ON THE HOLONOMY OF CONNECTIONS WITH
SKEW-SYMMETRIC TORSION

ILKA AGRICOLA AND THOMAS FRIEDRICH

ABSTRACT. We investigate the holonomy group of a linear metric connection with
skew-symmetric torsion. In case of the euclidian space and a constant torsion form
this group is always semisimple. It does not preserve any non-degenerated 2-form or
any spinor. Suitable integral formulas allow us to prove similar properties in case of a
compact Riemannian manifold equipped with a metric connection of skew-symmetric
torsion. On the Aloff-Wallach space N(1,1) we construct families of connections ad-
mitting parallel spinors. Furthermore, we investigate the geometry of these connections
as well as the geometry of the underlying Riemannian metric. Finally, we prove that
any 7-dimensional 3-Sasakian manifold admits P?-parameter families of linear metric
connections and spinorial connections defined by 4-forms with parallel spinors.
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1. Introduction

This paper treats the geometry of metric invariant connections with skew-symmetric
torsion, as they became recently of interest in string theory and special geometries.
The notion of torsion of a connection was invented by Elie Cartan, and appeared for
the first time in a short note at the Académie des Sciences de Paris in 1922 (see [6])'.
Although it contains no formulas, Cartan observes that such a connection may or may
not preserve geodesics, and turns his attention first to those who actually do so. In this
sense, E. Cartan was the first to investigate this class of connections. At that time,
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it was not yet customary — as it became later in the second half of the 20th century
— to assign to a Riemannian manifold only its Levi-Civita connection. Rather, Cartan
demands (see [9]):

Etant donné une variété plongée dans ’espace affine (ou projectif, ou
conforme etc.), attribuer a cette variété la connexion affine (ou projective,
ou conforme etc.) qui rende le plus simplement compte des relations de
cette variété avec l’espace ambiant.

He then goes on to explain in very general terms how the connection should be adapted
to the geometry under consideration. This point of view should be taken into account in
Riemannian geometry, too. The canonical connection of a naturally reductive Riemann-
ian space is a first example (see [1]). Moreover, we know many non integrable geometric
structures on Riemannian manifolds admitting a unique metric connection preserving
the structure and with non vanishing skew-symmetric torsion (see [15], [14]). Following
Cartan as well as the idea that torsion forms are candidates for the so called B-field in
string theory, the geometry of these connections deserves systematic investigation. Ba-
sically, there are no general results concerning the holonomy group of connections with
torsion. The question whether or not a connection of that type admits parallel tensor
fields differs radically from the corresponding problem for the Levi-Civita connection.
In particular, one is interested in the existence of parallel spinor fields, since they are
interpreted in string theory as supersymmetries of the model.

The paper is organized as follows. In Section 2, we discuss once again some basic results
motivating the role of metric connections with skew-symmetric torsion. In Sections 3 and
4, we study the linear case, i.e., euclidian space equipped with a constant torsion form T.
The holonomy algebra g} of the corresponding linear connection has some remarkable
properties. For any 3-form, g% is a semisimple Lie algebra. Moreover, it cannot preserve a
non degenerate 2-form or a spinor. On the other side, many representations of a compact,
semisimple Lie algebra occur as the holonomy algebra of some 3-form, for example the
adjoint representation can be realized in this way. We introduce an obstruction for
a Lie algebra representation to be the holonomy algebra of some 3-form and show on
an example how it may be used to rule out some representations. In particular, the
unique, irreducible 16-dimensional representation of the algebra spin(9) cannot be the
holonomy algebra of some 3-form. Forms of higher degree than three do not occur
for linear connections, but they define spinorial connections. In the euclidian case we
introduce their spinorial holonomy algebra as a Lie subalgebra of the Clifford algebra.
In all examples discussed, this algebra turns out to be perfect.

In Section 5 and 6, we generalize the algebraic results to the case of a Riemannian
manifold (M™, g, T) with a metric connection V. In particular, we are interested in the
question whether or not the V-holonomy group preserves a spinor field. In the compact
case, we prove that if the scalar curvature Scal? < 0 is non positive and if the torsion
form is closed, dT = 0, any V-parallel spinor is Riemannian parallel and T = 0 vanishes.
Here we use an integral formula for the square of the Dirac operator depending on the
connection. The main point is that the formula becomes simple if one compares the Dirac
operator corresponding the connection with torsion form T with the spinorial Laplace
operator corresponding to the connection with torsion form 3 - T. This effect has been
observed in the literature at several places, in particular by Bismut (see [3]) and, in the
homogeneous case, by Agricola (see [1]). We explore the corresponding integral formula
and study the space of parallel spinors.
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In Section 7 we discuss, for a given triple (M", g, T), the whole family V* of metric
connections with torsion form s - T. In the generic case, the existence of a V*-parallel
spinor restricts the possible parameter s via a polynomial equation. Consequently, in
the generic case, at most a finite number of connections in the family admits parallel
spinors. Some simple examples show that sometimes two connections really admit paral-
lel spinors. Moreover, our integral formulas prove that, on a compact manifold, basically
only three parameters are possible. In case that the torsion form is associated with a
special non integrable geometry, the connection V* with a parallel spinor is sometimes
unique. A result of that type requires additional informations concerning the under-
lying geometry. We prove it for 5-dimensional Sasakian manifolds equipped with their
canonical connection.

In Section 8 we construct, on the Aloff-Wallach manifold N(1,1) = SU(3)/S*, a two-
parameter family of metrics that admits two inequivalent cocalibrated Ga-structures.
Moreover, we investigate the torsion forms of their unique connections as well as other
geometric data of these connections. Our approach is different from the usual one (see
[5]). First we construct 3-forms with parallel spinors on N(1,1). The underlying G-
structure is cocalibrated and many of the geometric data are encoded into the torsion
3-form we started with. Moreover, we are interested not only in the type of the Go-
structure, but mainly in the geometry of the unique connection preserving this structure.
The same method is then applied in order to construct spinorial connections defined by 4-
form and admitting parallel spinor fields. Some of these connections are closely related to
the 3-Sasakian structure of N(1,1). In section 9 we generalize these examples. Indeed,
we are able to construct, for any 7-dimensional 3-Sasakian manifold, a canonical P?-
parameter family of 3- and 4-forms such that the underlying linear or spinorial connection
admits parallel spinors.

2. The eight classes of linear connections with torsion

We begin by an elementary, yet enlightening investigation of geometric torsion tensors.
Consider a Riemannian manifold (M™,g). In a point, the difference between its Levi-
Civita connection V9 and any linear connection V is a (2, 1)-tensor A,

VxY = VLY +AX)Y), X, Y €TM.

The vanishing of the symmetric or the antisymmetric part of A has an immediate geo-
metric interpretation:

Lemma 2.1. The connection V s torsion-free if and only if A is symmetric. The
connection V has the same geodesics as the Levi-Civita connection VI if and only if A
18 antisymmetric.

Proof. The torsion T of V is
T(X,Y) := VxY - VyX - [X|Y] = AX,Y) - A(Y, X),

since VY is torsion-free. Hence the first claim follows. For the second, consider a curve
v through a point p, and set X := 4(p). Then

VxX = VX +A(X,X),

and hence VyX coincides with V% X if and only if A is skew-symmetric. O
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Following Cartan (see [8, p.51]), we study the algebraic types of the torsion tensor for a
metric connection. Denote by the same symbol the (3,0)-tensors derived from A, T by
contraction with the metric,

AX,Y, Z) = g(AX,Y),Z), T(X,Y,Z) = g(T(X,Y),Z).

We identify TM with TM* via the metric from now on. Let 7 be the n?(n — 1)/2-
dimensional space of all possible torsion tensors,

T = {Te®TM | T(X,Y,Z) = -T(V,X,Z2)} = N’TMQTM.
On the other side, a connection V is metric if and only if and only if A belongs to the
space
A9 = TM@QN’TM = {Ae@TM | AX,V,W)+ AX,W,V) = 0}.
The real orthogonal group O(n,R) acts on both tensor representations 7 and AY in a
natural way by g- T(X,Y, Z) := T(¢7' X,¢97 'Y, g7 Z) for g € O(n, R).
Proposition 2.1. Forn > 3, the space T of possible torsion tensors splits under O(n,R)

into the sum of three irreducible representations, T = TM ® N*TM & T', as does A9.
Furthermore, an equivariant bijection ® : A9 — T is given by (A€ A9, T € T)

(I)(A)(X,Y,Z) = A(X,Y,Z)—A(Y,X,Z),
20 1(T)(X,Y,Z2) = T(X,Y,Z2)-T(,Z,X)+T(ZX,Y) .
The map ® is a multiple of the identity precisely on A>T M.

Proof. Tt is clear that 7 and A9 split into the same irreducible summands under O(n, R).
Hence, we concentrate on 7. There exist two O(n, R)-equivariant contractions from 7T
into irreducible O(n, R)-representations,

O : T — N*TM, &y: T — TM,

given by
1 n
Oi(T) = S6T(X,Y,Z), Bs(T) = > T(eir e eir)e
i=1
Here, © denotes antisymmetrisation with respect to all arguments and ey, ..., e, is any

orthonormal basis of TM. Vice versa, T'M can be realized as an irreducible subspace of
T via ®y' : TM — T,

V= Ty, Tv(X,Y,2) :=g(X, Z)g(V.Y) — g(Y, Z)g(V, X).

All in all, we identified two irreducible summands of 7, A>TM C ker ®3 and TM C
ker ®;. A dimensional argument shows that 7' := ker ®; N ker @5 is not empty. In
fact, one easily checks that it is irreducible under the action of O(n,R), and a routine
calculation proves all claims about the isomorphism ®. O

The eight classes of linear connections are now defined by the possible parts of their
torsions T in these components. If one looks at the class of linear metric connections,
then these are also uniquely determined by their torsion, since ® ! reconstructs A from
T. For general connections, T determines A only up to a contribution from the comple-
ment of A9 inside ®3T' M, that is, from TM @ S>T'M. Since this space splits itself into
two irreducible subspaces, one might as well speak of a total of 16 classes in the general
situation. The nice lecture notes by Tricerri and Vanhecke [24] use a similar approach
in order to classify homogeneous spaces by the algebraic properties of the torsion of the
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canonical connection. They construct homogeneous examples of all classes, and study
their “richness”.

The described decompositions shows that a natural class of non-torsion free metric con-
nections are those with skew-symmetric torsion form. We obtain a geometric character-
ization of these connections.

Corollary 2.1. A connection V on M is metric and geodesics preserving precisely if its
torsion T lies in A>T M. In this case, 2- A =T holds,

1
VxY = V4Y + §-T(X,Y,—),
and the V-Killing vector fields coincide with the Riemannian Killing vector fields.

Proof. 1f V preserves geodesics, 2- A = T by Lemma 2.1. If V is also metric, A needs in
addition to lie in the component of A9 that yields a torsion proportional to A, which is
A3TM by Proposition 2.1. [l

3. The holonomy of spinor connections with constant torsion in R"

We consider the euclidian vector space R" equipped with its standard inner product.
The exterior algebra A*(R") and the Clifford algebra CI(R™) are — treated as vector
spaces only — equivalent SO(n)-representations. Denote by A,, the complex vector space
of all n-dimensional spinors. The Clifford algebra - and henceforth the exterior algebra,
too - acts on A,. We denote by T - the corresponding action of a k-form T on a spinor
P € A,. Tt is SO(n)-equivariant and called the Clifford multiplication of a spinor by
a k-form. The Clifford algebra is an associative algebra and there is an underlying Lie
algebra structure,

[O[HB] = Ol',B—,B'O[, O[,,BECI(R”)
We denote the corresponding Lie algebra by c[(R"). The Lie algebra so(n) of the special
orthogonal group is a subalgebra of c[(R"),

so(n) = Lin{X Y :X,Y € R” and (X, Y) = 0} C cl(R").

Consider an algebraic k-form T € A¥(R") and denote by Gt the group of all orthogonal
transformation of R preserving the form T. Let gt be its Lie algebra. We associate
with any exterior form its covariant derivative VT acting on spinor fields ¢ : R* — A,
by the formula

Vi = V5% + (X JIT) 4.
Here, V9 denotes the Levi-Civita connection. For a 3-form T € A?(R™), the spinorial
covariant derivative VT is induced by a linear metric connection with torsion tensor 2T,

VY = V4Y +2-T(X,Y,-).
For a general exterior form T, we introduce a new Lie algebra g% that is a subalgebra
of c[(R™).
Definition 3.1. Let T be an exterior form on R". The Lie algebra g7 is the subalgebra
of ¢c[(R™) generated by all elements X _| T, where X € R" is a vector.
The Lie algebra g7 is invariant under the action of the isotropy group Gr. The derived
algebra [gi}, gZ‘F] is the Lie algebra generated by all curvature transformations of the

spinorial connection V. Tt is the Lie algebra of the infinitesimal holonomy group of the
spinorial covariant derivative VT (see [20], Chapter 1, Section 10):
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Definition 3.2. Let T be an exterior form on R". The Lie algebra
bt = [oT, oT] C cl(R")

is called the infinitesimal holonomy algebra of the exterior form T.

The Lie algebra b% is invariant under the action of the isotropy group G, too. For
a 3-form T, the Lie algebras gt., b1 C so(n) are subalgebras of the Lie algebra of the
orthogonal group. This inclusion reflects again the fact that the corresponding spinor
derivative VT is induced by a linear metric connection. The following proposition gen-
eralizes this observation.

Proposition 3.1. If T is a k-form with k + (kgl) = 0 mod 2, then g} is a compact Lie
algebra.

Proof. We consider the complex spin representation of the Clifford algebra. There exists
a hermitian product on A,, such that

(X¢7¢1) + (¢7X¢1) =0

for all vectors X € R™ and all spinors 9,47 € A,. Then, under the condition for the
degree of the form T, all endomorphisms X I T acting on A,, are skew-symmetric. [J

The following proposition is a special case of the general holonomy theory. For com-
pleteness, let us sketch its proof.

Proposition 3.2. There ezists a non-trivial VT -parallel spinor field ¢ : R* — A,
Viy = X(@) + (XIT)-¢ = 0,
if and only if there exists a constant spinor g € Ay, such that b - 1o = 0.

Proof. If ¢ : R* — A,, is V'-parallel, we differentiate it twice with respect to arbitrary
vectors X,Y € R”. Then we obtain the condition

[XJT,YJT| -4 = 0,

ie., bt -9 = 0. Conversely, if 99 € Ay is a spinor such that b7} - 19 = 0, we define the
spinor field ¥ : R* — A, by the formula

P(m) = Exp(-mJT) -1y, meR".
An easy computation yields that X (4)(m) + (X JT) - ¢(m) is given by the formula

4T, X1T 4T 4T, X1T
Ad(Exp(mJT))([m . J [ ’[mG X JT]] o)
The commutators [m 1T, X 1T] etc. are in h} and the adjoint action Ad(Exp(m 1 T))
preserves the holonomy algebra b since m 1T € g7. O

Corollary 3.1. Let T be an exterior form such that the Lie algebra gt is perfect, bt =
g7 Then any VT parallel spinor field ¢ : R* — A, ,

Viy = X(¢) + (X1T) -y = 0,
is constant and g1 - = 0.

Proof. Any parallel spinor field satisfies the condition b - ¢ = 0. By assumption, we
obtain g} - ¢ = 0 and the differential equation yields X (¢) =0, i.e., 1) is constant. [
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Example 3.1. If T € A!(R") is a 1-form, the Lie algebra g7 is generated by one element
1 € c[(R") and g% = R, h% = 0. The general solution of the equation VT4 = 0 is

p(m) = e ™D yy, meR",
where 1) is constant.
We denote by e1,. .., e, an orthonormal frame on R, and abbreviate as e;;i... the exterior
product e; Aej Aep A ... of 1-forms.
Example 3.2. Any 2-form T € A%(R") of rank 2k is equivalent to Ay - ejg + -+ + Ay, -
eok—1,2k- The Lie algebra g7 is generated by the elements eq,es,--- ,eop_1,e;. It is
isomorphic to the Lie algebra spin(2k + 1). In particular, if n = 8 then Ag = R!6 is
a real, 16-dimensional and the spinorial holonomy algebra of a generic 2-form in eight
variables is the unique 16-dimensional irreducible representation of spin(9).

Example 3.3. Consider the 4-form T = ej934 + e3156 € A*(RS). The Clifford algebra
CI(R%) = End(R®) is isomorphic to the algebra of all endomorphisms of an 8-dimensional
real vector space and g7 is the Lie algebra generated by the elements

€234, €134, €124 T €456, €123 T €356, €346, €345
A computation of the whole Lie algebra yields the result that g7} is isomorphic to the
Lie algebra ¢(6) of the euclidian group.
Example 3.4. Consider the volume form T = eja3456 in RS. The subalgebra gk of
CI(R%) = End(R®) is isomorphic to the compact Lie algebra spin(7). Indeed, it is
generated by the Lie algebra spin(6) and all elements of degree five.

Example 3.5. Let us discuss the holonomy algebra of a more complicated 4-form in
seven variables,

T = en- (634 - 656) - eir- (645 - 636) - €7 (635 + 646) — €3456 -

The 7-dimensional spin representation is real and we describe the holonomy algebra g1
using the spin representation c¢[(R”) — gl(A7) = gl(R®) of the Clifford algebra. For this
purpose, we introduce the matrices

0000 00 00 00 0 0 00 00
0000 00 00 00 0 0 0000
Al'_1000"42'_0100’A3'_0010’A4'_0001
0000 00 00 00 0 0 0000

8

The holonomy algebra, treated as a subalgebra of gl(R
by the following seven matrices:

0 Al] [ 0 AQ] [ 0 Ag] [ 0 A4]
B, = , By := , By := , By = ,
! [Atl 0 2740 ST 4L 0 AL 0

), is the Lie algebra generated

. A1+A§ 0 . A2+A§ 0 . A4+AZ 0
B5.—|: 0 O,Bﬁ.— 0 0,B7.— 0 ol
An investigation of the commutators of these matrices yields the result that gt is a
46-dimensional subalgebra of gl(R®),
gt = { [il‘; é] . X,Y € sl(RY) andAeg[(R4)} :

No spinor is fixed by the holonomy group of the connection V7, i.e., in the flat space
VT-parallel spinors do not exist. Later we will see that this torsion form occurs in certain
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compact Riemannian manifolds in a natural way. On these non flat spaces there exist
VT-parallel spinors, see Theorem 9.2.

4. Constant 3-forms in R"” and their holonomy algebra

We will study 3-forms T € A3(R") and their Lie algebras g%. To begin with, let us
consider some examples.

Example 4.1. This is the place to discuss Cartan’s first example of a space with torsion
(see [6, p. 595]). Consider R® with its usual euclidian metric, and the connection

VxV = V%Y - X x Y,

corresponding, of course, to the choice T = —2-e; AeaAez. Cartan observed correctly that
this connection has same geodesics than V9, but induces a different parallel transport?.
Indeed, consider the z-axis y(t) = (0,0,%), a geodesic, and the vector field V' which, in
every point 7y(t), consists of the vector (cost,sint,0). Then one checks immediately that
V;‘;V = 4 x V, that is, the vector V is parallel transported according to a helicoidal
movement. If we now transport the vector along the edges of a closed triangle, it will
be rotated around three linearly independent axes, hence the holonomy algebra is g7 =
b = s0(3).

Example 4.2. Any 3-form in R? is equivalent to one of the forms T = a - e123, hence
the same argument as in the previous example yields that g = 0 or so(3).

Example 4.3. Any 3-form in R® is equivalent to one of the forms T = a-ej23 + b- e345.
The corresponding algebras are g = s0(5), s0(3) @ s0(2), 0 and gt =0, s0(3), s0(5).
Example 4.4. In R7, we consider the 3-form T = ejo7+e135— €146 — €236 —€245+€347+€567.
Its isotropy algebra gr is isomorphic to the exceptional Lie algebra go. Moreover, s0(7)
splits into two Go-irreducible components, s0(7) = gt @ m. The orthogonal complement
m of g coincides with the space of all inner products X _IT. The Lie algebra generated by
these elements is isomorphic to s0(7). To summarize, we obtain gt = go and g} = so(7).

The first Proposition estimates the dimension of the Lie algebra g1 from below.
Proposition 4.1. Let T € A3(R") be a 3-form and ®1 : R® — g% be the map defined
by the formula ®1(X) := X 1 T. Then T depends only on the orthogonal complement
Ker(®1)"t,

T € A3(Ker(®p)h) .
In particular, if T is a 3-form which can not be reduced to a lower dimensional subspace,
then

n < dim(gT).

Next, we investigate the representation of the Lie algebra g7 in R".

Proposition 4.2. The representation (g%, R") is reducible if and only if there exist
a proper subspace V.C R™ and two 3-forms Ty € A3(V) and Ty € A*(V'Y) such that
T =Ty + Tq. In this case, the Lie algebra g7 decomposes into

gt = 9or, © 9T,

2«Deux triedres [...] de & seront paralléles lorsque les triedres correspondants de E ['espace euclidien
classique] pourront se déduire 'un de l'autre par un déplacement hélicoidal de pas donné, de sens
donné]...]. L’espace £ ainsi défini admet un groupe de transformations & 6 parameétres : ce serait notre
espace ordinaire vu par des observateurs dont toutes les perceptions seraient tordues.” loc.cit.
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Proof. Consider a gp-invariant subspace V.C R" and fix a basis e1,--- ,e; in V as well
as a basis e41,--- , ey in its orthogonal complement V+. Then, for any vector X € R",
and any pair of indices 1 <4 <k, k+ 1 < a < n, we obtain
T(X, €, ea) = 0.

Since T is skew-symmetric, we conclude

T(e;, €5, €q) = 0, and T(e;, eq, eg) = 0. O
The following Proposition restricts the type of the Lie algebra g%. In particular, it
cannot be contained in the Lie algebra u(k) C so(2k) of the unitary group.

Proposition 4.3. Let T be a 3-form in R?* and suppose that there exists a 2-form
such that

QF £ 0 and [gh Q] = 0.
Then T is zero, T = 0.

Proof. We fix an orthonormal basis in R?* such that the 2-form € is given by
Q= Ay-ep +--- + Ap-eap1ok, Ar-...-Ap # 0.

The condition [g7, 2] = 0 is equivalent to the equations
2k 2%
> Q- Taiy = Y Tpaj- Uy

for any triple 1 < a, 8,7 < 2k. Using the special form of 2 we obtain the equations
(1<a,y<k):

Ao Tgoa2y-1 = —Ay-Tpoa 124
and

Aa . Tﬁ,Qa—l,Q'y—l = A'y ' Tﬁ,Qa,Q'y .
The latter system of algebraic equations implies that T = 0 vanishes. Indeed, let us
compute — for example — Tg 24 2,—1. In case 3 is odd, we have

Ao Tpoa2y-1 = —Ay-Tpoa12y = Ay-Taa—1829y = — A2 Toy-120-1,8+1
= Aa 'T27—1,2a,,8 = _Aa 'T,B,Qa,Q'y—l .

In case f is even, a similar computations yields the formula
2 2
[Aa]” - Tp2a2y-1 = =[] Tp2a27-1 - 0

Theorem 4.1. For any 3-form T € A3(R"), the Lie algebra g% is semisimple and
coincides with the holonomy algebra b

Proof. According to Proposition 4.2 we assume that the representation (g7, R") is irre-
ducible. The Lie algebra gi splits into the holonomy algebra b and the center 3(g7).
Suppose that the center 3 is non trivial, i.e., that there exist a 2-form € such that

o7, Q] = 0.
We split the euclidian space into
R* = Ker(Q) ® Ker(Q)*
and observe that both subspaces are gi-invariant. Since Ker(€2) # 0 and the representa-

tion (g%, R™) is irreducible, we conclude that Ker(£2) = 0. In particular, the dimension
n = 2k is even and QF # 0. Finally, we obtain T = 0 by Proposition 4.3. O
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A second restriction for the algebra gf} results from the observation that it is not con-
tained in the isotropy Lie algebra of a spinor. This fact implies that there are no
VT-parallel spinors in R” for T # 0. Furthermore, certain semisimple Lie groups can-
not occur as holonomy groups of 3-form in R”. In dimensions n < 9, where the group
Spin(n) acts transitively on the set of spinors of length one, the proof is a consequence
of a direct algebraic computation. For example, in dimension n = 8, a general 3-form
depends on 56 parameters and g7 -4 = 0 is a system consisting again of at least 56
linear equations. In higher dimensions, we have to avoid the problem of the unknown
orbit structure of the spin representation. We use a global argument here, but it would
be interesting to find a purely algebraic proof.

Theorem 4.2. Let T € A3(R") be a 3-form. If there exists a non trivial spinor 1 € A,
such that g% -9 = 0, then T = 0.

Proof. Consider the compact, flat torus R”/Z". Since T and ¢ € A, are constant,
both are geometric objects on the torus. In particular, with respect to the trivial spin
structure of the torus, 1 is a V'-parallel spinor field on R" /Z™. The integral formula of
Theorem 6.3 yields that T = 0. O

Corollary 4.1. Let T € A*(R) a 3-form. If there exists a non trivial solution 1 :
R™ — A, of the equation

Vit = X(¢¥) + (X1T)-¢ =0,
then T =0 and 1 is constant.

Proof. Suppose that a non trivial parallel spinor exists. By Corollary 3.1 and Theorem
4.1, we conclude that v is constant and g7 -1 = 0. Theorem 4.2 yields now that the
3-form T = 0 vanishes. O

In low dimensions, we obtain a complete list of all possible holonomy algebras b7:

en =5: bt 0, s0(3), so(5).

en = 6: bL = 0, s50(3), s0(5), s0(3) ® s0(3), s0(6).

en =T7: bh = 0, s0(3), s0(5), s0(3) ® s0(3), s0(6), s0(7).
Starting from dimension eight, there occur representations of all semisimple Lie algebras
as the holonomy algebra of certain 3-form in euclidian space. Indeed, suppose that the
euclidian space R" = g is a compact Lie algebra, and the inner product and the Lie
bracket are related by the condition

([X,Y],2) + (Y, [X,2]) = 0.
Then T(X,Y,Z) := ([X,Y],Z) is a 3-form in R” = g and we obtain
X 1T = ad(X) € so(g) = so(n).

The Lie algebra g% is the image of the Lie algebra g under the adjoint representation.
Consequently, we have a series of representations occurring for some 3-form.

Proposition 4.4. The adjoint representation of any compact, semisimple Lie algebra g
is the holonomy algebra of a certain 3-form with constant coefficients in euclidian space
g=R".

The first interesting example is the 8-dimensional Lie algebra su(3). It yields a 3-form
in R® such that g% = su(3) and the inclusion su(3) C s0(8) is the adjoint representation.
This example realizes the lower bound in the dimension estimate of Proposition 4.1.
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The latter series of examples generalizes to Riemannian naturally reductive spaces G/H.
Decompose the Lie algebra

g =bhom AdH)(m) C m,

and consider the canonical connection of the reductive space. Its torsion form is given
by the formula

T(X,Y,Z) = —([X,Y]m, 2), X,Y,Z€Em,
where [ , ] denotes the m-part of the Lie bracket. Consider the euclidian space m
and the 3-form T. Then g} is the Lie subalgebra of so(m) generated by the subspace
m — so(m), where this map is given by the formula

7 — ZJ4T, (Z1T)X) = [X,Z]m, ZE€Em.

In general, this is not the isotropy representation of the reductive space, but related to
the holonomy of its Levi-Civita connection (see [21]).

Let us discuss the question which irreducible representations (g, R") of a semisimple Lie
algebra g can occur for a 3-form. We already know some restrictions. In even dimensions,
the g-action cannot preserve a non-degenerate 2-form and, in any dimension, the lift
into the spin representation cannot preserve a spinor. In order to formulate a further
restriction we introduce — in analogy to the prolongation of a linear Lie algebra (see [21,
note 13]) — an antisymmetric prolongation of a representation of a compact semisimple
Lie algebra by

T(g,R") = {TeAR"): X1T€g forany X € R” }.

The subspace T(g, R?) C A3(R?) is g-invariant. A 3-form T belongs to this space if and
only if its Lie algebra is contained in g7 C g. In particular, we can formulate a necessary
condition.

Proposition 4.5. If a representation (g, R™) of a compact, semisimple Lie algebra is
realized by some 3-form T € A3(R™), then T(g,R™) # 0 is non trivial.

Example 4.5. The unique irreducible 16-dimensional representation spin(9) C so(16)
of the Lie algebra spin(9) does not admit invariant, non degenerate 2-forms in R or
invariant spinors in Ajg. This algebra satisfies the conditions of Proposition 4.3 and
Theorem 4.2. However, the algebra and any non trivial subalgebra of it cannot be the
algebra g% for a 3-form T in sixteen variables. It turns out that
T(spin(9),R'®) = 0.

The proof is a longer algebraic computation and will be postponed to the appendix.
We remark that the results of this section cannot be generalized directly to the case of
k-forms. Spinorial connections related with forms of higher degree behave differently.
Theorem 4.2 and Corollary 4.1 are not true for 4-forms. Especially interesting is di-
mension eight. A 4-form T on R® depends on 70 parameters. On the other hand, the
8-dimensional spin representation is real and splits Ag = AgeaAg into two 8-dimensional
representations. Consider a spinor ¢ € Ag in one of these components. The Clifford
product (X JT) -1 is a spinor in Ag and the condition (X 1T) 1 = 0 for any X € R® is
a system of 8-8 = 64 linear equations for the coefficients of the 4-form T. Consequently,
any spinor ¢ € Aéﬁ admits a family of 4-forms T depending at least on 6 parameters such
that g7 -4 = 0. In fact, the number of parameters is seven. Indeed, for any spinor 1),
we consider the subspace {T € AF(R") : gr - = 0}. It is invariant under the isotropy
group of the spinor. In dimension eight, the isotropy group Spin(7) splits A*(R®) into
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four Spin(7)-irreducible components of dimensions 1, 7, 27, 35 (see [10]). In any case,
there exist non trivial 4-forms on R® with non trivial parallel spinors. Since the space Ag
of all spinors in dimension eight coincides with the space Ag of all spinors in dimension
nine, we obtain 4-forms in R? with parallel spinors, too.

5. V-parallel 2-forms on manifolds

Any metric connection on a Riemannian manifold defines several differential operators,
like the Laplace operator on forms or the Dirac operator on spinors. One can compare
these operators with the corresponding operator defined by the Levi-Civita connection.
There is one particularly interesting formula of that type, namely for the codifferential

of an exterior form,
n
Vi = — g e 1 Vew.
i=1

We shall prove that the Riemannian divergence of the torsion form coincides with its
V-divergence.

Proposition 5.1. Let V be a connection with skew-symmetric torsion. Then, for any
exterior form w, the following formula holds:

1 n
Nw = w — 3 Z(eiJejJT)/\(eiJeij) .
t,j=1
In particular, for the torsion form itself, we obtain 6% T = §9T.

Proof. For simplicity, we prove the formula for 3-forms. Then we get

n

Nw(X)Y) = =) Vew(e, X,)Y) = =Y ei(w(e;, X,Y))

=1 =1

+ Z w(Veei, X,Y) + w(e;, Ve, X,Y) + w(ei, X, Ve, Y)].

Since the two connections are related by 2- VxY —2- V%Y = Z?:l T(X,Y,e;) - ej, this
can be rewritten in the form
n

1
3 Z [T(ei,X, ej)wle,e;,Y) +T(e, Y, ej) wle, X, ej)]
ij=1
n
1
= Mw(X)Y) -5 D (eide; IT) A(eidej Jw)(X,Y). O
ij=1

Nw(X,Y) = Mw(X,Y)+

Corollary 5.1. If the torsion form T is V-parallel, then its divergence vanishes,
MT = 6VT = 0.

Let us discuss V-parallel 2-forms. The differential equation reads as
V,@ ay = Z{Qw Tgja — Qaj 'Tﬁjv} :

Using the well known formulas for the exterior differential, the codifferential as well as
for the Bochner-Laplace operator V*V we obtain
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Proposition 5.2. Let V be a metric connection V and skew-symmetric torsion. If
is a V-parallel 2-form, then

1 1 «
0 = S (24T) = 5 Y Q- Thjy ey,
JBy=1
n
dQ) = Z(ejJQ) A (ejJT)
j=1
1 n
= & D {90 Tajy — Qsj Tajy + Dy Tajs} - eaAeg Aey,
J,a,B,7=1
1 n
g(Q, V*VQQ) = 5 Z ch . Qak . TBjk . T,Bj'y y
j.k,a,B8,7=1

where V*V9 denotes the Riemannian Bochner-Laplace operator acting on 2-forms.

In an adapted basis, 2 = A; ey Aeg+ -+ -+ Ap - ear,_1 A egp, the third formula simplifies,

k n
. 1
9(Q, V'VIQ) = 52 Z (TZi2k—1 + Tiax) - A%
k=1i,j=1

It explains once again, from a geometric point of view, the proof of Proposition 4.3.
We remark that there exist indeed metric connections with skew-symmetric torsion
and parallel 2-forms. Indeed, consider an almost hermitian manifold with totally skew-
symmetric Nijenhuis tensor. Then there is a unique connection V preserving the her-
mitian structure with skew-symmetric torsion (see [15]). The fundamental form of the
hermitian structure is V-parallel. A second example are Sasakian manifolds. For these,
the differential of the contact form is parallel with respect to the unique connection
preserving the Sasakian structure.

6. Schrodinger-Lichnerowicz type formulas for Dirac operators

Consider a Riemannian spin manifold (M", g, T) with 3-form T as well as the one-
parameter family of linear metric connections with torsion,

VLY = VLY 425 T(X,Y,—).

In particular, the superscript s = 0 corresponds to the Levi-Civita connection, VI = V.
These connections can all be lifted to connections on the spinor bundle S of M, where
they take the expression

Vi = Vi +s(X2T) 4.
There is a formula for the square of the Dirac operator D?® associated with the connection

V#. In order to state it, let us introduce the first order differential operator

n

D = > (epdT) Vi = Dh+s> (e dT) (exdT) 4,

k=1 k

where ey, ..., e, denotes an orthonormal basis. In fact, it will be convenient to use a
separate notation for the algebraic 4-form derived from T appearing in the difference
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DS — DO'

or = %Z(ekJ T) A (e 2 T).
k

Theorem 6.1 ([15, Thm 3.1, 3.3]). Let (M",g,V?®) be an n-dimensional Riemannian
manifold with a metric connection V* of skew-symmetric torsion 4 - s - T. Then, the
square of the Dirac operator D® associated with V* acts on an arbitrary spinor field ¢
as

(1) (D% = As(zp)+33dT-w—SSQJT-¢+235T-¢—43DS¢+iScals-w,

where A® is the spinor Laplacian of V¥,
A(p) = (VE)'Voy = sz Vi + Vi 4.

Furthermore, the anticommutator of D* and w is
(2) D T+T-D° = dT+ 6T —8s-017—2D".

Scal® denotes the scalar curvature of the connection V°. Remark that Scal’ = Scal? is
the usual scalar curvature of the underlying Riemannian manifold (M™, g).

This formula for (D*)? has the disadvantage of still containing a first order differential
operator as well as several 4-forms, which are difficult to treat algebraically. Inspired
by the homogeneous case, we were looking for an alternative comparison of (D?®)? with
the Laplace operator of some other connection Vs from the same family. For the
computations, we need the square of T inside the Clifford algebra. The proof of the
following proposition is completely similar to that of Proposition 3.1 in [1] and will
hence be omitted.

Proposition 6.1. Let T be a 3-form, and denote by the same symbol its associated
(2,1)-tensor. Then its square inside the Clifford algebra has no contribution of degree 6,
and its scalar and fourth degree part are given by

n
2= Tl T3 = 200
ij=1
With these preparations in hand, we can state a more useful Schrédinger-Lichnerowicz
type formula for (D*)2. Tt links the Dirac operator for the parameter s/3 with the
Laplacian for the parameter s. The remainder is a zero order operator. Similar formulas
can be found in [3] and, for homogeneous spaces, in [1].

Theorem 6.2. The spinor Laplacian A® and the square of the Dirac operator D/ are
related by

1
(D°/?)? = A®+4s-dT + 7 Scal? — 2s% - TZ.
Proof. By the formula from Theorem 6.1,
1
(D*)? +4sD* = A +35dT — 85> or + 25 6T + - Scal”,

But since D* = D" 4 35 - T, the left hand side can equally be rewritten
(D%)? +4sD* = (D°? 4 3s(TD° + D°T) + 952 T? 4 45 D°.
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We use equation (2) to express D® by the anticommutator TD® + D*T:
2D° = dT +0T —8s-or — (D°T +TD") — 6s-T? .
Now we obtain

(D?)? + 45 D*

(D°)? + s(TD° 4+ D°T) — 352 T2 — 1652 - o + 25 - dT
(D*/3)? — 45% . T? — 165% - o7 + 25 - dT .

We observe that D*/3 hence appears by quadratic completion. Now it suffices to insert
this result in the formula of Theorem 6.1 and to use Proposition 6.1 as well as well as
the easy relation between scalar curvatures, Scal® = Scal? — 24s? T2. O

Integrating the latter formula on a compact manifold M", we obtain

1
[ = [ [ st i)+ gScals - = 26775 - ]

A first consequence is a non linear version of Corollary 4.1.

Theorem 6.3. Let (M™, g, T) be a compact, Riemannian spin manifold of non positive
scalar curvature, Scal? < 0, and suppose that the 4-form dT acts on spinors as a non
positive endomorphism. If there exists a solution 1 # 0 of the equation

Vi = Vi + (X1T)-9 = 0,

then the 3-form and the scalar curvature vanish, T = 0 = Scal?, and 1 is parallel with
respect to the Levi-Civita connection.

Remark 6.1. Let us compare Theorem 6.3 with the integral formula in [15]. There,
we need the condition that dT 4 8 - o1 is a non positive endomorphism in order to
prove the same result. Since o1 is neither positive nor negative, the two conditions
are independent. The advantage of Theorem 6.3 is that only the algebraic type of the
exterior differential dT is involved, but not the algebraic type of the torsion form T itself
(see the proof of Theorem 4.2).

Theorem 6.3 applies, in particular, to Calabi-Yau or Joyce manifolds. These are compact,
Ricci-flat Riemannian manifolds in dimensions n = 6,7 with one parallel spinor field.
Let us perturb the connection VY by a 3-form such that dT is non positive on spinors.
Then the new connection VT does not admit VT-parallel spinor fields. Nilmanifolds and
their compact quotients M"™ = G/T" are a second family of examples where the theorem
applies. A further family of examples arises from certain naturally reductive spaces and
a torsion form T being proportional to the torsion form of the canonical connection, see

[1].

7. 1-parameter families of connections with parallel spinors

Consider a triple (M™, g, T) consisting of a Riemannian manifold together with a fixed
3-form T # 0. Let us ask for parameters sy such that the connection V* admits a
parallel spinor. The first example describes a case with parallel spinors for more then
only one parameter in the family.

Example 7.1. Let G be a simply connected Lie group, g a biinvariant metric and
consider the torsion form T(X,Y,Z) := ¢([X,Y],Z). The connections V*'/* are flat
(see [21]). In particular, there are V*'/4-parallel spinor fields.
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The integrability condition of Theorem 6.1 implies that the function
1
G(m,s) = Det{3sdT — 8s*or + 25T + 1 Scal®}(m)

vanishes at sy and all m € M™. Here we treat forms as endomorphisms acting on spinors.
The function G(s) is a polynomial. If the Riemannian scalar curvature is not identically
zero, there exists only a finite number of parameters with V*-parallel spinors. Let us
discuss low dimensions.

Example 7.2 (The 3-dimensional case). Consider the 3-dimensional sphere (S3, g,dS?)
equipped with its standard metric and the volume form T = dS3. The equation

Vih = Vi + s (XIT)-¢p = Vip +s-X-9p = 0

is the usual Killing spinor equation. There are solutions on the 3-dimensional sphere
for both parameters s = £1/2. In dimension n = 3, this is the only manifold admitting
parallel spinors with respect to a non trivial 3-form. Indeed, any T is proportional to
the volume form, T = f - dM?3, where f is a real-valued smooth function on M?3. If the
equation

Vi + (X2T)-yp = V¢ + - X9 =0

admits a non trivial solution %, then by a Theorem of A. Lichnerowicz (see [22]) f is
constant and (M3, g) is a space form.

In dimension four, we split any 2-form w € A?(R*) into its self-dual and anti-self-dual
part, w = w4 +w_.

Lemma 7.1. An element a +w + f - e12314 € CL(R*) acts on the space Ay of spinors and
its determinant is given by the formula

Detla+w+ 7 eim] = [(@+)? +4-[losl’] - [(a= )7 + 4-[lo|] .
For any 3-form T € A3(R*) the corresponding 4-form o vanishes, o1 = 0.

Proof. Any 3-form in R* is SO(4)-equivalent to the form a - e; A ez A e3 containing only
one summand. This normal form implies o1 = 0 immediately. The formula for the
determinant follows from a matrix representation of the Clifford algebra. U

The equation G(m, s) = 0 yields the following condition not expressing the full integra-
bility conditions for the existence of a parallel spinor.

Proposition 7.1. Let (M*, g, T) be a Riemannian spin manifold equipped with a 3-form
T. If the connection V*® admits a non trivial parallel spinor, the following equations hold
at any point:

(1) 12-5-dT = 4(Scal? — 24-52-T2)-dM*.

(2) 0(T) is a (anti)-self-dual 2-form.
Example 7.3. Using the unique 3-dimensional example S? and its Killing spinors, we
obtain by M* := §% x Rl and T := dS? an example in dimension four. Indeed, the
3-dimensional Killing spinors are VE1/2parallel on M*. They do not depend on the
R'-coordinate.

The integrability condition restricts the admissible parameters via a polynomial equation
involving the scalar curvature and the torsion form of the triple (M™, g, T). Globally,
not all of these values are possible.



ON THE HOLONOMY OF CONNECTIONS WITH SKEW-SYMMETRIC TORSION 17

Theorem 7.1. Let (M™, g, T) be a compact triple. For any V*-parallel spinor 1, the
following formula holds:

64-32/ (o -, P) + Scal® = 0.

Mn

If the mean value of (o -1, 1) does not vanish, the parameter s is given by

s=5 [ wrwn) [ orvw)

If the mean value of (o -1, 1) vanishes, the parameter s depends only on the Riemann-
1an scalar curvature and on the length of the torsion form,

0 = Scal® = Scald — 24s? / T? .
MTL MTL n

Finally, if the 4-forms dT and o1 are proportional, there are at most three parameters

with V?*-parallel spinors.

Proof. We use the integrability conditions for parallel spinors from Theorem 6.1. Let %
be a V*-parallel spinor of length one. Then we obtain
1
33/ (dT -4, ) — 832/ (o7 -9, ) + = Scal? — 632/ T = 0.
On the other side, the anticommutator relation between D® and T as well as the sym-
metry property of the Dirac operator in L? yields

0= [ wwpw = [ g = [ g -ss [ (o

n

If the mean values of (o1 -1, ¥) does not vanish, then the second equation determines

the parameter s,
1

If the mean values of (o -9, 1) vanishes, then the mean value of (dT -, 1) vanishes,
too. The first formula yields the result. O

Remark 7.1. In Proposition 8.5, we discuss an example of a non-flat connection on
the compact, 7-dimensional Aloff-Wallach space N(1,1) such that V*° and V™% admit
parallel spinors for suitable sp, hence showing that both cases from Theorem 7.1 can
actually occur in non-trivial situations. The ”trivial” cases we knew about before are,
of course, Lie groups (Example 7.1). Example 8.1 illustrates how a parallel spinor can
occur for zero scalar curvature and dT proportional to or. In the same vein, we construct
on N(1,1) a spinorial connection defined by a 4-form R such that V# and V~% admit
parallel spinors (Proposition 8.13).

If the torsion form T of the linear connection is V-parallel, we have dT = 2 - o1 and
§(T) = 0. This situation occurs if M" = G/H is a reductive space and T is the
torsion form of its natural connection (see [20]) or for Sasakian manifolds, nearly Kahler
manifolds, nearly parallel Go-manifolds equipped with their unique connection preserving
the corresponding geometric structure (see [15]). A direct consequence of Theorem 6.2
and Theorem 7.1 is the following
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Corollary 7.1. Let (M",g,T) be a compact Riemannian manifold and suppose that the
exterior differential of the 3-form T is proportional to the 4-form or, dT = 2-o7. If
a connection V*® with s # 1/4 admits a parallel spinor field, the first eigenvalue of the
Dirac operator D/3 is bounded by

6 - vol(M™,g) - \X2(D*/?) < Scal? .
MTL

If VY4 =V admits a parallel spinor field,

vol(M™, g) - \}(D'/'?) < 1 Scal? + — T? .
8 Jumn 16 /o

Remark 7.2. On a naturally reductive space M = G/K, V'!/4 is the canonical connec-
tion and [1, Corollary 3.1.] shows that a V'/“-parallel spinor realizes indeed this lower
bound for A\?(D'/'?) provided the Casimir operator {4 is non-negative.
In case that the torsion form of the triple (M™, g, T) arises from some special non-
integrable geometric structure (see [14]), then usually only one connection in the family
admits V*®-parallel spinors. A uniqueness of that type requires additional arguments in-
volving the special geometric structure. For example, consider a 5-dimensional Sasakian
manifold (M?>,g,&,m, ). Denote by V its unique connection with skew-symmetric tor-
sion and preserving the contact structure. Its torsion is given by the formula T = nAdn
(see [15]). In an adapted local frame, we have the formulas

T:n/\dﬂ:2-(€12+634)/\65, dﬂ:2-(612+634).
We consider the family V* of connections. The first admissible case s = 1/4 is the
connection V preserving the contact structure we started with. In the papers [15], [16]

the integrability conditions for V'!/4_parallel spinors have been discussed completely. In
particular, there are compact examples. For any Sasakian structure, we have
2-V%¢ = X adn.
Suppose that there exists a V*-parallel spinor ¢* for some parameter s # 1/4. We
introduce the vector field ¢* via the algebraic equation &* - 9* = ¢ -¢*. Then £* is
Vé-parallel,
Vg(g* = —25-T(X,{", ).
Let us consider the inner product f := g(&, &) of the two vector fields. Its differential
is given by the formula
2-df = (4s — 1)& 1dn.
In particular, £(f) = £*(f) = 0. Next, we compute the commutator of the vector fields
4s +1
* Gex g9 - _ * - _ .

[€,&] = Vie = Vie = —(1/2 + 25) ¢ 1dn = v df .
First we discuss the case that s # £1/4. Since [¢,¢*](f) = 0, we conclude that
|lgrad(f)||? = 0 holds and then we obtain ¢* 1 dn = 0. Consequently, £* is propor-
tional to the vector field £. In particular, £ is V*-parallel,

Ve = =25 -T(X,&-) = 2s- X Jdn.
If s # 1/4, the latter equation contradicts the differential equation for the Killing vector
field ¢ of a Sasakian structure. Finally, we study the remaining case s = —1/4. Then

we have 1 1
3s-dT — 8s% -0 + 1 Scal® = —8-e1934 + 1 Scal /4,
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The endomorphism ej934 acts on spinors with constant eigenvalues £1. Therefore, if ¢* is
a V4 parallel spinor, the scalar curvature Scal~'/* is constant and 1* is an eigenspinor
of this endomorphism, 1934 -9* = €-1)*. Since the connection V'/* preserves the contact

structure, the covariant derivative V¥41/1* satisfies the same algebraic equation. With
respect to

—1/4 4 14 . 1 «
0 = Villyr = V¥ - 5 (XaT) g
we conclude that for any vector X the spinor 9* satisfies the equation
61234-(XJT)-¢* = E(XJT)’L/)*

Inserting X = e; we obtain eja3q - €95 - ¥* = € - ea5 - Y™ and ejo34 - Y* = € - 9p*. The
relations in the Clifford algebra yield immediately that ¢* = 0. All together, we proved:
Proposition 7.2. Let (M>,g,£,1m,¢) be a 5-dimensional Sasakian manifold and denote
by V its unique connection with skew-symmetric torsion T and preserving the contact
structure. If a connection V*® in the family through V admits a parallel spinor field, then
s = 1/4 and the connection is V.

8. Torsion forms with parallel spinors on Aloff-Wallach spaces

The goal of this section is to construct on the Aloff-Wallach manifold N(1,1) = SU(3)/S!
a two-parameter family of metrics g = g5, that admits, for every g;,, two inequivalent
cocalibrated Geo-structures. Moreover, we investigate the torsion forms of their unique
connections (see [15]) as well as other geometric data of these connections. We use
the computations available in [2, p.109 ff], which we hence shall not reproduce here.
Consider the embedding S' — SU(3) given by ¢ s diag(e?, ¥, e=2%). The Lie algebra
su(3) splits into su(3) = m + R, where R denotes the Lie algebra of S' deduced from
the given embedding. The space m has a preferred direction, namely the subspace mq
generated by the matric L := diag(3i, —3¢,0). Let Ej; (¢ < j) be the matrix with 1
at the place (i,j) and zero elsewhere, and define A;; = E;; — Ej;, Aij = i(Eij + Ej).
We set mp = Lin{Alg,fLQ}, mo = Lin{Alg,filg} and ms = Lin{Agg,z‘igg}. The sum
m; @ my  m3 is an algebraic complement of my inside m, and in fact all spaces m;
are pairwise perpendicular with respect to the Killing form B(X,Y) := —Re(trXY")/2.
Hence, the following formula

1 1 1
‘gs’y = S_QB‘mo + B‘ml + QB‘mz + ;B‘mg
defines a two-parameter family of metrics on N(1,1) := SU(3)/S'. It is a subfamily
of the family considered in [2, p.109 ff]; in particular, (s = 1,y = 2) corresponds to
the 3-Sasakian metric that has three Killing spinors with Killing number 1/2, and (s =
1,y = 2/5) is the Einstein metric with one Killing spinor with Killing number —3/10
(see [2, Thm 12, p.116]). An orthonormal basis of m is given by

X) = A, Xo = Ay, X3 = JyA1s, X4 = /JA13, X5 = /yAss, Xe = \/yAas,

and X7 = s- L/3. The isotropy representation Ad (6) leaves the vectors X1, X9 and X7
invariant, and acts as a rotation by 36 in the (X3, X4)-plane and in the (X5, X§)-plane.
We use the standard realization of the 8-dimensional Spin(7)-representation A7 as given
in [2, p.97] or [13, p.13], and denote by %;,i = 1,...8 its basis (u; in the notation
of [2]). One then checks that 3, 14,5 and v are fixed under the lift Ad () of the
isotropy representation to Spin(7). Thus, they define constant sections in the spinor
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bundle S = SU(3) x ,;; A7. The Levi-Civita connection of N (1, 1) is described by a map
A: m— s0(7), whose lift A : m — spin(7) is given by® ([2, p.112))

~ 1 1
AXy) = +%€2'67—[5_%][63'654‘64'66]
~ 1 1 vy
AMX)) = — —er-er— |= -2 Cex — ea -

(X2) 55 €1 €7 [2 4] [eq - e5 — e3 - €]
[N\(Xg,) = +£64-67—g[62-66—61-65]

4s 4
[N\(X4) = —4y—363-67+%[61-66+62-65]
IN\(XE,) = —4%86-87—%[61-634-82-64]
IN\(XS) = +4y—385'87—%[61-64—82-63]
- s 1 Y Y
AX7) = 2[261 es +e3-eq — e5 - eg) 5,61 €2~ €3 ed + 1,05 c6:
We now make the following Ansatz for an algebraic 3-form on m,
T = aXiANXsgAXs +B8X1AXgAXg + Y XoAXyAXs + 6 Xo A X3 A X

+ pXi AXoANX7 + v Xs AXyAXy + X5 AXg A Xy

For notational convenience, we shall write X;;;, for X; A X; A X}, and similarly for forms
of any degree. In order to define a global form on N(1,1), an algebraic form on m needs
to be invariant under the isotropy representation. This is true for X127, X347, and Xzg7,
whereas for example X135 does not exist globally. However, one easily checks that the
two 2-forms X35 + X4, X45 — X3¢ are isotropy invariant, and this will suffice to check
that all forms to follow are indeed well-defined on N(1,1). In any event, X; 1T acts
on algebraic spinors by Clifford multiplication with aes -e5 + Beq - eg + pes - e7, and
similarly for Xo,..., X7.

Proposition 8.1. The spinor field 13 satisfies the equation V%3 + (X 1T) -3 =0
exactly for one 3-form T := Tj,

1 14+ S 1 1+ S
= [——y+ y__] [X135 + Xi46] + [__Q_ Y+ 2| [Xoss — Xoge)

T
57 |27 47 65 3 2 4 6s '3

[2y—1 23] [4+y 2s
127 - =

3 125 3

+ 6s 3

] [ X347 — Xs67]-

Proof. A computer computation yields that the overdetermined system of equations

Vg(il,bg +(X;1T)-4p3 =0 (fori=1,...,7) reduces to a linear system of seven equations
in the seven variables «, ... ,n with two free parameters s,y > 0:
1

y 1 y y Yy
5 T1—5— @ B+p =0, 5 T17 5~ Ho—u 0, P 0, 1 B+vy+v =0,

Y Y
_ Y _ -0 L
4s+a vEn T 4s

One then verifies that the coefficients given in the proposition are its unique solution. [

1+
+ B+ =0, 25— — L+ ptv—n=0.

3Notice the following typo in the reference: the right definition of d on page 112 is d := /zy/z +

Vyz/x — \/zz/y. For our metrics, z =1 and y = 2.
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Proposition 8.2. The spinor field 14 satisfies the equation Vs + (X JT) - ps =0
ezactly for one 3-form T := Ty,

1y 1+y 1 vy 14y s
Ty (= |=—2— X X — =4 —= —— [ Xy — X
4 [2 1 6o 3][ 135 + 146]+[2 4+ 6o 3 [ X245 236]
2y —1  2s 4+y 2s
-——| X — — — | [X347 — Xs67]
+ [ o 3] 127_'-[123 3][ 347 567]
Proof. The linear system determined by Vg(_qm + (X; 2 T) -4 =0 reads as
1
2—8—1+g+a+ﬂ+u—0 +1—%—7+6+u—0 ety =0, +B y+v =0,
1+
i—i—a—*y—n:O, £+,3+6—n=0, —28+—y—u—1/+77=0.
4s 4s 2s
Its unique solution leads to the formulas above. [l

Proposition 8.3. The spinor field 15 satisfies the equation V%5 + (X 1T) - 95 =0
exactly for one 3-form T := T;,

1 -1 2 2y 2y+1
Ts = Z 4+ | |X X X — X - — =z - X
5 [6+12+ o ][ 135 + Xia6 + Xoas 236] + 373 5 127
1y 4-y
s T X — Xeeol
+ [3 3 125 ][ 347 567]

Proof. The linear system Vg(i¢5 + (X; 2 T) - 45 = 0 is of slightly different type,

y .y y .y y .y y .y
s to a0ty =0, oo —f-ytr =0, o4 —a—y—n =0, LA5-f+i-n=0,

1 1 -1
——1+y+’y—5+,u:0, ——1+g+a+ﬁ+u:0,y—+u—u+n:0.
2s 2 2s 2 2s
The main reason for this is that 15 and 16 span the kernel of the first summand of
A(X7), hence the last equation contains no term linear in s. O

Proposition 8.4. The spinor field 1 satisfies the equation Vs + (X JT) - g = 0
ezactly for one 3-form T := T,

1y y-1 2 2y 2y+1

Tg := -+ = —-"—1 X X X — X —— 4+ = — X

6 [6_'-12 63][ 135 + X146 + KXo 236] + 3+3 6o 127
1y 44—y
L I Xy — X

+ [34—3 B ][347 567)
Proof. The linear system Vg(iz/Jg; +(X;4T)-9s=01is
Yy

y oy y oy y oy
Y Y a5 0, L_Y —0 2L_Y p=0 L_Y18 5-p=0
As 2+°‘ v =0, Loy tAHytr =0, oo taty—n =0, L-o+f—0-n =0,

1 1 Y 1—y
= §—p=0 ———1+47 _u=0-—Y_ —p=0.0
25 +2+7 a s ‘1 Tatatfon=0 5= —utvon

Remark 8.1. For s = y = 1, all four 3-forms Ts,...,T¢ coincide, reflecting the fact
that the undeformed metric has 13, ..., 1 as parallel spinors for the connection defined
by

1

1
T = —[Xizs + Xia6 + Xoas — Xoze| — §X127 -

1
1 — [ X347 — Xs67] -

4



22 ILKA AGRICOLA AND THOMAS FRIEDRICH

The 3-forms T3 and T4 are equal for the family of metrics defined by 2s? = 1 4+ v,
whereas Ts = Tg as soon as y = 1. Even more interestingly, there exists a metric for
which T3 = —T4:

Proposition 8.5. Consider the metric gy, , on N(1,1) defined by sy = V3/2 and
yo = 2, and the 3-form

T := V3/6 (X135 + X146 — Xoas + Xo36).

Then, 13 is parallel with respect to the connection V*T, and 14 is parallel with respect
to the connection V~*T. Furthermore, both connections are not flat.

It is a subtle and computationally difficult question in as much T can be adapted to
a given spinor in order to make it parallel. For this, a more systematic approach is
required. There are precisely 13 isotropy invariant 3-forms on m, hence the most general
3-form we can consider is a linear combination of

X135 + Xi46, Xozs + Xoss, X357 + Xugr, X145 — X136, Xoas — X036, Xus7 — X367,
Xi27, X347, Xser, X134, X234, X156, Xos6-

We studied the question whether there exists a continuous family of 3-forms T, ; of this
general type such that a given linear combination a3 + b5 is parallel with respect to
VTab, It turns out that this is possible if and only if s = . We state the result of this
lengthy calculation without proof.

Proposition 8.6. The spinor field g := a -3+ b -5, ab # 0, satisfies the equation
Vitbap + (X 2 Tap) - Yap =0 if and only if s =y and if Ty is given by

a?(—7s% +8s +2) + b2(s? + 45 — 2) 52 +45—2
T = X X — X5 — X
ab 125(a% + %) [ X135 + X146] + 125 [ X245 236)
a?(—8s? + 5 +4) + b*(—4s% + 5s — 4) —4s? +2s -1
Xsq7 — X —X
+ 125(aZ + b7 [ X347 — Xse7] + os 127
b(—2s>+s+1 b(s?+s—2
+ 2 (2 +s )[X134 — Xis6] + %[&357 + Xu67]

3s(a® + b?) s(a? +b?)
For ab = 0, this differential form T, ; is again a linear combination of the seven basic
3-forms we started with, and coincides indeed for a = 1,b =0 and @ = 0,b = 1 with the
3-forms T3, Ty evaluated at the parameter value s = y, respectively. Remark that the
connections with torsion T, j, constitute a S'-parameter family of connections admitting
parallel spinors on the same Riemannian manifold. The 3-Sasakian metric (s = 1,y = 2)
and the Einstein metric (s = 1,y = 2/5) are of particular interest. For theoretical
reasons to be explained in the next section, both must admit a family of torsion forms
such that the three Killing spinors of the 3-Sasakian metric (13,4, 16 in our notation)
are parallel with respect to the connection it defines. In fact, such a family exists for
s = 1 and arbitrary y (but not for arbitrary s).

Proposition 8.7. For the metrics gs, on N(1,1), the spinor field g p . = atp3+bips+
cipg, abe # 0, satisfies the equation V% p e+ (X 1 Tqpe) Pape =0 if and only if s =1
and if Top . i given by
Tope = Pla,b,c)[Xse7 — X3a7] + Pla, ¢,b)[ X135 + Xia6] + P(b, ¢, a)[Xos5 — Xo36]

+ Q(a, b, c)[Xa35 + Xoag + X145 — X136] + Q(b, ¢,a)[ X357 + Xaer + X156 — X134]

2y — 5
+ Q(a,c,b)[Xus7 — Xze7 + Xoza — Xose] + y6

X127,
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with the following definitions for the coefficients P and Q:
(0> +0°)(4 — y) + (8 — 5y) __ab(y—1)
12(a? + b% + ¢2) ’ © 3(a?+ b2+ c2)
Let us discuss the spinor fields 13 and 15 from the point of view of Go-geometry. In

general, a spinor field 1 of length one defines on a 7-dimensional Riemannian manifold
a 3-form of general type by the formula (see [2], [19])

P(a’7 b’ C) Q(a’7 b7 C)

W(X,Y,Z) = —(X-Y-Z-9, ).
Computing the forms of the spinors 13, 15 we obtain
wy = — X7 + Xizs + Xuae + Xozg — Xoss — Xazur + Xse7
ws = — X7 — Xyzs — Xyge + Xozg — Xoas + X347 — X7 -

The connections V3 and V° with torsion forms 4-T5 and 4-T5 preserve the Go-structures
w3 and ws, respectively. Moreover, a direct computation yields the formulas

o2

(Ts, wy) = % > 0,
4-s+2-s-y+y—1

(T5,w5) = - 65 .

Since the connection preserving a Go-structure is unique (see [15]), the Ga-structures ws
and ws are not equivalent. We remark that w3 and ws are cocalibrated Go-structures,

d*w3=0, d*T3=0, d*LU5=0, d*T5=0.

Indeed, for any vector, the inner product X _I % ws is orthogonal to 7- T3 — (T3, w3) - ws.
The formula expressing the torsion form T of an admissible Go-structure by the 3-form
w ( see [15] and [17]) yields now d*ws = 0 immediately. The codifferential of the torsion
form is given by the formula (see [15] and [17])

4-d+T3 = dA\gAN*w3, A3 = (4-T3, ws) .

In our example the function A3 is constant, i.e., d x T3 = 0. The same argument applies
for ws. The class of all cocalibrated Go-structures splits into the sum Wy & W3 of a 1-
dimensional class W, (the so called nearly parallel Ga-structures) and a 27-dimensional
class Ws (see [11]). Nearly parallel Go-structures are characterized by the condition
that the torsion form T of its unique connection is proportional to w. On the other
side, the Go-structures of type Ws are the cocalibrated structures such that T and w are
orthogonal, (T, w) = 0 (see [15]). Using this characterization we obtain immediately

Proposition 8.8. The Go-structure ws is nearly parallel if and only if s =1 and y = 2.
The Go-structure ws is never of type Ws. The Go-structure ws is nearly parallel if and
only if s =1 and y = 2/5. This metric is a universal deformation of the 3-Sasakian
metric (see [19]). The Go-structure ws is of type Wy if and only if 2-s-(2+y) =1—y.

In general, the scalar curvatures Scal?, ScalV of a cocalibrated Go-structure (M7, g, w)
can be expressed by its torsion form T (see [17]) :

1
Scal! = 2-(T, w)? — §-||T||2, ScalV = Scal? — ;-||T||2 = 2-(T, w)? —2-||IT|*.

We use the forms w3, 4 - T3 as well as the forms ws, 4 - T5 in order to compute the
Riemannian scalar curvature of the metric depending on the parameters s,y. In both
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cases the result is the same :

2—|—y2

Scal! = 8 + 24y — 2y° — —

S

In a similar way we compute the scalar curvature of the connection V? and V° :

4
Scal®> = — 33 (8 + 325" + 4y + 5y + 25%(—4 — 28y + 3y?)) ,

4
Scal’ = — 3z (8 — 4y + 5y” + 8s(—2 + y + ¢°) + 25> (4 — 20y + Ty?)) .

In particular, we obtain a family of cocalibrated Go-structures on N(1,1) with vanishing
scalar curvature of the associated connection. Moreover, a numerical computation yields
that there exist two pairs of parameters where both scalar curvatures Scal® and Scal®
vanish, namely (s, y) = (0.62066, 0.852508) and (1.49934, 1.66564). The Ricci tensor
RicY of the canonical connection of a Go-structure (M7, g,w) can be expressed by the
derivative dT of the torsion form (see [15]),

1
RicY(X;, X;) = 5 (XiddT, X; Jsw) .

Using the commutator relations in the Lie algebra we compute the exterior derivatives

dX1 = —2s5-Xor +y- (X35 + Xus),
dXo = 25-Xi7 +y-(Xus — X36),
2
dX; = —;'Xn — %'(X34 — Xx6) .
The torsion form T3 can be written as
(y —2)(5s? =1 —y) 1711 Y 14y S

Ty = — X —[——— ——]X/\dX
3 35y 127 + yl2 4 6o 3|41 1

171 Y 1+y S] std+y 2s
L —X/\dX——[———}X/\dX.
T oyla T 6s  3/°2 27 yl12s 3107 7

We can now compute the exterior derivative as well as the Ricci tensor. Let us discuss
the cases (s,y) = (1,4) and (s,y) = (1/3/2, 2) where the formulas simplify.

Example 8.1. In case of s =1 and y = 4 we obtain
Ty = —iXQ NdXy, dT3 = 8Xsas6 — 4X1457 + 4X1367-
The scalar curvatures are Scal® = 0 and Scaly = 54 . Moreover, we obtain
~2.01, = (T3)4 = i -dTs3,

i.e., dT3 is proportional to o1, (see Theorem 7.1).

Example 8.2. In case of s = 1/3/2 and y = 2 we obtain

1 4
Ty = 3XrAdX7, dT3 = o(Xiz — Xizse — Xaaso)-

The scalar curvatures Scal® and Scal? are positive.
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The 3-form w, ; corresponding to the spinor a - 13 + b - 95 is given by the formula
wap = — (a®+b%) (X127 — Xozs + Xoas) + 2ab(X134 — X156 + X357 + Xaer)
+ (a® = b*) (X135 + X146 — X347 + Xse7).
We compute the inner product with the torsion form of Proposition 8.6 :

2(1-5s5—-282)+a%(1+s+4s2
(Ta,ba wa,b) = ( )68 ( ) .

In particular, the Go-structure is of pure type Ws if and only if
P(1-5s—-2s%)+a’(14+s+4s%) =0, y = s.

Finally, we will construct non trivial 4-forms on N (1, 1) such that the underlying connec-
tions admit parallel spinors. Remark that spinorial connections related to 4-forms are
of completely different type. For example, they do not preserve the hermitian product
of spinors and, in general, the holonomy group of a spinorial connection of that type
is non compact. Nevertheless, for the family of metrics g ,, the qualitative results are
quite similar to those for 3-forms, though they cannot be deduced one from each other.

Theorem 8.1. On N(1,1) with the metric gs,, there exist four spinorial connections
defined by 4-forms admitting 3,4, 15 and ¥g as parallel spinors, respectively; and there
exists, for s = 1, arbitrary y and any linear combination of 13,14, e precisely one 4-
form which makes this particular combination parallel.

Again, the exposition of results will make the statement more precise. No proofs will be
given, since they are similar to the corresponding computations for 3-forms. With the
same notations as before, consider now the following Ansatz for a global 4-form :

R = «aXiou+ B X156 + v Xaase + 0 X347 + € Xise7 + € Xoszar + 1 Xoser
+ v (X235 + Xi246) + A (Xuzs7 + Xiaer) + 1 (X1245 — X1236)
+ w(Xusr — Xizer) + 7 (Xoasr — Xozer) + 0 (Xozsr + Xoaer).

Proposition 8.9. The spinor field 13 satisfies the equation V%3 + (X JR) -3 =0 if
and only if R = Rs3, with

y 1 14y s 1 y 14y s
R 2= ——|[X - X - -z ——| X X
3 [4 5 33 2] [ X157 1367] + [2 1 + 35 5 (X357 + Xo467]
s y+3 s  1-3y
- — - - .
+ [ 51 g, ] (X234 — X1256] + [2 + 4 X356

Proposition 8.10. The spinor field 14 satisfies the equation Vs + (X JR) -4 =0
if and only if R = Ry, with

y_1_ 14y s 1 vy 14y s
Ry = |7-5~ | [Xuasr — X RN . X
4 [4 5 %5 + 2] [X1457 1367) + [2 1 %5 +t3 [Xo357 + Xo467]
s, y+3 s 1-3
-+ =X -X — Xaure.
+ |: 9 + s :| [ 1234 1256] + |:2 + 33 3456

Proposition 8.11. The spinor field 15 satisfies the equation V%5 + (X JR) -5 =0
if and only if R = Rs, with

1 -3 1 3 1+3
Rs = [5 - % + %] [X1234 — X1256] + [—5 + Zy + y] X3456
]_ _
+ —y[(X1457 — Xu367) — (Xo3s7 + Xoae7)].

8s
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Proposition 8.12. The spinor field 1s satisfies the equation Vs + (X JR) - 1pg =0
if and only if R = Rg, with

1 y y—3 1 3y 143y
o+ L T (X - X — X
Ry [ 5T 1T 5 ] [X1234 1256] + 5”1 T 3 3456
-1
+ %[(XME)? — Xu3e7) — (Xass7 + Xoa67)]-
Remark 8.2. For s = y = 1, no two of the four 4-forms Rs,..., Rg coincide, reflecting

the different behavior of spinorial connections defined by 4-forms when compared to
connections defined by 3-forms. The 4-forms R3 and R4 are equal for the family of
metrics defined by 4s> = 1 4 y, whereas R and Rg are never equal. As for 3-forms,
there exists a metric for which R3 = —Rjy:

Proposition 8.13. Consider the metric gsy, on N(1,1) defined by so = V5/2 and
Yo = 2, and the 4-form
R = —V5/10[(X1a57 — X1367) + (Xoss7 + Xoaer)]-

Then, 5 is parallel with respect to the connection VT, and 14 is parallel with respect to
the connection VR, Furthermore, both connections are not flat.
Proposition 8.14. For the metrics g5, on N(1,1), the spinor field qp. = atps +
bips + cips, abe # 0, satisfies the equation V%ape+ (X J Rape) - Pape = 0 if and only
if s =1 and if Ry, is given by
Rope = Pla,b,c)[Xi234 — X1256] — P(a, ¢, b)[Xoae7r + Xozs7] + P(b, ¢, a)[X1a57 — X1367]

+ Qa,b,c)[(Xaas57 — Xa3e7) — (X1357 + X1467)] + Q(b, ¢, a)[(X1235 + X1246) +

5—3
+ (Xoser — Xozar)] + Q(a, ¢, b)[(X1567 — Xi347) — (X1245 — Xi1236)] + g Y Xas6,
with the following definitions for the coefficients P and Q:
(@2 +b%)(y—1)+c*By —7) ab(y —3)

C 4(a? D2+ 2)’

9. Torsion forms with parallel spinors on 3-Sasakian manifolds

The Aloff-Wallach space N(1,1) admits a 3-Sasakian structure, and some special torsion
forms with parallel spinors discussed in Section 8 are closely related to the underlying
contact structures of N(1,1). This observation yielded the idea that any 3-Sasakian
manifold should admit natural connections with skew-symmetric torsion and parallel
spinors. In this section, we will make this remark precise. In particular, for a fixed
3-Sasakian metric, we will construct a whole family of connections with parallel spinors.
The structure group of a 3-Sasakian geometry is the subgroup SU(2) C Gy C SO(7),
the isotropy group of four spinors in dimension seven. In order to keep the realization
of the spin representation we used in Section 8, we describe the subgroup SU(2) in such
a way that the vectors ej, ez, e; € R7 are fixed. More precisely, the Lie algebra su(2) is
generated by the following 2-forms in R7:

€34 + ess, €35 — €46, €36 + €56 .

The real spin representation A7 splits under the action of SU(2) into a 4-dimensional
trivial representation Ag and the unique non trivial 4-dimensional representation A%. In
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our spin basis, the space A? is spanned by the spinors 3, ¥4, ¥5,1%s. We consider the
following SU(2)-invariant 2-forms on R7:

d61 = e35 + €46, d62 = €45 — €36, d67 I— €34 — €56 .
Using this notation, we introduce a family of invariant 3-forms in R” depending on 10
parameters,
T = Z xij-ei Ndej + w-ep Ney ANey
0,j=1,2,7
The key point of our considerations in this section is the following algebraic observation

Proposition 9.1. For any spinor ¢ € A?, there exists a unique invariant 3-form T
such that {X -2-X1 T} -4p =0 holds for any vector X € R".

Proof. Given a spinor 9 = a3 + by + c 5 + d g, we solve the overdetermined system
(X —2-X 1T) -9 =0 with respect to the coefficients of the 3-form. It turns out that a
solution exists and is given by the following explicit formulas
a2 —b? — 2+ d? ab + cd ac — bd
x = xr = €T =
H 6@+ +2+d2) " T 3@+ +E+d?) T T 3@+ + 2+ )
ab — cd —a?+b? -+ d? bc 4 ad

LT 3@+ 1) 2T 6@+ e+ ) T T 3@+ P+ d)
. ac+ bd o — be — ad o —a? -0+ +d?
n 3@+ +2+d®) "7 3@ttt &) 6@+t &)
and w = —1/6. The map (a,b,c,d) — z;j(a,b,c,d) is the Veronese map from P? into
the sphere S® of radius 1/12. O

Consider a simply connected 3-Sasakian manifold M7 of dimension seven and denote
its three contact structures by 71,72, and 1. It is known that M7 is then an Einstein
space, and examples (also non homogeneous ones) can be found in the paper [4] by Boyer
and Galicki. The tangent bundle of M7 splits into the 3-dimensional part spanned
by n1,7m2,n77 and its 4-dimensional orthogonal complement. We restrict the exterior
derivatives dny, dno and dny to this complement. In an adapted orthonormal frame, these
forms coincide with the algebraic forms de;, des and de;. Now we apply Proposition 9.1.
The space of Riemannian Killing spinors

1
Vi 5 X =0

is non trivial and has at least dimension three (see [18]). Moreover, the proof of this fact
shows that all the Riemannian Killing spinors are sections in the subbundle correspond-
ing to the SU(2)-representation AY. Consequently, for any Killing spinor, there exists a
unique torsion form T of the described type such that

Vi = V59 + (X1T)-¢p = 0.

Theorem 9.1. Any 3-Sasakian manifold in dimension seven admits a P?-parameter
family of metric connections with skew-symmetric torsion and parallel spinors. The
holonomy group of these connections is a subgroup of Go.

The space of SU(2)-invariant 4-forms on R” has dimension ten,

T = E xijk-ei/\ej/\dek—l—w-eg/\e4/\e5/\66.
1,,k=1,2,7
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wW1,9 = Ws,16 W1,10 = —W8,15 | W1,11 = W8,14 | W1,12 = W8,13 | W1,13 = —W8s,12
W14 = —W8 11 | W1,15 = W8,10 | W1,16 = —W8,9 | W29 = W8 15 W2,10 = W8 16
W2,11 = —W8,13 | W2,12 = W8 14 | W2,13 = W8,11 | W2,14 = —Ws 12 | W2,15 = —Ws9
W2,16 = —Ws,10 | W3,0 = —Wg14 | W3,10 = W8,13 | W3,11 = W16 | W3,12 = W8,15
w313 = —Ws 10 | W3,14 = W89 w315 = —W8,12 | W3,16 = —W8 11 | W4,9 = —W8 13
W4,10 = —W8,14 | W4,11 = —W815 | W4,12 = W8,16 | W4,13 = W89 Wq,14 = W8 10
w415 = W11 | Wi,16 = —W812 | W59 = W8 12 W5,10 = —Ws,11 | Wh5,11 = W8,10
Ws12 = —W89 | Wh13 = We,16 | Ws,14 = W8 15 | W515 = —W8,14 | W5,16 = —Ws 13
we,9 = Ws,11 We10 = W8 12 | W11 = —W89 | We,12 = —W8 10 | W6,13 = —W8 15
We,14 = W16 | W6,15 = W8,13 | W6,16 = —W8,14 | W7,9 = —W8 10 | W7,10 = W8,9
Wr 11 =W 12 |Wr12 = —W8 11 | Wr,13 = W8 14 | W7,14 = —W8 13 | W7,15 = W8 16
Wr,16 = —Ws, 15

Table 1. First group of equations defining spin(9) inside s0(16).

We study spinorial connections depending on 4-forms. Again, any spinor in AY defines
a unique 4-form being a solution of the corresponding overdetermined linear system and
we can apply the same construction as above. Let us formulate the results.

Proposition 9.2. For any spinor ¢ € AY there ezists a unique invariant 4-form T such
that {X -2-X1 T} ) =0 holds for any vector X € R".

Theorem 9.2. Any 3-Sasakian manifold in dimension seven admits a P?-parameter
family of spinorial connections defined by 4-forms and with parallel spinors. The spino-
rial holonomy group of these connections is a subgroup of GL(7,R).

Appendix A. The Lie algebra spin(9) inside so(16)

The Lie algebra s0(16) of all antisymmetric matrices is parameterized by 120 parameters
wij, 1 <@ < j < 16. We realize the 36-dimensional subalgebra spin(9) by 84 explicit
equations. The first group of 56 equations involves forms of type ws, and w; g, where
1 <4 <8< apf <16, and is given in Table 1. The second group of 28 equations
involves the forms w;;, wepg for 1 < 4,7 < 8 < «,8 < 16, and is given in Table 2.
Consider a 3-form T € T(spin(9), R'®) in the antisymmetric prolongation of the spin(9)-
representation in R'®. Then the 2-forms e; 1T, eg 1T, eg 1T, e15 1 T are elements of
spin(9). Using the first equation w; 9 = ws 16 defining this subalgebra, we conclude that

Tig9 = 0, Tigie = 0, Tgo16 = 0, Tig916 = 0.

In a similar way, the first 56 equations defining spin(9) yield that, for 1 < i,7 < 8 and
8 < «a, B < 16, the following components of T vanish,

Tige = 0, Tgap = 0.

The second 28 equations immediately imply now that T; ;s = 0, i.e., the interior product
eg 1 T = 0 vanishes for any 3-form in the antisymmetric prolongation. Since the group
Spin(9) acts transitively on the sphere in R!6, we conclude that T = 0.
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2wy = wi1,12 + W13,14 — Wi5,16 + We,10 2 w13 = —wip,12 + W13,15 + Wi4,16 + Wy, 11
2 w4 = wip,11 +W13,16 — Wi4,15 + Wo,12 2 w15 = —wio,14 — W11,15 — W12,16 T W9,13
2wy 6 = w10,13 — Wi1,16 + Wi2,15 + W9, 14 2 w17 = wio,16 + Wi1,13 — W12,14 + Wy 15
2 w18 = —wio,15 + wi1,14 + W12,13 T Wy 16 | 2- w23 = wWip,11 — Wi3,16 + Wi4,15 + Wy 12
2 wo 4 = wip,12 + W13,15 + Wi4,16 — W9, 11 2-we5 = wio,13 +wWi1,16 — W12,15 + W, 14
2 wop = Wip,14 — W11,15 — W12,16 — W9,13 | 2 W27 = wip,15 + Wi1,14 + W12,13 — W9,16
2-wog = wip,16 — W11,13 + W12,14 + Wy 15 2 w34 = Wi1,12 — W13,14 + Wi5,16 + Wy, 10
2 w35 = —wio,16 + Wi1,13 + Wi12,14 T w915 | 2- w3 = wip,15 + Wi1,14 — W12,13 + W9 16
2 w37 = —wio,14 + Wi1,15 — W12,16 — W9 13 | 2- W38 = wip,13 T Wi1,16 + W12,15 — W9,14
2wy = wW1o,15 — W11,14 + W12,13 + Wo,16 2-wyp = Wio,16 + Wi1,13 T Wi12,14 — W9, 15
2wy = —wi0,13 T Wi1,16 + Wi2,15 T Wy 14 | 2-wag = —wi0,14 — W11,15 + Wi2,16 — W9,13
2 w56 = —wi1,12 + w1314 + Wis,16 T wy10 | 2- w57 = wip,12 + W13,15 — Wi4,16 + W9, 11
2 w58 = —wio,11 +wW13,16 T Wi4,15 T Wo 12 | 2-We7 = wip,11 + W13,16 + W14,15 — W9,12
2 weg = W1p,12 — W13,15 T Wi4,16 + W9, 11 2-wrg = wir,12 + w1314 + Wi5,16 — W9, 10

Table 2. Second group of equations defining spin(9) inside so(16).

Proposition A.1. The antisymmetric prolongation of the unique irreducible 16-dimensional
of the Lie algebra spin(9) vanishes,

T(spin(9),R') = 0.
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