RIEMANNIAN CURL IN CONTACT GEOMETRY

SOFIANE BOUARROUDJ AND VALENTIN OVSIENKO

ABSTRACT. We consider a contact manifold with a pseudo-Riemannian metric and define a
contact vector field intrinsically associated to this pair of structures. We call this new differential
invariant the contact Riemannian curl. We show that the contact Riemannian curl vanishes if
the metric is of constant curvature and the contact structure is defined by a Killing 1-form;
the contact Riemannian curl has a strong similarity with the Schwarzian derivative since it
depends only on the projective equivalence class of the metric. For the Laplace-Beltrami operator
on a contact manifold, the contact Riemannian curl is proportional to the subsymbol defined
in [CO12]. We also show that the contact Riemannian curl vanishes on the (co)tangent bundle
over a Riemannian manifold. This implies that the corresponding subsymbol of the Laplace-
Beltrami operator is identically zero.

1. INTRODUCTION

The principal object of this paper is related to the notion of invariant differential operator,
i.e., the operators commuting with the action of the group of diffeomorphisms. The notion of
differential invariant is perhaps the oldest notion of differential geometry. The best known example
is perhaps the curvature in all its avatars. The domain to which belongs the present work was
initiated by Veblen [Veb22] who started a systematic study of invariant differential operators on
smooth manifolds. The theory was intensively studied in the 80’s in the context of Gelfand-Fuchs
cohomology; see [Fu86, GLS02] and references therein.

We consider a smooth manifold M equipped simultaneously with a contact structure and a
pseudo-Riemannian metric. We will present a construction of a contact vector field corresponding
to these two structures; this vector field will be called the contact Riemannian curl. Our con-
struction will be coordinate free and invariant with respect to the action of the group of contact
diffeomorphisms, i.e., the contact Riemannian curl is a differential invariant. Moreover, our goal
is to define this differential invariant in a “most symmetric” way, so that it is also invariant with
respect to natural equivalence relations.

One of the equivalence relations we consider is as follows. Two metrics are called projectively
equivalent (or geodesically equivalent) if they have the same non-parametrized geodesics. i.e., their
Levi-Civita connections are projectively equivalent connections. It turns out that the constructed
contact Riemannian curl is invariant with respect to this equivalence relation. This invariance
implies, in particular, that the contact Riemannian curl of a metric of constant scalar curvature
and contact structure defined by a Killing 1-form vanishes. Invariance of the contact Riemannian
curl relative projectively equivalence of metrics makes this notion quite similar to that of classical
Schwarzian derivative (see [BO00, OT05, B06] for various multi-dimensional generalizations of the
Schwarzian derivative). We investigate this relation in more details.

Among the main properties of the contact Riemannian curl that we investigate is its relation
to the Laplace-Beltrami operator. Differential operators on contact manifolds were studied from
the geometric point of view the recent work [CO12], where the notion of subsymbol of a differential
operator on a contact manifold was introduced. The subsymbol of a differential operator is a tensor
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field of degree lower than that of the principal symbol. Note that the subsymbol is not well-defined
for an arbitrary manifold, one needs a contact structure to obtain an invariant definition. For
a given second order differential operators, the subsymbol is just a contact vector field. In the
present paper, we consider the Laplace-Beltrami operator associated to an arbitrary metric on a
contact manifold and calculate its subsymbol. It turns out that it is proportional to the contact
Riemannian curl.

We also apply our general construction to a particularly interesting example of a manifold
that has natural contact and Riemannian structures, namely to the spherical (or projectivized)
cotangent bundle ST*M over a Riemannian manifold (M, g). The manifold ST*M is equipped
with the canonical lift of the metric g. We show that the contact Riemannian curl, and therefore
the subsymbol of the Laplace-Beltrami operator, is identically zero in this case. Let us mention
that the projectivization of the cotangent bundle over a Riemannian manifold M, as well as the
sphere bundle ST*M, is an example of a “real-complex” manifold whose local invariants were
recently introduced and computed in [BGLS12).

In the end of the paper, we provide several concrete examples of the contact Riemannian curl.
For instance, we calculate it for the 3-ellipsoid equipped with the conformally flat metric introduced
in [Tab99] and intensively used in [MT01, DV11].

We believe that the study of differential invariants of a pair (a Riemannian metric, a contact
structure) is worth a systematic study.

2. CONTACT GEOMETRY AND TENSOR FIELDS

Contact geometry is an old classical subject, that can be viewed as an odd-dimensional version
of symplectic geometry. Let M be a contact manifold and dim(M) = 2+ 1, we will always assume
that ¢ > 1. Unlike a symplectic structure in symplectic geometry, a contact structure on M is not
defined by a differential form. A contact structure is defined by a conformal class of a 1-form 6
such that df is a 2-form of rank 2/, called a contact form. It is important that a contact form is
not intrinsically associated with a contact structure.

A contact diffeomorphism (a contact vector field) is a diffeomorphism (a vector field) preserving
the contact structure. It does not necessarily preserve a given contact form. The space of all
contact vector fields can be identified with the space of smooth functions, but this correspondence
depends on the choice of a contact form; see [Arn89].

In this section, we recall several standard facts of contact geometry — those of contact structure
and contact vector fields — using somewhat unconventional notation of [OT05, Ovs06] which are
among our main references. The contact structure is defined as a tensor field which is a weighted
contact form. Contact vector fields are in one-to-one correspondence with weighted densities of
weight fﬂ%.

2.1. Weighted densities. A weighted density is a standard object in differential geometry. In or-
der to make the definitions intrinsic, we recall here this notion.

Let M be a manifold of dimension n. For any A € R, we denote by A»T*M®* the line bundle of
homogeneous complex valued functions of weight A on the determinant bundle AT M. The space
Fr(M) of smooth sections of A"T*M®* with complex coefficients is called the space of weighted
densities of weight A\, (or A-densities for short).

Example 2.1.1. If the manifold M is orientable and if w is a volume form, then ¢w”, where
¢ € C*(M), is a A-density.

The space F(M) has the structure of a module over the Lie algebra Vect(M) of all smooth
vector fields on M. We denote by Div the divergence operator associated with a volume form w
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on M. That is, Lx(w) = Div(X)w. The action of a vector fields reads as follows:
(1) Lx (¢w?) = (X(¢) + ADiv(X)¢) w?,
for every vector field X and ¢ € C*(M).

2.2. Contact manifolds. A smooth manifold M is called contact if it is equipped with a com-
pletely non-integrable distribution
DcTM

of codimension 1. The distribution D is called a contact distribution; the hyperplane D, C T, M
is called a contact hyperplane for every point x € M. Contact structure on M exists only if M is
odd-dimensional.

A usual way to define a contact structure is to chose a (locally defined) differential 1-form 6 on
M such that D = ker . Such a 1-form is called a contact form. The complete non-integrability of
the distribution D is equivalent to the fact that

vol := 0 A (df)*
is a (locally defined) volume form; equivalently, the 2-form df is a non-degenerate on the contact
hyperplanes D, of D. However, there is no canonical choice of a contact form. Moreover, the above
definition is not invariant.
A diffeomorphism f : M — M is a contact diffeormorphism if f preserves D. If 6 is a contact
form corresponding to the contact distribution D and f is a contact diffeomorphism, then f does

not necessarily preserve 6, more precisely, f*0 = F;0, where F is a function.
We refer to [Arn89, Blal0] for excellent textbooks on contact geometry.

2.3. The contact tensor. We are ready to introduce the main notion of this section.
Definition 2.3.1. Given a contact form 0, let the contact tensor field be

(2) O =0®vol 71,

where vol 71 is a weighted density of weight _z-s%l’ and tensor product is performed over C*°(M).

Proposition 2.3.2. The tensor field © is globally defined on a contact manifold M, it is indepen-
dent of the choice of a contact form, and it is invariant with respect to the contact diffeomorphisms.

Proof. Let F be a non-vanishing function and consider the contact form F6. The corresponding
volume form is F'0 A (d(F@))e = F'* 19 A (df)*. Therefore, the contact tensor fields defined by
Eq. (2), corresponding to the contact forms 6 and F6, coincide. Hence, © is globally defined and
invariant with respect to contact diffeomorphisms. ([

A contact structure is intrinsically defined by the corresponding contact tensor.

Example 2.3.3. Local coordinates (!, ... AN TLI yé,z) on M are often called the Darboux
coordinates if the contact structure can be represented by the 1-form
1L
eDar =dz + 5 Zl (xzdyz _ yldxz) .
=
The corresponding volume form is then the standard one:

L(L—1)

vol = (=1)" 2 Odz' A--- Ada® Ndy* A---dyt A dz.

A contact structure has no local invariants, therefore Darboux coordinates always exist in the
vicinity of every point; see [Arn89] (and [GLO7] for a simple algebraic proof).
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2.4. Contact vector fields. A contact vector field on a contact manifold M is a vector field that
preserves the contact distribution. This is usually expressed in terms of contact forms: a vector
field X is contact if, for every contact form 6, the Lie derivative L x @ is proportional to 6:

(3) Lx0 = H% Div(X)#6.
In terms of the contact tensor (2), we have the following corollary of Proposition 2.3.2.

Corollary 2.4.1. A wvector field X is contact if and only if it preserves the contact tensor:
Lx© =0.

Let (M) denote the space of all smooth contact vector fields on M. This space has a Lie
algebra structure, it is also a module over the group of contact diffeomorphisms. The following
observation can be found in [Ovs06, CO12].

Proposition 2.4.2. As a module over the group of contact diffeomorphisms, the space K(M) is
isomorphic to the space of weighted densities F_ 1 (M).

£+1

Proof. The space of contact forms is isomorphic to ]-'H%(M ). Indeed, this follows from Propo-

sition 2.3.2 and from Eq. (3). The statement then follows from the fact that there is a nat-
ural C*°(M)-valued pairing between the spaces of contact vector fields and of contact forms:
(X, 0) = 0(X). O

Remark 2.4.3. The above proposition means that, unlike the symplectic geometry, the notion of
contact Hamiltonian should be understood as a weighted density and not as a function. However,
in the Darboux coordinates, the correspondence between the elements of (M) and ]-"_H%(M )
becomes the usual correspondence between contact vector fields and functions (see [Arn89]):

14
Xd)w_“%l = Z (aa:l((b) 8@/1 - 8yl(¢) aa:l) + %az(d))g‘F (‘ZS - %8(¢)) 8z7

i=1
where
é . .
E=> (20 +y'0y)
i=1
is the Euler vector field.

Example 2.4.4. If dim M = 3, contact vector fields are identified with —%—densities; if dim M =5,
then (M) = Fu (M), etc. Note also that, in the one-dimensional case, the contact structure is
trivial and every vector field is contact, one then has Vect(M) = F_(M).

2.5. Another definition of weighted densities on contact manifolds. In presence of a con-
tact structure defined by a contact form 6, it is natural to express elements of any rank 1 bundle,
for example, weighted densities, in terms of powers of 6:

Vol T+ s ¢,
where as above ¢ is a smooth function.

Remark 2.5.1. The notation ¢f* is adopted in many works by physicists (see also [Ovs90,
GLS01]). In this notation, many formulas simplify. For instance, if X is a contact vector field,
then the corresponding contact Hamiltonian is ¢!, where the function ¢ is simply the evaluation

¢ =0(X).
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2.6. The Poisson algebra of weighted densities. The space, F = |J, Fa, of all weighted
densities on M can be endowed with a structure of a Poisson algebra (see [Arn89, OT05, Ovs06]):

{.7.}:~F/\®.FM_>‘F/\+H+H%.

The explicit formula in Darboux coordinates is as follows:
{¢w&ww“}=(E:@m¢8¢¢—ayw8¢@%4L¢ww+ew)—aﬂ4x¢+sw>wkw+4u
i=1
The subspace F__1_ (M) is a Lie subalgebra of F isomorphic to JC(M). The Poisson bracket of

2+1
— 757 -densities precisely corresponds to the Lie derivative:

Koy = Ly (8).
where ¢ = cbw*f%l, P = woff%.
2.7. The invariant splitting. The full space of vector fields Vect(M) splits into direct sum
Vect(M) = K(M) & Tan(M),

where Tan(M) is the space of vector fields tangent to the contact distribution, i.e., 8(Y) = 0 for
every contact form 6 and every Y € Tan(M). Such vector fields are called tangent vector fields.
Unlike K(M), the space Tan(M) is not a Lie algebra, but a (M )-module.

The above splitting is invariant with respect to the group of contact diffeomorphisms. In par-
ticular, there is an invariant projection

(4) 7 Vect(M) — K(M),

that will be very useful.

3. THE CONTACT RIEMANNIAN CURL AND ITS PROPERTIES

In this section, we introduce our main notion, a contact vector field corresponding to a metric
and a contact structure. We also study its main properties, such as projective invariance and
relation to the multi-dimensional Schwarzian derivative.

3.1. Covariant derivative. Let us assume now that M is endowed with a pseudo-Riemannian
metric g. We denote the Levi-Civita connection on M by V, and the Christoffel symbols by Ffj.
The covariant derivative, also denoted by V, is the linear map that can be defined for arbitrary
space of tensor fields, T (M):
VT (M) = T(M)® Q" (M).

It is written in the form V() = V;(¢)dz®, and therefore it suffices to define the partial deriva-
tives V.

The covariant derivative of vector fields and differential 1-forms is given, in local coordinates,
by the well-known formulas

Vi (VI0;) = (aiV7 + TV ) 05, Vi (Bida?) = (9,8 — Ty i) da,

respectively, where 9; = 9/0z°. Here and below summation over repeated indices is understood
(Einstein’s notation); see [DNF92]. The covariant derivative then extended to every tensor fields
by Leibniz rule.

For instance, the covariant derivative of weighted densities is defined in local coordinates by the
following formula:

Vi (pw?) = (aia; - Ar{qu) W,
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that we will extensively use throughout the paper.

3.2. The main definition. The main notion introduced in this paper is the following one.

Definition 3.2.1. (a) For every pseudo-Riemannian metric g on a contact manifold M, we define

a weighted density of degree —[_%1:

(5) Ago = (g VO),

in local coordinates, A, o := g V,;0,.
(b) We call the contact vector field X 4, , with contact Hamiltonian A, g the contact Riemann-
ian curl of g .

Note that the quantity A, e is, indeed, a weighted density of degree so that it has a meaning
of contact Hamiltonian; see Proposition 2.4.2.

It will be useful to have an explicit expression for A, ¢ in local coordinates.

__1
{417

Proposition 3.2.2. In local coordinates, such that © =0 ® Vol_“%l, one has

- 1 1
4 k kr kr -
(6) Ago = g" (aiej - (rij ~ sy O+ rir)> 9k> vol 7T,

where 5F is the Kronecker symbol.

Proof. This can be obtained directly from Definition 3.2.1 and the expression of the covariant
derivative of a weighted density. O

Remark 3.2.3. It follows from the intrinsic definition (5) that the local expression (6) is actually
invariant with respect to the action of the group of contact diffeomorphisms. The formula (6)
remains unchanged for any choice of local coordinates. It is also independent of the choice of the
contact form.

3.3. Projective invariance. Let us recall a fundamental notion of projectively equivalent con-
nections due to Cartan [Car24].

A projective connection is an equivalence class of symmetric affine connections giving the same
non-parameterized geodesics. The symbol of a projective connection is given by the expression

k . 1k 1 kT kT
I =T — o (8T + 85T ),

where n is the dimension; see [KN64]. Note that in our case, n = 2¢ + 1.

The simplest properties of a projective connection are as the following.

(1) Two affine connections, V and V, are projectively equivalent if and only if their symbols
Hfj and Hfj coincide.

(2) Equivalently, V and V are projectively equivalent if and only if there exists a 1-form 3
such that

L} = T3 + 6} Bi + 0f B
It turns out that the contact curl of a metric depends only on the projective equivalence class
of the Levi-Civita connection.

The following statement is perhaps the most important property of the contact Riemannian curl
that makes it similar to the Schwarzian derivative.

Theorem 3.3.1. If g and g are two metrics whose Levi-Civita connections are projectively equiv-
alent, then Az 0 = Az 0.



RIEMANNIAN CURL IN CONTACT GEOMETRY 7

Proof. The coordinate formula (6) for A; @ becomes can be written as follows:
Ag7@ = gij (819] — Hfj Gk) .

This expression depends only on the projective class of the Levi-Civita connection and implies
projective invariance. ([

Let [g] denote the class of geodesically equivalent metrics, let [V] denote the corresponding
projective connection. The above theorem means that the projective Riemannian curl actually
depends only on [g] and not on the metric itself.

Remark 3.3.2. Geodesically equivalent metrics is a very classical subject of Riemannian geometry
that goes back to Beltrami, Levi-Civita, Weyl, and Cartan. We refer to the classical book [Eis97]
for a survey. The subject is still very active, see [BKMO09] and references therein.

3.4. Projectively flat connections, metrics of constant curvature and Killing contact
forms. It is now natural to investigate projectively flat case.

A connection V on M is called projectively flat if, in a neighborhood of every point, there exist
local coordinates, often called adapted coordinates, such that the geodesics are straight lines in
these coordinates.

A connection is projectively flat if in adapted coordinates, the symbols Hfj vanish identically.
Note also that projectively flat connections admit a (local) action of the group SL(n + 1,R), in
other words, adapted coordinates admit linear-fractional changes.

The classical Beltrami theorem states that the Levi-Civita connection of a Riemannian metric
is projectively flat if and only if the metric has a constant sectional curvature. This fact allows us
to obtain an important consequence of Theorem 3.3.1.

Let us recall the notion of Killing differential forms that goes back to Yano [Yan52]. A 1-form
B = Bi(x)dx? is said to be a Killing form if

Viﬁj + Vjﬂz =0.
Recall also a more common notion of Killing vector field. A vector field V = Vi(x)d; is said to be
a Killing vector field if
ng =0
Every Killing 1-form can be obtained from a Killing vector field by lowering indices: 8 = (g, V');
ie. B; = gijVj in local coordinates.

Corollary 3.4.1. If g is a metric of constant sectional curvature and if the contact structure is
defined by a contact 1-form 6 which is a Killing form with respect to a metric from the projective
class [g], then Age = 0.

Proof. Assume that the Levi-Civita connection corresponding to g is projectively flat. In this case,
there exist local coordinates for which Hfj = 0, and therefore

Ag,@ = gij(‘?i&j.
If, furthermore, 9;0; + 9;0; = 0 for all i, j, then A, o vanishes identically since the tensor g/ is
symmetric. The equation 0;0; 4+ 0;0; = 0 means that 6 is a Killing form with respect to the flat

metric which is projectively equivalent to g.
The corollary then follows from Theorem 3.3.1. O

Example 3.4.2. The Darboux form in Example 2.3.3 is a Killing form with respect to the flat
metric. Note that in other works, especially in those on analytical mechanics, another normal form
of the contact form is often used: dz + > ,_,, xidy’. (Over fields of characteristic 2, only this
latter form can be used, see [Leb10].) However, this is not a Killing form with respect to the flat
metric.
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3.5. Contact equivariance. Consider the action of the group of contact diffeomorphisms. It
immediately follows from the intrinsic (i.e., invariant) definition (5) of Az e of that the map
g — Ay o from the space of metrics to that of f“%l—densities commutes with this action:

(7) Apgo =" (Age)-
From this fact and Corollary 3.4.1, we deduce the following statement.

Corollary 3.5.1. If a metric g is contactomorphic to a metric g of constant sectional curvature
and if the contact structure is defined by a contact 1-form 6 which is a Killing form with respect
to a metric from the projective class [g], then Az o = 0.

3.6. Action of the full group of diffeomorphisms. Let us consider the action of the group of
all diffeomorphisms. It turns out that this action is related to a quite remarkable 1-cocycle.

Recall that the space of connections is an affine space associated with the space of (2, 1)-tensor
fields, i.e., given two connections, V and V, the difference V — V is a well-defined (2,1)-tensor
field. This allows one to define a 1-cocycle on the group of all diffeomorphisms. If f is an arbitrary,
not necessarily contact, diffeomorphism, we set:

where V is an arbitrary fixed connection, choice of which changes C by a coboundary®.

Let V and V be two connections on M. The difference of the projective equivalence classes
[V] — [V] can be understood as a traceless (2, 1)-tensor field. Therefore, a projective connection
on M leads to the following 1-cocycle on the group of all diffeomorphisms:

) = rrivi=1vi
which vanishes on (locally) projective diffeomorphisms. In local coordinates,
T(f)?j = f*H§j — I}

179

where Hfj are the projective Christoffel symbols®.

Proposition 3.6.1. If f : M — M is an arbitrary diffeomorphism, then

(8) f7(Age) — Afpego = 7 (8.VO) — (f"g,VO) + (f"g ® ©,%(f)) -

Proof. Let us first clarify the notation. Since T(f) is a (2, 1)-tensor field, the pairing (g ® 6, T(f))
is well-defined. Furthermore, taking into account the weight of the contact tensor O, it follows
that (g ® O, T(f)) is a weighted density of weight — 1=

In local coordinates and using Proposition 3.2.2, “t;g- 1h.ave
Apgo = (f*9)7 (0:60; — f*117; 01)
= (f*9)7 (9:6; — (f*11}; — 113;) 0) — (f*g)TL; 00
= ([*9)7 (0:0; — (F)E; On) — (f*9)ILF; 0
= (f*9)7 (0:0; —T1EO,) — (f*9) T(f)5F; O
= (["9)7Vi(©;) = (f*9)7 T(f)3; Ok
= (["&V(9)) - (f"g®0, T(f)).

It remains to notice that f* (Age) = f* (g, V (©)). Proposition 3.6.1 is proved. O

INote also that the cocycle C provides a universal way to construct representatives of non-trivial classes of the
Gelfand-Fuchs cohomology; see [Gel70].

2The 1-cocycle ¥ is often considered as a higher-dimensional analog of the Schwarzian derivative; see [OTO05].
If V is projectively flat, then the group SL(n + 1,R) of (local) symmetries of [V] is precisely the kernel of .
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4. THE SUBSYMBOL OF THE LAPLACE-BELTRAMI OPERATOR

In this section, we explain the relation of the Riemannian curl to the classical Laplace-Beltrami
operator. Let us mention that study of differential operators on contact manifolds is a classical
subject; see a recent work [vE10] and references therein.

4.1. Differential operators and diffeomorphism action. Let M be an arbitrary smooth mani-
fold and Dy, (M) be the space of linear differential operators acting on the space of weighted
densities:

T: Fa(M)— Fu(M).

The space Dy, (M) is naturally a module over the group of diffeomorphisms, the module structure
being dependent of the weights A and u. For k € N, let Df“\’ (M) be the space of linear differential

operators of order < k. The spaces D’A“?H(M) define a filtration on Dy , (M) invariant with respect
to the group of diffeomorphisms.

Recall the classical notion of symbol (or the principal symbol) of a differential operator of order k.
It is defined as the image of the projection

o : Dy u(M) — D5 ,(M)/D5H(M).

Observe that, in the particular case A = y, the quotient space DY , (M )/ Di;\l (M) can be identified
with the space of symmetric contravariant tensor fields of degree k on M.

We will be especially interested in the space Df\)\(M ) of 2-nd order operators acting on A-
densities; a systematic study of this space viewed as a module over the group of diffeomorphisms
was initiated in [DO9T].

4.2. The subsymbol of a second order differential operator. In [CO12], the space of dif-
ferential operators on a contact manifold was studied as a module over the group of contact
diffeomorphisms. It was proved that there exists a notion of subsymbol which is a tensor field of
degree lower than that of the principal symbol.

For a 2-nd order differential operator, the subsymbol is just a contact vector field. More precisely,
for every A, there exists a linear map (which is unique up to a constant factor)

so 1 D3\ (M) — K(M),

invariant with respect to the action of the group of contact diffeomorphisms. The image so(T") was
called the subsymbol of the operator T. We will need the explicit formula for the subsymbol of a
given second order differential operator.

If M is a contact manifold, then every operator T € ’Di A (M) can be written (in many different
ways) in the form:

) T =1Ly, oLk, +Lk, oLy, + L3, 0Ly, + Lk, +Ly, +F,

where each Y; is a vector field tangent to the contact distribution, X, is the contact vector field
with the contact Hamiltonian ¢ € F__1 (M), the Lie derivative L* is defined by Eq. (1), and F'

T
denotes the operator of multiplication by a function.

The explicit expression for the subsymbol of differential operator (9) is as follows (see [CO12]):
(10) SU(T) = %[X¢1’X¢2] - (%) (>\ - %)XEYI(Gﬁa) + %W[Y% Y3] + X¢4’

1

where Ey(gb) := Ly """ (¢) denotes the Lie derivative of a —H%—density ¢ along the vector field Y,
and 7 : Vect(M) — K(M) is defined in (4).
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Remark 4.2.1. Although it seems almost impossible, the map so defined by (10) is well-defined.
In other words, it is independent of the choice of the vector fields in the representation (9) of the
operator T. This can be checked directly by rewriting it in local coordinates, see formula (12)
below. Since the expression (10) is written using invariant terms, it commutes with the action
of contact diffeomorphisms. Note also that the existence of such a map is indigenous to contact
geometry. There is no similar map commuting with the full group of diffeomorphisms, except for
the principal symbol.

4.3. The Laplace-Beltrami operator on the space of weighted densities. The classical
Laplace-Beltrami operator acting on the space of smooth functions is defined as follows

Ay =g"V;V;.
This operator is completely determined by the metric g.

We will go to a more general framework and consider the generalized Laplace-Beltrami operator
acting on the space of weighted densities:

A): Fx— Fa,
defined by Aé\ =g¥ V?V;\ The explicit formula of this operator is as follows:
y AN -1)
ANpw) = (89ViV;(6) + "R ) W,
where R is the scalar curvature (see [DOO01], Proposition 5.2).
4.4. Calculating the subsymbol of the Laplace-Beltrami operator. Recall that M is a
contact manifold and n = 2¢+4 1. It turns out that the contact Riemannian curl of a given metric g

is proportional to the subsymbol of the Laplace-Beltrami operator associated with g. This property
can be considered as an equivalent definition of the contact Riemannian curl.

Theorem 4.4.1. One has

(11) sr(A)) = () @A 1) X, o

Proof. The proof is essentially a direct computation.
Let us choose local Darboux coordinates. Every 2-nd order differential operator can be written
in these coordinates as:
T = T3000%+T100:0z, + T1,0, 0:0y, + T0,ij,0 02,05, + To,i,5 02,0y, + To,0,i; 0y, 0y,
+11,0,0 0z + To,4,0 Oz, + T0,0,i Oy, + T0,0,0-

The coordinate formula of the subsymbol was calculated in [CO12]:

so(T) = %(ﬁ“) <3Z(T2,0,0 — 2yiT1 0 + 32iT1,0,)

12) +02,(Thi0 — 59 To.5.0 + 375 T0.1.5)
+0y,(T10 + 52510045 — %ijo,j,z'))
+T1,00 — 2viTo,i0 + 2270 0.4-
One can check that this is exactly the same formula as (10).

The expression of the generalized Laplace-Beltrami operator A* in local coordinates was calcu-
lated in [DOO01], the result is:

Aé\ =g"9,0; — (gjkfé-k + 2)\gijF?k)8i + (0 — th order coefficients).
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Let us combine the above two formulas. We obtain sa(Ag‘) = X4, where ¢ is a weighted density
of the form
1+2X(¢ j 2X(£41 i — A
(13) = ((1 o+ ZJ£2+1>> g/*Th, 0, + (2,\ _ 4+ H(; )) g tat) vol 7T
and X, is the corresponding contact vector field.
Finally, taking into account the fact that g% 0;(0;) = 0, for the Darboux form 6, the expression

(13), after collecting the terms, coincides with (%) 2x—-1)A; 6. O

Corollary 4.4.2. For a generic metric, sa(Ag‘) =0 if and only if A = %
Remark 4.4.3. In differential geometry it is known that the space of half-densities and the space
of differential operators D 11 (M) acting on them play a very special role. In our context, the space

of half-densities appears naturally.

5. COTANGENT LIFT AND THE GEODESIC SPRAY

In this section, we calculate the contact Riemannian curl on the unit sphere bundle ST M over
a Riemannian manifold (M,g). The manifold STM is a classical example of contact manifold,
and, furthermore, it is equipped with the canonical lift of the metric. We prove that the contact
Riemannian curl vanishes in this case.

Recall that the classical geodesic spray is the Hamiltonian vector field on T'M with Hamiltonian
H(z,y) = gij(x) y'y?, where y" are coordinates on the fibers; the restriction of this vector field to
ST M is an intrinsically defined contact vector field. It would be therefore too optimistic to expect
another vector field in this situation.

5.1. The coordinates on STM. Let (M,g) be any Riemannian manifold of dimension n. The
Riemannian geometry of the sphere bundle STM was studied in [Tah69], we will be using the
notation of that work.

Denote by (z") a local coordinate system in M and (y*) the Cartesian coordinates in the tangent
space T, M at the point  in M. The coordinates (z",y") are local coordinates on the tangent
bundle on TM. The unit sphere bundle STM is a hypersurface of the tangent bundle T'(M),
singled out as the level surface of the Hamiltonian of the geodesic spray

H((E,y) =1

with respect to the metric g(x) in the tangent space T,.(M) at every point x.

5.2. Statement of the main result. The Riemannian metric g on M has a canonical lift to ST M
that will be denoted by g. The main result of this section is as follows.

Theorem 5.2.1. The contact Riemannian curl on ST M is identically zero.

In order to prove this theorem, we will need explicit formulas for the contact structure and the
canonical Riemannian metric on ST M.

5.3. The contact structure of the sphere bundle ST M. The sphere bundle ST M is repre-
sented by parametric equations:
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where u* are local coordinates on the sphere.> The tangent vectors B4 = dx4/0u® of STM in
T (M) are given by

B, = &k B, = o0,
(14) B ~
B;" = oy, B = o
B, 4 B
The square matrix C’a N , where C? = 0 and C" = y’, is invertible at each point x in M. Its
inverse will be the matrix (B%,,C4), given by the equations:
Bh, = éh, B =0,
(15) ]
B’{i — _Bi thE’ Brag7
Ci
and Cy = , where C; = g;y" and C; = " g, y"y*. The next formulas can be deduced
from Egs. (14), (15), and are useful for what follows
BhBY = &%, y"BY, = 0, B,"B\+y'C; = o,
B\"C, = 0, y'Cp = 1.

The Riemannian metric indentifies the tangent bundle T'(M) and the cotangent bundle T*(M),
and hence induces a 1-form 6 on T'(M), called the Liouville form, which in local coordinates reads
as follows:

0 = gijy’ da’,

Denote by 6 the restriction of the 1-form @ to the sphere bundle STM. It is as follows:
0o = 04B, .

Eq. (14) imply that 0; = g;;4’ and 6,, = 0.

Lemma 5.3.1. The form 0 defines a contact structure on STM. The volume form associated with
it reads (up to a factor) as:

Qdxt Ao Ade™ Adu™TEA LA du
where Q = det(B, 4, C*) det(g;;).-
Proof. This is well known, see [Tah69], and can also be checked by a direct computation. O

5.4. The Riemannian metric on STM. The Riemannian metric g on M can be extended to a
Riemannian metric g on the sphere bundle ST M. Explicitly, g is given by (cf. [Tah69]):

gi = 8ji+8s(Vy)(Viy®),
gui = 2s(0,y")(Viv®),
g = gi(0,97)(0ry").

3Following [Tah69], we will adopt the following index gymnastics. Capital Latin letters such as A, B, ... run
from 1 to 2n. Small latin letters such as 4, j,... run from 1 to n. Barred Latin indices such us 7,7, ... run from n+ 1
to 2n. Some of the Greek letters such as «, 3,... run from 1 to 2n — 1. Some other Greek letters such as &, A, ...
run from n + 1 to 2n — 1.
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The inverse of g is given by

gt = g
g = —g"(Vy)BY,
g = (g +e" (Vi) (V") BY;B" ;.

The Christoffel symbols associated with this metric are given by

0% = Th+ 3 (R YV + Ry V),

I = 3R yB/S,

1_“2)\ = 0,

r5 = (VVay' + 3Ry — 3Ry — 3 (R Viy® + 3RV %) Viyh) B
re = (0,Viy" — 3R,y B, Viy") B,

f‘;A = (8#8>\yh)B’““ﬁ.

5.5. Proof of Theorem 5.2.1. We are ready to prove the main result of this section.

Lemma 5.5.1. We have

yi0:(Q) = —y'BlOi(BY) Q4 20T Q — yiyhym g, Il Q,
16) v (Viy') B, 5,\(9) = —' (Viy")on(BY) Q,
Y (Viy*)(0,0xy7) BB = —y (Viy*)oa(BY,),
ON(Viy") BNyt = —(aBY)B,"y + T}y — Th gany'y"y®.
Proof. The first and the second lines of (16) follow from the fact that
BN0.(B,7) = —0,(B*;)B," — 0.(47y"™)gmk,
yiaiB)\j = —yiBE,\Bﬁiai(Bnﬁ) R & B,\T7

and the property of the determinant. The third line of (16) follows from the fact that

B\"BY +y"C; = o
and applying to it the partial derivative 0,,. The fourth line of (16) follows when we substitute the
covariant derivative V;y" = 9y" + Flhi y® and use the third equation. (Il

By definition,
Age = §hV(0,077) + EMVAORQTT) + MV (0:Q27 ) + gV (0,07 7).

The last two summands vanish because ¢,, = 0. Let us compute the first two summands seperately.
Applying the covariant derivative V, we get

gMVi(0,QT) = Ot QT + Y0 ) — Ropsiy®y" (Vay®)g™ Q7w
+H1 4+ 0Ly Q7% + 5 (GR Y (Viy®) + A (Viy") BAy') Q7.
Similarly,
VAR T) = =0yt Q7w —TLy Q7w — (VayF) BN yioa(Q )
5 Rrsinyy g (Viy*) Q7 — 2 (Vg )y Rohy™ Q70
+ = Ly (Viy") (020,97 ) BN B Q.
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By collecting the terms and using Lemma 5.5.1, we finally obtain:
1 i, 1l s\ Jjh -1
Ago = 3 (Ris; v’y (Vay®) g") vol = =0,

since the curvature tensor R;;; is antisymmetric in two first indices.
Theorem 5.2.1 is proved.

6. EXAMPLES

We finish the paper with concrete examples of Riemannian curl for the 3-dimensional sphere
(with two natural metrics) and the 3-dimensional ellipsoid with the standard metric.

6.1. The sphere S3. Consider the sphere S? in the standard symplectic space R*. It is endowed
with the natural contact structure that can be defined by the contact form

0 =dz+ xdy — ydz,

where z,y and z are affine coordinates on S. More precisely, if p1, pa, ¢!, ¢ are symplectic Darboux

3 4 pP1 q P2
coordinates on R*, then x = F Y= A= g

The restriction of the Euclidean metric to the sphere S® takes the following form:
gss = F((y*+22+1)da® + (2® + 22 + 1)dy® + (2% + y* + 1)dz?
—2zydrdy — 2xzdxdz — 2yz dydz) ,

_ 1
where F' = ooy -

Let us also consider another, conformally equivalent, metric on S3:

: 4yt +22+1 .
g3 1= S35
Y R

which appeared in the context of integrable systems in [Tab99, MTO01], see also [DV11].

Proposition 6.1.1. The following results hold.
(i) In the case of the “round” metric ggs, we have Ag_, = 0;

(ii) In the case of the metric §gs, we have Ag_, = % ((% — %) xy + (% - 1) z)

Proof. Part (i) follows from Corollary 3.4.1. Part (ii) can be obtained by a straightforward com-
putation using Eq. (13). d

6.2. The case of the ellipsoid E3(a,b,c). Consider the 3-dimensional ellipsoid endowed with
the standard metric

gE3 gw,a:dx2 + gy,ydy2 + gz7zdz2 + gﬂc,yd-r dy + gw,zd-r dz + gy,zdy dz,

a,b,c

where
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B (bzy2 +c222 4+ 1)2 + atx? (y2 + 22+ 1)

s T (a2 + (by)? + (22 +1°
(a2 + 222 + 1) + bhy? (22 + 22 4+ 1)

Buy = (a2)? + ()2 + ()2 + 12
(a%22 + 022 + 1) + 422 (22 + 2 + 1)

82,2 = P
((az)2 + (by)? + (c2)2 +1)°
_ o atx? — (22(b2 — )+ b — 1) + b2 (b2y2 +c22 4 1)
s ! ((a2)? + (by)? + (c2)? + 1) ’
) atz? —a? (y? (= b)) + 2 — 1) + 2 (b*y? + 222 + 1)
e,z = —akZ P
((az)? + (b )2 +(c2)? +1)?
5 biy? — b? (x2 (62 ) — 1) + 2 (a2x2 + 222+ 1)
Ly, = TaYz .

((az)? + (b )2 +(e2)? + 1)°

Proposition 6.2.1. We have

Ag s = a*(a® — b?)(b% + 2c? + 2)23y + b*(a® — b?)(a® + 2¢% + 2)xy?
a,b,c
+(a?® — b))t (2 + a® + b? + *)xy2?
—at(® = 1)(a® +20* + 2 + 1)z%2 — b*(® — 1)(2a® + b* + 2 + 1)y?

—ct(c? —1)(2a® + 2% + 1)23 + (a® — b?)(a® + b% + 2¢2 + 1)y
—(c? = 1)(2a® + 2b* + 2)z.

Proof. Straightforward computation using Eq. (13). O
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