 'north’ poles of the unit
sphere S = {|q|?> + |p|*> = 1}. Let €; and Gy be the corresponding Cayley transforms defined,
respectively, on S\ {P;} and S\ {P;}. Note that C; was defined in (5.2), while C5 is given by

(5.6) (g2:p2) = Co ((%P)), Q2 = —(1—19)71 4 p2 = (1—17)71 (1+p).
In order that ©; and ©, define a contact form 7 on the sphere it is enough to see that
(5.7) O1(p.q) = ©20C20€ (p,q), ie, O = (C20€ ") Os.
A calculation shows that Cs o Gfl : 3 — X is given by
@ = —piq, p2 = pi’,
or, equivalently, in the model G (H)
_ 2 -1 _ _ w1
g2 = —(la w1)” a1, w2 PACESPAES
Hence, 0 = G50 (‘31—1 is an involution on the group. Furthermore, with the help of (5.4) we calculate
1
€06 © = ——iOu, p o= L,
p1] |p1]
which proves the identity (5.7). Using the properties of the Kelvin transform, | , Sections 8 and
9],
def _(O—
(5.8) (Ku) (¢".p) = ™9 P u(oldp),
we see that v and Ku are solutions of the Yamabe equation (5.5). This implies that the contact

form 7 has constant qc-scalar curvature, equal to 4(Q7_+22).

Notice that 7 is conformal to the standard form 7 and the arguments in the preceding proof imply

then that 7 is qc-Einstein. A small calculation shows that this is equivalent to the fact that if we
set

(5.9) a = 2" [1+]a)? + |w’]7%

then @ satisfies the Yamabe equation (5.5) and all other nonnegative solutions of (5.5) in the space
D12 are obtained from @ by translations and dilations,

_ de _
(5.10) T @ (0:0) 2 (g + g0 +w,),
(5.11) x () © Mag \w), A> 0.

Thus, u which was defined in the beginning of the proof is given by equation (5.9) up to transla-
tions and dilations. This allows the calculation of the best constant in the Folland-Stein inequality,
see | , (4.52)],

AP = / > amr — 25 lE) _ m
5 )
. (1 +1gl?)* + [w[*)] I'(7) 12
where I' is the Gamma function. Hence
2V/3
_oA—1/2
Sy = A = 5

Recalling the relation between u and v we find that the extremals in the Folland-Stein embedding
are given by
211 \/?;

vo= 0+ + el

and its translations and dilations. The proof of Theorem 1.3 is complete.
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