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Abstract. We study 3-dimensional contact metric manifolds, the Ja-
cobi operator, of which, vanishes identically. The local description and
construction as well as some global results of this class of manifolds are
given. Our results are followed by several examples.

1. Introduction

In contact geometry, the Jacobi operator [ = R(.,£)¢ plays a fundamental role.
The class of contact metric manifolds with [ = 0 is particularly large. For exam-
ple, the normal bundle of an m-dimensional integral submanifold of a (2m + 1)-
dimensional Sasakian manifold admits a contact metric structure with [ = 0 ([1],
2, p. 153]). Thus, the study of these manifolds is of considerable interest. Some re-
sults concerning the 3-dimensional case are given in [5] and the references therein,
[7].

In the present paper we continue the study of 3-dimensional contact metric
manifolds M(n, &, ¢, g) with [ = 0. First, we explicitly describe locally all these
manifolds. For their local description we make use of a special coordinate system
and we write down the equations that characterize these manifolds. So, we are led
to a simple system of 1st order partial differential equations. The solution of this
system depends on two arbitrary functions of two variables and on three functions
of one variable. Secondly, for any function G : V' C R?> — R differentiable on an
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open subset V' C R? and such that 227(2; = 0, we construct a family of contact metric
manifolds V(n,&, ¢, g) with [ = 0. Thirdly, we classify those which additionally
satisfy ||Q&|| = constant, where @ is the Ricci operator. Finally, we classify the
ones which are closed and have non-negative (or non-positive) scalar curvature.

2. Preliminaries

In this section, we give the definitions, the formulas and some lemmas we need.
For more details concerning contact metric manifolds the reader is referred to
[2]. Throughout this paper, all manifolds are assumed to be connected, and all
functions to be of class C*.

A differentiable (2m+1)-dimensional manifold M is called a contact manifold,
if it admits a global differential 1-form n such that n A (dn)™ # 0 everywhere on
M. Given a contact manifold (M,n) there exists a unique global vector field
¢ (called the Reeb vector field or the characteristic vector field), which satisfies
n(§) =1 and dn(&, X) = 0 for any vector field X € X(M). Polarizing dn on the
contact subbundle D, defined by n = 0, one obtains a Riemannian metric g and
a (1,1)-tensor field ¢ such that:

dn(X,Y) =g(X,0Y), n(X)=g(X§), ¢"=-T+n®¢

for any X,Y € X(M). The metric g is called an associated metric of n, and
(n,&, ¢, g) is called a contact metric structure. A differentiable (2m+1)-dimension-
al manifold equipped with a contact metric structure (1, &, ¢, g) is called a contact
metric (Riemannian) manifold and it is denoted by M (n, &, ¢, g). The set A(n) of
associated metrics to 7 is of infinite dimension and each metric g € A(n) has the
same volume element dv. On a contact metric manifold M (n, &, ¢, g) we define
the (1, 1)-tensor fields [ and h by

IX = ROX.06 X = (L)X,

where L¢ and R are the Lie differentiation in the direction of { and the curvature
tensor respectively, given by

R(X,Y)Z =VxVyZ - VyVxZ — Vixy 2
for any X,Y,Z € X(M). The tensors | and h are self-adjoint and satisfy
he =0, 16£=0, Trh=Trh¢ =0, ho—=—oh.

Since h anti-commutes with ¢, if X is a non-zero eigenvector of h corresponding
to the eigenvalue A, then ¢X is also an eigenvector of h corresponding to the
eigenvalue —\. On a contact metric manifold M (n, &, ¢, g) the following formulas
are valid:

P =0, nog=0, g(¢X,9Y)=g(X,Y)—n(X)n(Y), Veo=0,
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VE=—¢—¢h, V=0, ¢lp—1=2(¢"+1n*), Veh=¢—¢l—¢h?
where V is the Levi-Civita connection.

Now, let M(n,&,¢,g) be a 3-dimensional contact metric manifold with [ =
0. Then, from ¢l¢ — 1 = 2(¢* + h?) we have h? = —¢* and so the non-zero
eigenvalues of h are +1 and their eigenvectors are orthogonal to £. Thus, the
contact subbundle D is decomposed into the orthogonal eigenspaces +1, which
we denote by [+1] and [—1] respectively.

From now on, by an M;-manifold we will mean a 3-dimensional contact metric
manifold M (n, &, ¢, g) satisfying [ = 0. Moreover, by (£, X, ¢X) we will denote
a local orthonormal frame of eigenvectors of h such that h{ = 0, hX = X and
hoX = —¢X.

Now, we will give some well known results concerning M;-manifolds.
Lemma 2.1. On any M;-manifold the following formulas are valid:

Vxé=—20X, Vyxé=0, VX =0 VX =0, (1)
VxopX = —AX + 26, VyxX = —BoX, (2)

VxX = ApX, VyxdX = BX, (A= —diveX,B = —divX),  (3)

€, X] = 20X, [£,6X] =0, [X,6X]=—AX + BoX + 2¢, (4)
EA=0, ¢B=24, (5)
QE = 2AX + 2BoX, QX = gx +2A€, QpX = g(bX +2B¢,  (6)
S=TrQ=2(pXA+ XB — A? — B?), (7)
£S = 4(¢XB + XA — 2AB), (8)

where @) is the Ricci operator (QZ = Y . R(Z,e;)e;, e;,1 = 1,2,3, is an or-
thonormal basis), div denotes the divergence (divZ =Y .g9(V.,Z,¢e;)), and S is
the scalar curvature.

Lemma 2.2. If the scalar curvature of an M;-manifold is constant, then either
S =4, or QY € [+1] for any Y € [+1].

For the proofs of Lemmas 2.1 and 2.2 see [5]. Especially, the relations A = —divg X
and B = —divX are immediate consequences of (1), (2) and the definition of the
divergence.
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3. Local description and construction of M;-manifolds
In the next theorem all M;-manifolds are locally determined.

Theorem 3.1. Let M(n,&, ¢, g) be an M;-manifold. Then, for any point P € M,
there exists a chart {U, (z,y,z)} with P € U C M, such that

0

n=de—dz, €=,

c ox
1 0 ¢ 0 —a %
g=10 1 —é and o= |0 —p 42
Cgupe 0~ i

with respect to the basis (a%, 8%, %), where a,b,c (c # 0 everywhere) are smooth
functions on U given by

a= {fl (Z) —2 fy e fyso Cl(t’z)dtds}efjo C1(t,z)dt \
Yo

b=2x+{fa(2) — [ Cals, 2)e” oo €182 g oI, Cr (e ©)

¢ = f(z)eln 1t )

and C1(y, 2), Ca(y, 2), f1(2), f2(2), f3(2), (f3(2) # O everywhere) are integration

smooth functions on U.

Proof. Let (¢, X,9X) be a local orthonormal frame of eigenvectors of h, such that
hX = X and h¢X = —¢X in an appropriate neighborhood V' of an arbitrary
point of M. Since from (4): [£,¢X]| = 0 on V, the distribution obtained by ¢ and
¢ X is integrable, and so for any point P € V there exists a chart {U, (x,y, z)}
such that P € U C V and

0 0 0 0 0

oX =—, X=a—+b—+c—, (10)

&= or’ oy oxr Oy 0z

where a,b,c are smooth functions defined on U. Since &, X, X are linearly
independent we have ¢ # 0 at any point of U. Now, we will determine the
functions a,b,c. Substituting &, X in [§, X] = 2¢X and X,¢X in [X,¢X] =
—AX + BpX + 2£ we easily get

da __ ob __ Oc __
8:t_07 8:t_2’ 8x_0

(11)
da __ ob __ Jc __
8—y—Aa—2, 8—y—Ab—B, 8—y—AC
Therefore, using (5) we get 24 = 0 (so A = Ci(y,z)) and 28 = 24 (and so
B =2zC\(y, z) + Ca(y, z)), where Cy(y, z) and Cs(y, z) are integration functions.
Solving the system of equations (11) we find (9). In what follows, we will calculate
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the tensor fields 7, ¢, g with respect to the basis 4 g %. For the components

gi; of the Riemannian metric g, using (10) we have

a
g1=1, go=1 gi2=91=0, gi3=g93 =——

b
gz =g =——, and 1=g(X,X)=c’gss—a®— b
C

from which we get g33 = H‘Z#
The components of the tensor field ¢ are immediate consequences of
0 0 0 0 0
¢(%) = ¢(£) =0, Cb(a—y) = —ag- - ba—y o
and
0 1 8 9 O 0

The expression of the contact form 7, immediately follows from

0 0 0 a

() =nE) =1, ﬁ(a—y) n(¢X) =0 and n(5-)=—-.

This completes the proof of the theorem.

In the next theorem all M;-manifolds are locally constructed in R3.

Theorem 3.2. Let G : V C R® — R be a smooth function on an open subset
V of R® so that % =0, where (z,y, z) are the standard coordinates of R>.
Then there exists a family of contact metric structures (n,&, ¢,g) on'V satisfying
[ = 0. This family is determined by G and three smooth functions f;(z), i =1,2,3,
(fs # 0 everywhere) on V.

Proof. The equation 2 —2 = 0 implies G(z,y,2) = 22C1(y, z) + Ca(y, z), where
C1, Cy are arbitrary smooth functions of y, z on V. Now, we consider the linearly
independent vector fields

0 0 e 0 N 0 0

€1 = — €Eo = A— —_— C— Cq — —

P o T o oy 0z 0 ay
where a, b, ¢ are the smooth functions defined by (9) on V' and f;(2), i = 1,2, 3,
(f3 # 0 everywhere) are smooth functions on V. Let g be the Riemannian metric
on V defined by g(e;,e;) = d;5, 4,5 = 1,2,3, and £, 1, ¢ the tensor fields defined

== n()=9(,&, ¢=0, ¢es=e3 and o¢ez=—
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We easily find that n A dn # 0, ¢*Z = —Z +n(2)E, dn(Z,W) = g(Z,¢W) and
9(0Z,dW) = g(Z, W) — n(Z)n(W) for any Z,W € X(M). Hence, V(1,§, ¢, g) is
a contact metric manifold. Using the definitions of eq, es, e3 and (9), we calculate

le1, e0] = 2e3, [e1,e3] =0, [eg, e3] =2e; — Crea + (22C) + Cy)es.

Moreover, if V is the Levi-Civita connection of g, then using the above formulas
for [e;, 5], g(e;, e;) = 6;; and the Koszul’s formula

29(VxY,Z) = Xg(Y,2)+Yg(Z,X)—Zg(X,Y)
—g(X, [Yv Z]) - g(Y, [X’ Z]) +g(Zv [Xa Y]),

(which is valid on any Riemannian manifold), we obtain

Veer =Vee3=Vee =0, Ve =—2es
and finally

les = R(eg,e1)e; =0, les = R(es,er)e; = 0.

Hence, V(n,&, ¢, g) defines a family of 3-dimensional contact metric manifolds
with [ = 0.

4. Global results
Lemma 4.1. On any M;-manifold M(n,&, ¢, g) the scalar curvature is given by

S = divdhQE. (12)

Proof. Using the first of (6) we find
OhQE& = ph(2AX +2B¢pX) = 2(ApX + BX)
and so, from this, (3) and (7) we obtain

divohQ¢ = 2div(ApX + BX)
= 2(AdivgX + ¢X A + BdivX + X B)
= 2(-A’+¢XA—-B*+ XB)=5.

An immediate consequence of the Lemma 4.1 and of the divergence theorem is
the following proposition concerning closed (compact without boundary) contact
manifolds.

Proposition 4.2. On any 3-dimensional closed contact manifold (M,n) there is
no associated metric with | = 0 and strictly positive (or strictly negative) scalar
curvature.
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In Proposition 4.2 the closeness assumption is of vital importance. In the next
example, a contact form 7 is defined on R3, such that, there are associated metrics
with [ = 0 and strictly positive (or strictly negative) scalar curvature.

Example 4.1. We consider on R?® the contact form n = dx + 1J2ry22 dz and an

arbitrary function f(y,z) of variables y,z. The tensor fields (n,&, ¢, g), where
E=2, 9=1(9:):

g=g2=1 gu=g1=0, g=gn=2y(1+2")"
yf — 2z 1+ 4P+ (yf — 22)?
1422 9 (1+ 22)?

g23 = g32 =

and

¢ =(pij):  ¢G11 =0 =d31 =0, 12 =2y,
P2 =yf —2x, ¢3=—(1+ 22)
by = VWL —22) _ 1+ (yf —20)°

1+Z2 ’ 23 — 1+22 ) ¢33:2x_yf

define a contact metric structure on R® with [ = 0 and scalar curvature

S =2{(27x — yf)2fy +yfyy) + (1 + Z2)(fz +yfy) — (ufy + f)Q}a

where f, = g—i. Choosing the function f properly we achieve associated metrics
to n with scalar curvature of any sign. For example:

a) If f=—2z, then S = —2(1 +22%) < 0.

b) If f =z, then S = 2.
) If f =a (const.) # 0, then S = —2a?. (If a = 0, then M is flat).
)

d) If f = atan(atan™'2), a = const. > 0 and if we restrict ourselves to the set
D ={(z,y,2) € R*| — L <tan"'z < £}, then S = 2a* > 0.

C

The next theorem concerns closed M;-manifolds.

Theorem 4.3. Let M(n,&,¢,9) be a closed M;-manifold. If S > 0 or S <0,
then M is flat.

Proof. Using (12) and the divergence theorem we obtain S = 0. Hence, from
Lemma 2.2 and the second of (6) we get A = 0. The latter, (5), (7), (8) and the
first of (6) yield

(¢B=¢XB=0, XB=B> and ¢(Q¢ Q) =4B

From the last relation, it follows that the function B? is defined and differentiable
on M. Calculating the Laplacian of B2 and using the above relations, we easily

obtain
AB? = 4B*.
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Using the divergence theorem once more, we get, from the last relation, B = 0.
The relations A = B = S = 0 and (6) imply @ = 0 and so M is flat. This
completes the proof of the theorem.

Remark 1. An example of a 3-dimensional closed metric manifold with [ = 0 is
the 3-torus T? with contact form n = %(coszdx + sinzdy) and the associated flat
metric g;; = 16;; (see [2, p. 68]). Concerning 3-dimensional flat contact metric
manifolds, Rukimbira [9] showed that a closed flat contact metric manifold is
isometric to the quotient for a flat 3-torus by a finite cyclic group of isometries of

order 1,2,3,4 or 6.

We note that the assumption of closeness in Theorem 4.3 is crucial. In the fol-
lowing example, a non-closed, non-flat M;-manifold with S = 0 is given.

Example 4.2. The tensor fields (1, £, ¢, g), where n = dx + 2ye *dz, & = a%,

1 0 2ye™*
g = 0 1 2ze™* —y
2ue™* 2xe * —y {144y? + (2 — ye*)?}e >
and
0 2y 2(y? — 2zye™7)
d= |0 ye* —2x (1+ (22 —ye*)})e ™™
0 —e? 2x — ye?

define on R® a non-flat contact metric manifold with { = 0 and S = 0.

In order to prove the next theorem we recall the following well known result of
Lie group theory (see for instance [8, Lemma 2.5]).

Lemma 4.4. Let (M,g) be an n-dimensional complete, simply connected Rie-
mannian manifold and let X1, Xs, ..., X, be orthonormal vector fields, satisfying

X0, X5) = i X
k

where the coefficients cfj are constant. Then, for any point P € M, the manifold
M has a unique Lie group structure, such that P is the identity, the vector fields
X; and the Riemannian metric g are left invariant.

Theorem 4.5. Let M(n,&,¢,9) be a M;-manifold with ||Q&|| = ¢ (constant,
c>0). If c=0, then M is flat. If ¢ > 0 and M is complete and simply connected,
then for each point P € M, the manifold M has a unique Lie group structure,
such that P is the identity, the orthonormal vector fields &, %Qf’, —%¢Q§ and the

Riemannian metric g are left invariant. Moreover, M has constant negative scalar
2
curvature S = —%-.
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Proof. From the hypothesis ||Q¢|| = ¢ and the first of (6) we obtain
4(A% + B*) =~ (13)

Differentiating (13) with respect to £ and using (5) we get AB = 0. Similarly,
differentiating the last equation and using (5) and (13) we find

C2

A=0 and B*= T (14)
If ¢ =0, then B =0, and from (7) and (14) we have S = 0, and so M is flat. Now,
we suppose ¢ # 0. Then, from (7) and (14) we get S = —%. Using the first of (6)
we find that the vector field ¢.X = %Qg is globally defined and differentiable, and
sois X = —%ngé . The rest of the proof is an immediate consequence of (4) and

Lemma 4.4.

Remark 2. Using (13), (14), (7), (12) and the divergence theorem we easily get
that the only closed M;-manifolds with ||Q&|| = constant, are the flat ones.

In the next example the structure of a Lie group contact metric manifold with
[ =0 and ||Q¢|| = constant is given on R3.

Example 4.3. We consider the manifold M = R? and the vector fields

0 0 0 0 0

€= 5 6= (f1(=) = 2?/)% + (22 — Ky + f2<z))8_y + f3(2)&763 = oy

where f1, fa, f3, (fs # 0 everywhere) are arbitrary smooth functions of z and
k = const. # 0. We define the tensor fields &,1, ¢, g by £ = e1, g(e;, ej) = dij,
i,7=1,2,3, n(X) = g(e;, X) for any X € X(M), ¢pe; =0, ¢peg = e3, pe3 = —es.
The M;-manifold M (n,&,¢,g) is a Lie group with scalar curvature S = —2x2. If
k =0, then M is flat.

In the following example we construct an M;-manifold M (n, &, ¢, g) with ||Q&|| =
constant on an open subset U of M. The scalar curvature of this manifold is not
constant on M — U.

Example 4.4. On M = R3, we consider the vector fields

0 0+b8+ 0 0
e1=—, e=a—+b—+c—, e3=—,
YT o 2 ox oy 0z s y
where
( L .
—2e:2(—1+e¥ ), z>o0
a =
[ —2y, z2<0
( a -2
—keZ(=1+e¥ 7 )+2z, z>o0
b=
| 2z — ry, (k= const.) 2<0
/ 1
eve 27, zZ>0
c =
1 z <0.
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Defining &, 7, ¢, g as in the Example 4.3, then M(n,&, ¢, g) is a contact metric
manifold with [ = 0 and scalar curvature

1
S = 2{4 — deve * — e - (k+ 2%672%)2 + dze
—2K2, z < 0.

We denote that M has an open subset U = {(z,y,2)eR?|z < 0}, which is the
restriction of a Lie group (see Example 4.3 for f; = fo, =0, f3 =1).

Remark 3. According to Lemma 2.2, the contact metric manifolds with [ = 0
and constant scalar curvature S are those for which S =4 or QY € [+1] for any
Y € [+1]. In cases (b) and (c) of Example 4.1 we have S = ¢ (const.)# 4 and
QY € [+1] for any Y € [+1]. In case (d) for a = v/2 of the same example, we
have the coexistence of S = 4 and QY € [+1] for any Y € [+1]. The following
example also shows the existence of case S =4 and QY ¢ [+1] for any Y € [+1].

Example 4.5. We consider the 3-dimensional manifold M = {(z,y,2) € R3|y —
z > 0. The vector fields

0 0 1 .0 1 0 0

e 62:(z_y)%+(2x+y—z)8_y+y—z&’ 63:6_y

€1 =

are linearly independent at each point of M. We define &, 7, ¢, g as in the Example
4.3. The manifold M(n, &, ¢, g) is a contact metric manifold with { = 0 and scalar
curvature S = 4. For the tensor fields h and ) we have hey = ey, hes = —es,

Qey = nyel + 2e9, and so Qey ¢ [+1], while ey € [+1].

Remark 4. i) On a contact metric manifold the operator 7 defined by 7 = L¢g
plays an interesting role. Using V¢h = ¢ — ¢l — ¢h® and ¢lop — | = 2(¢? + h?) it
follows that the conditions

Ver =0, Veh=0, oél=16

are equivalent ([7]). A 3-dimensional contact metric manifold, on which Q¢ = ¢@Q,
satisfies ¢l = [¢, but not conversely. Examples of contact metric manifolds with
¢l = lp and Q¢ # ¢Q were initially given by Blair [2, p. 183] and later by
Calvaruso-Perrone [4]. We note that all M;-manifolds with B # 0 satisfy ¢l = ¢
and Q¢ # ¢Q as follows from (6). For 3-dimensional contact metric manifolds

with Q¢ = ¢Q) see [3].
ii) For closed contact metric manifolds, Perrone [6] has proved the following:

“Let (M,n) be a 3-dimensional closed contact manifold (M,n). Then a metric
g € A(n) is a critical point for the functional

f(g)z/Mde, g€ An)

if and only if V7 = 0.7
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Using this result we conclude that the Riemannian metric of any closed M;-
manifold is a critical point for I(g).

Remark 5. On an M;-manifold the eigenfunctions of the Ricci operator are given
by

S
)\125

1 1
A= o(r+ /R 16(A2 + B2), Mg = o(n — /2 + 16(A% + B?2)),

where Kk = g The manifolds of Theorem 4.5 are homogeneous, but in general, an
M;-manifold is not homogeneous or, more generally, non curvature homogeneous
([10]), since the eigenfunctions Aj, A2, A3 are not constant. The contact metric
manifolds of the Examples 4.1(c) and 4.3 are curvature homogeneous. For 3-
dimensional homogeneous contact metric manifolds see [8].
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