BISMUT CONNECTION ON VAISMAN MANIFOLDS
ADRIAN ANDRADA AND RAQUEL VILLACAMPA

ABSTRACT. The holonomy of the Bismut connection on Vaisman manifolds is studied.
We prove that if M?" is endowed with a Vaisman structure, then the holonomy group
of the Bismut connection is contained in U(n — 1). We compute explicitly this group for
particular types of manifolds, namely, solvmanifolds and some classical Hopf manifolds.
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1. INTRODUCTION

A Hermitian connection on a Hermitian manifold (M, J, g) is a connection which leaves
both J and g parallel. Each Hermitian manifold admits plenty of these connections. Among
them, there is only one whose torsion is totally skew-symmetric. This unique connection
is called the Bismut connection associated to (., g), and it is also known as the Strominger
connection or the KT connection (for Kahler with torsion). In this article we will denote
it by V°.

As with any connection, it is important to determine which are the Hermitian manifolds
whose corresponding Bismut connection is flat. Well-known examples of such manifolds
are given by Lie groups equipped with a bi-invariant Riemannian metric and a compatible
left invariant complex structure (see [21]). In particular, this family contains the Hermitian
manifolds (G, J, g) where G is a compact Lie group, J is one of the left invariant complex
structures constructed by Samelson in [35] and g is a bi-invariant metric. More recently, it
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was proved in [41] that every compact Bismut-flat Hermitian manifold is closely related to
these examples: indeed, if M is a compact Hermitian manifold with flat Bismut connection,
then its universal cover is a Lie group G’ equipped with a bi-invariant metric and a left
invariant complex structure compatible with the metric. In particular, G’ is the product of
a compact semisimple Lie group and a real vector space.

Since the flat case is already settled, it is interesting to analyze other Hermitian manifolds
whose associated Bismut connection have special curvature properties. One way is to
consider the notion of Kdhler-like. In [7], the authors conjectured that if the Bismut
connection is Kihler-like, then the metric is pluriclosed (i.e., 90w = 0, where w denotes
the fundamental 2-form w = ¢(J-,-)). This conjecture has been recently proved in [42].
Another way, and this is the aim of the paper, is to study the holonomy group Hol® of
the Bismut connection V°. Since both the complex structure and the Hermitian metric
are V'-parallel we have that Hol’ C U(n), where 2n is the real dimension of the manifold.
In particular, 2n-dimensional Hermitian manifolds whose Bismut holonomy is contained
in SU(n) have attracted plenty of attention. These manifolds are known as Calabi- Yau
with torsion, and they appear in heterotic string theory, related to the Strominger system
in six dimensions. It has been shown that this reduction to SU(n) is related in certain
cases to the Hermitian metric being balanced, that is, when the fundamental 2-form w
satisfies dw™™! = 0 or, equivalently, d*w = 0. For instance, it was shown in [38, 26] that if
the compact Hermitian manifold (M?",.J, g) has holomorphically trivial canonical bundle,
then Hol” C SU(n) if and only if g is conformally balanced; in particular, (M, .J) admits a
balanced metric. In the case when M?" is a nilmanifold, that is, M = I'\G where G is a
nilpotent Lie group and I is a co-compact discrete subgroup of G, more can be said, since it
was proved in [17] that an invariant Hermitian structure (.J, g) on M satisfies Hol” C SU(n)
if and only if g is balanced.

In the Gray-Hervella classification of almost Hermitian structures, balanced metrics fall
into the class Wj. In this article we are interested in Hermitian manifolds which belong
to the class Wy, namely locally conformally Kdhler manifolds (or LCK for short). As the
name suggests, these Hermitian manifolds are characterized by the property that each point
has a neighbourhood where the metric is conformal to a Kahler metric. This condition is
equivalent to the existence of a closed 1-form 6 satisfying dw = 6 A w. The 1-form € is
known as the Lee form, and it is given by 6 = —ﬁd*w oJ, where 2n is the real dimension
of the manifold. A distinguished class of LCK manifolds is given by those where the Lee
form is parallel with respect to the Levi-Civita connection of the Hermitian metric. These
manifolds were first studied by I. Vaisman in the late '70s (see for instance [39]) and,
accordingly, they are nowadays known as Vaisman manifolds. Not all LCK manifolds are
Vaisman, for instance, the Oeljeklaus-Toma manifolds of type (s, 1) are compact complex
manifolds which admit LCK metrics but do not admit any Vaisman metric (see [31, 23]).

Our main goal is to study the Bismut holonomy of Vaisman manifolds and exhibit explicit
examples where this holonomy can be computed. We point out that the Riemannian
holonomy of compact Vaisman manifolds has been analyzed in [27]. Examples of Vaisman
manifolds are given by the classical Hopf manifolds, that is, quotients of C" — {0} by a
group of automorphisms generated by z — Az, where X is a complex number with |[A| > 1.
These manifolds are all diffeomorphic to S* x S?*~! and do not admit any Kéhler structure.
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Another family of examples of compact Vaisman manifolds was introduced in [14] in
1986. They are defined as compact quotients of the nilpotent Lie groups Hs,11 X R by a
discrete subgroup I'; where Has, 1 denotes the (2n + 1)-dimensional Heisenberg Lie group;
they are thus examples of nilmanifolds. In these examples the Vaisman structures are left
invariant, and recently Bazzoni proved in [10] that if a nilmanifold I'\ N admits a Vaisman
structure (invariant or not) then N is isomorphic to Hy,,1 X R. Examples of Vaisman
structures on solvmanifolds (i.e., compact quotients of a simply connected solvable Lie
group by a discrete subgroup) first appeared in [28] in 1997. More recently, there have
been advances on the structure of the Lie algebras associated to solvmanifolds equipped
with invariant Vaisman structures, see for instance [2, 6]. In particular, the description
given in [6] will be very useful for us in order to analyze the Bismut connection on these
Vaisman solvmanifolds and compute its holonomy.

The paper is structured as follows: In Section 2 we start collecting some known results
about Gauduchon connections, holonomy and the Ambrose-Singer theorem as a tool for
determining the holonomy. In Section 3 we study the Bismut connection on Vaisman man-
ifolds and its curvature. The main results are Corollary 3.8 and Corollary 3.9 where we
prove that the holonomy of the Bismut connection on Vaiman manifolds of real dimension
2n reduces to U(n — 1) and that the Bismut torsion 3-form is V’-parallel. Section 4 is
devoted to solvmanifolds endowed with an invariant Vaisman structure. In this setting, we
prove that the holonomy of the Bismut connection has dimension 1 and it is not contained
in SU(n). Some classical Hopf manifolds are studied in Section 5. Using a global paral-
lelization of these manifolds which is compatible with the Vaisman structure, we determine
explicitly the holonomy group of the Bismut connection, obtaining the group U(n — 1).
Non-Vaisman LCK Oeljeklaus-Toma manifolds are considered in Section 6 and we show
that there is no reduction of the Bismut holonomy in this case. Finally, we study the
parallelism of the Lee form 6 of a Vaisman manifold for the line of Gauduchon connections
and more generally, for the 2-parameter family of metric connections introduced in [32].

All manifolds considered in this paper have real dimension > 4.

2. PRELIMINARIES ON HOLONOMY AND THE AMBROSE-SINGER THEOREM

We collect here some well-known facts on holonomy groups and the Ambrose-Singer
theorem that will be useful in subsequent sections.

Let V denote any linear connection on a connected manifold M and let us fix a point
pe M. If v:[0,1] — M is a piecewise smooth loop based at p, the connection V gives
rise to a parallel transport map P, : T,M — T,M, which is linear and invertible. The
holonomy group of V based at p € M is defined as

Hol,(V) ={P, € GL(T,M) | v is a loop based at p}.

It turns out that Hol,(V) is a Lie subgroup of GL(7,M). Since M is connected, the
holonomy groups based at two different points are conjugated, and therefore we can speak
of the holonomy group of V, denoted simply by Hol(V). If dim M = n, we can identify
Hol(V) with a Lie subgroup of GL(n,R), after some choice of basis. The holonomy group
need not be connected, and its identity component is denoted by Holy(V); it is known as
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the restricted holonomy group of V and it consists of the parallel transport maps P, where
~ is null-homotopic. Clearly, if M is also simply connected then Hol(V) = Holy(V).

We point out that if V is a metric connection on a Riemannian manifold (M, g), i.e.
Vg = 0, then P, is an isometry of (7,M, g,), while if V satisfies VJ = 0 on an almost
complex manifold (M, J) then P,J = JP,. Therefore, if V is a Hermitian connection
(Vg =VJ =0) on an almost Hermitian manifold (M?",J, g) then

Hol(V) C O(n) N GL(n, C) = U(n).

In [19] a monoparametric family {V*};cg of Hermitian connections on any Hermitian
manifold (M, g, J) was introduced. These are known as the Gauduchon connections (or
canonical connections), and they can be written as

t—1 t+1
G(VSY, Z) = g(V4Y, 2+~ (dw)(X, Y, Z)+——

(d°w)(X,JY,JZ), X,Y,Z € X(M),
where w is the fundamental 2-form w(X,Y) = g(JX,Y) and d° : Q"(M) — Q"1 (M) is
the operator defined by d° = (—1)"JdJ. More explicitly, for a € Q*(M) we have that
d°a(U,V,W) = —da(JU, JV, JW) for any U, V,W € X(M), so that the expression for V*
becomes

t— t+1

1

When (M, J, g) is Kéhler this family of connections reduces to a single point, given by the
Levi-Civita connection. However, in general, the torsion 7% of these connections is non-
zero, where T" is the (1,2)-tensor defined by T"(X,Y) = VY — Vi, X — [X,Y] for X,V
vector fields on M.

For particular values of t € R we obtain well-known Hermitian connections. For instance,
for t = 1 we have the Chern connection, while for t = 0 we have the first canonical
connection.

In this article we will focus on the Bismut connection, which is the connection V=1 ob-
tained for t = —1. From now on the Bismut connection will be denoted by V°, with corre-
sponding torsion T°. It was introduced in [12] and it can be defined as the unique Hermitian
connection whose torsion T is totally skew-symmetric, i.e. ¢(X,Y,7) = g(X,T°(Y, 7)) is
a 3-form on M. It follows from (1) that its expression is given by

e §(V4Y. Z) = g(V4Y, 2) + LdulJX, JY, I 2),
and its torsion 3-form c is:
(3) o X,)Y,Z)=dw(JX,JY,JZ),
for any XY, 7 € X(M).
As notation, we will use Hol’(M) to refer to the holonomy of the Bismut connection on

the Hermitian manifold M.

The Ambrose-Singer theorem provides a way to compute the holonomy group of a linear
connection; indeed, it describes the Lie algebra hol,(V) of Hol,(V) in terms of curvature
endomorphisms R,(x,y) for z,y € T,M:
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Theorem 2.1. [4] The holonomy algebra bol,(V) is the smallest subalgebra of gl(T,M)
containing the endomorphims P;' o R,(x,y) o P,, where x,y run through T,M, o runs
through all piecewise smooth paths starting from p and P, denotes the parallel transport
map along o.

In particular, hol,(V) contains all the curvature endomorphisms R,(z,y), z,y € T,M.
This fact will be used in Section 5.

Let us consider the particular case when M = G is a Lie group with Lie algebra g.
A linear connection V on G is said to be left invariant if the left translations on G are
affine maps. As a consequence, if X,Y are left invariant vector fields then VxY is also
left invariant. Therefore V is uniquely determined by a bilinear multiplication g x g — g,
still denoted by V. We also denote by V, : g — g the endomorphism defined by left
multiplication with x € g. In this case the Ambrose-Singer theorem takes the following
form:

Theorem 2.2. [1] Let V be a left invariant linear connection on the Lie group G, and let
g denote the Lie algebra of G. Then the holonomy algebra hol(V), based at the identity
element e € G, is the smallest subalgebra of gl(g) containing the curvature endomorphisms
R(x,y) for any x,y € g, and closed under commutators with the left multiplication operators
V.:g—g.

This version of the Ambrose-Singer theorem will be used in Sections 4 and 6.

3. CURVATURE OF THE BISMUT CONNECTION ON VAISMAN MANIFOLDS

Let (J,g) be a Hermitian structure on a connected manifold M with fundamental 2-
form w. This structure is called locally conformally Kdhler (LCK for short) if there exists
an open covering {U; };cr of M and differentiable functions f; : U; — R, i € I, such that
each local metric g; = exp(—f;) g|v, is Kéhler. Equivalently, (/, g) is LCK if there exists a
closed 1-form € such that the differential of w is given by

(4) dw =0 N w.

The 1-form € is known as the Lee form. We denote by A € X(M) the vector field which
is metric dual to 0, ie., g(A,U) = 6(U) for all U € X(M). If, moreover, V96 = 0, the
Hermitian structure (J, g) is called Vaisman.

Remark 3.1. (i) The Lee form is uniquely determined by
1
(5) 0= —m(d*w) ®) J,

where d* is the codifferential and 2n is the real dimension of M.

(ii) If the Lee form 6 is exact, i.e. § = df with f € C°°(M), then exp(—f)g is a Kéhler
metric on M. Therefore any simply connected LCK manifold admits a global Kahler metric;
consequently, “genuine” LCK metrics occur on non-simply connected manifolds.

(iii) The LCK structure is Kéhler if and only if # = 0. Indeed, § Aw = 0 and w non
degenerate imply ¢ = 0.
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Let us start with some results concerning the torsion of the Bismut connection on an
LCK manifold.

Lemma 3.2. Let (M, J, g) be an LCK manifold with fundamental 2-form w and Lee form 6.
Then the torsion 3-form c of the Bismut connection is given by

c=—-JONw,
where JO denotes the 1-form on M defined by JO(X) = —0(JX).

Proof. Recall that the torsion 3-form ¢ is given by ¢(X,Y, Z) = dw(J X, JY, JZ). Tt follows
from (4) that

(XY, Z)=0Nw(JX,JY,JZ)
=0(JX)w(JY,JZ)+ 0(JY)w(JZ,JX)+ 0(JZ)w(JX, JY)
=—-JI(X)w(Y,Z) - JOY)w(Z,X)— JO(Z)w(X,Y)
=—-JONw(X,Y,Z),
for any vector fields X,Y,Z on M. O
Corollary 3.3. The torsion 3-form c of the Bismut connection satisfies ¢(A,-,-) = 0.
Proof. Using the previous expression for the torsion, one gets:
(A, X,)Y)=(JOAW)(A X,Y)
=—0(JAwX,Y) - 0(JX)w(Y,A) — 0(JY )w(A, X)
=—g(A, JA)g(JX.Y) = g(A, JX)g(JY, A) — g(A, JY)g(JA, X)
=0,
since g(A, JA) =0 and J is skew-symmetric. O
Corollary 3.4. The (1,2)-torsion tensor T® of the Bismut connection is given by
T°(X,Y)=0(JX)JY —0(JY)JX —w(X,Y)JA,
for any vector fields X, Y on M.
Proof. Recalling that ¢(X,Y,Z) = ¢(Z,X,Y) = g(Z,T°(X,Y)), this follows easily from
Lemma 3.2. U
As a consequence, we have that
(6) V&Y = V%Y + % O(JX)TY —0(JY)JX —w(X,Y)JA),
for any vector fields X,Y on M.

From now on, we focus on Vaisman manifolds. Our objective is to compute the Bismut
connection on Vaisman manifolds in terms of the vector fields A, JA and the distribution
D orthogonal to A and JA, and then study the symmetries of the corresponding curvature
tensor R’. In particular, we obtain that the torsion 3-form c is always V°-parallel on a
Vaisman manifold, and we obtain a first reduction of its holonomy.
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3.1. Results about the Bismut connection on Vaisman manifolds. On a Vaisman
manifold, the vector field A g-dual to the Lee form 6 satisfies VIA = 0. It follows that | A|
is constant on M and, therefore, by rescaling the metric, we may assume from now on that
|A| =1, so that §(A) = 1.

In the next result we collect some well-known facts about Vaisman manifolds which will
be used throughout this article.

Proposition 3.5. [39] Let (M, J,g) be a Vaisman manifold with associated Lee form 6.
Let A be the vector field which is metric dual to 0, with |A| = 1. Then:

(a) [A, JA] = 0;

(b) both A and JA are Killing vector fields;

(¢) LaJ = LjaJ =0, where L denotes the Lie derivative. That is, [A, JX] = J[A, X],
[JA, JX]| = J[JA, X] for any vector field X on M.

We denote by D the distribution on M such that D, is the orthogonal complement of
span{A,, J,A,} in T,M for any p € M. Clearly, D is J-invariant and 6(X) = JO(X) =0
for any X € I'(D). Moreover, D is not involutive, since using dw(A, X,Y) = cAw(A4, X,Y)
and Proposition 3.5 it can be seen that g(JA,[X,Y]) = w(X,Y) for any X,Y € I'(D).
However, we can show that

Corollary 3.6. If X € I'(D) then [A, X] € I'(D) and [JA, X] € T(D).
Proof. Since df = 0,
0=di(A,X)=A0(X)) — X(0(A)) —0([A, X])

Ag(Av X) - Xg(AvA) - g(A7 [AvXD
—g(A,[ 7X])

If in this expression we replace X € I'(D) by JX € I'(D), and using Proposition 3.5, we
obtain

0= —g(A, [Av JX]) = g(JA, [A,X])

Thus, [4, X] € I(D).
The fact that [JA, X] € T'(D) follows in the same way from df(JA, X) = 0. O

We will prove next that the Lee form 6 on an LCK manifold is parallel with respect to
the Levi-Civita connection (i.e. the manifold is Vaisman) if and only if it is parallel with
respect to the Bismut connection. This fact was already mentioned in [36].

Theorem 3.7. Let (M, J,g) be an LCK manifold with fundamental 2-form w and Lee
form 0. Then (M, J, g) is Vaisman (i.e., V90 = 0) if and only if V°0 = 0.
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Proof. Let us compute (V50)Y for any X,Y € X(M):
(VRO)Y = X(0(Y)) - 0(VY)
1
= (T4AY) + o(A.T4Y) - (o(T4Y, 4) 4 3e(X.Y. )
according to Corollary 3.3. Since g(V%A4,Y) = (V%0)Y, the result follows. O

Since V°J = 0, it follows from Theorem 3.7 that V°.J8 = 0, or equivalently, V*JA = 0.
As an immediate consequence we have the following important result:

Corollary 3.8. If (M, J, g) is Vaisman and dim M = 2n, then the holonomy group Hol®(M)
of the Bismut connection is contained in U(n — 1).

Here U(n — 1) is considered as a subgroup of U(n) in the following way:

U(n —1) = U(n), A (%)

Also, combining V*.J8 = 0 and V®w = 0 with Lemma 3.2 we obtain

Corollary 3.9. On any Vaisman manifold the torsion 3-form c of the Bismut connection
is Vl-parallel.

Remark 3.10. The converse of Corollary 3.9 holds: if (M, J, g) is an LCK manifold such

that the torsion of the Bismut connection is V’-parallel then (M, .J, g) is Vaisman.
Indeed, according to Lemma 3.2 the torsion of V®is ¢ = —JO Aw. If V& (JOAw) =0

for any vector field X, then V% (J0) A w = 0, since Vbw = 0. Since w is non degenerate,

the operator — A w is injective on 1-forms, hence V4 (J8) = 0. We deduce from Theorem
3.7 that M is Vaisman.

In order to compute the holonomy of the Bismut connection on a Vaisman manifold, we
look first for parallel tensors. Let us consider the following skew-symmetric (1, 1)-tensor:

(7) p=J—0®JA+J0® A.

This tensor was introduced by Vaisman in [39] and it is an f-structure (i.e. ¢ satisfies
©* 4+ ¢ = 0). It has some important properties related to the Bismut connection, as the
following propositions show.

Proposition 3.11. On any Vaisman manifold, the tensor o is V°-parallel.
Proof. For any X € X(M) we have that
Vo =V5%J + Vi (02 JA+ JI® A).
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Since V®.J = 0, we only have to check that the second term vanishes. We compute

V(0@ JA+J0R A)=-Vi%0RJA -0 VYJA+ VY00 A+ J0@ Vi A
:()7

using again that V%0 = 0, V®A = 0 and V*J = 0. U

Proposition 3.12. On any Vaisman manifold, the torsion 3-form c of the Bismut connec-
tion satisfies ¢(JA, X,Y) = —g(p(X),Y).

Proof. For XY € X(M), using Proposition 3.2 we have that
C(JA,X,Y) = —JOAw(JAX,Y)
— _JO(JAW(X,Y) — JOX)w(Y, JA) — JO(Y )w(JA, X)
= —g(JX,Y) = JO(X)g(Y,A) — g(A, JY)g(A, X)
=—g(JX,)Y) = JO(X)g(A,Y)+0(X)g(JAY)
= —g(p(X),Y),
and the proof is complete. O

The tensor ¢ is closely related to the 2-form d(.J#), as the following result shows:

Corollary 3.13. The 2-form d(J0) satisfies:

(a) d(JO)(X,Y) =c(JA, X,Y) (hence also equal to —g(o(X),Y)),
(b) d(J0) is V°-parallel,

(c) d(JO)(JX,JY)=d(JO)(X,Y) for any X,Y € X(M),

(d) d(JO)(A,-) = d(JO)(JA,-) = 0.

Proof. For X, Y € X(M), we compute
d(JO)(X,Y)=X(JO(Y)) - Y(JO(X)) — JO([X,Y])
=—-X0OWY))+Y(0OJX))+0(J[X,Y])
=—Xg(A, JY)+Yg(A JX)+ g(A, J[X,Y]).
Since V¢ = 0, we have that
d(JO)(X,Y) = —g(VY% A, JY) = g(A, V5% JIY)+g(V4 A, JX)+g(A, V5 IX)+g(A, J[X,Y]).

According to Theorem 3.7, we have that V’A = 0. Now, using that V®J = 0 and J is
skew-symmetric, we obtain that

d(JO)(X,Y) = g(JA,T"(X,Y)) = c(JA, X,Y).

Therefore (a) holds. Now, (b) follows immediately from Proposition 3.12.
Finally, (c) and (d) follow readily from (a). Indeed, for (c) we use that ¢ and J commute,
and for (d) we use that p(A) = ¢(JA) = 0. O
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3.2. Explicit computation of V°. We describe next explicitly the Bismut connection V°
on Vaisman manifolds. We begin by computing V. Since c¢(A4,-,-) = 0 (see Corollary 3.3),
we have that V4Y = V4Y for any Y € X(M). Moreover, due to VYA = 0, we have that
V4Y =[A,Y] and therefore VY = [A4,Y] for all Y € X(M).

Next, we determine V%,. In order to do this, we compute first g(V9,X,Y) for any
X,Y € X(M), using the Koszul formula:

g(VI,X,Y) :% {JAg(X,Y) + Xg(Y, JA) — Yg(JA, X)
+o([JA, X1, Y) = g([X, Y], JA) + g([Y, JAL X) } -

Since JA is a Killing vector field, we have that JAg(X,Y) = g([JA, X],Y)+g(X,[JA,Y]),
so that the expression above becomes

oV X.Y) = 1 (20(174, X1, ) + X(6(Y)) = Y(J6(X) — JO(X, V)
=g([JA, X],Y) + %d(JG)(X, Y)
= 9(1JA, X],Y) = 39(p(X),7)

— g (14,31 - o0y ).

Hence we obtain V¥,X = [JA, X]| — $o(X) for any X € X(M). Now, using (2) and
Corollary 3.12:
1
g(vjb]AX7 Y) :g(vf]fAX7 Y) + §C<JA7 X7 Y)

=9[4, X] - 3¢(X),¥) = 59(¢(X), )

2
=9([JA, X] = (X),Y),
so that V%, X = [JA, X] — o(X).
Finally, we obtain from (6) that, for X, Y € I'(D),

1
(8) V&Y = V%Y — FW(XY)JA,

with V4 Y € T'(D). Indeed, observe that
9(ViY, A) = Xg(Y, A) — g(Y, Vi A) =0
and also
g(VYY, JA) = Xg(Y,JA) — g(Y, V% JA) =0,
so that V%Y € I'(D).

To sum up, we state the following theorem.

Theorem 3.14. With notation as above, the Bismut connection V° on the Vaisman man-
ifold (M, J, g) is given by:
o V'A=V'JA =0,
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o VO X = [A X] for any X € X(M),
o VU X =[JA, X]| — o(X) for any X € X(M),
e if X,Y € (D) then V%Y € I'(D) and, moreover, V%Y = V%Y — 1w(X,Y)JA.

3.3. Curvature of V. We will use the convention R*(X,Y)Z = V4 V427 — V4V4Z —
VixyZ for the (1,3)-curvature tensor R” of the Bismut connection. We will denote also

by R the associated (0, 4)-curvature tensor: R*(X,Y,Z, W) = g(R*(X,Y)Z,W).

In the following result we state some symmetries of the Bismut curvature tensor on
Vaisman manifolds.

Lemma 3.15. On any Vaisman manifold (M, J,g), the curvature tensor R® of the Bismut
connection satisfies:

(a) R*(X,Y)JZ =JR(X,Y)Z,
(b) R(X,Y, 2, W) = RAZ, W, X,Y),
(c) RM(JX,JY) = RX,Y),
(d) R*(A, X) = RVJA, X) =0,
for any vector fields X, Y, Z, W on M.
Proof. (a) holds for the Bismut connection on any Hermitian manifold, since V°.J = 0.

(b) holds for any metric connection with parallel skew-symmetric torsion, according to
[13, Lemma 2.2]. Recall that this is the case for the Bismut connection on a Vaisman
manifold, due to Corollary 3.9.

(c) follows from (a) and (b). Indeed, for any vector fields X, Y, Z, W on M, we have that
g(RYJX,JY)Z, W) = R'JX,JY,Z,W)
= RNZ,W,JX,JY)
=g(RYZ,W)JX,JY)
= g(R"(Z,W)X,Y)
= g(R"(X,Y)Z,W).
(d) follows from (b). Indeed, for vector fields X, U,V on M we compute
g(R"(A, X)U,V) = g(R(UV)A, X)=0
since A is V®-parallel. The analogous result holds for JA since it is also V®-parallel. 0

Next, we will establish an explicit relation between the Bismut curvature R® and the
Riemannian curvature RY. For this, we will use the following formula from [21], which in
this case has been simplified since the torsion 3-form c is V°-parallel:

1
R'(X,Y, 2,U) =R(X,Y, Z,U) + 59(T"(X,Y), T"(2,U))

+ (T (X, 0), TY, 2) 4 Jo(T(Y,U), T(Z, X)),
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for any vector fields X,Y, Z,U on M. Using the expression for 7% given in Corollary 3.4,
and after lengthy computations, we arrive at:

R'(X,Y)Z = R9(X,Y)Z — }le(JY)e(JZ)X + }le(JX)e(JZ)Y

(9 +10(p(YV), 2)IX — 19(e(X), 2TV + Lo(p(X), Y)J 2

+ —(—w(X,YV)0(JZ)+ JOAw(X,Y,Z))A

1
1
1
1
1
1O NW(X,Y.TZ) + 0 A w(X,Y. Z)) T A

Observe that, since R°(JA,-) = 0, we obtain from (9) the following expression for
RI(JA,Y):

(10)  RO(JAY)Z = ie(JZ)y - ie(Y)e(JZ)A + i{G(JY)Q(JZ) +g(o(Y), JZ)}JA,

where we have used Lemma 3.2 and Corollary 3.13.

We study now some properties of the Bismut Ricci curvature Ric®, defined as usual by
Ric’(X,Y) = tr(Z — R*(Z, X)Y). The next result follows easily from Lemma 3.15:

Corollary 3.16. The Bismut Ricci curvature Ric® of a Vaisman manifold satisfies:

(a) Ric’ is symmetric;

(b) Ric®(JX,JY) = Ric®(X,Y) for any vector fields X,Y .

We point out that Ric” being symmetric is not a surprising fact, since it holds for any
metric connection with parallel skew-symmetric torsion.

Now, we are able to obtain an expression for Ric’, the Bismut Ricci curvature, in terms
of the Riemannian Ricci curvature Ric?. Indeed, let us consider a local orthonormal frame
of the form {A, JA}U{ey, ..., e2,-2} where ¢; is a local section of D for each i. Therefore,
for any vector fields Y, Z on M,

Ric"(Y, Z) = g(R"(A,Y)Z,A) + g(R"(JA,Y)Z, JA) + Y _ g(R"(e:,Y)Z, ;)

= Zg(Rb<ei7 Y)Z7 ei)a

due to Lemma 3.15(d). Using (9) we obtain
Ric"(Y, Z) =) " g(R%(e;,Y)Z, ;)

#30 (<3000 2) - Jaten D) + jatse V107,00

= S gl Z,e) = 7 S (OUYIIZ) + 97, e)g(TY ).

i
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Since VYA = 0 we have that R9(A,-) =0, hence
Rng<Y, Z) = g(Rg(JAa Y7 )27 JA) + Z g(Rg(e’i7 Y)Zv ei)

_ ;Ig(gpm, JZ)+3 9(R (e Y )7, e)

= 1 (9(Y.2) ~ 6()0(2) ~ 6B Z)) + Y g(RI(ei, V) Z.c)

where we have used (10) in the second equality and the definition of ¢ in the third. There-
fore, combining both expressions:

Ric"(Y, Z) = Ric(Y, Z) — i(g(Y, Z) = 0(Y)0(Z) — 0(JY)0(JZ))

iy - i (20 — 200(IV)O(IZ) + g(Y. Z) — g(JZ, A)g(JY, A) — g(JZ, JA)g(JY, JA))

n— 2

— Ric*(Y, Z) — %g(Y, 7) + %9(1/)9(2) 20 2).

As expected, according to Corollary 3.16, Ric’ is symmetric since the expression above
is symmetric in Y and Z. It was proved in [21] that the symmetry of Ric’ is equivalent to
the torsion 3-form being co-closed, thus we obtain:

Corollary 3.17. On any Vaisman manifold, the Bismut torsion 3-form c is co-closed.

On the other hand, concerning the closedness of the torsion 3-form ¢, the following result
shows that c is never closed in high dimensions.

Proposition 3.18. On a Vaisman manifold of dimension 2n > 6, the Bismut torsion
3-form c is not closed.

Proof. The 3-form c is given by ¢ = —J0 A w, according to Lemma 3.2. Therefore dc is
given by

de=—d(JO) Nw+ JONdw = —(d(JO) — JONO) N\ w.
So, if de = 0 then n := d(J0) — JOA O = 0, since in dimensions at least 6 the operator — Aw
is injective on 2-forms. However, it follows from Corollary 3.13(d) that

d(Jo)(A, JA) = 0.

On the other hand,

(JONO)A, JA) = JO(A)G(JA) — JO(JA)H(A) = —1.
Hence n(A, JA) =1 # 0, a contradiction. As a consequence, dc # 0. O

Remark 3.19. (i) A Hermitian metric whose associated Bismut torsion 3-form c is closed
is called pluriclosed or strong Kdhler with torsion (SKT). This condition is equivalent to
d0w = 0. According to Proposition 3.18, a Vaisman metric in dimension > 6 is never
pluriclosed. This result was already known in the compact case, since it was proved in
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[3] that on a compact Hermitian manifold of dimension at least 6, the Hermitian metric
cannot be LCK and pluriclosed simultaneously, unless the metric is Kahler.

(ii) Notice that according to [18, Theorem Al, if (M, J,g) is a 4-dimensional Vaisman
manifold then the Hermitian structure (J, g) is pluriclosed and V° satisfies the first Bianchi
identity. In particular, in real dimension 4 the torsion 3-form is harmonic. However, more
can be said: c is also V9-parallel, which can be seen from the relation ¢ = — * 6, proved
in [21], which holds for any 4-dimensional LCK manifold. Belgun provided in [11] the
classification of compact complex surfaces which admit Vaisman metrics: they are properly
elliptic surfaces, Kodaira surfaces (either primary or secondary), elliptic Hopf surfaces and
Hopf surfaces of class 1.

(ili) On Vaisman manifolds of dimension greater than or equal to 6, according to Corol-
lary 3.9, Proposition 3.18 and [18, Theorem 3.2|, the Bismut connection does not satisfy the
first Bianchi identity, and therefore it is not Kéhler-like. However, due to Lemma 3.15(c),
the Bismut connection satisfies the type condition (see for instance [7]).

4. BISMUT HOLONOMY OF VAISMAN SOLVMANIFOLDS

In this section we will study the Bismut holonomy of a concrete family of Vaisman
manifolds; namely, solvmanifolds equipped with invariant Vaisman structures. We will call
them simply Vaisman solvmanifolds. In order to perform this analysis, we will use the
results appearing in [6].

Let G be a Lie group with a left invariant complex structure J and a left invariant
metric g, i.e. the left translations L, : G — G defined by L,(h) = gh for h € G are both
biholomorphisms and isometries. If (G, J, g) satisfies the LCK condition (4), then (J, g) is
called a left invariant LCK structure on the Lie group G. In this case, it follows from (5)
that the corresponding Lee form 6 on G is also left invariant.

We will restrict our study to solvable Lie groups equipped with left invariant Vaisman
structures. If the solvable Lie group G is simply connected then any left invariant Vaisman
structure on G turns out to be globally conformal to a Kahler structure. Therefore we
will consider quotients Mr := I'\G where I" is a co-compact discrete subgroup of G, so
that Mrp is a compact manifold such that the canonical projection G — Mr is a local
diffeomorphism. The compact quotient Mrp is not simply connected (as m(Mr) =I') and
it inherits a Vaisman structure. The aim of this section is to analyze the holonomy of the
Bismut connection on Mt associated to this induced structure.

A co-compact discrete subgroup I' of a simply connected solvable Lie group G is called
a lattice and the quotient Mr = T'\G is known as a solvmanifold. We point out that,
according to [29], if G admits a lattice then G is unimodular (i.e., trad, = 0 for all
x € Lie(G@)).

Since we are dealing with left invariant structures on Lie groups, we can work at the Lie
algebra level. Therefore we will consider LCK or Vaisman structures on Lie algebras, that
is, a Hermitian structure (J, (-,-)) on a Lie algebra g, where (-,-) is an inner product on
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g and J : g — g is a skew-symmetric endomorphism of g that satisfies
J'=-1 and [Jz,Jy] - [z,y] = J([Jr,y] + [z, Jy]) =0,

for any x,y € g. Moreover, dw = 6 N\ w for some closed 1-form 6 € g*, and V90 = 0 in the
Vaisman case.

As before, let A € g denote the vector dual to 6, i.e., O(U) = (A, U) for all U € g. We
may assume |A| = 1. In this context, Proposition 3.5 takes the following form:

Proposition 4.1. If (g, J,(-,-)) is Vaisman then
(a) [A, JA] =0,
(b) ads and adja are skew-symmetric;
(c) Joads =adyol.

Solvable Lie groups equipped with left invariant Vaisman structures, and their associated
Vaisman solvmanifolds, were studied in [6]. We will recall some of the results from that
article that will be needed for our study.

Lemma 4.2. [6] Let g be a unimodular solvable Lie algebra equipped with a Vaisman
structure (J, (-,-)) and let 3(g) denote the center of g. Then JA € 3(g). Moreover 3(g) C
span{ A, JA}.

The subspace ker ¢ is in fact an ideal of g, since 0 is closed, and JA € kerf. Denoting
¢ := (span{A4, JA})* (which plays the role of D in Section 3), we have a decomposition

L
kerd = RJA & €.
For z,y € ¢, we have that [x,y] € kerf and it can be proved that

(12) [l’,y] :CU(LL’,y)JA—l- ['ruy]fu
where [z, yle is the component in € of [z,y].

It follows from [6] that [-,-]¢ is a Lie bracket on £ and, moreover, (€, [-,-]¢, J|e, (-, )]e)
is a Kéhler Lie algebra. Therefore kerf is a 1-dimensional central extension of (&, [, ]¢):

ker = RJA @, L.
Moreover, since g is unimodular we have that £ is unimodular as well. Due to a classical
result of Hano [20], it follows that (-, - )| is flat. The main result in [6] is:

Theorem 4.3. [6] If (g,J,(-,-)) is Vaisman with g unimodular and solvable, then:
g=RAX (RJA@, ),

where:
e ady is a skew-symmetric derivation of ker = RJA @, € with ads(JA) = 0;
o (¢, Je, (-, )|e) is a Kdihler flat Lie algebra;
o D :=ada e is a skew-symmetric deriation of (€, (-, )|e) which commutes with J|
(i.e. D € u(¥)).
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Example 4.4. In [6] many examples of unimodular solvable Lie algebras were provided.
We recall here one such family of examples. Let us consider the Lie algebras g with basis
{A,B,ey,... e 2} and Lie bracket given by

[A; 622‘-1] = Q;€2, [A, 621] = —Q;€2i—1, [621'—1, 622'] =B, 1=1,....,n—1,

for some a; € R. Let (-,-) denote the inner product on g such that the basis above is
orthonormal, and let J denote the skew-symmetric complex structure on g given by
JA=DB, Jey_1=ey, 1=1,...,n

Then it is easy to verify that the Hermitian structure (J, (-,-)) is Vaisman, where the Lee
form 0 is the metric dual of A: 6(-) = (A,-). Note that ker = span{B,ej,..., €9, 2} is
isomorphic to the (2n—1)-dimensional Heisenberg Lie algebra b, 1 (so that g = Rix by, 1),
and the subspace £ = span{ey, ..., ea, 2}, equipped with the Lie bracket [-, -]¢, is an abelian
Lie algebra (which is clearly a flat Kéahler Lie algebra equipped with the restrictions of
(‘]7 < )" >>

It was also shown in [6] that whenever a; € Q for every i the corresponding simply
connected Lie group admits lattices. If a; = 0 for all ¢, then g is the direct product
g = R X bg,_1, with the well-known Vaisman structure given in [14].

We compute next the Bismut connection on unimodular solvable Lie algebras equipped
with Vaisman structures, using Theorem 3.14. We denote by V* the (flat) Levi-Civita
connection on the Kahler Lie algebra €. Recall the skew-symmetric operator ¢ defined in
(7); it satisfies p(A) = ¢(JA) =0 and ¢(z) = Jzx for x € L.

Lemma 4.5. The Bismut connection V° on g is given as follows:

o VPA=V'JA=0,

o Vha =[A x] €t for any x € g,

o VV, x=—p(z) for any z € g,

o Vby=Vty ct for any z,y € E.
Proof. The first three items follow directly from Theorem 3.14, recalling that J A is a central
element of g, due to Lemma 4.2. As for the fourth, we compute V9y for x,y € €. Since
VI9A =0, we have that
On the other hand, we know that Vby € € (Theorem 3.14) and it follows from (8) that

1

For z € £, we have
(Vey,2) = 5 {9 2~ () + (.7, )

= %H[ﬂ?,y]ea@ — [y, ze, ¥) + ([2, 2], y)}  (using (12))
= (Viy, 2).

Therefore, Viy = %w(m,y)JA + Vty for any x,y € €. Comparing with Theorem 3.14 we
obtain Vby = Viy, 2,y € L. O
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Finally, we are able to compute the curvature tensor R’ of the Bismut connection on g
in terms of the endomorphism .

Theorem 4.6. If R® denotes the curvature tensor of the Bismut connection, then RP is
given by

R (u,v) = {p(u),v)p, u,v € g.

Proof. Note first that R°(u,v)A = R’(u,v)JA = 0, since both A and JA are Vb-parallel.
Therefore, we only have to compute R°(u,v) when evaluated in elements of €.

Next, recall that R*(A,-) = R(JA,-) = 0, according to Lemma 3.15(d). Thus, we only
have to compute R’(z,y)z for x,y, 2 € £&. First note that, according to (12),

b b
Viey? = V|

z,y)e” + (,U(.T, y>vf)]AZ = vl[zz,y]gz - LU(I, y)JZ = vfx,y]g’z - C&)(Z‘, y)JZ,

where we have used Lemma 4.5 in the last equality. Hence we have that

R'(z,y)z=VoViz = VIViz — fo’y]z
= vivéyz - VZVE:L"Z - fo,y]gz + w('I?y)JZ
= Rf(x,y)z + (Jz,y)J2
= (Jr,y)Jz

since V! is flat. The result follows. O

Corollary 4.7. Any curvature endomorphism R°(u,v), u,v € @, is parallel with respect
to V°.

Proof. This is a straightforward consequence of Theorem 4.6 and Corollary 3.11. O

Regarding the holonomy group of the Bismut connection of a Vaisman solvmanifold, we
have

Theorem 4.8. If M = T'\G is a 2n-dimensional Vaisman solvmanifold then its holonomy
group Hol’(M) has dimension 1 and it is not contained in SU(n).

Proof. The restricted holonomy group Holg(M ) coincides with the holonomy group Holb(G).
According to Theorem 2.2, its Lie algebra Ijo[b(M ) is generated by all the curvature en-
domorphisms R’(u,v), u,v € g, together with their covariant derivatives of any order.
Therefore, it follows from Theorem 4.6 and Corollary 4.7 that hol’(M) is spanned by ¢,
therefore it is one-dimensional.
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Moreover, in an adapted basis {A, JA, e1, f1,...,en 1, fu_1} with Je; = f;, we have that
the matrix of ¢ is given by

o O
o O

but it is clear that ¢ ¢ su(n). O

Moreover, a result stronger than Corollary 4.7 can be obtained also as a consequence of
Theorem 4.6:

Proposition 4.9. On any Vaisman solvmanifold T\G, the Bismut curvature tensor R is
Vb-parallel: VPR® = 0.

Proof. This is an immediate consequence of Theorem 4.6. Indeed, we need only verify that
(V2R (y, 2)w = 0 for any z,y, z,w € g. We compute
= (p(), 2)Vap(w) — (¢Vay, 2)p(w) — (p(y), Vaz)p(w) — (p(y), 2)pVow.

The first and the last terms cancel out since ¢ is V’-parallel, and the second and third
terms also cancel out, since

(0Vay, 2) = (Vae(y), 2) = —(p(y), Vaz).
This completes the proof. 0

Remark 4.10. According to [8], the Bismut connection on a Vaisman solvmanifold is a
Hermitian Ambrose-Singer connection, since VPT? = 0 and VR’ = 0. In particular, any
Vaisman solvmanifold is a locally homogeneous Hermitian space [24, 37]. However, this is
true for any solvmanifold M := I'\G equipped with an invariant almost Hermitian structure
(J,g), since the connection on G defined by V,y = 0 for any z,y € g = Lie(G) induces a
connection V on M satisfying V.J = Vg = 0.

Concerning the Bismut Ricci curvature of a Vaisman solvmanifold, we have the following
straightforward consequence of Theorem 4.6:
Corollary 4.11. The Bismut Ricci curvature of a Vaisman solvmanifold T\G is given by
Ric’(u,v) = —(u,v) + 0(u)f(v) + 0(Ju)d(Jv), wu,v € g.
In particular, Ric® # 0.

Using (11) we are able to determine the Riemannian Ricci curvature of a 2n-dimensional
Vaisman solvmanifold I'\G:

Ric? (u,v) = —%(u,v} + %Q(U)Q(U) + gQ(Ju)G(Jv), u,v € g.
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For a general non-Vaisman LCK solvmanifold, we cannot expect a reduction of the
holonomy of the Bismut connection, as the following example shows.

Example 4.12. Let G be the simply connected solvable Lie group with Lie algebra g
generated by {eq, es, e3, €4} with non-zero brackets given by

[61762] = e, [61, 63] = —563 + yey, [61764] = —Yyes — §€47

for some p # 0 and y € R. Note that G is an almost abelian Lie group; it was proved
in [5] that for certain values of p and y the Lie group G admits lattices. The associated
solvmanifolds are Inoue surfaces of type S°.

Consider on g the inner product (-,-) such that the basis above is orthonormal and
the endomorphism J : g — g given by Je; = e, Jes = ey, J2 = —1d. It is easy to
verify that the almost complex structure J is integrable and hence (J, (-, -)) determines a
Hermitian structure on g with associated fundamental 2-form w given by w = e!? + ¢34,
Here, {e!, €% €3, e} is the dual basis of {e1, e, e3,e4} and e stands for the wedge product
e’ A e?. Note that dw = pe' A w, which means that (J,(-,-)) is LCK since u # 0 and
de! = 0. Clearly, the Lee form 6 is 6 = pe'.

Computing the Bismut connection on g using (2), we obtain

U
b b | —n O
vel - O _y ’ VBQ - O % ’
y 0 -5 0
ST 0 —&
. 02 —’f . % 02
0 £ £.0

Note that V0 # 0, so that the LCK metric is not Vaisman. The curvature endomorphisms
R’(e;, e;) are given by

0 —u? 2
2 2
Iz 0 0 —&
Rb(el,eg) = _#_2 s Rb(el,eg) = —Rb(62,64) == 2 4
0 5 HT 0
7 0 0 4
2 2
0 - 0, &
0 — 0
Rb(€1,€4) = Rb(€27€3) = 0 o 4 ) Rb(€3>€4) = 2 0 o
2 2
4 2

Since p # 0, it follows easily that all these curvature endomorphisms are linearly indepen-
dent, hence the subspace span{R’(e;, ;) | i < j} of u(2) has dimension 4. According to
Theorem 2.2, we have that hol” = u(2). There is no reduction of the holonomy in this case.

This example will be generalized in Section 6.
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5. BISMUT HOLONOMY OF HOPF MANIFOLDS

In this section we determine explicitly the holonomy group of the Bismut connection on
some classical Hopf manifolds, which are the archetypical examples of compact Vaisman
manifolds. These are defined as a quotient of C* — {0}, n > 2, by the action of the cyclic
group generated by the transformation z — Az, for some A\ € C with |A\| > 1. Their
underlying smooth manifold is S* x S?"~! so that its first Betti number is b; = 1 and
therefore they cannot admit a Kahler metric. We also point out that for different values of
A the corresponding compact complex manifolds are non-biholomorphic (this can be seen
with the same arguments used in [25] for the case of Hopf surfaces, i.e., for n = 2).

We will describe in more detail their construction for A € R, A > 1, exhibiting in this case
an explicit parallelization of S* x S?"~! generalizing the one given in [33] (and in greater
length in [34]) for A = €*". It will be easy to express the usual Vaisman structure in terms
of this parallelization, and using this expression we will be able to show that the associated
Bismut holonomy group is equal to U(n — 1), which is the largest possible holonomy group,
according to Corollary 3.8.

Remark 5.1. These classical Hopf manifolds are not homeomorphic to a solvmanifold for
n > 1. Indeed, the universal cover of a 2n-dimensional solvmanifold is homeomorphic to
R?*" whereas the universal cover of S' x §?"~1 is R?" — {0}.

5.1. Revisiting the construction of a Vaisman structure on Hopf manifolds. Let
us consider R?" with the usual Cartesian coordinates (z1, ..., Z,). Let us denote by N the
unit normal vector field of $?*~! C R?", that is, N = ijl xia%i. For any i = 1,...,2n,
the orthogonal projection of (% on S*"! gives a vector field T; on S**~!, which can be
expressed as T; = % — 2;N. The vector field 7} is called the i** meridian vector field on
S2n—t

Let A be a real number, A > 1. Let I'y be the cyclic infinite group of transformations of
R?** — {0} generated by the map x + Az. Then the projection p, : R** — {0} — S! x §2"~!

given by
log|z|\ =
— 9 il
o= (o (2 25 )

induces a diffeomorphism between (R?" — {0})/T'y and S' x S?"~!. Consider the smooth
function F : R?"—{0} — R given by F(z) = |z|. Then the vector fields F%, 1=1,...,2n,
are ['j-invariant' and therefore the vector fields U on ' x S2"~! given by U = (px).(F 52-)

are well-defined and, moreover, {U7,..., U3 } defines a parallelization of S! x S$?"~1. In
terms of the meridian vector fields 7;, it can be shown, modifying suitably the computations

'Here we are using A > 0, this does not hold for general \ € C.
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in [34], that U} = T} + 1025 ; %, where t denotes the usual coordinate on S*. It follows that

UM UM = 2,U) — ;U7
U () = 0y — @iz,

for i,j = 1,...,2n. Here we are considering the functions z; € C*(S* x S**~!) defined
as x;(e", (p1,...,pan)) = pj, for j = 1,...,2n and (py,...,p2,) € S* 1. In particular,

Z§n1 xj = 1. Observe that differentiating thls expression we get

2n
(13) > ajdr; = 0.
7j=1

If (-, ) denotes the usual metric on R*", then the Riemannian metric 25 (-, -) on R*"—{0}

is I'y-invariant and then it induces a Riemannian metric gy on S* x §?"~!. It can be easily
log A
2w

.. . . 2
seen that g, coincides with the product metric g\ = ( ) gst + gs2n—1, where ggr denotes

the round metric on S*.
On R?" — {0} there is the canonical complex structure given by

/ (ain—l) N aZL'Qi’ J (@) - _aw%_la 1= ]., oo, n.

This complex structure is I'y-invariant and therefore defines a complex structure .Jy on
S x §271 given by

A A A A .
J)\UQZ'—I = U27j7 J)\UQi - _UQZ'—U 1 = 1, o, n.

It is clear that Jy is gy-orthogonal and therefore (Jy, gy) is a Hermitian structure on S' x
521 for any A > 1.

Let n} denote the 1-form on S* x 52" ! which i 1s gr-dual to U, Then n} = dx, log)‘x dt
and it can be seen that dn} = n A o, where o is the 1-form defined by a* := ZJ xjn]

Note that applying (13) we obtain a* logkdt

We summarize all the equations we have obtained so far in the following lemma:

Lemma 5.2. The manifold S* x S*~1 admits a family of Hermitian structures (Jy, gy)
for X\ > 1. In terms of the gx-orthonormal global frame {U}, ... U} and functions x; €
C>(S' x 8*n=1) i =1,...,2n, described above, we have:
IUs_y =Us, U, = —Us;_, for all i,
[Uz‘)\7 U;\] = JTZU]A — ZL’jUi/\, UZ)\([L'J) = 6ij — ZL‘,’(L’j,
and
dn-)‘

1

= Ao,
where 03 is the form gx-dual to U} and o := Zj :z:jn}.

Note that these expressions do not actually depend on A, so that from now on we will
omit the subscript/superscript A in all the forthcoming computations.
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We will verify next the well-known fact that the previous Hermitian structure (J, g) is
Vaisman. Indeed, computing dw for w := g(J-,-) = > . m2i—1 A 12; and applying (13), we
obtain that

dw=—-2aANw, da=0,
so that (J,g) is LCK with Lee form 6§ = —2a. The vector field H on S' x §?"~! which is
g-dual to o will play an important role in our computations. It can be written in terms of

the frame {U;} as
2n
H = Z[EZUZ7
i=1

and coincides with %%. Observe that H is a multiple of the vector field A defined in

previous sections for any Vaisman manifold; more precisely, H = —A/2. In order to show
that «, or equivalently H, is V9-parallel, we determine the Levi-Civita connection V9 of ¢
in terms of {U;}. Using the Koszul formula together with Lemma 5.2 we obtain

Lemma 5.3. The Levi-Civita connection V9 on S' x S?"~! is given by
° V%iUJ' = —;U;, if i # j;
* Vi, Ui = > s telUe = H — ;U

Therefore,

7
= (Uilz))U; + 2,V U;)
j

= (1 — ZL‘?)UZ + sz(H — xZUZ) + Z(-ZEiZEjUj + ij(—ZL’j>UZ‘)
J#i
= (1= 2} Ui+ 2(H — 2U;) — o(H — 2,U3) — () 23U
J#

=0 (sincez:r? =1).
J

Thus we recover the fact that S x S?"~! with the Hermitian structure (J, g) is a Vaisman
manifold.

5.2. Computation of the Bismut holonomy of Hopf manifolds. In what follows, we
will study the Bismut connection V? associated to (.J, g). We will first express V? in terms
of the frame {U;}, and later we will determine its curvature tensor R® and its holonomy

group.

Proposition 5.4. The Bismut connection V° associated to (J,g) on S* x S*~1 is given
by

o Vi Usjr = =i 1 Usimy + 225Uz — 22Uy, (i # )

b vl;]giflUQi_l = Zk;;éQi—l xk‘Uk = H - x?i—lUQi—lf.
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hd Vl(’JQFIUQj = —w9;Uzi1 + 22iUzj 1 — x9j-1Us;, (Z # j);'

hd Vl[)]2i71U2i = - Zk TopUsp—1 + Zk# Top1Us, = JH — 29 1Us;;
L4 vl[)]QiUQj—l = —$2jU2z'—1 - x2j—1U2z‘ + $2i—1U2j, (@ 7’é j>;'

L4 VI;]QiUQi—l = - Zk Tok—1Uak + Zk# TorUsp—1 = —JH — 19U —1;
i Vl(’]m.U% = —$2i—1U2j—1 + jU2j—1U2i—1 - $2jU2z‘; (@ 7’é j):’

Proof. The proof follows from (2), using Lemma 5.3 and the fact that dw = —2a Aw, where
a =Y xz;nj,w=> M1 An. We prove only the first two expressions, the others follow
analogously. Also take into account that V4 Uy, = J(V%Us,,_1) since J is V’-parallel.

For i # j:
g(v%QFlU%—la Usi—1) = =210k — a A w(Us;, Uzj, Usg)

= _x2j—15ik:7
while
g(vlf]%,lej—l, Ua) = a A w(Usi, Usj, Ugi—1)
= a(Uz)w(Usj, Us—1) + a(Uszj)w(Usi—1, Us;)
= —2i0jk + T2;0;.
Therefore: V%2171U2j71 = _:C2j71U2i71 +£L'2jU2,L' —Z'QiUQj. NOW, for i = j, and for any vector

field X on S!' x S?"~! we have that
g(va%flU%fla X) = Q(VQU%_IU%A, X) —aA W(Uzz‘, Usi, JX) = Q(VQU%_IUQFM X)-

Therefore, Vl[’]%flUgi_l = Vi, U1 = H — 131Uy, as claimed. d

Next, we will determine the curvature endomorphisms R°(U;, U;) associated to V. This
will be done in Propositions 5.5, 5.6 and 5.7; their proofs are long but straightforward
computations and therefore we omit them?,

Proposition 5.5. For any i = 1,...,n, the curvature endomorphism R°(Us;_1,Us;) is
gien by

R(Us; 1, Ugi)Uzi—y = RY(Ug;_y, Us;)Us; = 0,
Rb(U%—h Uzi)Uzj—1 = 2(1 — x%ifl - l‘gz - x%jfl - $§j)U2j

+2 Z (9j—1%ok, — TojTog—1)Usp—1 — 2 Z (9j—1%ok—1 + 2Tk ) Usg
k#i,j k#i,j

and Rb(Ugi_l, UQZ‘)UQJ‘ = J(Rb(UQi_l, UQZ‘)UQj_l) by Lemma 315(&)

2 Another expression for the Bismut curvature tensor on Hopf manifolds was given recently in [9].
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Proposition 5.6. For any i,j = 1,...,n, (i # j), the curvature endomorphism
RV (Uy;—1,Us;) is given by

b 2 2 2 2
R (Uzi—1,Ugj)Usi1 = —(1 — 5,4 — x5 — Loj—1 — ij)U%
+ E (@9jTok—1 — Toj—1%aok)Usk—1 + g (aj_1T2K—1 + TajT2p) Usp
k1,7 k#i,j
b 2 2 2 2
R (Uzi—1,Ugj)Usj1 = —(1 — w3y — 5 — Loj—1 — mzj)Uh’
+ E (2iTok—1 — Toi—1Zak ) Usp—1 + E (@2i—1Tok—1 + Toi@o ) Usy
k#i,j k#i,j

Rb(UQi—b U2j)U2k—1 = (932j—1$2k - $2jx2k—1)Uzz’—1 + (552]'—15521:—1 + $2j5132k)U2i
+ (Toi—1%ok — T2iTok—1)Usj_1 + (T2i—1T2k—1 + T2T2x) Us;j

— 2(x9i—1T2j-1 + Toxa;) Ui (kK #1,7)

Moreover, R*(Uy;_1, Usj)Us, = J(R*(Usi—1, U;)Usy—1) by Lemma 3.15(a).

Proposition 5.7. For any i,57 = 1,...,n, (i # j), the curvature endomorphism
R (Usi—1,Usj—1) 1is given by

b 2 2 2 2
R (Uzi—1,Usj 1)Uz = —(1 — w3y, — x5 — T35 1 — T5;)Uzj 1
+ E (9j_1Tok—1 + XojTok)Usi—1 + E (wj_1T2k — TojTak—1)Usk,
ki, ry

Rb(U%—la Uzj—1)Uzj—1 = (1 — Igz’—l - ’rgz - x%j—l - x%j)U%—l
- Z (9i—1%ok—1 + ToiTox)Usg—1 + Z (X9iTok—1 — Toi—1Tap) Usg
ki, ki,
Rb(UQi—l, U2j—1)U2k—1 = —($2j—1$2k—1 + !E2j$2k)U2z’—1 + ($2j—1x2k - $2j$2k—1)U2i
+ (T2i—1%ok—1 + T2%ok)Uzj1 + (ToiTap—1 — Toi—122k) Us;j
+ 2(x9i_1T2j — Xoioj—1)Usi,  (k #14,7)

and Rb(Ugi_l, Ugj_l)Ugr = J(Rb(UQZ‘_l, UQj_l)UQT_l) by Lemma 315{&)

Remark 5.8. It follows from Lemma 3.15(c) that R®(Uy;, Usj) = RP(Uy;_1,Usj_y) for any
i 7.

As a consequence of Propositions 5.5, 5.6 and 5.7, we recover the familiar fact that the
Bismut connection on S* x S? is flat:

Corollary 5.9. On S x S the Bismut connection is flat, i.e., R® = 0.
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Remark 5.10. It was proved by Samelson in [35] that any compact Lie group of even
dimension admits a left invariant complex structure compatible with a bi-invariant metric.
Moreover, it was shown in [3, 22] that such Hermitian manifold is Bismut flat. We point
out that S' x S?"~! (with n > 2) is a Lie group only for n = 2. In this case we have that
S' x S3 is isomorphic to S* x SU(2), and the Hermitian structure (., g) is left-invariant (in
fact, g is bi-invariant), and it can be obtained with Samelson’s construction.

In what follows we will determine the holonomy group Hol’(S' x §?*~1) of the Bismut
connection V®. Since S x S?"~! is connected, we can choose any point p as base point,
and it will be convenient for us to choose p = (1, —(1,..., 1)> € St x §%~1 We will
use Theorem 2.1 in order to determine its Lie algebra hol’. We begin with some auxiliary
results.

Lemma 5.11. Forn > 3, we have that:
(a) the set {R"(Ugi_1,Usj), | 1 <i < j <n} is linearly independent.
(b) the set {R*(Us;—1,Usj_1), | 1 <i < j<n—1} is linearly independent.

Proof. (a) Tt follows from Propositions 5.6, evaluating in p = (1, (1., 1)), that for

1 # j we have

n—2 1
Rb(UZifla Usj)pUsiz1 = — n Usj + n Z Uk
k#i,j
b n-2 !
R (U1, U;)pUsj1 = — n Usi + n l; Vak,
i.j

1 1 2
RV (Us;—y1, Usj)pUsp—1 = EU% + EUQJ' — EU%’
for k # 1, 5.

Let us consider a linear combination
2 : b
Cin (Ugi_l, Ugj)p =0.
i<j

Expanding g(ZKj Cij RO (Ugi—1, Us;)pUsy—1, Uss) = 0 for r < s, we obtain
(14) _(n_2)crs+ Zcrj+zcir+zcsj+ Zcis:(), 1<r<s<n.

r<j#s i<r s<j r#i<s

Therefore (14) defines a homogeneous linear system Mc = 0 of (Z:) equations with (g)
unknowns ordered lexicographically. It turns out that the matrix M is symmetric, the
elements on the diagonal are all equal to —(n — 2), the elements off the diagonal are equal
to either 0 or 1, and all the rows and columns have the same sum, namely, n — 2. The

(5) x (5)-matrix M = (M,;) given by:

2n—6 e
) —n(n_?, ifi =7,
Mij = —QnT(Ln_2), lf Mij = 1,

2 lf Mz‘j = O

" n(n-2)’
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is the inverse of M, which means that the system Mc = 0 has the unique solution ¢;; = 0
for all i < j. The proof of (a) is complete.

(b) It follows from Proposition 5.7, evaluating in p = <1 L,..., 1)), that when 7 # j

' Von
we have
n—2 1
RV (Usi—1,Uzj1)pUsiy = — - Uyj_1 + - Z Usp—1,
ki,
RV (Usi—1,Uzj—1)pUsj1 = n_ZUz' 1= = Z Usi—1
i—1,VY25-1)pU2j— n i— nki. A -1,
27]

1 1
Rb(U2i—l> Uzj—1)pUsr—1 = _EU%—l + EU%—I,

for r #£ 1, 5.
Let us consider now a linear combination
/
Z Cz‘ij(UQi—h U2j—1)p =0,
i<j
where > means that the indices run up to n — 1, i.e. 1 <4 < j < n — 1. Expanding
/
g(z Cinb(UQz;l, Ugjfl)pUgrfl, Ugsfl) =0forl<r<s<n-— 1, we obtain
i<j
/ !/ / !/
(15) —(n —2)cps + Z Crj — Z Cir — Z csj + Z cis = 0.
r<j#s i<r s<J r#i<s
Therefore (15) defines a homogeneous linear system Mc = 0 of (";1) equations with

(";1) unknowns ordered lexicographically. It turns out that the matrix M is symmetric,

the elements on the diagonal are all equal to —(n — 2) and the elements off the diagonal

are equal to either 0 or +1. The (";1) X (”;1)—matrix M= (M;;) given by:

=3 ifi=y,
My = FL, if My; = £1,
0, if M =0.
is the inverse of M, and therefore ¢;; = 0 for all 1 < i < j < n —1. The proof of (b) is
complete. 0]

Now we can prove the main result in this section.

Theorem 5.12. Let n > 3 and X > 1. If S' x S*! s equipped with the Vaisman
structure (Jy, gn) described above, then the associated Bismut connection V° has holonomy
group Hol’(S' x §?"~1) = U(n — 1).
Proof. We will compute, as before, the holonomy group Holb(S1 x S?=1) (and its Lie
algebra hol” := hol’(S* x S?*~1)) at the point p = (1, \/%71(1, . 1)) c St x 92—t

Let us recall first from Corollary 3.8 that Hol’(S' x $?"~') C U(n — 1). Therefore
dim hol* < (n — 1)2.
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Now, according to Theorem 2.1, hol’® C u(n — 1) contains all the curvature operators
RY(X,Y), for any vector fields X,Y on S* x §?"~!. In particular,

(16) {Rb<Ugi,1, UZj)p ’ 1 <1< 7 < n} U {Rb(UQi,b U2j71)p ‘ 1 <9 <j3<n-— 1} C f)U[b.

It follows from Lemma 5.11 that each subset in the left-hand side of (16) is linearly inde-
pendent; moreover, it is easy to see that their union is also linearly independent. Hence

dim hol® > (Z) + <” ) 1) —(n—1)%

Therefore dim hol” = (n—1)2. This implies that hol’ = u(n—1). Since U(n—1) is connected
we have that Hol’(S! x 2"~ 1) = U(n — 1). O

We end this section this by writing down the Bismut Ricci curvature of the Hopf man-
ifolds we are considering. The following result follows in a straightforward manner from
Propositions 5.5, 5.6 and 5.7.

Proposition 5.13. The Bismut Ricci curvature on (S x S?*"71 J\, g)) for X > 1 is given
in terms of the orthonormal basis {Uy,...,Us,} by

Ricb(UQT—17 Uys—1) = —2(n — 2)(22r—1T95—1 + TorTos — Ops),
Ric’(Uzr—1, Uzs) = —2(n — 2)(T9,_ 1295 — TopTos_1).

Also, Ric’(Uy,., Uss) = Ric’(Usp_y1, Uss_1) for all v, s, according to Corollary 3.16.

Corollary 5.14. The Bismut connection associated to (S* x S*"~1,Jy, g) has Ric’ = 0 if
and only if n =2, and in this case V° is flat (see Corollary 5.9).

6. BisMuT HOLONOMY OF LCK OELJEKLAUS-TOMA MANIFOLDS

In this section we study the Bismut holonomy of Oeljeklaus-Toma manifolds (OT man-
ifolds for short) admitting an LCK metric. OT manifolds appeared in [31], and they are
non-Kahler compact complex manifolds which arise from certain number fields which admit
s real embeddings and 2t complex embeddings (OT manifolds of type (s,t)). When ¢t = 1
these OT manifolds admit LCK metrics. However, it was shown recently in [15, 16, 40]
that they do not admit any LCK metric when ¢ > 2.

It was proved in [23] that all OT manifolds are in fact solvmanifolds, whose complex
structure is induced by a left invariant one on the corresponding solvable Lie group. Using
this solvmanifold structure, Kasuya also showed in [23] that OT manifolds of any type do
not admit Vaisman metrics. Moreover, for OT manifolds of type (s, 1), the LCK Hermitian
structure is also induced by a left invariant one on the solvable Lie group. It can be deduced
from [23] that the Lie algebra g of the Lie group corresponding to an OT manifold of type
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(5,1) has a basis {Ay,...,A,, By,..., B, C1,Cy} with Lie brackets given by?:
[AMB@]:BM ’izl,...,s,

1
[A;,Ch] = —501 + 7;Cy,

1
[Ai7 Cz] = —1,Ci — 502,

for some real numbers r; € R, ¢ = 1,...,s. The complex structure J on g takes the
following expression:

JA,L:BZ(Zzl,,S), J01:C2,
and the fundamental 2-form is given by

w :22061/\@4-2%/\5;'4‘71/\’72,
i i#]
where {ay,...,as, 081, ...,Bs,71,72} is the dual basis of g*. If g = w(:,J:) denotes the
corresponding Hermitian metric, then (g, .J, g) is an LCK Lie algebra, with Lee form 6 =
a1+ - -+ a,. Note that the non-zero values of the metric g, in terms of the basis of g, are
given by:

9(Ai, Ai) = g(Bi, Bs) =2, g(Ai, Aj) = g(Bi, Bj) =1, (i #j), ¢g(C1,C1) = g(Cy,Cy) = 1.

Note that the vectors A and JA, g-dual to the Lee form 6 and J8 respectively, are given
by
A= ! (A +---+A), JA= !
sl o o541

(B1 + -+ By).

The main result of this section is Theorem 6.10 where we set the holonomy group of
OT manifolds of type (s,1). Since these metrics are not Vaisman, one cannot expect a
reduction of the holonomy group as stated in Corollary 3.8. In fact, in Theorem 6.10 we
obtain the whole group U(s + 1) as holonomy group. In order to get this result, several
computations are needed. We start determining the curvature endomorphisms R°. Using
the well-known Koszul formula for the computation of the Levi-Civita connection VY, we
obtain that V9, expressed in terms of the basis of g, is given by the following:

o V%ZA] = 07 vz,j L] V%ZCk = O, k= 1,2

¢ vf]‘\iBj - _%Bi + %(1 + 0ij) JA d V%kAi = %Ck, k=12
° Vilol = TiCQ ® V%sz = 0, k= 1,2

* Vi =Gy o V4,CL=—A k=12

Applying (6), we arrive at the following result:

Proposition 6.1. The Bismut connection of an OT manifold of type (s,1), expressed in
terms of the basis {A;, B;, C1,Co} of the corresponding Lie algebra g, is given by

3Note that for s = 1 we obtain a Lie bracket isomorphic to the one in Example 4.12.
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o VO A;=0Vi,j o Vi, Ai=35Ck k=12
[} Vf’%(]l = 7’1'02 [ ] Vbchl = —%A
[ ] VbBZA] = (1 +6l])(_BJ + JA) [ V%QOl = %JA

L4 Vszcl = —%Cg

The missing values can be deduced from V%JY = J(VY).

Using the previous proposition we obtain the following expressions for the curvature R.
The proof consists of long but standard computations.

Proposition 6.2. The curvature R® of the Bismut connection on an OT manifold of type
(s,1) is given by:

[ Rb(Aiij) =0 ° Rb(Az,CQ>Cl _ 1JA

o (A, 5;) =0 (i # j) o BB, C1)A; = *Sﬁif‘s” Cy

o R(Ai Bi)A; = (1+0)(B; = JA) o R'(B;,C1)Cy = —1j4
b Rb(Aia Bl)Cl = %Cg , i(s;_%&”

e R*(B;, B))Ay, = L+ Jk)AS+§1+5m) o Rb(BZ,Cg)Aj = Ty C, 1

o R'(B;, B;)Cy =0 * BB, )0 = g = 34
o RY(A;, Cy)A; = §Cy (Vi ji k) o RYCy,Cy)A = —1JA

o B4 C1)Cy = —34 o R'(Cy, Cy)Ch = 2(311)02

The missing values are either 0 or can be deduced from the ones in this list using that
Rb('a )J = JRb('a )

Remark 6.3. It follows from Proposition 6.2 that the curvature operators R’(A;, C;) and
RY(A;, Cy) are independent of i. We will denote simply

RZCI = Rb(Ai> Cl)a RZC’Q = Rb(Ai> 02)7

for any i. Moreover, for s = 2, these operators verify a linear relation with other curvature
operators, since

1 1
Riycr = 5_9 ZRb(Bz', Cy), Rlyco = Lo ZRb(Bi, ).

We may now compute the holonomy algebra f)o[b(M ) of the Bismut connection associated
to the LCK structure on an OT manifold M = I'\G of type (s, 1). Recall that hol’(M) is
the smallest subalgebra of u(g) = u(s + 1) containing the curvature operators R’(X,Y),
X,Y € g, and being closed under commutators with V4, X € g, due to Theorem 2.2.

For low dimensions, it is straightforward to verify that hol’(M) = u(g), that is, there
is no reduction of the Bismut holonomy group. Indeed, computing all the corresponding
curvature operators and the commutators between any two of them we obtain:

Lemma 6.4. For s =1 and s = 2, the holonomy algebra [jo[b(M) of the Bismut connection
on an OT manifold M of type (s,1) coincides with u(g).
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Note that the computations for the case s = 1 were carried out in Example 4.12.

Therefore, we assume from now on that s > 3. Our strategy for computing the holonomy
consist on finding two sets of linearly independent homomorphisms belonging to bo[b(M )
(see Lemma 6.5 and Lemma 6.8) with a suitable number of elements.

Lemma 6.5. The elements of the subset
U = {R"(Bi, C1), R*(Bi, Ca) hi<ics U {R"(Bi, Bj) h<i<jss
of bol’(M) are linearly independent.

Proof. Consider a linear combination of elements of U

T := Z :L’inb(Bi, Bj) + Z Cin(Bz’; C) + Z din(Bi7 (),

1<i<j<s =1 i=1

and assume T = 0.
For any k£ = 1,...,s, we look for the coefficient of Cy in T(A;) = 0 and we obtain,
according to Proposition 6.2,

(s=3)d+ (s — 1) di =0.
itk
This implies

(17) =2y, + (s = 1)) d; =0,

and summing this equality over all k =1,..., s, we get
—2de+5(s— 1)de =0,
k k

which is equivalent to

(s+1)(s—2)) dp=0.

Since s > 3, we deduce that ), d; = 0, which together with (17) gives dj, = 0 for all k.
Taking into account the coefficient of Cy in T'(Ay) = 0 we obtain, in a similar fashion,
that ¢, = 0 for all k.

Now, T(Ax) = 0 is equivalent to Y., .x;;R°(B;, B;)(Ax) = 0, which when expanded

1<J
gives
Zl‘z](Az — AJ> + szkAz — Z.I‘ijj = 0,
1<J i<k i>k

for all k. Note that the first sum in the equation above is independent of k, so that

Z iL'ZkAZ — Z.Tijj =V

i<k j>k
for some constant vector v € span{A4,..., A}, for any k. Fix now a pair (p,q) with
1 <p<q< s, we have then

Z TipA; — Z xpiAj = Z%qu‘ - Z LgjAj.

i<p j>p 1<q i>q



BISMUT CONNECTION ON VAISMAN MANIFOLDS 31

The coefficient of A, in the left-hand side is —x,,, whereas on the right-hand side is 0.
Therefore z,, = 0 for all 1 < p < ¢ < s, and the proof is complete. U

According to Lemma 6.5, we can forget about the operators R%, and R% ., when search-
ing for a basis of ho[b(M ). We should also analyze the commutators between any two
curvature operators. We will prove that we need not compute all these commutators, but
only the ones appearing in the next result.

For any ¢ =1,...,s, let S; denote the endomorphism of g defined as follows:

Sl(A]) = 5ij (—SBj + ZBk) 5 SZ(Cl) == _%CQ, SZJ = JSl
ki

It is easy to verify that S; is skew-symmetric, and therefore S; € u(g). Moreover, the
following result relates them with the curvature operators RY(A;, B;):

Lemma 6.6. The endomorphims {S;}1<i<s in u(g) are linearly independent and, further-
more,

SPG”{Si}lgigs = SPG”{Rb(Ai, Bi)}1§i§s-
In particular, S; € hol’(M).

Proof. The fact that {S1,...,Ss} are linearly independent is very easy to verify. As for the
second statement, it is a consequence of the following expressions:

(252- +) Sk> 7

ki

1
"(Ai, B) = —
R (4, Bi) s+1
and
Si=—sR'(A;, B;) + > R'(Ay, By).
ki

Let us consider now the endomorphisms 7;; € f)o[b(M ), © # j, defined by
T;; = [Si, R*(Bi, By)].
Direct computations prove the following:
Lemma 6.7. The operators T;;, i # j, act on g as follows:
o Ty(A) = o5 (=sBi = 5B+ Sy B,
o Ty(4)) = 25 (-25Bi 425 B,
o Ty(A) = L (—sBZ- + Bk>, forl 44,7,

o T;(C1) = 0.
The missing values can be deduced from T;;J = JT5;.

)
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Lemma 6.8. The elements of the subset

V= {Sihcics U{R(C1, Ca)} U{Tishi<icjss
of bol’(M) are linearly independent.
Proof. Let us consider a linear combination of elements of V

S = inSi + be(Ch Cy) + Z ai;Tij,

i=1 1<i<j<s

for some z;,y, a;; € R, and assume S = 0. Let us see first that y = 0.
It follows from S(C4) = 0 that

S
18 =
(18) Z-’B 8+1y

Fix now [ € {1,...,s}, and consider S(Al) =

S(Al) = SBI+ZBk (Bl+"'+Bs)
k#L +1)
+s+_1 Zi<l all(—QSBZ‘ + 2 Z Bk
(19) ki .
+51 Zal]( sB; — sBj + Z By) + o Z Clz‘j(—SBi+ZBk)
3>l k#Lj 1£i<j#l ki
= 0.
The coefficient of B; in (19) is zero and, using Lemmas 6.6 and 6.7, it is given by
2 1
(20) —SIr; — Y + Xl — i }/Z + Zl = 0,

2(s+1) s+1 s+1 s+1

:Zaila Yzzzau, Z; = Z Q5.

i<l §>l I£i< j#l
Note that X; + Y, + 2, = ZKJ a;j for all [ and, moreover,

ZXI Zaw, ZY Zam, ZZZ (s —2) Zaw.
1=1

where

i<j i<j 1<j
Summing (20) over [ = 1,...,s and using (18) we arrive at
s Y 2 S 5—2
_ _ i P =0,
s+17 7 %2+ +s+1za] +1Za’9+s+1§a7

From this we deduce

—s(2s+1)

Ty =,

2(s+1)
thus
y=0.

Fixing again [ € {1,..., s}, we compute now the coefficient of B, in (19). Using Propo-
sition 6.2, Lemmas 6.6 and 6.7 and y = 0 we obtain the system:
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S 1

2
_ _Z X, - Y, Z; =0 fi =1
S$l+8+1 ! s+1l+s+1l ) orr )
(21) + 2 X; + L Y, + ! Z; =Y, f <1
T —a — =Y, or r ,
! ) s 1 ! S+1z s 1 1

2 1 1
—ay +——X Y, Z =Y., f > [.
T (11+8+1 l+8+1l+s—|—1 1 orr

Summing all the equations in the system (21) we obtain

2s 1 S
-1 —X; =Y X; — Y, 7, = Y,,
o : le$~|—1 : s+1l+s—|—1 ! ;

and, since Zr# Y,=> Y. -Y = ZKJ. a;; — Y, we deduce

s—1 1 S
22 = X, — Y, 7 — i
(22) z 51 l S+1l+8—|—1 ! ;jay

Summing (22) over [ = 1,...,s, and recalling (18) with y = 0, we get

> -1 1
Ozzl:xlzz(2+1X’_s+1yl+sj1zl_z%) =2 ay

=1 i<j i<j

Thus,
(23) Z a;; =0,
1<J
which is equivalent to
X+ +2,=0,
for all . Now, replacing Z; = —X; — Y] in (22) and using (23) we arrive at

1
24 =— X Y.
(24) 2 s 1 ! !
Now, if we replace this value of x; in the first equation of the system (21), we arrive at
(25) X+ (s—=1)Y, =0,

foralll=1,...,s.

Claim: X; =Y, =27, =0foralll =1,...,s. Observe that it suffices to prove that
X, =Y =0.

The proof of the claim follows by induction on [. We begin with the case [ = 1. It is
clear that X; = 0, and it follows from (25) for [ = 1 that ¥; = 0. The case [ = 1 is proved.

Next, fix 1 < [ < s and assume that X, = Y, = Z, = 0 for all »r < [. With this
hypothesis, the equations corresponding to r < [ in the system (21) can be written as

1
a4 —— X, = 0.
T At N

Substituting the value of z; from (24), we obtain that

YE = —Qy.
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Summing over r < [, we obtain
(l-1)Y,=-X,,
which together with (25) gives
X =Y=0, for [ <s—1.

For [ = s we simply need to point out that Y, = 0, due to the very definition of Y. It
follows from (25) that X; = 0 and hence the claim is proved.

We notice next that the claim just proved and (24) imply that z; = 0 for all [. Now it is
clear from the system (21) that a;; = 0 for all ¢ < j. O

Lemma 6.9. The subset U UV of hol’(M) is linearly independent.

Proof. Analyzing the action on g of each of the operators in U U V), it is easy to verify
that the linear independence of U UV is equivalent to the linear independence of & and V
separately. Thus this result follows from Lemmas 6.5 and 6.8. O

With these lemmas we are able to finally prove the main result of this section.

Theorem 6.10. The holonomy group of the Bismut connection V° on an OT manifold M
of type (s,1) (hence of dimension 2s+2) is Hol®(M) = U(s+1), for any s € N. Therefore,
there is no reduction of the Bismut holonomy.

Proof. If s = 1,2, then hol’(M) = u(s + 1), according to Lemma 6.4.

For s > 3, the cardinal of the subset U is 2s + (;) = 324533’ whereas the cardinal of V is

s+1+(5) = 32+Ts+2 Therefore, the cardinal of the subset of hol’(M) given in Lemma 6.9
is

s2+3s  sP+s+2 )
5 T 5 = (s+1)7,
so that dim hol’(M) > (s +1)2. On the other hand, we know that hol’(M) is a subalgebra
of u(g) = u(s + 1), so that dim hol’(M) < (s 4 1)2. Therefore we arrive at

hol’(M) = u(g) = u(s +1).
Since U(s + 1) is connected, this implies that Hol’(M) = U(s + 1), for all s > 1. O

7. GAUDUCHON CONNECTIONS AND THE VAISMAN CONDITION

In the last section of the article we study the relation between the Gauduchon connections
on an LCK manifold and the Vaisman condition. In fact, we prove that if the Lee form of
a compact LCK manifold is non-zero and parallel with respect to a Gauduchon connection
Vi, then the LCK manifold is Vaisman and, moreover, t = —1. In other words, the Lee
form can only be parallel with respect to the Bismut connection and in this case it is also
parallel with respect to the Levi-Civita connection (recall Theorem 3.7).
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Theorem 7.1. Let (M, J, g) be a connected compact LCK manifold with corresponding Lee
form 0 and let {V'}icr be the family of associated Gauduchon connections (1). If V!0 = 0
for some t € R then either:

(a) 0 =0, i.e., (M, J,g) is Kdhler (and therefore V' = N9 for all t), or

(b) (M, J,g) is Vaisman and t = —1 (therefore V=1 =V’ is the Bismut connection,).
Proof. As usual, let us denote by A the vector field on M which is g-dual to . Then it
follows from (1) that, for any X,Y € X(M),

(Vx0)(Y) = g(VxAY)
t—1 t+1
=g(V%LAY) — wa(JX, JA,JY) — wa(JX, AY).

From (3) we obtain that dw(JX,JA, JY) = ¢(X,A,Y), where ¢ is the torsion 3-form of
the corresponding Bismut connection. Taking now into account Corollary 3.3 we arrive at
dw(JX,JA,JY) =0 for any X,Y. As a consequence the expression for (V460)(Y") becomes

t+1

t+1
Therefore, if V0 = 0 for some t € R then
(26) VI A= % (JAPX — 6(X)A + 6(JX)JA)

for any vector field X on M. Note that the (1, 1)-tensor VYA is symmetric (in accordance
with 6 being closed) and, moreover, it commutes with the complex structure J. Hence, it
follows from [30, Lemma 3] that A is holomorphic, i.e., L4J = 0.

Next, we observe that, since V' is a metric connection and 6 is Vi-parallel, |A]| is a
constant function. That is, |A| = ¢ for some ¢ € R, ¢ > 0. If ¢ = 0 then § = 0 and therefore
(M, J, g) is Kéhler.

Assume now ¢ > 0. We have proved that A is holomorphic with constant length. Accord-
ing to [30, Theorem 1(i)], we have that the compact LCK manifold (M, J, g) is actually Vais-
man, that is, VYA = 0. Choosing 0 # v € T,M for some p € M with 6,(v) = 0,(J,v) =0,
it follows from (26) that

t+1
0= VIA—
VI 1

Thus ¢t = —1, and the proof is complete. 0
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Example 7.2. There exist compact LCK manifolds which admit a Hermitian connection
with respect to which the Lee form is parallel, but the Hermitian structure is not Vaisman.
Indeed, consider a solvmanifold M = I'\G from Example 4.12 equipped with the LCK
structure exhibited there. We can define a Hermitian connection V on G in terms of the
basis {e,...,e4} of left invariant vector fields simply by setting

Ve ez =e4, Veeq4=—e3, veiej =0,

for all other possible choices of (7, 7). The Lee form on G is parallel with respect to V and
the same happens on M with the induced connection.
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We can generalize Theorem 7.1 to a larger class of metric connections. Indeed, in [32]
a 2-parameter family {V=* | (g,p) € R?} of metric connections was introduced on any
Hermitian manifold. Inspired by formula (1), these connections are defined by

Note that the Gauduchon connections V! correspond to V& with e +p = % and t = 1—4e.
In particular, V* = V/29: moreover, V¢ = V0.

It is clear that all these connections are metric, i.e., Vg = 0, since the expression
edw(JX,JY,JZ)+ pdw(JX,Y,Z) is skew-symmetric in Y, Z. However, it is not true that
they are all compatible with J: it was proved in [32] that

1
VP = =2 (5 +p— 5) I

therefore, if (M, J, g) is not Kéhler, then V** is a Hermitian connection if and only if
eEt+p= %, i.e., it is a Gauduchon connection.

With the exact same proof of Theorem 7.1 we can show the following result.

Theorem 7.3. Let (M, J, g) be a connected compact LCK manifold with corresponding Lee
form 6 and consider the metric connections VP on M defined as in (27). If V=0 =0 for
some (g, p) € R? then either:

(a) 0 =0, i.e., (M,J, g) is Kihler (and therefore V= = N9 for all (¢,p)), or
(b) (M, J, g) is Vaisman and p = 0.

We point out that on a Vaisman manifold (M, J, g) with Lee form 6 the line {V* | ¢ € R}
of metric connections goes through V¢ (for ¢ = 0) and V° (for ¢ = 1/2) and, moreover, 6
is parallel with respect to each one of them.

Corollary 7.4. On a Vaisman manifold (M, J,g) with Lee form 0 there exist infinite metric
connections which respect to which 0 is parallel.
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