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HARMONIC CHARACTERISTIC VECTOR FIELDS ON
CONTACT METRIC THREE-MANIFOLDS

DOMENICO PERRONE

Dedicated to the memory of my father

In this paper we show that a contact metric three-manifold is a generalised (k, u)-
space on an everywhere dense open subset if and only if its characteristic vector field
¢ determines a harmonic map from the manifold into its unit tangent sphere bundle
equipped with the Sasaki metric. Moreover, we classify the contact metric three-
manifolds whose characteristic vector field ¢ is strongly normal {or equivalently, is
harmonic and minimal).

1. INTRODUCTION

Blair, Koufogiorgos and Papantoniou [2] introduced the so-called (k, )-spaces. Such
spaces are contact metric manifolds (M, n, €, g, ¢) (for the definition of these manifolds,
see Section 2) satisfying

R(X,Y)¢ = k{n(Y)X —n(X)Y} + p{n(Y)hX — n(X)hY'}
where R is the curvature tensor, k, 4 are constant and 2h = L¢¢.

Recently, Koufogiorgos and Tsichlias [10] introduced a new class of contact metric
three-manifolds: the generalised (k, u)-spaces. These spaces are defined by the above
equation where (k, ) are functions. They proved that, if dim M > 3, then k and p are
necessarely constant and if dim M = 3, there exist examples of generalised (k, u)-spaces
which are not (k, u)-spaces. However, they did not provide a classification for this new
class and few results are known. One purpose of this paper is to give a characterisation
of such spaces in terms of harmonic maps.

If (M, g) is a Riemannian manifold and (T M, g,) is its unit tangent sphere bundle
equipped with the Sasaki metric g,, a unit vector field V on M determines a map between
(M,g) and (T*M, g,). When M is compact and orientable, the energy of V' is the energy
E(V) of the corresponding map. V is said to be a harmonic vector field if it is a critical
point for the energy functional E defined on the space x'(M) of all unit vector fields

Received 16th November, 2002
Supported by funds of the University of Lecce and the M.U.R.S.T.

The author wishes to thank Lieven Vanhecke for his useful comments.
Copyright Clearance Centre, Inc. Serial-fee code: 0004-9727/03 $A2.00+40.00.

305

https://doi.org/10.1017/50004972700033773 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972700033773

306 D. Perrone {2]

on (M, g). The corresponding critical point condition has been determined in [17] and
[18]. A harmonic vector field determines a harmonic map if an additional condition is
satisfied ([9]). Gil-Medrano [6] introduced similar notions when M is also non-compact
and non-orientable. Now, it is well known that the characteristic vector field £ plays a
fundamental role in the study of the Riemannian geometry of a contact metric manifold
(see [1]). So, it is natural to study the harmonicity of £ in contact metric geometry.
If M is Sasakian, then £ is a harmonic vector field ([17]) and determines a harmonic
map ([8]). Han and Yim [9] proved that the Hopf vector field £ on the unit 3-sphere
53, that is the characteristic vector field of the standard contact metric structure on
S3 (see for example [1]), is the only unit vector field which defines a harmonic map
into its unit tangent bundle. In [15], the present author proves that the characteristic
vector field £ of a general contact metric manifold is a harmonic vector field if and only
if it is an eigenvector of the Ricci operator. Gonzélez-Dévila and Vanhecke [8] studied
harmonicity and minimality of the characteristic vector field of a contact metric three-
manifold when the space is locally homogeneous or has constant scalar curvature. The
same authors introduced in 7] the notion of a strongly normal unit vector field V. Such
notion generalises the normality notion used in contact metric geometry where the role
of V is played by the characteristic vector field.
The main results of this paper are the following.

THEOREM 1.1. Let (M,g,1,&, ¢) be a contact metric three-manifold. Then the

characteristic vector field & : (M, g) — (T'M, g,) defines a harmonic map if and only if
M is a generalised (k, p)-space on an everywhere dense open subset (specified in Section
2).

For a non-Sasakian contact metric three-manifold, we define the invariant p
:= (4V/2W) /|||, where W is the Webster scalar curvature and ||7|| the scalar torsion
introduced by Chern and Hamilton [4]. Then, we get the following.

THEOREM 1.2. Let (M,n,9,&, ¢) be a contact metric three-manifold. Then the
following statements are equivalent:

(i) & is strongly normal;

(ii) € is harmonic and minimal;

(iii) M is Sasakian or is locally isometric to a unimodular Lie group G equipped
with a non-Sasakian left-invariant contact metric structure (n,g). More
precisely:
ifp>1, G is the 3-sphere group SU(2);
ifp=1, G is the group E(Z), that is, the universal covering of the group
of rigid motions of FEuclidean 2-space;
if-1#p<1,G is the group 5‘1(2,12);
ifp= —1, G is the group E(1,1) of rigid motions of the Minkowski 2-space;
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where G denotes the universal covering of G.

COROLLARY 1.3. A compact three-manifold admits a contact metric structure
whose characteristic vector field is strongly normal, or equivalently, harmonic and min-
imal, if and only if it is diffeomorphic to a left quotient of the Lie group G under a
discrete subgroup, where G is one of SU(2), H® (the Heisenberg group), 5‘1(2, R), E(2)
or E(1,1).

2. PRELIMINARIES ON CONTACT METRIC MANIFOLDS

In this section, we collect some basic facts about contact metric manifolds. All
manifolds are assumed to be connected and smooth. A (2n + 1)-dimensional manifold M
is said to be a contact manifold if it admits a global 1-form 5 such that n A (dq)® # 0.
Given 7, there exists a unique vector field £, called the characteristic vector field or the
Reeb vector field, such that n(€) = 1 and dn(€, -) = 0. Furthermore, a Riemannian metric
g is said to be an associated metric if there exists a tensor ¢ of type (1, 1) such that

77=g(€a')7 d’l('a')=9(',¢'), ¢2=_IZ+77®§'

(n, €, @) is called an almost contact structure. (7,9,&,¢), or (1,9), is called a contact
metric structure and (M, 1, 9,£,®) a contact metric manifold. We denote by V the Levi
Civita connection and by R the corresponding Riemann curvature tensor given by

Rxy = Vixy) — [Vx, Vy]

for all smooth vector fields X,Y. Moreover, we denote by p the Ricci tensor of type
(0,2), by @ the corresponding endomorphism field and by r the scalar curvature. The
tensor h = (L¢$)/2, where L denotes the Lie derivative, is symmetric and satisfies

(2.1) VéE=—¢—¢h, Vep=0, h¢=—¢h, h€=0.
The tensor h and the scalar torsion ||7||, 7 = Leg, introduced in [4], are related by
7 =2g9(h¢,-), |I7|I* = 4trh?

If M is 3-dimensional, and 0, A, —\ are the eigenvalues of h, then ||7||* = 8A2 = 8—4p(¢, ).

A contact metric manifold is said to be a K-contact manifold if € is a Killing vec-
tor field, or equivalently, h = 0. An almost contact structure (n,&, ¢) naturally gives
an almost complex structure on the product manifold M x R. If this almost complex
structure is integrable, the almost contact structure is called normal. If an almost con-
tact structure comes from a contact form 7, then the contact form 7 is called normal.
A Sasakian manifold is a normal contact metric manifold. Moreover, a contact metric
structure (&,m, ¢, g) is a Sasakian structure if and only if

(Vx9)Y =g(X,Y) - n(Y)X.
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Any Sasakian manifold is K-contact and the converse also holds when n = 1, that is,
for three-dimensional spaces. We refer to [1] for more information about contact metric
manifolds.

Next, let (M,n,g,£,¢) be a contact metric three-manifold and m a point of M.
Then there exists a smooth local orthonormal basis of the form {£,e;,e; = ¢e;} in a
neigborhood of m. Now, let U; be the open subset of M where i # 0 and let U, be the
open subset of points m € M such that A = 0 in a neighbourhood of m. U, U U, is an
open dense subset of M. On U; we put he; = Ae; and hence we have he; = — e, where
A is a non-vanishing smooth function. Then, we have

LEMMA 2.1. [3] OnU, we have

Vee, = —aey, Veep = aey,
Velf = —(/\ + 1)62, Vezf = —(/\ - 1)61 s
1 1
(22) Ve,el = 5{62(/\) -+ A}62 , Ve,eg = -2—)"-{61(/\) + B}€1 s

Veleg = —%{62(/\) + A}61 + (A + l)f,

Ve, €1 = ——2%‘-{61(/\) + Bley+ (A — 1)¢

(2.3) le1,e2] = ——2-1X{eg()\) + A)}e, + —2%{61(/\) + Bley +2€,
where A = p(€,e1), B = p(§,e;) and a is a smooth function. Moreover,
(2.4) Veh = 2ah¢ + £(N)s,

where s is the tensor field defined by s =0, se, = €, se3 = —e3

Finally, we recall that the components of the Ricci operator @, with respect to
{¢, e1, €2 = de}, are given by (see [13])
Q€ = 2(1 — N2)£ + Ae; + Bey,
(2.5) Qe, = Af + (% — 14N + 20\ e +E(Nez,
Qes = BE+E(N)ey + (-;- —14+X2— 2a./\)eg.

3. GENERALISED (k, )-SPACES AND HARMONICITY OF THE CHARACTERISTIC
VECTOR FIELD

Let (M, g,n,€,¢) be a contact metric three-manifold. We recall that M is called
generalised (k, p)-space if

(3.1) R(X,Y)¢ = k{n(X)Y — n(¥)X} + u{n(X)hY - n(¥)hX},
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where k and p are in general smooth functions. If kK = 1, then M is Sasakian. If k¥ and
u are constant, M is a (k, u)-space.

Moreover, we recall that a unit vector field V on a Riemannian manifold (M,g)
defines a harmonic map V : (M, g) — (T'M, g,) if and only if the following two conditions
are satisfied:

(1) YV is a harmonic vector field, and
(2) trR(V.V,V)-=0.
(See [9] for the compact case and [6] for the non-compact case.)

In [15} contact metric manifolds whose characteristic vector field £ is a harmonic
vector field are called H-manifolds. Moreover, we have

THEOREM 3.1. [15] The characteristic vector field of a contact metric (2n+1)-
manifold is a harmonic vector field if and ony if it is an eigenvector of the Ricci operator.

For n = 1, this theorem is proved in [8].
For a contact metric three-manifold, from Lemma 2.1, we have on U,:

trR(V.£, &) = —2X6(A)€ + (A — 1)Bey + (A + 1) Aeg,

and hence, by Theorem 3.1, we obtain easily the following

PrROPOSITION 3.2. [8] Let(M,g,n,€ ¢) be acontact metric three-manifold.
Then £ defines a harmonic map if and only if £ is a harmonic vector field and £||7||* = 0.

In order to prove Theorem 1.1, we first prepare some lemmas.

LEMMA 3.3. Let (M,g,n,€,¢) be a generalised (k, p)-space. Then on U, UU,
we have
Veh = phe, p=2a, EA)=0, k=1-A%

where a and ) are the functions defined in Lemma 2.1.

PRrooF: We use the notations of Lemma 2.1. If the open set U, is not empty, then the
restriction of the contact structure to U, is Sasakian and in thiscase h =0, A=a=p=0
and k = 1. Furthermore, on U; the equation (3.1) implies that the operator £ := R(E,-)¢
satisfies

(3.2) 0= —~k¢* + ph = k(I —n®&) + ph.
This equation implies

Lp=kod+phd and ¢f=ko— pho,
from which follows

(3.3) 0p + ¢€ = 2k
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and
(3.4) £p — ¢t = 2uhd.

Moreover, for a general contact metric manifold, we have (see [12, formula (2.6)])

2Vech = 06 — L.
Hence, (3.4) gives
(3.5) Veh = phg  or equivalently, ¢V h = ph.
So, (2.4) of Lemma 2.1 and (3.5) give z = 2a and £(\) = 0. Moreover, from (3.2) and
(3.5), we get
(3.6) €= —k¢* + $Vch

which is equivalent (see [12, Remark 2.4]) to
h? = (k — 1)¢>

This gives k = 1 — A2, 0

LEMMA 3.4. If M is a generalised (k, ;1)-space, then p(£, )jern = 0, that is, £ is
a harmonic vector field.

PROOF: From (3.1) we have R(X,Y){ =0 for all X,Y € kern and hence p(X, &)
=0 for all X € ker7.

PROOF OF THE THEOREM 1.1: We use the notations of Lemma 2.1. If the open
set U, is not empty, then the restriction of the contact structure to U, is Sasakian and
in this case the theorem is trivial. Next, let U; be non-empty and let (£, e;, e, = ¢e;) be
a local ¢-basis as in Lemma 2.1.

Assume that M is a generalised (k, u)-space. Then from Proposition 3.2 and Lemmas
3.4 and 3.5, it follows that £ defines a harmonic map. Conversely, assume that £ defines a
harmonic map. We show that M is a generalised (k, u)-space on U;. In [13], it is proved
that the Ricci operator @ of a general contact metric three-manifold is (locally) given by

(3.7) Q=al+n@+ ¢Veh — o(P) @€+ gle1)n® e +o(e)n @ er

where 0 = p(£, Jjkern, @ = (r/2) — 1+ A? and B = —(r/2) + 3 — 3)A2. Since (2.4)holds,
from (3.7) we obtain on U that ¢ = 0 and £(\) =0 if and only if

(3.8) Q={%—1+)\2}I+{—%+3—3/\2}n®§+2ah.

Moreover, for a Riemannian three-manifold the curvature R(X,Y )¢ is completely deter-
mined by the Ricci operator. More precisely, we have

R(X,Y)E = 1(X)QY - n(Y)QX - g(QY.E)X +9(@X,)Y — Z{n(X)Y - n(¥)X},
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and hence, using (3.8), we get
R(X,Y)¢ = (1= ) {n(X)Y —n(Y)X} + 2a{n(X)hY — n(Y)hX}.

Therefore, M is a generalised (k, s)-space with k =1 — A2 and u = 2a on U,. 0

REMARK. By the proof of Theorem 1.1, we get that, for a contact metric three-manifold,
the following properties are equivalent on Uy U Us:

(1) M3 is a generalised (k, u)-space;
(2) p(&a ')Ikern =0 and E()‘) =0
(3) Q=((r/2) —k)I+ (-(r/2) +3k)n @ £ + ph.

ExaMPLES. Consider the three-dimensional manifold M = {z € R3 : z3 # 0} and the
vector fields

d 10 ,0 2,0 10

- €y = 57+ €3=2IZ.’E3 — +
81:1’ fL'g 622’

Oz, Z‘_ga_xz m_géx—a

We define n,£,9,¢ by & = e1, glei,e;) = b, n(X) = g(§,X) and ¢(e1) = 0, d(ez)
= e3, #les) = —ez. Then (M,7,€,9,¢) is a generalised (k, pu)-space (see [10]) and
thus £ : (M,g) — (T'M, g,) defines a harmonic map. On the other hand, p(£, -)jkern
=0 and¢ ( ) = 0 are both invariant under a D-homothetic deformation: 7, = 5,
=(1/t), g =tg+tt—1)n®n,¢: = ¢, t > 0, and hence, for each positive number,
there exists a contact metric three-manifold whose characteristic vector field defines a
harmonic map.

4. HARMONIC, MINIMAL AND STRONGLY NORMAL CHARACTERISTIC VECTOR FIELDS
ON CONTACT METRIC THREE-MANIFOLDS

In (7], the authors introduced the notion of a strongly normal unit vector field. A
unit vector field V on a Riemannian manifold is called strongly normal if

9((Vx(VV)Y,2) =0 forall X,Y,Z L V.

Most of the results obtained in [7] are based on this notion because a strongly normal
unit vector field is minimal. A unit vector field V' on a Riemannian manifold (M,g)
determines a submanifold of its unit tangent sphere bundle. When M is compact and
orientable, the volume of V is the volume of the submanifold and V is called minimal if
it is critical for the volume functional defined on the space x'(M) of all unit vector fields
on (M, g). A similar notion has been introduced in [6] when M is also non-compact and
non-orientable.

The. notion of a strongly normal unit vector field generalises the normality notion
used in contact metric geometry where the role of V' is played by the characteristic vector

https://doi.org/10.1017/50004972700033773 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972700033773

312 D. Perrone 8]

field £. In fact, a normal contact metric manifold satisfies the conditon V€ = —¢ and
thus we have
Vx(VEY = —(Vx9)Y =n(Y)X - g(X,Y)E.

In (8], the same authors study harmonicity and minimality of the characteristic vector
field of a contact metric three-manifold (M, 7, g,€, #). They proved the following results.
If M is locally homogeneous, then £ is harmonic if and only if it is minimal or equiva-
lently, if and only if M is locally isometric to a unimodular Lie group equipped with a
left-invariant contact metric structure. If M has constant scalar curvature, then M is
locally isometric to a unimodular Lie group equipped with a left-invariant contact met-
ric structure if and only if £ is harmonic and minimal. Theorem 1.2, Corollary 1.3 and
Proposition 4.1 extend such results.

PROOF OF THE THEOREM 1.2: Let (M,n,9,£,¢) be a contact metric three-
manifold. We use the notations of Lemma 2.1. If the open set U, is not empty,
then the restriction of the contact structure to U, is Sasakian and in this case £ is
strongly normal, harmonic and minimal. Next, let U/; be non-empty and let (£,e;,e;)
be a local ¢-basis on U; as in Lemma 2.1. From (2.1) it follows that —VxV¢
= Vx¢ + Vx(ph) = Vx¢ + (Vxod)h + ¢(Vxh). In dimension 3, the CR-structure
associated to the contact metric structure is integrable (see for example [1]), that is
(Vx@)Y = g(X + hX,Y)¢ — n(X)(X + hX). Therefore,

£is strongly normal <= (Vxh)Y is collinear to £ for allX,Y € kern.

From Lemma 2.1, we have

(Ve h)er = Ve, hey — (Ve her) = er(N)er + (e2(X) + A)ey,

(Verhlez = Vesher = h(Veyhea) = ~AA+ 1€+ 5(e2(3) + Bler — ex(Vex,

(Ve,h)ea = Ve hea — h(Veyhea) = —(ex(X) + Bey — e2(N)ez,

(Ve,h)er = Ve hey — (Ve her) = ex(N)ey — (ex(A) + Bes.
So,
(4.1) £ is strongly normal on U; < e;(\) =e;(A\)=A=B=0.

Now, in (8], the authors derived the following analityc condition for the minimality of £.
The characteristic vector field £ is minimal if and only if on the open U; we have

) a=a{A(+20 —/\))}_leg(z\),
' B=4{/\(/\2+2(1+/\))}_1e1(/\).
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Consequently, on U; we have
¢is strongly normal <=> {is harmonic and minimal.
Moreover, by (2.3), (4.1) implies 2£(A) = [e1, e2](A) = 0. Thus, we get on Uy:
£ is strongly normal <= Ais constant and £ is harmonic.

In this case, that is when £ is strongly normal, (2.5) becomes
Q¢ =2(1 - W%,
Qel = (E -1+ A2 + 2(1))61
2 2
=(r_ 2 _
Qe, = (2 142 2a)\)62,

from which we easily get

(VeQ)§ =0,
(Ve,Qler = (81(%) + 2)\el(a))e1,
)

(V.,Q (e2 (g) + 2/\62(a))62.

X = 3 o((VeQ) B, X)

i

€2

Then, using the formula

where {E;} is an orthonormal basis, we get

r

el(g) = 61(5) + 2)e;i(a),
e (g) = 62(%) + 2)ea(a).

So, e1(a) = ez(a) = 0 and hence, since 2§ = [e;, €3], a is locally constant on U;. Since
A is continuous, it follows that M = U; and hence A and a are globally constant. Then,
Lemma 2.1 gives

[€,e1] = coe2, [€,€2] = cre1 and [ey, €7] = 2€,

where ¢ = A+a—1and ¢ = A —a+1 are constant. From this we obtain that M is
locally isometric to a unimodular Lie group with a left-invariant contact metric structure
(see [16, p. 10], [11] and [14, Theorem 3.1]). [14, Theorem 3.1} gives a classification of
the unimodular Lie groups with a left-invariant contact metric structure in terms of the
Webster scalar curvature W = (r — Ric(€,€) +4)/8 = (r + 2+ ||7]|*/4) /8 and the scalar
torsion ||7||. Since our contact metric structure is non-Sasakian, then we can consider
the invariant p := (4v2W)/ ||7|| and (1) of [14, Theorem 3.1] can be reformulated as
(i1i) of Theorem 1.2. 1]
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PROOF OF COROLLARY 1.3. Geiges [5) proved that a compact three-manifold
admits a normal contact form (that is, a Sasakian structure, see Section 2) if and only if
it is diffeomorphic to a left quotient I'\G of a Lie group G under a discrete subgroup T,
where G is one of SU(2), H® (the Heisenberg group), SL(2, R). This result and Theorem
1.2 imply the Corollary 1.3. 0
REMARK. Let G be one of the following simply connected unimodular Lie groups: SU(2),
H3, SL(2,R), E(2) or E(1,1). Consequently, G contains a discrete subgroup I" such that
the space of right cosets I'\G is a differentiable manifold and the natural projection =
is a differentiable map. Moreover, each left-invariant vector field on G descends to I'\G,
or equivalently, if X is left-invariant, then 7, Xy, = m,X,, for all @ € G and b € T.
In a similar way, a left invariant contact metric structure on G and, in general, all its
left-invariant tensor fields, descend to the quotient space. So, if we consider on G a left-
invariant contact metric structure (see [14]), then T'\G has a contact metric structure
with the same curvature properties for the curvature tensor on G. Also, the projections of
the (left-invariant) characteristic vector fields preserve the properties of being harmonic,
minimal and to determine harmonic maps into the corresponding unit tangent sphere
bundle. Note that a three-dimensional Lie group G admits a discrete subgroup I" such
that I'\G is compact if and only if G is unimodular ([11}).

We conclude this section with the following.

PROPOSITION 4.1. Let M be a contact metric three-manifold with constant
scalar torsion ||7||. Then £ is harmonic <> £ is minimal <= ¢ is strongly normal
<= M is Sasakian or it is strongly locally ¢-symmetric.

PROOF: We use the notations of Lemma 2.1. The conditon ||7||= constant is
equivalent to the condition A=constant. So, from (4.1), (4.2) and Theorem 3.1 follows
that harmonicity, minimality and strongly normality for £ are equivalent. Finally, from
[3, Section 5] it follows that the three-dimensional strongly locally ¢-symmetric spaces
are locally isometric to the Lie groups listed in Theorem 1.2. 0
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