Canonical Connection on Contact Manifolds

Yong-Geun Oh and Rui Wang

Abstract We introduce a family of canonical affine connections on the contact
manifold (Q, &), which is associated to each contact triad (Q, A, J) where A is a
contact form and J : § — £ is an endomorphism with J2 = —id compatible to d A.
We call a particular one in this family the contact triad connection of (Q,A,J)
and prove its existence and uniqueness. The connection is canonical in that the
pull-back connection ¢*V of a triad connection V becomes the triad connection of
the pull-back triad (Q,¢*A,¢*J) for any diffeomorphism ¢ : Q — Q. It also
preserves both the triad metric g := dA(,J:) + A ® A and J regarded as an
endomorphism on 7Q = R{X,} & £, and is characterized by its torsion properties
and the requirement that the contact form A be holomorphic in the CR-sense.
In particular, the connection restricts to a Hermitian connection V”* on the Hermitian
vector bundle (&, J, g¢) with g¢ = dA(-, J-)[¢, which we call the contact Hermitian
connection of (§, J, g¢). These connections greatly simplify tensorial calculations
in the sequels (Oh and Wang, The Analysis of Contact Cauchy-Riemann maps
I: a priori Ck estimates and asymptotic convergence, preprint. arXiv:1212.5186,
2012; Oh and Wang, Analysis of contact instantons II: exponential convergence for
the Morse-Bott case, preprint. arXiv:1311.6196, 2013) performed in the authors’
analytic study of the map w, called contact instantons, which satisfy the nonlinear
elliptic system of equations

Fw=0,dwAoj)=0

of the contact triad (Q, A, J).
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1 Introduction

Let (Q, &) be a2n + 1 dimensional contact manifold and a contact form A be given,
which means that the contact distribution £ is given as ker A and A A (dA)" nowhere
vanishes. On Q, the Reeb vector field X, associated to the contact form A is the
unique vector field satisfying X |JA = 1 and X, |dA = 0. Therefore the tangent
bundle 7Q has the splitting 70 = R{X,} ® &. We denote by 7 : TQ — £ the
corresponding projection.

Now let J be a complex structure on &, i.e., J : § — & with J? = —id|;.
We extend J to TQ by defining J(X;) = 0. We will use such J : TQ — TQ
throughout the paper. Then we have J? = —IT where IT : TQ — TQ is the unique
idempotent with Im I7 = & and ker [T = R - X,. We note that we have the unique
decomposition h = A(h)X, + wh for any h € TQ in terms of the decomposition
TO=R- X, ®¢.

Definition 1 (Contact Triad Metric). Let (Q, A, J) be a contact triad. We call the
metric defined by g(h,k) := A(h)A(k) + dA(zwh, Jrk) for any h, k € TQ the
contact triad metric associated to the triad (Q, A, J).

The main purpose of the present paper is to introduce the notion of the
contact triad connection of the triad (Q, A, J) which is the contact analog to
the Ehresman-Libermann’s notion of canonical connection on the almost Kahler
manifold (M, w, J). (See [2,3,7,9, 10] for general exposition on the canonical
connection.)

Theorem 1 (Contact Triad Connection). Let (Q,A,J) be any contact triad of
contact manifold (Q,§), and g the contact triad connection.Then there exists a
unique affine connection V that has the following properties:

1. V is a Riemannian connection of the triad metric.

2. The torsion tensor of V satisfies T(X,,Y) = 0forall Y € TQ.

3. Vx, X =0and Vy X, €&, forY €&.

4. V™ := nV|¢ defines a Hermitian connection of the vector bundle § — Q with
Hermitian structure (dA, J).

5. The & projection, denoted by T™ := nT, of the torsion T has vanishing (1, 1)-
component in its complexification, i.e., satisfies the following properties: for all
Y tangentto &, T"(JY,Y) = 0.

6. ForY € f, VJYXA + JVyXA = 0.

We call V the contact triad connection.

Recall that the leaf space of Reeb foliations of the contact triad (Q, A, J) canon-
ically carries a (non-Hausdorff) almost Kéhler structure which we denote by
(0, dr,J ). We would like to note that Axioms (4) and (5) are nothing but properties
of the canonical connection on the tangent bundle of the (non-Hausdorff) almost
Kihler manifold (Q, cﬁ, fg) lifted to &. (In fact, as in the almost Kéhler case,
vanishing of (1, 1)-component also implies vanishing of (2, 0)-component and
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hence the torsion automatically becomes (0, 2)-type.) On the other hand, Axioms
(1)—(3) indicate this connection behaves like the Levi-Civita connection when the
Reeb direction X, get involved. Axiom (6) is an extra requirement to connect
the information in & part and X part, which is used to dramatically simplify our
calculation in [14, 15].

In fact, the contact triad connection is one of the R-family of affine connections
satisfying Axioms (1)—(5) with (6) replaced by

VJyXA+JVYXA=CY, c eR.

Contact triad connection corresponds to ¢ = 0 and the connection V€ + B (see
Sect. 6 for the expression of B;) corresponds to ¢ = —1.

The contact triad connection (and also the whole R-family) we construct here
has naturality as stated below.

Corollary 1 (Naturality). Let V be the contact triad connection of the triad
(Q,A,J). Then for any diffeomorphism ¢ : Q — Q, the pull-back connection
@*V is the contact triad connection associated to the triad (Q,¢* A, dp*J).

While our introduction of Axiom (6) is motivated by our attempt to simplify
the tensor calculations [14], it has a nice geometric interpretation in terms of
CR-geometry. (We refer to Definition 4 for the definition for CR-holomorphic
k-forms.)

Proposition 1. In the presence of other defining properties of contact triad connec-
tion, Axiom (6) is equivalent to the statement that A is holomorphic in the C R-sense.

Some motivations of the study of the canonical connection are in order. Hofer-
Wysocki-Zehnder [5, 6] derived exponential decay estimates of proper pseudoholo-
morphic curves with respect to the cylindrical almost complex structure associated
to the endomorphism J : § — £ in symplectization by bruit force coordinate
calculations using some special coordinates around the given Reeb orbit which
is rather complicated. Our attempt to improve the presentation of these decay
estimates, using the tensorial language, was the starting point of the research
performed in the present paper.

We do this in [14, 15] by considering a map w : ¥ — Q satisfying the equation

Fw=0, dwAoj)=0 (1)

without involving the function a on the contact manifold Q or the symplectization.
We call such a map a contact instanton. We refer [4] for the origin of this equation
in contact geometry, as well as [14, 15] for the detailed analytic study of priori
Wk2_estimates and asymptotic convergence on punctured Riemann surfaces.

In the course of our studying the geometric analysis of such maps, we need
to simplify the tensorial calculations by choosing a special connection as in the
(almost) complex geometry. It turns out that for the purpose of taking the derivatives
of the map w several times, the contact triad connection on @ is much more
convenient and easier to keep track of various terms arising from switching the
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order of derivatives than the commonly used Levi-Civita connection. The advantage
of the contact triad connection will become even more apparent in [13] where the
Fredholm theory and the corresponding index computations in relation to Eq. (1) are
developed.

There have been several literatures that studied special connections on contact
manifolds, such as [11, 17, 18]. We make some rough comparisons between these
connections and the contact triad connection introduced in this paper.

Although all the connections mentioned above are characterized by the torsion
properties, one big difference between ours and the ones in [11, 17] is that we don’t
require VJ = 0, but only V*J = 0. Notice that VJ = 0 is equivalent to both
V*J = 0and VX, € R X,. Together with the metric property, VJ = 0 also
implies VX, = 0, which is the requirement of the contact metric connection studied
in [11, Definition 3.1] as well as the so-called adapted connection considered in [17,
Sect. 4]. Our contact triad connection doesn’t satisfy this requirement in general,
and so is not in these families.

The connections considered in [11, 17] become the canonical connection when
lifted to the symplectization as an almost Kéhler manifold, while our connection and
the generalized Tanaka-Webster connection considered by Tanno [18] are canonical
for the (non-Hausdorff) almost Kiihler manifold (0, dx, J ¢) lifted to &. (We remark
that some other people named their connections the generalized Tanaka-Webster
connection with different meanings.)

Difference in our connection and Tanno’s shows up in the torsion property of
T(X,,-) among others. It would be interesting to provide the classification of
the canonical connections in a bigger family that includes both the contact triad
connection and Tanno’s generalized Tanaka-Webster connection. Since the torsion
of the triad connection is already reduced to the simplest one, we expect that it
satisfies better property on its curvature and get better results on the gauge invariant
studied in [18].

This paper is a simplified version of [16], to which we refer readers for the
complete proofs of various results given in this paper.

2 Review of the Canonical Connection of Almost
Kihler Manifold

We recall this construction of the canonical connection for almost Kihler manifolds
(M,®, J). A nice and exhaustive discussion on the general almost Hermitian
connection is given by Gauduchon in [3] to which we refer readers for more details.
(See also [7], [12, Sect.7.1].)

Assume (M, J, g) an almost Hermitian manifold, which means J is an almost
complex structure J and g the metric satisfying g(J-,J-) = g(-,-). An affine
connection V is called J-linear if VJ = 0. There always exists a J-linear
connection for a given almost complex manifold. We denote by 7T the torsion
tensor of V.
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Definition 2. Let (M,J,g) be an almost Hermitian manifold. A J-linear
connection is called a (the) canonical connection (or a (the) Chern connection)
if for any for any vector field Y on M thereis T(JY,Y) = 0.

Recall that any J-linear connection extended to the complexification TcM =
TM ®gr C complex linearly preserves the splitting into 7T!9M and TOD M.
Similarly we can extend the torsion tensor 7' complex linearly which we denote
by T¢. Following the notation of [7], we denote ® = I1'T¢ the 710 M -valued
two-form, where IT’ is the projection to TU® M. We have the decomposition
6 = 0CY L 1D 1 @02 We can define the canonical connection in terms of
the induced connection on the complex vector bundle 7" M — M . The following
lemma is easy to check by definition.

Lemma 1. An affine connection V on M is a (the) canonical connection if and only
if the induced connection NV on the complex vector bundle T M has its complex
torsion form @ = IT' T satisfy @D = 0.

We particularly quote two theorems from Gauduchon [3], Kobayashi [7].

Theorem 2. On any almost Hermitian manifold (M, J, g), there exists a unique
Hermitian connection NV on TM leading to the canonical connection on T M.
We call this connection the canonical Hermitian connection of (M, J, g).

We recall that (M, J, g) is almost-Kéhler if the fundamental two-form @ =
g(J-, ) is closed [8].

Theorem 3. Let (M, J, g) be almost Kihler and V be the canonical connection of
TUOM. Then ©®39 = 0 in addition, and hence © is of type (0, 2).

Remark 1. 1Tt is easy to check by definition (or see [3, 7] for details) that © is of
type (0, 2) is equivalent to say that for all vector fields Y, Z on W, T(JY,Z) =
TY,JZ)and JT(JY,Z)=T(, Z).

Now we describe one way of constructing the canonical connection on an almost
complex manifold described in [8, Theorem 3.4] which will be useful for our
purpose of constructing the contact analog thereof later. This connection has its
torsion which satisfies N = 4T, where N is the Nijenhuis tensor of the almost
complex structure J defined as N(X,Y) = [JX,JY] - [X,Y] - J[X,JY] —
J[J X, Y]. In particular, the complexification @ = IT'T¢ is of (0, 2)-type.

We now describe the construction of this canonical connection. Let VZ€ be
the Levi-Civita connection. Consider the standard averaged connection V¢’ of
multiplication J : TM — TM,

ViCY + J7IVEC(JY)
2

1
VY = = Vi¢Yy - EJ(V)L(CJ)Y.
We then have the following Proposition stating that this connection becomes the
canonical connection. Its proof can be found in [8, Theorem 3.4] or from Sect. 2 [3]
with a little more strengthened argument by using (3) for the metric property.
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Proposition 2. Assume that (M,g,J) is almost Kihler, i.e, the two-form
o = g(J-,-) is closed. Then the average connection V' defines the canonical
connection of (M, g, J), i.e., the connection is J -linear, preserves the metric and
its complexified torsion is of (0, 2)-type.

In fact, a more general construction of the canonical connection for almost
Hermitian manifold is given in [8]. We describe it and in later sections, we will
give a contact analog of this construction.

Consider the tensor field Q defined by

4Q(X,Y) = (V77 )X + J(VF€)X) + 2J((VE°I)Y) (2)

for vector fields X, ¥ on M. It turns out that when (M, g, J) is almost Kihler, i.e.,
the two form g(J-,-) is closed, the sum of the first two terms vanish. In general,
V := VL€ — Q is the canonical connection of the almost Hermitian manifold. In
fact, we have the following lemma which explains the construction above for almost
Kihler case.

Lemma 2 ((2.2.10) [3]). Assume (M, g, J) is almost Kdhler. Then
VECT +J(VECT) =0 3)

and so Q(X,Y) = 1J((VECI)Y).

3 Definition of the Contact Triad Connection
and Its Consequences

In this section, we associate a particular type of affine connection on Q to the given
contact triad (Q, A, J) which we call the contact triad connection of the triple.

We recall TQ = R{X,} @ &, and denote by 7w : TQ — & the projection. Under
this splitting, we may regard a section Y of § — Q as a vector field Y & 0. We will
just denote the latter by Y with slight abuse of notation. Define V” the connection
of the bundle £ — Q by V'Y = VY.

Definition 3 (Contact Triad Connection). We call an affine connection V on
Q the contact triad connection of the contact triad (Q, A, J), if it satisfies the
following properties:

1. V7 is a Hermitian connection of the Hermitian bundle & over the contact
manifold Q with Hermitian structure (dA, J).

2. The & projection, denoted by 77" := & T, of the torsion T satisfies the following

properties: for all Y tangentto &, T"(JY,Y) = 0.

T(X),Y)=0forallY e TQ.

4. VX;\X/\ =0and Vy X, € é, forY € g

W
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5. ForY e %‘, Vv X, +JVy X, =0.
6. Forany Y, Z € &, (Vy Xy, Z) + (X, VyZ) = 0.

It follows from the definition that the contact triad connection is a Riemannian
connection of the triad metric. (The statements of this definition are equivalent
to those given in the introduction. We state properties of contact triad connection
here as above which are organized in the way how they are used in the proofs of
uniqueness and existence.)

By the second part of Axiom (4), the covariant derivative V X, restricted to £ can
be decomposed into VX, = VX, + 5VX 5, where 0V X, (respectively, 5VX 1) 1s
J -linear (respectively, J-anti-linear part). Axiom (6) then is nothing but requiring
that 9V X, = 0, i.e., X is anti J-holomorphic in the CR-sense. (It appears that
this explains the reason why Axiom (5) gives rise to dramatic simplification in our
tensor calculations performed in [14].)

One can also consider similar decompositions of one-form A. For this, we need
some digression. Define Ja for a k-form « by the formula Ja(Yy,---,Y;) =
a(J Yy, -, JYy).

Definition 4. Let (Q, A, J) be a contact triad. We call a k-form is C R-holomorphic
if o satisfies

Vx,a =0, 4)

Vya +JV;ya =0 for Y €é. 5)

Proposition 3. Axiom (5) is equivalent to the statement that A is holomorphic in the
CR-sense in the presence of other defining properties of contact triad connection.

Proof. We first prove Vy,A = 0 by evaluating it against vector fields on Q. For
X, the first half of Axiom (4) gives rise to Vx, A(X,) = —A(Vyx, X;) = 0. For the
vector field Y € &, we compute

Vy,A(Y) = —A(Vy,Y)
= -AMVy X, +[X., Y]+ T(X1,Y))
= —A(Vy X3) = A([X3, Y] — MT(X3,Y)).

Here the third term vanishes by Axiom (3), the first term by the second part of
Axiom (4) and the second term vanishes since

A([X3.Y]) = MLy, Y) = XH[A(Y)] = Ly, A(Y) =0-0 = 0.

Here the first vanishes since ¥ € & and the second because .Zy,A = 0 by the
definition of the Reeb vector field. This proves (4).
We next compute J Vy A for Y € &. For a vector field Z € &,
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(IVyM)(Z) = (VyM(JZ) = Vy(AM(J Z)) = AM(Vy(JZ)) = =A(Vy (J 2))

since A(JZ) = O for the last equality. Then by the definitions of the Reeb vector
field and the triad metric and the skew-symmetry of J, we derive

—A(Vy(JZ)) = —(Vy(VZ), Xy) = (JZ,Vy X;) = —(Z, I Vy X;).
Finally, applying (6), we obtain
—(Z,JVyXy) =(Z, Vv Xs) = —(Vyy Z, X3) = =A(Vyy Z) = (Vv M)(2).

Combining the above, we have derived J(VyA)(Z) = V;yA(Z) forall Z € £. On
the other hand, for X, we evaluate

J(Vy (X)) = Vy A(JX;) = VyA(0) = 0.

We also compute V,;y A(X;) = .25y (A(X32))—A(Vyy X3)). The first term vanishes
since A(X) = 1 and the second vanishes since V;y X, € & by the second part of
Axiom (4). Therefore we have derived (5).

Combining (4) and (5), we have proved that Axiom (5) implies A is holomorphic
in the C R-sense. The converse can be proved by reading the above proof backwards.

From now on, when we refer Axioms, we mean the properties in Definition 3. One
very interesting consequence of this uniqueness is the following naturality result of
the contact-triad connection.

Theorem 4 (Naturality). Let V be the contact triad connection of the triad
(Q, A, J). For any diffeomorphism ¢ : Q — Q, the pull-back connection ¢*V
is the contact triad connection associated to the triad (Q,¢* A, dp*J).

Proof. A straightforward computation shows that the pull-back connection ¢*V sat-
isfies all Axioms (1)—(6) for the triad (Q, ¢*A, ¢*J). Therefore by the uniqueness,
¢*V is the canonical connection.

Remark 2. An easy examination of the proof of Theorem 4 shows that the naturality
property stated in Theorem 4 also holds for the one-parameter family of connections
for all ¢ € R (see Sect.4) among which the canonical connection corresponds to
c=0.

4 Proof of the Uniqueness of the Contact Triad Connection

In this section, we give the uniqueness proof by analyzing the first structure equation
and showing how every axiom determines the connection one forms. In the next two
sections, we explicitly construct a connection by carefully examining properties
of the Levi-Civita connection and modifying the constructions in [7, 8] for the
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canonical connection, and then show it satisfies all the requirements and thus the
unique contact triad connection.

We are going to prove the existence and uniqueness for a more general family of
connections. First, we generalize the Axiom (5) to the following Axiom: For Y € £,

Vivy X, +JVy X, eR.Y, (6)
and we denote by Axiom (5; ¢): For a given ¢ € R,
Viy Xo +JVy Xy =cY, Y €é. (7)

In particular, Axiom (5) corresponds to Axiom (5; 0).

Theorem 5. For any ¢ € R, there exists a unique connection satisfies Axiom (1)—
(4), (6) and (5; c).

Proof (Uniqueness). Choose a moving frame of 7Q = R{X,} & & given by
{(X,,Ei,---,E,,JE{,--- ,JE,} and denote its dual co-frame by {A,a',--- ",
BL,---, B"}. (We use the Einstein summation convention to denote the sum of upper
indices and lower indices in this paper.) Assume the connection matrix is (.Q;),
i,j =0,1,...,2n, and we write the first structure equations as follows

dr = -0 A1 =20 nar — Q% ABE+TO
do/ = —QJ NA— Q] NaF — 2] ABF+ T

j— _orti ntj _onti k n+j
dp’ = -2, NA—=82,7" A ak Qi NB+T
Throughout the section, if not stated otherwise, we let i, j and k take values from 1
to n. Denote

Qvu = FOITVA + Fku,vak + Fnu-i-k lek

where u,v = 0,1,---,2n. We will analyze each axiom in Definition 3 and show
how they set down the matrix of connection one forms.

We first state that Axioms (1) and (2) uniquely determine (.Q; )i j=1,- 2x. This
is exactly the same as Kobayashi’s proof for the uniqueness of Hermitian connection
given in [7]. To be more specific, we can restrict the first structure equation to £ and
get the following equations for « and B since £ is the kernel of A.

da/ = —Q]le noF — Q) e ABF + T

dpl = -2} s nak — 20T 1 A BE+ T

We can see (.Qj. |¢)i,j=1, 2n is skew-Hermitian from Axiom (1). We also notice

that from the Remark 1 that Axiom (2) is equivalent to say that @(') = 0, where
©® = I1'T¢. Then one can strictly follow Kobayashi’s proof of Theorem 2 in [7] and
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get (.Qj. )i, j=1,- 2 are uniquely determined. For this part, we refer readers to the
proofs of [7, Theorems 1.1 and 2.1].

In the rest of the proof, we will clarify how the Axioms (3), (4), (5;¢), (6)
uniquely determine £2°, §2; and (.Qj- (X2))i j=1,—2n. Compute the first equality in
Axiom (4) and we get

Vx, Xo = Iy o X + T Ex + I JEx = 0.
Hence
IPy=0, Ify=0 Iy =0 (8)
The second claim in Axiom (4) is equal to say
Ve X, €8, Vg Xy €é. )
Similar calculation shows that
=0, Llo=0. (10)
Now the first vanishing in (8) together with (10) uniquely settle down

Q) = Igoh + g + I oB* = 0.

The vanishing of second and third equality in (8) will be used to determine £2( in
the later part. From Axiom (3), we can get

rfy =TI = (E;. Xal Ex) = —(Lx, E; . Ex) (11)
IE o= T = (VE;. Xal, Ex) = —(Lx, (JE,). Ex) (12)
and
I — I = ((E; X3) JE) = —( Ly, B JE) (13)
= et = (Ej. Xal. JE) = —(Zx, (JE;). JEx). (14)

From Axiom (5; ¢), we have

k +k __
Lo+ 150 =0 (15)
ridh—nfy o =—cdjx. (16)
Now we show how to determine .Q({ for j = 1,...,2n. For this purpose, we

calculate I'¥,. First, by using (15), we write I'%) = 11K — 1r7H
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Furthermore, using (11) and (14), we have
rk, = -rk —-rrt*
J. . .
| Q" | Qp—
= 5(I“O’j —(Zx, Ej, Ex)) — E(Fo,n-i-j —(Zx, (JE;), JEL))
| Q" n+k 1
= E(Fo,j —Iy,5 ) — §(<$X1Ej’ Ex) —{(Zx,(JE;), JEL))

1 . 1
= S = ) = S\ Bj + J 2y, (JE)). Ex)

1 ) 1
= E(Folfj - Fo,ﬂ{j) — E(J(O%XAJ)EJ'»EH

1 i 1
= E(Folfj - 1—'0;_{_{].) + §<($XAJ)JEj’Ek)

Notice the first term vanishes by Axiom (2). In particular, that is from Vy, J = 0.
Hence we get

1
r, = S (L DIE;, Er). (17)

Following the same idea, we use (16) and will get
n+k 1 1
Fj,O = _Ecgjk + §<($XAJ)JEJ-, JE).
Then substituting this into (15) and (16), we have

1 1 1 1
LYoo= EC(Sjk + 5((,f;QJ).IJE,-, JE;) = Ecéjk — 5((,,s,ﬂ;QJ)/E“j-, Ey).

and

1
Lo = 5L NIE;. Ex) = 5 (L, ))E; . JE).

1
2

Together with (8), £2¢ is uniquely determined by this way.

Furthermore (11)—(14), uniquely determine .Qj (X;) fori,j =1,...,2n.

Notice that for any Y € &, we derive Vy, Y € £ from Axiom (3). This is because
the axiom implies Vy,Y = VyX) + %%, Y and the latter is contained in &: the
second part of Axiom (4) implies Vy X € & and the Lie derivative along the Reeb
vector field preserves the contact structure &. It then follows that I 0(?1 = 0 for
I = 1,...,2n. At the same time, Axiom (6) implies F;’k = —Fj’fo. for j,
k =1,...,2n. Hence together with (10), 29 s uniquely determined. This finishes
the proof.
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We end this section by giving a summary of the procedure we take in the proof of
uniqueness which actually indicates a way how to construct this connection in later
sections.

First, we use the Hermitian connection property, i.e., Axiom (1) and torsion
property Axiom (2), i.e., T™|¢ has vanishing (1,1) part, to uniquely fix the
connection on & projection of V when taking values on &.

Then we use the metric property (X,,Vy Z)4+(Vy Xy, Z) = 0,forany Y, Z € &,
to determine the X, component of V when taking values in &.

To do this, we need the information of Vy X,. As mentioned before the second

=V
part of Axiom (4) enables us to decompose VX, = VX, +0d X,.The requirement
Vx,J = 0in Axiom (1) implies Vx,(JY) — JVy, Y = 0. Axiom (3), the torsion
property 7(X,,Y) = 0, then interprets this one into

Viy Xy —JVy Xy = —(Zy, J)Y

which is also equivalent to saying
Joy X, = %(ZXAJ)Y or 3y X; = %(EXAJ)JY. (18)
It turns out that we can vary Axiom (5) by replacing it to (5;c)
Vyvy Xy + JVy Xy =Y, orequivalently 8¥Xy = %Y (19)

for any given real number c. This way we shall have one-parameter family of affine
connections parameterized by R each of which satisfies Axioms (1)—(4) and (6) with
(5) replaced by (5;¢).

When c is fixed, i.e., under Axiom (5; c¢), we can uniquely determine Vy X to be

1 1
Vi Xy =—zel Y + (Lo )T Y.

Therefore, Vy, Y € & is uniquely determined in this process by getting the formula
of Vy X, when combined with the torsion property. Then the remaining property
Vx, X3 = 0 now completely determines the connection.

5 Properties of the Levi-Civita Connection
on Contact Manifolds

From the discussion in previous sections, the only thing left to do for the existence
of the contact triad connection is to globally define a connection such that it can
patch the & part of V|¢ and the X part of it. In particular, we seek for a connection
that satisfies the following properties:
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1. it satisfies all the algebraic properties of the canonical connection of almost
Kihler manifold [7] when restricted to &.
2. it satisfies metric property and has vanishing torsion in X direction.

The presence of such a construction is a manifestation of delicate interplay between
the geometric structures &, A, and J in the geometry of contact triads (Q, A, J).
In this regard, the closeness of dA and the definition of Reeb vector field X, play
important roles. In particular d A plays the role similar to that of the fundamental
two-form @ in the case of almost Kihler manifold [8] (in a non-strict sense) in that
it is closed.

This interplay is reflected already in several basic properties of the Levi-Civita
connection of the contact triad metric exposed in this section. We list these
properties but skip most proofs of them in this section since most results are well-
known in Blair’s book [1]. We also refer readers to [16] for the complete proof with
the same convention.

Recall that we have extend J to TQ by defining J(X;) = 0. Denote by IT :
TQ — TQ the idempotent associated to the projection 7 : TQ — £, i.e., the
endomorphism satisfying I7> = [T, Im IT = £, and ker [T = R{X,}.

We have now J2 = —IT. Moreover, for any connection V on Q,

V)] =—=(VIT)—-J(VJ). (20)
Notice for Y € &, we have
nvIny =0, (VIHX, =-II1VX,. (21)
Denote the triad metric g as (-, -). By definition, we have

(X,Y) = dAMX,JY) + A(X)A(Y)
dA(X,Y) = dA(JX,JY)

which gives rise to the following identities

Lemma3. For all X,Y in TQ, (JX,JY) = dAXX,JY), (X,JY) =
—dAM(X.,Y), and (JX,Y) = —(X,JY).

However, we remark (J X, JY) # (X, Y) in general now, and hence there is no
obvious analog of the fundamental 2 form @ defined as in [8] for the contact case.
This is the main reason that is responsible for the differences arising in the various
relevant formulae between the contact case and the almost Hermitian case.

The following preparation lemma says that the linear operator %y, J is symmet-
ric with respect to the metric g = (-, ).

Lemma 4 (Lemma 6.2 [1]). ForY,Z €&, ((Zx,J)Y.Z) = (Y, (¥%x, J)Z).
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The following simple but interesting lemma shows that the Reeb foliation is
a geodesic foliation for the Levi-Civita connection (and so for the contact triad
connection) of the contact triad metric.

Lemma 5 ([1]). For any vector field Z on Q,

VZiX €, (22)
and

VX, =0. (23)

Next we state the following lemma which is the contact analog to the Prop 4.2
in [8] for the almost Hermitian case. The proof of this lemma can be also extracted
from [1, Corollary 6.1] and so we skip it but refer [16] for details.

Lemma 6. Consider the Nijenhuis tensor N defined by
NX,Y)=[JX,JY]|-[X,Y]-J[X.JY]-J[JX,Y]
as in the almost complex case. Forall X, Y and Z in TQ,
2((VEC DY, Z) = (N(Y, Z),JX)
—(JX, IY)AMZ)+ (JX. JZ)A(Y)

In particular, we obtain the following corollary.

Corollary 2. ForY,Z €&,
2(Vy )X, Z) = —((Lx, ))Z,Y) + (Y, Z)
2(VECN)Z, X;) = (L, ))Z.Y) = (V. Z)
2((VEC Y, Z) = (N(Y, Z), T X).
Proof. This is a direct corollary from Lemma 6 except that we also use

N(X).Z) = —J (&L, ) Z (24)
N(Z.X;) = J(Zy, J)Z. (25)

for the first two conclusions.

Straightforward calculations give the following lemma which is the contact
analog of the fact that the Nijenhuis tensor is of (0, 2)-type.
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Lemma 7. ForY,Z €&,

IJN(Y,JZ)—TIN(Y,Z) =0
MIN(Y,JZ)+IIN(Z,JY) = 0.

Together with the last equality in Corollary 2 and Lemma 7, we obtain the
following lemma, which is the contact analog to Lemma 2.
Lemma 8.

OV HX + J(VEC)X =0, (26)

The following result is an immediate but important corollary of Corollary 2 and
the property Vx, X3 = 0 of X}, which plays an essential role in our construction of
the contact triad connection.

Proposition 4 (Corollary 6.1 [1]). V)L(f J =0.

The following is equivalent to the second part of Lemma 6.2 [1] after taking into
consideration of different sign convention of the definition of compatibility of J
and dA.

Lemma 9 (Lemma 6.2 [1]). For any Y € &, we have VfCXA = %JY +
WL, NIY.

6 Existence of the Contact Triad Connection

In this section, we establish the existence theorem of the contact triad connection in
two stages.

Before we give the construction, we first remark the relationship between the
connections of two different ¢’s. Denote by V*¢ the unique connection associated
to the constant ¢, which we are going to construct. The following proposition shows
that V4¢ and VA< for two different nonzero constants with the same parity are
essentially the same in that it arises from the scale change of the contact form. We
skip the proof since it is straightforward.

Proposition 5. Let (Q, A, J) be a contact triad and consider the triad (Q,aA, J)
for a constant a > 0. Then V! = VAa,

In regard to this proposition, one could say that for each given contact structure
(0, %), there are essentially two inequivalent V°, V! (respectively three, V°, V!
and V™!, if one fixes the orientation) choice of triad connections for each given
projective equivalence class of the contact triad (Q, A, J). In this regard, the
connection V is essentially different from others in that this argument of scaling
procedure of contact form A does not apply to the case @ = 0 since it would lead
to the zero form 0 - A. This proposition also reduces the construction essentially two
connections of V4% and V4! (or VA1),
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In the rest of this section, we will explicitly construct V4! and V*¢ in two
stages, by construct the potential tensor B from the Levi-Civita connection, i.e., by
adding suitable tensors B to get VZ = VL€ + B := Vi€ 4 B, + B,.

In the first stage, motivated by the construction of the canonical connection on
almost Kihler manifold and use the properties of the Levi-Civita connection we
extracted in the previous section, we construct the connection V7! and show that
it satisfies Axioms (1)—(4), (5;—1), (6).

In the second stage, we modify V7! to get V/”7>2 by deforming the property
(5;:—1) thereof to (5;c) leaving other properties of V73! intact. This V72 then
satisfies all the axioms in Definition 3.

6.1 Modification 1; V'™P3!

Define an affine connection V73! by the formula
Vil Z, = VECZ, —TP(11Z,,11Z)

where the bilinear map P : I'(TQ) x I'(TQ) — I'(TQ) over C*°(Q) is defined
by

4P(X,Y) = (Viy DX + J(VyI)X) + 2J (V€ N)Y) 27)
for vector fields X, Y in Q. (To avoid confusion with our notation Q for the contact

manifold and to highlight that P is not the same tensor field as Q but is the contact
analog thereof, we use P instead for its notation.) From (26), we have now

1
NP(I1Z,,11Z,) = EJ((V,%%IJ)HZZ).
According to the remark made in the beginning of the section, we choose B; to be
1
B\(Z1. Z5) = =[P 21, 11Z5) = = J (V5 )1 Z2). (28)

First we consider the induced vector bundle connection on the Hermitian bundle
£ — 0, which we denote by V7317 it is defined by

VI Ty = gy (29)

for a vector field Y tangent to &, i.e., a section of £ for arbitrary vector field X on
0. We now prove the J linearity of V7317

Lemma 10. Let : TQ — £ be the projection. Then V;mp;l’” JY) = JV;mP;l’”Y
forY e&andall X € TQ.
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Proof. For X € &,
tmp;1 _ vlLC
Vi (JY)=Vy"(JY)-TIP(X,JY)

1

= (JVECY + (VEC YY) - 5J((foJ)J Y)
1 1

= JVECY + (VEC )Y — E17((V§CJ)Y) + EJ((V}L(CH)Y) (30)
1

= JVECY + (VEC )Y — EH((V)L(CJ)Y)

where we use (20) to get the last two terms in the third equality and use (21) to see
that the last term in (30) vanishes. Hence,

) . 1
AV IY) = 2Vt Y) = JVECY + En((v}f J)Y).
On the other hand, we compute

: 1 1
JaViyrly = (vffy — EJ((v}f J)Y)) = JVECY + En((V)L(C JY).

Hence we have now 7V (JY) = Ja VY for X, Y € €.
On the other hand, we notice that V;";p ly = V€Y. By using Proposition 4,

the equality 7 V" YJY)=Jn S 'Y also holds for X = X, and we are done
with the proof.

Next we study the metric property of V/”?:! by computing (V;m’) y, z ) +
(Y, V"7 Z) for arbitrary X, Y, Z € TQ.
Using the metric property of the Levi-Civita connection, we derive

(VY Z) + (v, Vi Zy - X (Y, Z)
= (VECY, Z) + (Y, VEC Z) - X (Y, Z) — (T P(ITX, 1Y), Z) — (Y, [TP(IT1X, [1Z))
= (MTP(IIX.OY),Z)— (Y. IP(ITX,T1Z)), (31)
The following lemma shows that when X,Y,Z € & this last line vanishes. This
is the contact analog to Proposition 2 whose proof is also similar thereto this time

based on Lemma 7. Since we work in the contact case for which we cannot directly
quote its proof here, we give complete proof for readers’ convenience.

Lemma 11. For X,Y,Z €&, (P(X,Y), Z) + (Y, P(X, Z)) = 0. In particular,

(V'Y Z) + (Y. VP Z) = X(Y. Z).
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Proof. We compute for X, Y, Z € &,
(P(X,Y),Z) + (Y, P(X,Z2))

SUWVEE DY), 2) + S (V5 D) 2)

1 1
= —5((V§C NY,JZ) - E(J Y, (Vi€JI)Z)
1 1
=—Z(N(Y,JZ),JX)—Z(N(Z,JY),JX) (32)
1
:—Z(HN(Y,JZ)—I—HN(Z,JY),JX)=0, (33)
where we use the third equality of Corollary 2 for (32) and use the second equality
of Lemma 7 for the vanishing of (33).

Now, we are ready to state the following proposition.

Proposition 6. The vector bundle connection V"7 := g V'™Pil js an Hermitian
connection of the Hermitian bundle § — Q.

Proof. What is now left to show is that for any Y, Z € §,
;1 ;1
(VY. Z) + (Y. VYT Z) = X, (Y. Z).
which immediately follows from our construction of V73! since
tmp;1 LC tmp;1 LC

With direct calculation, one can check the metric property when the Reeb direction
gets involved.
Lemma 12. For Y, Z € &, (V"' X;, Z) + (X,, V"' Z) = 0.

Now we study the torsion property of V7!, Denote the torsion of V73! by
T'mr:1 Similar as for the almost Hermitian case, define @™ = [T’ T(émp I Here we
decompose

Ttmp;llg — JTTth;llg + A(Ttmp;l’nlg) X)t

and denote T'"P317 | .= g T'P:17 | The proof of the following lemma follows
essentially the same strategy as that of the proof of [8, Theorem 3.4]. We give the
complete proof for readers’ convenience.

Lemma 13. ForY €& TP (X;,Y) =0, and

N /2 1 T mp;
TP = V7l AT ) = 0.
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In particular, O™ ¢ is of (0, 2) form.
Proof. Since VP31 = VEC _ [TP(IT,IT) and V*C is torsion free, we derive for
Y, Z €&,

TN Y, Z) = TEC(Y, Z)— M P(Y,Z)+ IP(Z.Y)

1 1
= EJvﬁcJZ - EJV§CJY.

from the general torsion formula.
Next we calculate —ITP([1Y,I1Z) + 1 P(I1 Z, I[1Y) using the formula

1 1 1
EJVI%CJZ — ingcn = Zn([J Y, JZ]—xn[Y,Z| - J[JY,.Z] - J[Y.JZ])
1
=-aN({,2Z).
4
This follows from the general formula
1

whose derivation we refer [16, Appendix].
On the other hand, since the added terms to V€ only involves &-directions, the
X -component of the torsion does not change and so

AT ) = AT ) = 0.
This finishes the proof.

From the definition of V7! we have the following lemma from the properties
of the Levi-Civita connection in Proposition 5.

Lemma 14. V;’ZP;IXA = 0and V;mp;lX,l €& foranyY €é.
We also get the following property by using Lemma 9 for Levi-Civita connection.

Lemma 15. Forany Y € &, we have V;mp;lX,x = %JY + %(.,?XAJ)J Y.

We end the construction of V73! by summarizing that V73! satisfies Axioms
(1)~(4),(6) and (5;—1), i.e., V"7l = VA~L,

6.2 Modification 2; V'™P2

Now we introduce another modification V732 starting from V7! to make it
satisfy Axiom (5;c¢) and preserve other axioms for any given constant ¢ € R. We
define VP32 = V"3l 1 B, for the tensor B, given as
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1
BAZ1.Z2) = S(1+0) ({22, Xa) I Z) = (20, Xo) U Za + (U Z1. Z2) Xo)
(35)

Proposition 7. The connection V'""P>? satisfies all the properties of the canonical
connection with constant c. In particular V := VP2 with ¢ = 0 is the contact
triad connection.

Proof. The checking of all Axioms are straightforward, and we only do it for Axiom
(5;c) here.
vtmp;ZX tmp;2
JY At IV X
ity 1 - 1
= VX, — S+ ITY + IV X, — J5U+e)JY
:—Y+(1+C)Y :CY.
Before ending this section, we restate the following properties which will be use-
ful for calculations involving contact Cauchy-Riemann maps performed in [14,15].

Proposition 8. Ler V be the connection satisfying Axiom (1)—(4),(6) and (5; c),
then VyX, = —%CJY + %(.,?XAJ)J Y. In particular, for the contact triad
connection, Vy X, = %(XXAJ)J Y.

Proof. We already gave its proof in the last part of Sect. 3.

Proposition 9. Decompose the torsion of V into T = nT + A(T) X,. The triad
connection V has its torsion given by T(X,,Z) = 0 forall Z € TQ, and for all
Y, Z €&,

xT(Y,Z) = inN(Y, Z) = i((.i”,yJ)Z + (K T)IZ)
MT(Y, 2Z)) = dA(Y, Z).

Proof. We have seen n T2, = gT"P|; = IN™|;. On the other hand, a
simple computation shows N™ (Y, Z) = (ZyyJ)Z — J(L )2 = (LyyJ)Z +
(Zy J)J Z, which proves the first equality.

For the second, a straightforward computation shows

MT™P(Y, Z)) = MT™ N (Y, 2) + (1 + ) (JY, Z) = (1 + ) dA(Y, Z)

for general c. Substituting ¢ = 0, we obtain the second equality. This finishes the
proof.
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