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Abstract

In this paper, we give a new lower bound for the eigenvalues of the
Dirac operator on a compact spin manifold. This estimate is motivated
by the fact that in its limiting case a skew-symmetric tensor (see
Equation ([.g)) appears that can be identified geometrically with the
O’Neill tensor of a Riemannian flow, carrying a transversal parallel
spinor. The Heisenberg group which is a fibration over the torus is
an example of this case. Sasakian manifolds are also considered as
particular examples of Riemannian flows. Finally, we characterize the
3-dimensional case by a solution of the Dirac equation.

Key words: Dirac operator, Energy-momentum tensor, hypersurfaces, sec-
ond fundamental form, Riemannian flows, O’Neill tensor.

Mathematics Subject Classification: 53C27, 53C12, 53C25, 57C30

1 Introduction

The study of the spectrum of the Dirac operator defined on a spin manifold
M, has been intensively investigated since it contains subtle information on
the geometry of the manifold. In [[[0], Th. Friedrich proved that on a compact
spin manifold M of dimension n, the first eigenvalue A of D, satisfies

2, .
A° > = 1) 1]1\14f Scaly, (1.1)

where Scaly; is the scalar curvature of M, supposed positive. The proof is
based on the modification of the Levi-Civita connection of the spinor bundle



in the direction of the identity and the use of the Schrodinger-Lichnerowicz
formula P1]. The limiting case of ([.T) is characterized by the existence
of a special section of the spinor bundle called Killing spinor satisfying an
overdetermined differential equation. The manifold is in that case Einstein.

Observe that Friedrich’s estimate contains no information for manifolds with
negative or vanishing scalar curvature. Hence the estimate established in [[I7]
for all manifolds (the scalar curvature could be negative) where the author
modified the Levi-Civita connection in the direction of a symmetric tensor
and leading to a lower bound of the spinorial Laplacian by the norm squared
of this tensor.

In fact, we suppose that on a spin manifold M, there exists a spinor field
U such that it satisfies for all X € I'(T'M),

VY = —E(X) -V, (1.2)

where F is a symmetric 2-tensor defined on T'M. Then with the properties
of Clifford multiplication, we see that £ is equal to the tensor TV, called the
energy-momentum tensor, defined on the complement set of zeroes of W for

all X,Y e I'(TM) by

v

o) (1.3)

1
TV(X,Y) = 5@)%()( VYU +Y - VYT,
Hence he proved that for any eigenspinor W of Dj; associated with the first
eigenvalue A\, we have

Scal
BN TvR). (1.4)

A% > inf(
M

The important point is that the set of zeroes of W has a Hausdorff dimen-
sion equal to n — 2 (see [l]) and hence its measure is zero. The estimate
(L.4) improves Friedrich’s inequality since by the Cauchy-Schwarz inequality,
Y2 > W (here tr denotes the trace). The existence of a spinor field
satisfying, for all X € T'(T'M) the equation VYW = —TY(X) - ¥, character-
izes its limiting case. In this case, it is not easy to describe geometrically
such manifolds since the lower bound of ([.4) depends on the eigenspinor in
question.

The study of Equation ([.J) in extrinsic spin geometry is the key point for
a natural interpretation of this tensor. If the dimension of M is equal to

2, Th. Friedrich [[J]] proved that the existence of a spinor field ¥, with
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constant norm satisfying D,V = fW¥, where f is a real function on M, is
equivalent to the existence of a pair (¥, E) satisfying ([.J), where E is a
symmetric tensor of trace f. This also implies that E is a Gauss-Codazzi
tensor and the manifold M is locally immersed into the Euclidean space R3
with a mean curvature equal to f. Here we have the following fact [R2]: If
M™ is a hypersurface of a manifold N, carrying a parallel spinor, then the
energy-momentum tensor appears naturally as the second fundamental form
h of the hypersurface. Moreover, if the mean curvature H is a positive con-
stant, then we are in the limiting case of the extrinsic estimate established
in [[[6] and we have

n?H?  Scaly ,  Scaly  |h?
4 4 B

v .
+ T 1 1

In this paper, we study Equation ([.9) in a general case. We assume that on
a Riemannian spin manifold (M, gys), there exists a spinor field ¥ satisfying,
for all X € I'(T'M), the equation

V¥V = —E(X) -V, (1.5)

where F is any endomorphism of T'M. By using the properties of Clifford
multiplication, we find that the symmetric part of £ is TV and the skew-
symmetric part of E is the tensor defined, on the complement set of zeroes
of ¥, by

v

o

for all X, Y € T'(T'M) (see Section B). Here is the problem to relate these two
tensors to the spectrum of the Dirac operator. We prove that if we modify
the Levi-Civita connection in the direction of these two tensors, the spinorial
Laplacian is bounded from below by the sum of the norm squared of these
two tensors. Thus we have:

QY(X,Y)= %%(Y-Vﬁ?\p—x-v%p, (1.6)

Theorem 1.1 Let (M, gyr) be a compact spin manifold, then the first eigen-
value of the Dirac operator satisfies

|
2 > inf R e QY. (17)

where W is an eigenspinor of D3, associated with \*>. The equality case of

(LA) is characterized by a solution of ([L.5)

The Heisenberg group Nils and the solvable group Sols are examples of lim-
iting manifolds with negative scalar curvature (the term QY is equal to zero,
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see Examples 1 and 2), also the Riemannian product S' x §? with positive
scalar curvature (the term TV is equal to zero, see Example 3).

The study of foliations and in particular the transverse geometry of Rie-
mannian flows [§], which are locally given by Riemannian submersions with
1-dimensional fibres, will allow for a better understand of the tensor QY. In
fact, the geometry of the normal bundle ) of a Riemannian flow is completely
determined by a natural skew-symmetric tensor, called the O’Neill tensor 29
(see Equation ([L.6)), since it is related to the Lie bracket of two sections of Q.

After the identification of the spinor bundles of M and (), we prove that
if the normal bundle carries a parallel spinor W, the tensor Q¥ plays the
role of the O’Neill tensor (see Proposition f.9). Particular examples of Rie-
mannian flows are provided by Sasakian manifolds [[J]. We give necessary
conditions on such manifolds for admitting transversal parallel spinors (see
Proposition p.3) and we prove that it defines a complex Kdhlerian Killing
spinor [B0] on the cone constructed over the manifold.

In the last section, we examine closely the case of 3-dimensional manifolds.
We prove that parallel spinors on the normal bundle correspond to solutions
of the Dirac equation on M, with constant norm. Hence we obtain the ana-
logue characterization of surfaces established by Th. Friedrich.

Acknowledgment. The author would like to thank the referee for his valu-
able comments. He is also grateful to Sebastian Montiel and Oussama Hijazi
for their support.

2 The estimate

In this section, we prove Theorem [[.1. For this, let (M™, gas) be a Riemannian
spin manifold and let V¥ be the Levi-Civita connection associated with g;.
We denote by XM its spinor bundle and we suppose that there exists a spinor
field U which satisfies Equation ([LF). As a first consequence of the existence
of such a spinor is that its norm is constant. Moreover, by the fact that for
all Z,W € T(TM), we have R(Z - U, W - W) = g5, (Z,W)|¥|%. Then for all
X,Y e I'(TM), we obtain
v

RX - VYU +Y - VYU, @) = gu(X, E(Y)) + gu(Y, E(X)).



Hence we find that the symmetric part of E is equal to TV defined by ([23).
On the other hand, we have similarly for all X,Y € I'(T'M), that

v

M M
%(vaqf—xvy\y,@

We deduce that the skew-symmetric part of E, is equal to the tensor Q¥
defined by ([[.6). Here the following question arize: Find an inequality whose
limiting case could be characterized by ([.L§)? For this, we will modify the
Levi-Civita connection on M in the direction of the two tensors and we will

show that the spinorial Laplacian is bounded from below by the norm of
these two tensors. Indeed,

Proof of Theorem [L.1]. For any spinor field ¥ € I'(XM) and X € T'(T M),
we consider on I'(XM) the modified connection VxV¥ = VMU + EY(X) - ¥,
where the tensor EY is defined for all X, Y € I'(T'M), by

EY(X,)Y)=T"X,Y)+QY(X,Y) =R(Y - VYV, %).

Then for any local frame {e;}i—1.... , of I'(T'M), we compute

VO = [VYUP+ BP0 - 2) REY(e;) VYU, 0)
i=1
= VMU 4 [EYPIUP -2 gu(EY(e:), ) R(e; - VU, D)
ij=1

= [VYOP - [EY P

We then conclude the estimate with the help of the Schrodinger-Lichnerowicz
formula and the fact that |[EY|? = [TY|? +|QY|?, since the tensor TV is sym-
metric and QY is skew-symmetric. O

As we said before, the estimate ([[.7) improves Friedrich’s inequality for an
eigenspinor ¥ of D), since we have by the Cauchy-Schwarz inequality

TV > (tr(T7))? _ (%(DM\II’%>>2.

n

Now, we will prove an analogue of this inequality for the tensor QY. For
this, we suppose that M carries a Kahler structure and let J be its complex
structure. It is well-known that on such manifolds there exists a natural



operator defined, for all ¥ € I(SM) by, Dy U = S J(e) - VMW I, [
This operator is a self-adjoint operator with respect to the L2-product and
has a discrete spectrum, if M is compact. Moreover, we can easily prove that
D3, = D3, and it anticommutes with Dy;. Now, we write for all ¥ € T'(XM),

Dy¥ = Y Jle) VMU = Z g (J ;- VM
i=1 i,7=1
= Zg]\/[ VM\I/+ZQM ) ei)ei Vé\;[\y
1<j 1<J
= > gu(J( - VEU —e; - VD),
1<J

By taking the real part of the hermitian product with ¥, we find
R(Du, ) =2 gur(J(er), e)Q" (ei )|V = (L QWP (2.1)
i<j
Hence by using the Cauchy-Schwarz inequality, we deduce that
(L@ _ (R(Du ¥, )

n

QY * >

Then for an eigenspinor ¥ of D m, which corresponds with an eigenspinor of
D2, and not of Dy, the term |QY|? is bounded from below by )‘72 and the
inequality ([.7) improves Friedrich’s estimate. O

Remark. It is well-known that on Kéhler manifolds, a sharp estimate is
established by K.D. Kirchberg in [I§, [J] depending on the complex dimen-
sion. In fact, we establish in [[[4] a new estimate on such manifolds involving
the two tensors T and QY which improves Kirchberg’s inequalities.

3 Case of hypersurfaces

In the following two sections, we will give a geometric interpretation for the
tensors TV and QY. We will see that T plays the role of the second fun-
damental form on a manifold foliated by hypersurfaces while the tensor QY
plays the role of the O’Neill tensor in the case of Riemannian flows.

Let (M, gum,F) be a Riemannian spin manifold of dimension n + 1 and let
F be a foliation of dimension n, i.e. the vector bundle L on M of tangent

vectors to the leaves is of rank n. For all X € I'(T'M) and Y € I'(L), we
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set VLY = 7H(VAY) where VM is the Levi-Civita connection on M and
7t : TM — L is the projection. The connection V* is a metric connection
on L with respect to the induced metric on M. We assume that the normal
bundle is trivial, that means it is generated by a unit vector field v. Since
TM = L & Ry, the bundle L is spin as a vector bundle (see [B, BJ| for de-
tails) and carries a spinor bundle denoted by X.L. The two spinor bundles
M and YL are identified by a unitary isomorphism for n even whereas the
bundle XM is identified with two copies of XL for n odd. If we denote by
U* the spinor field of XL associated with W by the isomorphism, the Clifford
multiplication on L is identified with the one on M for all Y € T'(L) by

Y U= (v Y - 0) (3.1)

A spinorial Gauss formula The connection defined in the previous para-

graph allows us to establish the spinorial Gauss formula. For this, we set for
all X € T(TM),h(X) = —V¥v. The restriction of h to L is the Weingarten
map which is symmetric and we have

VY = VLY + gu(h(X), Y )y, (3.2)

where Y € I'(L). Then for all X € I'(TM) and ¥ € I'(¥M), we have the
Gauss formula [g, B9

1
VYU = VLT + 5h(X) 73

We recall that the energy-momentum tensor is given for all X, Y € I'(T'M),
by
®

e

where @ is a spinor field in I'(XL). Now we have the following proposition

(see also [J)):

1
T*(X)Y) = 59‘?(7*()() L Vi@ + 71 (Y) L VED

Proposition 3.1 Let (M, gy, F) be a Riemannian spin manifold and F a
foliation of codimension 1. If M carries a parallel spinor V, then for all
X, Y € I'(L), we have

T(X,Y) = ~ 3o (h(X),Y) = {(L,92)(X. V),

where ® = U* and L, is the Lie derwative in the direction of v. Moreover
the foliation F is Riemannian (i.e. h(v) = 0) if and only if T®(v, X) = 0
for all X € I'(L).



Proof. From the Gauss formula and the identification in (B.]]), we have for
all X € I'(T'M) that

1
Vid = FUX) -1 @
On one hand, for X, Y € T'(L), we have

T*(X,Y) = %%(X L Vy® +Y - Vi O, %)
1 P
_ Z%(X g h(Y) p ®+Y -p h(X) L P, @)
- _i@M(X, hY)) + gu (Y, h(X))) = —%gmh(X),Y)-

On the other hand, we know that
(EVgM)<X7 Y) = gM<v§(4V7 Y) + gM<v§\/4V7 X) = _2gM<h'<X)7 Y)?

hence the first part of the proposition. For the second part, we compute for
all X e I'(L)

T°(X,v) = 19'73()<-Lv5c1>, i) = 13%()(-Lh(u)-L<I> hd !

2 o2 4 7@) = =3 9m (X, h(v)).

The foliation is then Riemannian g if and only if T%(X,v) = 0, and the
result is proved. O]

4 Case of Riemannian flows

Now, we consider the case of flows, i.e. the leaves are the integral curves of
a vector field defined on the manifold. In this case, the bundle L of tangent
vectors is trivial, hence the normal bundle ) will play the role of L. Then
submersions will be studied instead of immersions and more precisely the
study of Riemannian submersions in the case of Riemannian flows.

For this, let (M™"! gy, F) be a Riemannian manifold with its Levi-Civita
connection VM and let £ be the unit vector field that defines the flow F. We
denote by ) the normal bundle with its induced metric of M and we con-
sider for X, Y sections of I'(T'M) and for Z, W sections of I'(Q)) in the rest of
the paper. We define a metric connection on @) by V)Q(Z = m(V¥Z) where
X el(TM),Z eT'(Q) and 7 : TM — @ is the projection. The connection
V¥ is related to the connection VM, for all X € I'(T'M) and Z € T'(Q), by

V¥Z =V$Z - gu(h(X), Z)E,

8



with h(X) = VY. From now on, we assume that M is a spin manifold. The
normal bundle is then spin and carries a spin structure induced from the one
of M, as the case of the hypersurfaces. The relation between the connections
VM and V¥ could be easily extended on the corresponding spinor bundles
and we have

1
VMY = VLU + € h(X) -0, (4.1)

for all U € I'(XM) and X € I'(T'M). For any spinor field ¥ € I'(¥M) and
X,Y € I'(TM), we denote by Ty (resp. (Qy) the symmetric (resp. skew-
symmetric) part of the tensor

v

Remark. We should point out that the spectrum of the Dirac operator
could be related to the norm of Ey, as in Section . In fact, we can easily
prove that

Scaly,
4

2> inf( +|Ewl3), (4.2)

where |Eyl|3, is the norm of Ey evaluated on vectors orthogonal to &. We
have the following theorem:

Theorem 4.1 Let (M, gy, F) be a Riemannian spin manifold of dimension
n+1 and let F be a flow of M. If the normal bundle admits a parallel spinor
& = U*, then for all Z,W € T'(Q), we have

1 1
where L¢ denotes the Lie derivative in the direction of §. Moreover the foli-
ation is minimal (i.e. Vé‘”{ =0) if and only if Ty(&,Z) = 0.

Proof. If the manifold M admits a transversal parallel spinor ®, then by
(ED) we obtain for all X € T'(T'M), that V¥ ¥ = 1¢- h(X) - U. Hence, for
all Z,WW € I'(Q), we deduce

Y

1
To(Z,W) = 5%(£-Z-V%\I/+§~W~V]‘Z”\If,@)

v
o

= L (am (Z (W)~ gus(W.h(2))) = 5 (Legn)(Z. 7).

= iﬂ?(f-Z-g-h(W)~\If+£~W-§-h(Z)~\If

9



Now we compute

1 v 1 1
Ty(&,Z) = §§R(§-§-Vg”\11+§-z-v§4\p, @) = —ZQM(Z h(§)) = —ZQM(/‘@, Z)
where kK = Véw ¢ is the mean curvature of F. Hence the foliation is minimal
if and only if Ty (£, Z) = 0. Similarly, we have

v
Qu(Z,W) = %%(S-W-V%If—g-z-v%\p,@)
v
= i%(gwgh(z)qj_SZ&h(W)\II’m/P)

= Lon (W (Z)) + g (Z,h(W)) = Ton(12.W),©)

The last equality is a consequence of the fact that the torsion on M is zero. [

Now we consider a particular case of flows. A flow is called Riemannian
[ if for all Z, W € I'(Q), we have

(Legm)(Z, W) = 0. (4.3)

The metric gy, is said bundle-like in the sence of [P7]. This definition is
equivalent to the fact that the restriction h|q is skew-symmetric. Moreover,
there exists on ) a unique metric connection with vanishing torsion [g],

called transversal Levi-Civita connection, which it is defined for all X €
I(TM) and Z € T'(Q), by

ﬂ-[gaZ]a X =g,
VxZ =
T(VYZ), X L¢.

An important property for the curvature RV of the normal bundle is that
for all Y,Z € T(Q), we have RV(£,Y)Z = 0 [2§. Hence the operator
RY(Y,Z) : T(Q) — I'(Q) is a well-defined endomorphism. The transversal
Ricci operator is defined for all Y € T(Q) by RicVY = Y1 RY(Y, ei)es,
where {e;}i=1... n is a local frame of I'(Q)). The transversal scalar curvature
ScalV is the trace of the transversal Ricci curvature. Moreover, the connec-
tion V is related to VM through the Gauss-type formula for all Z, W € I'(Q),
by VYW =V W — g (h(Z), W)E and

VVZ = VYet[e 7]
= WZ)+ (& Z]) + gm([€, Z], §)¢
= WZ)+VeZ+gu(VZ -V EEE
= VeZ+h(Z) - r(Z)E. (4.4)

10



Also for the scalar curvatures of @ and M, we have 27
ScalY = Scaly, — 2divgk + 2|k|* + |h|2Q (4.5)

The geometry of the normal bundle is determined by a skew-symmetric ten-
sor, called the O’Neill tensor [R5, defined for all X|Y € T'(T'M) by

AxY = 7TJ'<V7]:4(X)7T(Y)) + W(V%X)WJ'(Y)). (4.6)

Then if Z € T'(Q) and Y = &, we have Az¢ = m(VYE) = W(Z). Also if
Z,W e I'(Q), then

AW =7 (VW) = gu(VI W, € = —gu(h(Z), W)€ (4.7)

Since the map h|g is skew-symmetric, the tensor A has also to be skew-
symmetric. Then

AW =g (VYW) = aH(VNZ + [Z,W]) = Aw Z + 74 [Z, W],

and we deduce that AW = $7+[Z, W]. The bundle @ is then involutive if
and only if the tensor A vanishes. In this case, and if the flow is minimal,
then by the De Rham decomposition the manifold is locally isometric to a
product of manifolds. This product is global if the manifold is complete
and simply connected. From now on, we suppose that the manifold M is
spin. For all ¥ € T'(X¥M), we have the analogue of the Gauss formula for
Riemannian flows,

VW =V + 130 ei-hie) U456 k-0,
(4.8)
VYW = VW + L h(Z) -0,

where Z € I'(Q) and {e;};—1,... » is a local frame of I'(Q)). The proof of the
second equality in ([.§) is similar to the previous section. For the first one,
using Equality ([.4)), we write in the frame {&, ey, - ,e,},

1 1
Vé\/[\lf = f(‘l’)+§ng(Véwf,€j)§~€j~‘I’+§ZQM<V§/[€i,€j)€i~€j-\I’
j=1 i<j
1 1
A \If+1i h(e;) - W 0
= ¢ 2§ K 4i:1 e; e; )

Now we are ready to state the following proposition:

11



Proposition 4.2 Let (M, gy, F) be a Riemannian spin manifold and let F
be a Riemannian flow. If the normal bundle carries a parallel spinor & = U*,

then for all Z,W € T'(Q), we have

Qu(Z,W) = %QM<AZVV7 §) = —%QM(AZ& W),

where A denotes the O’Neill tensor.
Proof. From Theorem [[.1], we have for all Z, W € I'(Q),
1 1

Q‘I’(Zv W) = ZquZv W]vf) = §gM<AZW7 é) O

5 Case of Sasakian manifolds

It is interesting to consider an example of a Riemannian flow. We will discuss
the case where the normal bundle admits a parallel spinor. For this, we recall
the definition of a Sasakian manifold [f].

Definition 5.1 A Riemannian manifold (M, gy) of dimension 2m + 1 is
called Sasakian, if there exists a unit Killing vector field & such that the
tensor h defined for all X € T(TM), by h(X) = V¢ satisfies the following
properties:

1. h? = —Idry + & ®E,
where X,Y are vector fields in T'(T'M).

Since ¢ is a Killing vector field, it then satisfies Equation (f.3). Hence it
defines a Riemannian flow with totally geodesic fibres. Moreover, the normal
bundle has a Kéhler structure w.r.t. the connection V defined for all Z €
I'(Q) by J(Z) = h(Z) [{]. The transversal Ricci tensor is related to the Ricci
tensor of M by [H, eq. 2.5]

RicVZ = Ricyy Z +2Z and  Ricyé = 2mé. (5.1)

An important case of Sasakian manifolds is 7-Einstein manifolds (see [[j] and
@:

Definition 5.2 A Sasakian manifold (M, gyr) of dimension 2m+ 1 is called
n-Einstein if there exist real functions 8 and v on M such that

Ricy = Bgu + 78 @ €.

In this case, the functions 8 and v are constant and satisfy 3+~ = 2m. The
scalar curvature is constant equal to 2m(F + 1).

12



Let now (M, gp) be a spin Sasakian manifold. The Kahler form Q of the
bundle @ defined for all Z, W e I'(Q) by QY, Z) := gu(J(Y), Z) acts on
the spinor bundle of @) by [[]

2m
1
Q= 5 Zei ‘Q J(ei)Q,
i=1

where {e;}i—1,... om is a local frame of I'(Q). It is well-known that under the
action of Q, the spinor bundle of @ splits into an orthogonal sum [H], [L§]

EQ = EBT:OETQ7

where Y.() is the eigenbundle of rank <T) associated with the eigenvalue

ipy = 1(2r —m) of Q. Since the bundle XM is identified with the bundle
YQ by Section [, we have the same decomposition for Y M. Moreover, the
Killing vector field £ acts on each eigenbundle ¥, M by [[[7]

-0, = (-1)"hiv,, (5.2)
for all ¥, € I'(X,.M). Now we have the following proposition:

Proposition 5.3 Let (M, gy) be a simply connected Sasakian spin manifold
of dimension 2m+ 1 and let (£, h,n) be its Sasakian structure. If the normal
bundle QQ admits a parallel spinor ® = U* then M s n-Finstein. If more-
over the limiting case of Inequality () is realized, then either Q) carries a

hyperkahler structure of rank n = 2m = 8k or the manifold M is isometric
to R4H’1.

Proof. The normal bundle is Kahler and Ricci flat with holonomy group is
one of the following SU,,, Sp, (m = 21), 0 [BQ]. We deduce by Equation (f.5)
that Scalyy = —2m and by (p.])) that,

RicyyZ = =27 and  Ricy§ = 2mé, (5.3)

for all Z € I'(Q). Thus the manifold M is n-Einstein and by ([.§) it carries
a spinor field ¥ that satisfies

VMY =10,
(5.4)
VYW = L n(Z) - W

In this case, the tensor Qu(Z, W) = —1gm(h(Z),W) for all Z,W

e Q)
and we are in the limiting case of Inequality (fI7) if and only if Q- ¥ =

0.
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Using the identification of the bundles ¥ M and »(), this condition gives that
P e T(Z%Q) and m = 2/ is even. Having a holonomy group SU,,, the only
subbundles that admit parallel spinors in even complex dimension are ()
and X,,Q B3, B4, B(], hence a contradiction. Thus the holonomy group is
either reduced to Sp; or to 0. In the first case the normal bundle admits a
hyperkahler structure and the subbundles that admit parallel spinors have
the form »,0Q) with s even. We deduce that [ is even. In the second case, the
normal bundle is flat (i.e. RV = 0) and by a result of R. Blumenthal [[J, Cor.
2], the manifold M is isometric to R4+, O

We recall that a Kahler spin manifold (N*™,J,S) with complex structure
J and spinor bundle S carries a complex Kéhlerian Killing spinor v =
U1 + . € T(S,21 @ S,) if for each vector field X the differential equa-

tions [P0, eq. 1.2]
V%/frﬂ = %(X =+ ZJ<X>> : 1/}7’7

VY, = §(X —iT(X) -,

are satisfied, where ¢ # 0 is a given complex number. Many basic properties
have been investigated for a non-trivial solution of the above differential sys-
tem. In particular, the manifold N is Einstein of odd complex dimension [R0,
Thm. 3]. Now we will relate the particular spinor obtained in Proposition
b.3 to the cone constucted over the manifold M and we will prove that it
corresponds to a complex Kahlerian Killing spinor.

For this, let (M™, gjs) be a Riemannian manifold of dimension n and let VM
be the Levi-Civita connection associated with g,;. We recall the following
facts [[Z], [BG]. The cone constructed over M is defined by the Riemannian
product (Z = R" x M, gz = dt* ® t?gyr). The unit vector field 9t is orthog-
onal to the hypersurfaces M; = {t} x M C Z which foliate the manifold Z.
We denote for all X € T'(T'M) by h(X) = —V%0dt the Weingarten map of
M, where VZ is the Levi-Civita connection associated with gz. We have the
following formulas, for all X, Y € T'(T'M), [B4, p. 206]

VZ0t =0,
VEX =Viot =1X,
VZY = VY —tgy(X,Y)0t.

Using these formulas, we can relate the Ricci curvatures for M and Z and
we have for all X € I'(T'M),

. . L.
Ricz0t =0, RiczX = t—2(R1cMX —(n—1)X),

14



and for the scalar curvatures, we deduce
1
Scalz = t—z(ScalM —n(n —1)).

From now on, we suppose that the manifold M?™*! is a Sasakian spin man-
ifold with (£, h,n) its Sasakian structure. Let the orientation of Z be such
that for any positively orthonormal basis {, €1, - , €9} of TM, the basis
{ot, % , %el, -++  €egm } 18 positively orthonormal in Z. Since the dimension of
M is odd, the spinor bundles of M and Z are identified as in Section P and
we have

YM ~ Y Z1 .

Also for the Clifford multiplications, we get from Equation (B.1)) for all X €
[(TM) and ¢ € T'(XZ%]|y,) that

1
Xomy' =200t X-9), (5.5)

43 7

where is the Clifford multiplication on Z. The spinorial Gauss formula
is then given for all X € T'(T'M) by

1
v§¢:v¥w+§8t-x-¢,

where ¢ € T'(XZ7). Moreover, we can relate the geometry of M to a particu-
lar geometry on the cone. Indeed, the structure J given for all Y orthogonal
to &, by

J(01) = 6 J(€) = ~t0h, J(¥) = h(Y),

defines a Kihler structure on Z. Let Q% = gz(J(X),Y) be the Kéhler form
on the manifold Z. Its action on the spinor bundle is given by

0? :—815 ¢ +2t2261 ei) - . (5.6)

This formula is a direct consequence from the local expression of 2% in the
basis {0t, %&, %el, e ,%eQm}. Now we turn our attention to the cone over
the manifolds in Proposition p.3 Using Equations (5.J), we deduce for all
Y € I'(Q) that

2(m+1)

12 ¥

Ricz& = Riczdt =0 and RiczY = —

15



The scalar curvature on Z is then equal to —M Since the spinor field

U = ¢* € I'(5,Q)(I = 7 is supposed even), hence by using Equations (5.5)
and (p.3) we obtain

(201 )" = Eoag W =~ = (—ig)" 6.7

Moreover, the action of the last term in (B.G) on the spinor field ¢ is zero, since

U is the kernel of the Kéhler form of I'(Q). We then deduce that Q% - = —igp
and ¢ € I'(X;Z). Therefore, using Equations (5.4) and the Gauss formula,
we have by Equation (p.5)) for all Y € I'(Q) that

Ve =
VEp = -39,
Vi =gzl J(V) o+ 50tV .

The spinor field defined by 1 := 10t - ¢ is a section of the bundle ¥, Z. In
fact, using Equations (p.6) and (5.7), we compute

QZ-@/):E@t-f-@t-wzEf-gpzz(zt@twp):—6t-cp:u/).

Hence ¢ € I'(¥;41Z) and the pair (p,¢) € ['(3,2) ® (¥4, 2). Using Equa-
tion (B.7), we write for all Y € T(Q),

=z 1
= —= - =Y.
Vi 2t2J( ) &g Y Oty
1
= _EJ( )-8t-cp—2—Y-6t-cp
1
= TY) e Y = (Y (V)
Similarly, we compute
Viy = vZat @ + 0t - v
1
= —Y <p+18t (——J( )-8t-cp—EY-8t-cp)

= LYt L) = Ly a6

The same equations remain true along the vector field § with constant ;. U]
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6 Case of 3-dimensional flows

Now we will characterize parallel spinors on the normal bundle when the
manifold M is of dimension 3. We will prove that the existence of such
a spinor is equivalent to the existence of a solution of the Dirac equation
and we will find the analogy of the characterization for surfaces. For this,
we consider a Riemannian spin manifold (M, gas, F) of dimension 3 and a
Riemannian flow F, supposed minimal, defined by a unit vector field £. We
recall that the complex volume form

wg = —E e e,

acts as the identity on the spinor bundle XM, where {{,e1,e5} is a local
orthonormal frame of I'(T'M). Moreover, we have for all Z € T'(Q)

*

ZqU*=(¢-Z-0) and (£-0) = —i0", (6.1)

where U = wy @ ¥ and wy is the complex volume form of ¥¢) defined by
wy = i€y - €. Since the map h(Z) = V¢ is skew-symmetric, it can be
represented by the following matrix

0 —b
b 0 )’
where b: M — R is a function. We have the following theorem:

Theorem 6.1 Let (M3, gy, F) be a compact Riemannian manifold and let
F be a minimal Riemannian flow. Then the following properties are equiva-
lent:

1. The normal bundle admits a parallel spinor & = W*,

2. The transversal scalar curvature is non-negative and V is a solution of

b
Dy¥ = ¥, (6.2)
with V| = 1.

Proof. For 1 = 2, the first is trivial since the normal bundle is Ricci flat.
For the second part, the norm of ¥ is constant by a direct consequence from
the equality X (|¥|?) = 2R(Vx V¥, ) for all X € T'(T'M). On the other hand,
using Equations (b.4) and the fact that

Q. — %(el~h(el)~\lf+62-h(eg)~\ll)

1
= —b€1'€2'\1’—b€2'€1";[/ Ibf\I’
2
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We compute the Dirac operator of ¥ and we find

b 1 1
DM\I/ = —§\I/+§61€h(61)\I/*Féeggh(eg)lp
b b b b
= —§\II+§€1'€'62'\I/—562‘&‘61‘\112511/.

For 2 = 1, we compute first
DyV = & V¥ +e - VIV +e, VU

== f(v§W+g€\P)+61(V61\D+g§62111)

b
teg - (Ve, ¥ — §§ e - V)
b
= (- VeU+te -V, U+e- Ve, U+ 5\11. (6.3)

Since ¥ satisfies (6.9), we get by (B.1)) that D;® = VP where & = ¥* and
Dy, is the transversal Dirac operator defined for each spinor field ® € I'(XQ)

by [13, eq. 1.6]
Dtrq) =€1'Q Velq) + €9 Q Vegq)-

Thus we have ]
R(D;,®, @) = R(Ve®, ) = £(|Bf).

The norm of ® is being constant, then R(D;.®, P) = 0. On the other hand,
by the fact that for all Z € T'(Q), we have RV (£, Z)® = 0, then

D}® = D, (V:®)
= €1°Q Vel ng) + €2 V@ng
= €19 (VeVe @+ Vi, g®) + e3¢ (VeVe,® + Vi, ).

If we choose normal coordinates {ej, ex} at a point x on M, hence the bracket

e;, €], vanishes since the foliation is minimal. Thus, D7.® = V¢D,,® and

R(D;.®, D) = R(VeDy,®, @) = —(Dy, @, V@) = —| D, @

The integral over M, gives D, ® = V& = 0. Hence the spinor field ® is
transversally parallel as a consequence of the Schrodinger-Lichnerowicz type
formula [[3, eq. 2.1] and the fact that the transversal scalar curvature is
non-negative. 0

Now we give examples of manifolds in dimension 3 with negative scalar curva-
tures, which the limiting case of Inequality ([[7) is achieved. We also define
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a particular Riemannian flow on these manifolds with transversal parallel
spinors.

Example 1. Let M = Nilz be the Heisenberg group defined by the quotient

1 a c
G := 01 bf;(abc)cRy,
0 01

by the subgroups Gy C G of matrices for which x, y, z are integers divisible by
some positive integer k. The Heisenberg group carries a left-invariant metric
which has the form [g]

ds? = da® + dy? + (r(ydx — xzdy) + dz)*,

where 7 is a non-zero constant real number. We easily verify that the frame

{e1, €2, e3} defined by
e1 = 0x — Y0z, ey =y + Tx0z, e3 = 0z,
is an orthonormal frame and satisfies
le1, €a] = 27es, [ea,e3] =0, [er,e3] = 0.

The Christoffel symbols 1"’-“]» = g(V,,ej, ex) are given by

3 ol 3 _
1—‘12—F23—_F21—7'7

1 2 2
Pyp=-I5=-T13=".

The other symbols vanish. The Ricci curvature of M is given by the matrix

—272 0 0
RiCM = 0 —27’2 0
0 0 272

The scalar curvature of M is then equal to —272. Using the local expression
of the covariant derivative of a spinor field [f], the spinor bundle XM admits
a spinor field ¥ which verifies,

1 1
Vé\f\ll = §gM(Vé‘f62,63)62 €3 U= 57’61 -,

Also, we have that V¥ = %7’62 W and Vé‘g\ll = —%7'63 -W. Hence the spinor

field ¥ is an eigenspinor of the Dirac operator associated with the eigenvalue
-5. Moreover, we compute
v T v T

T%(e1,e1) = Rey - Vi‘f\l/, @) - 5%(61 ey, @) =3

19



Similarly, we have that 7% (es, e2) = —Z and TV (e3, e3) = Z. The others are
equal to zero and also for Q¥. We then deduce that |T%[? = 2 and we get
Scal 2
i]‘I}f( calyy FITYR 4 1QY?) = TZ — 2

The flow defined by e3 is Riemannian and minimal. In fact, the map h(Y) =
V¥ ey is given by

h(el) = —Te€q, h(eg) =T€y, h(eg) =0.

Using Equations (f.§), we can verify that & = U* is a transversal parallel
spinor. Indeed, we have
M 1 . 1 1 .
Ve, @ = (V¥ — 568 h(ey) - U)* = (57'61 U+ g7 e U)* =0,
and V., ® = V. ® = 0. Hence, we find the result in Proposition by
computing

1 v
Quler,e2) = 5%(63 ey VW —eg-e- VU, @)
T 1
= Z%(€3'€2'€1'\I’—€3'€1-62-\11,@)
T v T 1
= —5%(61 c€g-€e3- \I/, @) = 5 = _59M<h<€1)7€2). 0

Example 2. Let M be the solvable group Sols. The manifold M is the
semi-direct product R x R?, where ¢t € R acts on R? via the transformation
(x,y) — (e'z, e7y). We identify Sols with R? and the group multiplication
is defined by

(z,y,2) - (&',y,2) = (@ + ey + 7y 2+ 21).

The frame
e1 =e “0x, e; = €e°0y, e3 = 0z,

is orthonormal with respect to the left-invariant metric
ds® = e*da* + e #dy* + d2*.
We easily verify that the frame {eq, ey, e3} satisfies

[61762] =0, [61763] = €1, [62763] = —é€a.
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The Christoffel symbols are given by
F?l = 1—%3 - _1—%3 - _ng = -1

The other symbols vanish. The scalar curvature is equal to —2. As the
previous example, there exists a spinor field ¥ on I'(XM) which satisfies

1 1
VYU = 562 v, VI = 561 v, VMo =0.

The spinor field ¥ is then a harmonic spinor and we have

1 s
TV(e1,e9) = 5%(61'Vg‘1’+62'vé‘f‘1’,@)
Y 1

1
= Zé}%(el'61'\P+62'62'q],@):—§.

The others are equal to zero and also for Q. Hence we deduce that |T¥|? = 1

and we get

Scal
L T+ 1QY) = 0= 0%

1]‘I}f (

The flow defined by e3 is minimal and is not Riemannian. In fact, the map
h(Y) = V¥ ey satisfies

h(el) = €1, h(eg) = —€9, h(eg) =0.
Then, we are in the case of Theorem [L.] and we have for all X € I'(T'M)
1
VU = VU + 56 h(X)-W.
Thus, we find V., ® = (3es- U — Leg - ey - ¥)* = 0. Also, we deduce that

Ve, =V, ® =0 and @ is a parallel spinor on the normal bundle. Now, we
compute

L 1 U 1
M
Tofer.e0) = Rlea -1 VW, i) = SR(ea- o1 -0 Wy ) = =
On the other hand, we have —3(L,gum)(e1,e1) = —39m(VVez, 1) = —1.
Moreover, we write
1 iy " U
Quler, e2) = 5%(63 ey Vo U —ez -V, U, @)

1 v 1
= Z%(eg c €y €9 \I/ —€3-€1 €1 \I/, @) = 0 = ZgM([Gl,GQ],Gg).
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0

Example 3. Let the manifold M be the Riemannian product S* x S? and
let VM be the Levi-Civita connection associated with the product metric.
The manifold M is a trivial fibration over the sphere S? with S!-fibres. We
denote by ¢ the unit vector field of the tangent bundle of S' and {e;, s} is a
local orthonormal frame of S?. Let ® be a Killing spinor on the sphere with
Killing number %, ie. ij@ = %ei 52 @, for ¢ = 1,2. The scalar curvature
on M is then equal to 2. Moreover, by using the identification in (B.1]), we

deduce that the manifold M carries a spinor field ¥ which satisfies
1 1
Vv =0, VIv = 56 v, VMU = —5e 0.

The spinor field ¥ is an eigenspinor of D3, associated with the eigenvalue 1.
In fact, we have Dy ¥ = ¢ - ¥ and

DW= Dy(§- W) =er- V(§ W) +er- VE(E W) +& V(€ D)

2

= e & VU6 & VIU="C e e U =0

Moreover, we easily verify that the tensor TV is equal to zero and

1 U

QY (e1,e2) = 5%(62~Vﬁf@—el-vg§@,@)
1 U 1
= Rl Vhera- ¥ mg) = —.

We also have Q¥ (&, e;) = 0 for i = 1,2. Hence we deduce that |Q"|* = 3 and

. Scaly,

inf( + TV +|QY*) =1 =A%

n

For the Friedrich lower bound, we have 1)

il‘r}[f Scaly = 3. O
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