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VARIATIONAL PROBLEMS ON
CONTACT RIEMANNIAN MANIFOLDS

SHUKICHI TANNO

ABSTRACT. We define the generalized Tanaka connection for contact Riemann-
ian manifolds generalizing one for nondegenerate, integrable CR manifolds.
Then the torsion and the generalized Tanaka-Webster scalar curvature are de-
fined properly. Furthermore, we define gauge transformations of contact Rie-
mannian structure, and obtain an invariant under such transformations. Con-
cerning the integral related to the invariant, we define a functional and study its
first and second variational formulas. As an example, we study this functional
on the unit sphere as a standard contact manifold.

0. INTRODUCTION

Chern-Hamilton [3] studied a kind of the Dirichlet energy concerning the
Webster torsion 7 of a 3-dimensional compact contact manifold, and a prob-
lem analogous to the Yamabe problem on conformal deformability to a constant
scalar curvature metric. Jerison-Lee [4, 5, 6] also obtained theorems in the
setting of compact strongly pseudoconvex integrable CR manifolds, which are
analogous to Aubin’s theorem for the Yamabe problem. Here, the scalar curva-
ture is the Tanaka-Webster scalar curvature *S of a nondegenerate, integrable
CR structure. Corresponding to conformal geometry in the Riemannian case,
Jerison-Lee [4] defined an invariant A (CR invariant) for a compact strongly
pseudoconvex, integrable CR manifold.

A contact manifold (M ,#n) with a Riemannian metric g associated with #
is called a contact Riemannian manifold. The notion of contact Riemannian
structure is wider than the notion of strongly pseudo-convex, integrable CR
structure, because the former satisfying the integrability condition Q = 0 (cf.
(2.1)) corresponds to the latter. Therefore, the research on contact Riemannian
manifolds has two aspects: the first one is to study contact manifolds with
the aid of associated Riemannian metrics, and the second is to give natural
generalizations of results on strongly pseudoconvex, integrable CR manifolds.
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The motivation of this paper is the following: Since there are so many
Riemannian metrics associated with a contact form 5 on a contact manifold
(M, n), we want to find some proper one among them canonically related to 7.
One method of finding conditions of nice Riemannian metrics is to study varia-
tional problems and their critical points. Furthermore, in the study of a contact
manifold (M ,n), it is desirable to find differential geometric properties which
are independent of the choice of contact forms f#, f being positive functions
on M . So, we study gauge transformations of contact Riemannian structure.

One basic idea is to define the canonical connection, the torsion tensor and
the scalar curvature for a contact Riemannian structure, considering contact
Riemannian structure as a generalization of strongly pseudoconvex, integrable
CR structure. Then we can study variational problems related to the torsion
or scalar curvature, and we obtain an invariant under gauge transformations of
contact Riemannian structure.

§1 and §2 are devoted to preliminaries for contact Riemannian structures
and CR structures. In §3 we define the generalized Tanaka connection *V
for a contact Riemannian manifold generalizing the Tanaka connection for a
nondegenerate, integrable CR manifold. We get the torsion tensor *7T of “V.
In §4, the space of all Riemannian metrics associated with a contact form on a
contact manifold is explained.

In §5 we study a critical metric of the Dirichlet energy concerning the torsion
tensor *T with respect to deformations of Riemannian metrics associated with
a fixed contact form. In §6 we give the relation between the torsion tensor and
the generalized Webster torsion. Furthermore, as the referee kindly pointed out,
the method of adapted moving frames for the complexified tangent bundle, as
in Webster [18], is useful also for contact Riemannian structures. So, we give
the structure equations with respect to the complex adapted frame.

In §7 we study a condition concerning the torsion tensor, because it is related
to some interesting geometric properties.

In §8 we define the generalized Tanaka-Webster scalar curvature *S for a
contact Riemannian manifold, generalizing one for a nondegenerate, integrable
CR manifold. In §9, as a generalized notion of conformal deformations in
the Riemannian case, we define gauge transformations of contact Riemannian
structure. In §10 we obtain the transformation law of the generalized Tanaka-
Webster scalar curvature under gauge transformations. In §11 we obtain an
invariant under gauge transformations of contact Riemannian structure. The
existence of an invariant itself has an importance in the geometry of contact
structures.

In §12, concerning the integral related to the invariant obtained in §11, we
define a functional on the product of two spaces and study the first variation.
In §13 we obtain the expression of the second variation of the functional at a
critical pair.

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use




CONTACT RIEMANNIAN MANIFOLDS 351

In §14, since the odd dimensional unit sphere is one of the standard models
of contact Riemannian manifolds, we study the behavior of the functional in
the neighborhood of a special critical pair, on the unit sphere.

1. CONTACT RIEMANNIAN MANIFOLDS

An m-dimensional manifold M is a contact manifold if it admits a 1-form
n' such that n’ A (dy')" # O everywhere on M, where m = 2n+ 1. By a
function or tensor field on M we mean a smooth one. We fix a 1-form 7
among {fn : for positive functions f on M}, which is called a contact form
associated with the contact structure. Then we have a unique vector field &
such that

né) =1, L;n=0, ie., i, dn=0,

where Lé denotes the Lie derivation by ¢ and i P denotes the interior product
operator by £. It is well known that there is a Riemannian metric g and a
(1,1)-tensor field ¢ such that

ge, X)=n(X), 28(X,¢Y)=dn(X,Y), ¢6X =-X+n(X),

where X and Y are vector fields on M. g is called a Riemannian metric
associated with n. The next relation follows from the above.

pc=0, n(eX)=0,
g(X,Y)=g(¢X,0X)+n(X)n(Y),

Lemma 1.1. Concerning the Riemannian connection V with respect to g, the
Jollowing hold.:

(i) Ven=0, V£ =0, ¢ V;n,=0;

i) v& =0, quS;. = =2nn;;

(lll) v,—”s(ﬁ:(ﬁj = _Vj'],';

(iii ") V.. ¢, and Vn,.¢; are symmetricin i, j;

(iv) V.0 =0.

Lemma 1.1 is known. We give here simple proofs. (i) follows from 2¢, ;=
Vi, —Vn, V(&) =0 and {'¢, =0, where ¢, = g, 8.

The first assertion of (ii) follows from the fact that volume element dM of
(M, g) is equal to (a constant multiple of) nA(dn)" and that L,n =0 implies

Le(n A (dm)™) = 0. To prove the second assertion of (ii), we first notice that
v,¢& = —¢”Vr11j =—¢"¢,; = —2n implies
(V,;+2nn,)& =0.
Next we verify ' -
(V,8)+2nn)¢), = ~¢"V,8, =0
by using the closedness of dn. Thus we get (ii).
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Since B N B
ij i i
L5¢ ¢jk:L§(¢J¢jk)"¢JL¢¢jk=0,
and L,¢"n; =0, we obtain L,¢"” =0. So, ¢ = g"g” ¢, implies
(V,ﬂ,- + V,ﬂr)¢; - (V,-”j + V,ﬂ,)d’: =0.

Writing down dn(X,¢Y) + dn(¢X,Y) = 0 in the tensor components and
adding the result to the above, we get (iii’ ). (iii) follows from (i’ ).
Finally (iv) follows from L,dn =0 and (iii").

An orthonormal frame {{,e ,e,} is called an adapted frame, if e, = de_,

where a=a+n,and a,f,... runfrom 1 to n.
For tensor fields T = (T;;) and V = (V) for example, we use the following
notations:

(T;V)=T"V, =g"g"T ¥,

rs’ij
and ||T|* = (T; 7).
For more details on basic properties of contact Riemannian manifolds, see
Blair [1], Sasaki [7], Sasaki-Hatakeyama [8], Tanno [12, 13], etc.

2. CONTACT RIEMANNIAN STRUCTURE AND CR STRUCTURE

Let TM be the tangent bundle of a manifold M and CTM be its complex-
ification. Let S be a subbundle of CTM and suppose that SNS = {0}, where
S denotes the complex conjugate of S. Then there is a unique subbundle P of
TM such that the complexification CP of P is written as CP = S+ (direct
sum). P is the real part of S+ S. Also we have a unique homomorphism
J: P — P, suchthat J2 = —1Id, where Id denotes the identity, and

S={X-iJX;X€P}.

{P,J} is called the real expression of S.

Furthermore, we suppose that M is an m-dimensional contact manifold
with a contact form #n and that the above P is defined by n = 0. If the form
L (the Levi form) defined by

2L(X,Y)=—dn(X,JY), X,YeP,

is hermitian, then (M ,n,J) is called a nondegenerate, pscudohermitian man-
ifold. This condition is equivalent to the partial integrability condition of §':

[T(S), I(S)] c T(CP),

where I'(S) denotes the space of all sections of S'. If the integrability condition
of S:
[(I'(S), IS c I(S),

is satisfied, then (M ,#n,J) is said to be integrable.
If the Levi form L is positive definite, then “nondegenerate” is replaced
by “strongly pseudoconvex”. A nondegenerate (strongly pseudoconvex, resp.),
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CONTACT RIEMANNIAN MANIFOLDS 353

integrable pseudohermitian manifold is also called a nondegenerate (strongly
pseudoconvex, resp.), integrable CR manifold.

The notion of strongly pseudoconvex, pseudohermitian structure is equiva-
lent to the notion of contact Riemannian structure, by the relation g = L+1®7,
where the same letter L denotes the natural extension to a (0, 2)-tensor field

on M,
We define a (1, 2)-tensor field Q on a contact Riemannian manifold by
(2.1) Q;k = quﬁ; + f’¢;vk7l’ + ¢I,Vk€r’71 .

Proposition 2.1. Let (M ,n,g) be a contact Riemannian manifold. We define
J by J = ¢|P, where P denotes the subbundle of TM defined by n = 0.
Then (M ,n,J) is a strongly pseudoconvex, integrable CR manifold, if and only

if@=0.
Proof. It suffices to show that the integrability condition
(2.2) [X-i¢pX,Y —ig¢Y]eI(S), X,YeI(P),

is satisfied if and only if Q = 0. Since dn(X,Y) = dn(¢X,¢Y) holds on
(M,n,g), we see that [X,Y] - [¢X,¢Y] € (P) (and [¢X,Y]+[X,9Y] €
I'(P)) holds for X, Y € I'(P). Therefore, (2.2) is equivalent to

[6X,Y]+[X,8Y]=¢[X,Y]-¢[¢pX,9Y], X,YeI(P),
which is equivalent to
PPX,Y —n(Y)1+ olX — n(X)E,¢Y]
=-[X-n(X)$,Y —n(Y)¢]1+[¢X,9Y], X, YeI(TM).
That is,
(23) 61V~ Vb~ Vb + B9,
_Zﬂi¢jk + ﬂj(vi"k + Vk'li) - "k(viﬂj + Vj",') =0.

Since dn is closed, the third and the fourth terms of the left-hand side of (2.3)
are calculated as follows:

_¢;Vs¢ik + ¢7<Vs¢ij = ¢;(Vi¢ks + Vk¢si) - ¢;c(vi¢js + Vj¢si)
= V[("j"k) + Vj("i”k) - Vk('l,-ﬂj)
+ 2¢ivi¢sj - ¢f‘vk¢sj + ¢jvj¢sk :
Therefore (2.3) is equivalent to
(24) ¢7cvi¢sj + ﬂjv,‘ﬂk = 0,
which is equivalentto @ =0. Q.E.D.

Remark. If m =2n+1 = 3, then S is 1-dimensional. So, the integrability
condition (2.2) is a trivial consequence.

3. THE GENERALIZED TANAKA CONNECTION

Tanaka [11] defined the canonical affine connection on a nondegenerate, in-
tegrable CR manifold. Generalizing this connection, we define the generalized
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Tanaka connection *V on a contact Riemannian manifold (M ,7n,g) by
(31) ‘r}k = ;'k+’7j¢;(_vjél'lk +51Vj?1k,

where the I“j.k denote the coefficients of the Riemannian connection V. The
torsion tensor “T of “V is given by

(3.2) Tje = 8y — 1, = V€ + V. Em, + 28, .

Proposition 3.1. The generalized Tanaka connection *V on a contact Rieman-
nian manifold (M ,n,g) is a unique linear connection satisfying the following :
(i) 'Vn=0, 'V =0;
(i) "Vg=0;
(iii-1) *T(X,Y) =dn(X,Y)¢, X,Y e (P);
(iii-2) *T(E,9Y)=—-¢'T(E,Y), YET(P) or Y eT(TM);
(iv) "VX¢~ Y=Q0(,X), X, YeI(TM).
Proof. (1), (i), (iii-1) and (iv) are verified by (3.1) and (3.2). We show (iii-2).
The left-hand side of (iii-2) is

T, $Y) = 9 + V¢,
where the second term of the last expression is calculated by using
VE'e =V,n6" = (Q2¢,;+Vn,)¢"
i i r i
=25j—2¢ n-viee,.
Thus (iii-2) is verified. Next, suppose that “*V and *V' are connections satis-

fying (i)-(iv). Let U be a (1, 2)-tensor field which gives the difference between
two connections. Then we can verify that U vanishes. Q.E.D.

-

The Tanaka connection (in [11]}) on a nondegenerate, integrable CR mani-
fold is defined as a unique linear connection satisfying (i), (ii), (iii-1), (iii-2)
and *V¢ = 0. So, our connection is a natural generalization. Notice that
Proposition 3.1 works for nondegenerate, pseudohermitian manifolds.

Proposition 3.2. On a contact Riemannian manifold (M ,n,g),
* o2 2 2
(3.3) 2I'T|I" = IL:&l" + 8(m — 1) = ||L @[ + 8(m — 1)

holds. In particular, ||'T||2 attains its minimum 4m —1) ifandonly if £ isa
Killing vector field.

Proof. By (3.2) and ¢"V 1, = —(¢;¢) = —(m — 1) we obtain

. 2 2
I"TH" = 21VE|" + 2(m - 1).
By L.g =(V,n;+V,n,) we obtain

, ) -
ILegll” = 2| VE|" + 29"V 7.
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Since V 1, =2¢,, + V,n; implies
(3.4) VEV = Ve - 2(m - 1),
we get
2 2
L &l" = 4lIVE||" — 4(m —1) .

gnEc; L4 =¢"L,g, and &'L,g, =0, itis easy to verify | L,4|’ = |IL,g|’.

4. THE SPACE OF ALL ASSOCIATED RIEMANNIAN METRICS

Let M be a contact manifold with a fixed contact form 7. We denote the
space of all Riemannian metrics associated with the contact form 7 by .#(7).
We fix one of them and denote it by g. Let {g(¢)} be a curve in .#(n) with
g(0) = g. Then the structure tensors {¢(¢),&,n,g(f)} corresponding to g(t)
satisfying the following:

(4.1) g, =n,,

(4.2) 28, (06(1) = 26, = V;n, ~ Y m;,
(4.3) 8 ()¢ (1) = =6, +&n,.

We put

(4.4) g,(0) =g, +th, +[7],
(4.5) $i(1) = ¢, + 19 +[1],

where [12] denotes a set of the terms of higher order (> 2) in ¢. Then 4 and
¢ satisfy the following:

(4.6) h$ =0, n9.=0, g =0,
(47) hir¢; + g,',—¢; = 03
(4.8) 0,9 +,0;=0.
By (4.6)-(4.8) we can verify that 4 satisfies
(4.9) hj+h $:¢,=0, ie, 2k =h —h 8,
and ¢ is expressed as
(4.10) 0, =—he.
By (4.6) and (4.9) we see that & is expressed as
0 0 O
(4.11) h=10 B C
0 C -B
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with respect to an adapted frame at a point of M, where B and C are sym-
metric n X n matrices.

Here (and in the following) we use the following notation:

(i) For h = (h;),h" means (k));

(ii) For § =(S,;) and T =(T}), S-T means (S,T}).

ij ir®j

Proposition 4.1. Ler {g(t)} be a smooth curve in #(n) such that g(0) = g.
Then h in (4.4) satisfies

(4.12) htE=0, hi¢p=-¢h".

Conversely, let h be an arbitrary symmetric (0,2)-tensor field on M satisfying
(4.12). Then {g(t)}, defined by

gy=g-", —e<t<e,

is a smooth curve in # (n) such that g(0) = g.

Proof. Itiseasy to see that the two conditions hiré’ = 0 and (4.9) are equivalent
to (4.12). So, we prove the second half. By the definition of g(¢) we get
g)(X,Y)=g(X,e™Y), X, Y eT(TM). We define ¢(t) by ¢(t) = pe' .
Then (4.12) gives

+

eth* ¢ _ ¢e-—th
Thus, we can verify three relations (4.1)—(4.3), and hence ¢(¢), &,n and g(¢)
are structure tensors corresponding to g(¢). Q.E.D.

Remark. (i) For a smooth curve {g(¢)} in .#(n), the volume element dM(t)
is equal to dM . This corresponds to the fact that 7 A (dn)" is unchanged.

(ii) Let A = (Aj.) be an arbitrary (1,1)-tensor field on a contact Riemannian
manifold (M ,n,g) such that A =0 and 4, = girA; is symmetric. Then A
defined by h* = 4+ ¢pA¢ satisfies (4.12).

5. THE DIRICHLET ENERGY E(g)

Let M be a compact contact manifold with a fixed contact form n. We
notice here that a contact manifold is orientable. For each g € .#(n) we
associate the generalized Tanaka connection “V and we consider the Dirichlet
energy f,, ||"T||2 dM . By Proposition 3.2 (cf. also Proposition 6.1 below), it
is equivalent to consider the following

(5.1) E(s)= [ Ll

This Dirichlet energy was first studied by Chern-Hamilton [3] in the case of
CR manifolds of dimension 3. Since this integral has a natural meaning also
in contact Riemannian manifolds of general odd dimensions, we study critical
metrics g of (5.1) with respect to deformations in .# ().
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Let {g(t)} be a curve in .#(n) with g(0) = g. We follow the notations
used in §4, and put g(¢) and ¢(¢) as (4.4) and (4.5). Now we calculate the
integrand of E(¢) = E(g(?)).

IL gD = (8" — th")(g” — th")(L,g,; + tL;h,)(L,8,, + tLch, ) +[£]
= I8’ - 20h"g" Lig Leg, — (Lehs L) + 1]
We show hi’gstcgichgrs =0. By (4.9) we get
2h"g"L,g, L.g, = (h" —he.6)(Vin, +V n)(V,& + V')
which vanishes by Lemma 1.1. Therefore we obtain
F0=5 ([ ILeoramn) =2 [ whizgan.
By Stokes-Green’s theorem we obtain
/M(L{h \L.g)dM = /M Vb, + VR + ¥ ER)(TE +VE Y dM
= [ h gV Ve
+ (V& +V Eh ) (V'E + V) am
_ /M b~V (VE + V) + 29 (V'E + VN M .
By Lemma 1.1 and (4.9) we obtain
Zhij[—ékvk(viéj +VE) = - (h,; - hab¢?¢?)fkvk(vifj + Ve
= —2h, £V (VE +V'E),
20,9, E(V'E +VE
= (hy; = hy8797)V,8(V'E + /&)
= hVEVE +VE) + 8,9y, (VE +VE)
=N (V'E + V&) =~ hyV 0, (VE + Ve

=2hi¢,(V'E + V&),
Therefore, summarizing the above we obtain
dE
(5.2) 0= —2/M(h;V¢L¢g—2L¢g-¢)dM.

Now we prove the following.

Theorem 5.1. Let (M ,n) be a compact contact manifold. Then an associated
metric g € .#(n) is critical with respect to (5.1) if and only if

(5.3) V.L,g= 2L¢g <p.
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Proof. Assume that E is critical at g. We define /# by
h= VeL.g—-2L.g-¢.

Then A is symmetric and A*¢ = 0 holds. Furthermore, we can verify that
h*¢ = —¢h* holds. By Proposition 4.1, we see that g(f) = g - e defines
a smooth curve in .#(n). We apply (5.2) to this deformation to get 2 = 0.
Q.E.D.

g € #(n) is said to be E-critical if g is a critical point of the functional
E.

Remark. The condition (5.3) of our Theorem 5.1 is different from the condition
(for m = 3) obtained by Chern-Hamilton [3, p. 299]. This is because [3, p.
289, (36)... ] contain unhappy small errors.

Remark. Blair [2] proved the following: Let (M ,7n,g) be a regular compact
contact Riemannian manifold. Then g is E-critical if and only if ¢ is a Killing
vector field.

Proposition 5.2. g is E-critical if and only if

(5.4) r]SRfrjé' = 2gij - 277,-'1j - V,niV'nj.
Proof. The left-hand side of (5.3) is written as
é'V,(Lfgij) = érvr(2¢ji + 2Vinj)
r
=20V, V.,
r nps r
=28 R, 1, ~2VEV,n;,
where we used the Ricci identity. On the other hand,
26/(Lcg,,) = 24](24,, + 2V,1,)
= - 4(g,'j - '7,"7]') + 2(Vr’7, - V,fr)v,'lj-
Thus, we obtain (5.4).

Corollary 5.3. Suppose that g is E-critical. If ||V &|| = |V &|| holds for unit
vectors X, Y in P, then the sectional curvatures satisfy K(&,¢X) = K(£,4Y).

Proof. By (5.4), it suffices to notice the following:

Vrnivr']j¢:z¢;> = Vanivb”j¢:¢}r = Var’ivbé"

6. THE GENERALIZED WEBSTER TORSION
Let (M,n,g) be a contact Riemannian manifold. Let {{,e ,e } be an
adapted frame field (locally defined). The dual frame to {{,e_,e,} is denoted
by {n,w®,w"}. In this section we show that the Webster torsion 7% can be
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also defined for (M ,n,g). First we notice that the torsion tensor 7 of the
generalized Tanaka connection is written as

] | i
T =28 (Le8ull; — Legymi) + 28 ¢

Then we see that the components of *7 with respect to an adapted frame
{&,e ,e.} are given by

"'T((;ﬂ = _"‘T;o = _*Ygﬁ ="' ]?0 = %(Lég)(ea,eﬂ),
*T'((; = _*T;O =" 73:9 = _*7?0 = %(Lég)(ea,eﬁ),
* 0 * 0
TaB = TBCI = —zaaﬂ s

the others = 0.

Now we put
a 1 a .a .
0 =—(w +iw), i=v-1,
\/i( )

1
E =—(e —ie),
a \/z(a la)

and 6% = 9°, E, = E; Then the torsion of a nondegenerate, integrable
pseudohermitian structure defined by Webster [18] is

©" = (d6°(, Ep))6”.
This is well defined also in a contact Riemannian manifold. Let (w,{) be the

connection form of V with respect to {¢,e,,e,}. Then de"(é,Eﬁ) is given
by

2d6°(¢&,Ep) = —wi(&) + wp(&) + wyeg) — wy(ep)
+ i{—wy (&) — wj(&) + wy(ep) + wy (ep)}-
By wj(X)=w/(Vye,), V,6=0 and V7, = ¢, +(1/2)L,g;,, we get
(6.1) 21" = {(L,8)(e,  e5) + (L, 8)(e, . ¢5)}6".
Thus, we get the following.

Propesition 6.1. In a contact Riemannian manifold (M ,n,g), the relation be-
tween the generalized Webster torsion t = (1*) and *T is given by

(X)=60°["T(&,X)], Xel(CTM),
and the norm of t is given by
n
2 a2 1 2
Il =23 I1°) = 5llLgll” -
a=1

Remark. Since the language of adapted moving frames for the complexified tan-
gent bundle, as in Webster [18], is useful also in the case of contact Riemannian
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manifolds, we give the structure equations with respect to {{,E_,E_}. First
we get oF =IE , g(E, ’E/?) = Jaﬂ and
(6.2) dn = -2i6" A 6°.

By (wi) we denote the connection form of V with respect to {{,E_,E, }.
Then V,n =0 and V, = 0. imply a)g(é) = w)(§) =0. By V,¢ =0, we get
w% (&) = w'; (&) = 0. Hence, we can put

wg=B;0ﬁ+A;()B=—wg,
a a Ay a ¥
wg=Cp 0"+ Cp 0"

Here, we can verify that By = —iég. Az

notation A,; = A; and A4, = A_a,9 Then we can verify that 44 ,6° ® 6 =

is determined by (6.1). We use the

L.g—iL,g-¢. Now, our connection “V is expressed by *wg = *wé =0 and
(6.3) d6° = 6" A"+ 6% N0+ AT,

where 'w‘; = w‘; + ié;n , 'w",} = w‘;—, and 7 = A‘EG'I}.
The referee kindly pointed out that Theorem 5.1 can be easily proved by
using (6.3). In this case, we notice that (5.3) is equivalent to 'Van g = 0.

7. A CONDITION CONCERNING T

Concerning the torsion tensor "7, we consider one condition Vé*T =0,
because it has some geometric meaning. First, we prepare a lemma.

Lemma 7.1. In a contact Riemannian manifold, sectional curvatures K(&,X)
and K(&,¢X) satisfy the following:

K&, X) - K&, 6X) = ~(V,Lg)(X , X)

Sor a unit vector X in P.
Proof. By the Ricci identity and Lemma 1.1 we get

(1.1) 2R, &8 =2V V', &V (Y0, +V7) .
Operating ¢fl¢i to (7.1) and using Lemma 1.1, we obtain

2R, &b, b, = =2V 08,V 'm0, — $,6,8 V(Y 1,4+ V7))
=2V, 6V 0y + EV(Vylty + Vo1,
=2V, V8 +EV(Vyn, +V,1,) -

Therefore we obtain
b
(1.2) R,—,jxiris - Ra,bsfrfs¢?¢j = _ésvs(l‘égij)’

which completes the proof.
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Proposition 7.2. In a contact Riemannian manifold, the following five conditions
are equivalent:

(i) Vé*T =0;

(i) V,V¢{=0;

(iit) VeL:g=0;

(iv) K(&,X) =K(,X), X€T(P), |X]|=1;

(v) K(¢,X)=K(&,sin6X +cos0dX), XeI'(P), | X|=1,0<0<m.
Proof. Assume that V{' T =0. Then applying Lemma 1.1 we obtain

0 =8V (g, —m — V&N + V) =&V, 9, &, &V, &', .
Since &'V, V E'¢ = &'V EVE =0, we get £V V, & = 0. So, (i) and (i)
are equivalent. Since

Vi +Vn,=2Vn, +2¢,

and V¢ =0, we see that (ii) and (iii) are equivalent. By Lemma 7.1, (iii) and
(iv) are equivalent. It is easy to show that (iv) and (v) are equivalent. Q.E.D.

,"

Proposition 7.3. Let (M ,n,g) be a contact Riemannian manifold with V{T
=0.

(i) Let X be a unit parallel vector field along a trajectory (which is geodesic)
of & such that g(&,X) = 0. Then the sectional curvature K(&,X) is constant
along the trajectory.

(ii) Ricci curvature Ric(¢,&) is constant along each trajectory of &, and is
equal to 2(m — 1) — ||VE|*.

Proof. V,V{ =0 and (7.1) imply

(7.3) EVR, EE=0.
Let X be one satisfying the condition of (i). Then (7.3) implies
EVUR, EEXX) =0,

which proves (i). Contracting (7.3) with g", we get {kaR,sé’és = 0. This
proves the first part of (ii). The second part follows from (3.4) and (7.1). Q.E.D.

Corollary 7.4. Let (M ,n,g) be a 3-dimensional contact Riemannian manifold
with Vc'T = 0. Then, for each point x of M, the sectional curvature K (&, X)
is independent of the choice of X in P at x. If we denote this value by k(x),
then k is constant along each trajectory of &.

8. THE GENERALIZED TANAKA-WEBSTER SCALAR CURVATURE

We calculate the curvature tensor of “V. Let W be the (1, 2)-tensor field
expressing the difference between *V and V:

i * i i
ij= rjk—rjk'
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Then

Rj'kl = R;kl + VkVVIj‘ - VIWkij + W}jW/;s - WijVVIi .
Therefore we obtain
(8.1) "Ry =R +Vin —V,din, + 20,6,
— OV E N+ BV E N+ EV o $iny —EV B,
- Riklésnj - 5iRj'k1’7s + Vkéivlnj - Vléivk”j .
Contracting the above with respect to i and k, we obtain

* S [ r
Ry=R,+2¢;-2nn—-nR, & -R & -V V<.

*

Since *R jléj é’ = 0, we define the generalized Tanaka-Webster scalar curvature
*S for a contact Riemannian manifold (M,7,g) by *S =g’""R ;1 (cf. Tanaka
[11, p. 186], Webster [18]). By (7.1) and (3.4), we obtain

YV =R EE = -2m~1)+|VE|* .
Thus, we obtain
(8.2) S=S-REE +4n,

where S denotes the scalar curvature of (M, g).

9. GAUGE TRANSFORMATIONS OF CONTACT RIEMANNIAN STRUCTURE

Let (M,n,g) be a contact Riemannian manifold and let ¢ be a positive
function on M . We consider a new contact form # = on and define structure
tensors ((}3,5 , &) corresponding to # under one condition:

(*) For each point x of M, the actions of ¢ and ¢ are identical for P
(i.e., the subspace of 7, M defined by n=0).

By calculating d7j = d(on), we obtain

(9.1) 20, =0m,— 01,4200,
where o, = V,0. By fiéij =0, f]ifi =1 and (9.1), we obtain o = (1/0)éa,
and
s Lk, 1
(9.2) & = aé + 202¢ja .

So we define { by Ck = (1/20)¢faj and get

s 1 & Lk

&= +h.

By JJijd;jk = -6~ +£kﬁi and ﬁjé&jk =0, d~)jk is determined:
k1

(9.3) ¢ = —¢ .

g
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Now, by condition (x) we can put ¢ ji = ¢; + vin ; for some vector field v on
M. By '7,-913!-[ =0 and ¢~Jj'<f)f( = —6,’; +f~ir”7k , U is determined:

i | i
v _2—5(0 -¢0-&).
By the expressions of J)i ; and &; , we obtain

> 2
g;=0(g;—ns; - m)+o(e— 1+,

The inverse matrix (g”‘) of (&, ;) is given by
F =& -8+ @+ U+ ).

c
The last relation is rewritten as
94) o(g - FE) = g - &e

Summarizing the above we obtain the following.

k

Lemma 9.1. Under condition (), a gauge transformation n — #i = on of a
contact form n induces the transformation of the structure tensors of the following
Sform:

E=s@+l),  U=opdid,
1i i1 i
¢j=¢j+%(a —fU'f)'Ij,

g,'j = a(g,'j - ”[Cj - C,ﬂj) + O'(O' -1 + ”C”Z)”,ﬂj .

We call the transformation of the structure tensors given by Lemma 9.1 a
gauge transformation of contact Riemannian structure.

10. THE GENERALIZED TANAKA-WEBSTER SCALAR CURVATURE UNDER
GAUGE TRANSFORMATIONS

Let f and f be two functions on a contact Riemannian manifold
(M,n,g). We define an operator A, acting on the space of functions by
using the Laplacian A and &:

Apf=Af-&f=(g"-E&)WV V.S,
and (df;df’), by
(df;df'), = (8" - &)W v, 1 .

Furthermore, ||df||lzp means (df;df),, which is equal to |[df||2 — &N,
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Theorem 10.1. Let (n,g8) — (/i = on,g) be a gauge transformation of con-
tact Riemannian structure. Then the transformation of the generalized Tanaka-
Webster scalar curvature *S is given by

m+ 1 (m+l)(

(10.1) 'S =" - "—A0 dal? .

Proof. Since g, ; in Lemma 9.1 is complicated, the direct calculation is some-
what difficult. So, we give here a method of better calculation, showing some
essential steps. Geometric quantities corresponding to 2 are denoted by ~.
We define W by

-Tr

=)
=T, -T, .

i
w. ik

jk
Then

=i 1 ia,o . N N
Wik =58 (V84 + V8, = V&) -
The Ricci tensor R il is given by
D ot g o [ R 4 375 T
le = le + VrWIj - Vler + W/ers - erWIs .
Transvecting the last equality by gj I éj CI and using (9 4) we obtain
(102)  o(S-R,&&)=5-R,& + (g é’é )
—(g" - W+ (g é’é YW W,
-(g" - c’c’)’W,j
Step 1. The third term of the right-hand side of (10.2) is
il pidhe T S Gl gl PN
(8" =WV W, =V, (Wi(g" -+ Vv W)
First we calculate the following:
—~ il il 1 . . . _il sisl
Wig" =) = 58" (9,8, + V8, — Vo&;)0(@ - &'8)
N ~ o ai 0 gigl 1 N ~il o gigl
=08V g,(8" - &) - 2ag’“v g(&" - &8

0z [Vj(—fjﬁa) -V, (é(g’ -¢e )) ga,]

1 .ra, | TR
- 508789, (;(g’ —&n )) :

After calculation we obtain

=r j/_jl_m"l .r_m—lr
(103) Wig"-deh =S —¢o-d -0
and

e~ ] m—1
(10.4) V,(W,,-(g’ gy =2 By Hd ”p TAPU'

Next, calculating

I f oyl sr ~ ~ o
V(W =V V8,,+V 8~ Vg
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we obtain
(10.5)
v, (W, (UC+0C)Vﬂ,+ éGCCV'I,
- 2<m — 1) -1+ ¢ + —c V0,0 v, +26,9C
POV 4V, += L= 1P,
Step 2. The fourth term of the right-hand side of (10.2) is
1] ilve T 1] i ol " .
—(&" -EEWV W = -3(g" -V (V8.
By a direct calculation we get

m+1

~ra ~
(10.6) g'Veg,= ——0;
Therefore
il o or . m+1 m+1 2
(10.7) ~(&7 =~ )V W= ——-—4,0 + Fﬂdaﬂp .

Step 3. The fifth term of the right-hand side of (10.2) is

1
) \da|2

(10.8) (8" - e W, = - )=
4g°

by (10.3) and (10.6).
Step 4. The sixth term of the right-hand side of (10.2) is
il i N T35s T35
- (& —f’f YW, W,
" <sa b sa rb
= %( _fjf )[V 8, 18” +2Vag_,,vsg1bgm g — 2V g ngls mgr ]

The right-hand side of the last equality is calculated as follows:

1 ] ] - ~T5
2" -&ve vz
_m+ 3
2223 dotly + (2 oLyl ) 1ver?

. r_s 2 1., Lps
N (1 _ ;;) (VE; V) + ;g PV - Envcn RIS AL

1 2\ gt 1,5 1 2
=550+ 1+ CINDEV,EnV E + 5 lIVLIT,
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~Sa rb

1 ji J
i(g —é é )V gj,-vsg[bg

-7 [”d || +<1 1)(60)2]
( (@-1) +||c||2) VeI + 2
s

| ) 1 2
(@ = 17 + ] 19217 + 55 1v¢)

1-0)(Ve;VE)

U La-ov @ +v ,,C'—EC'GSVsn,—%éa-C'isvsn,
+ CVHCVC, 1+||C|| W'V 00,
l
451 —a)uvfcu + 272(26 F 09,

+§c5¢“vamc’<¢”+c) R <1+||cn &EV.a),

~sa.rb

! i ol ~ o N
T-EVv,8,9,8,872
1 2 | §
= _-2—07||da||,, + Pl V.,
1
+a—éa(V,C'+C'CSVsn,) ISP, 7,97 + ( Cc \9)

—f; DT 1,L Vo, — 0,09,
- 2—0—2||vc¢ +V L+ VL)
1+ I ET) = LT, + OV,
Since V (' = —(m —1)é0/20 , we obtain
— (¢ = T, = R 1ol + 1K, O

1. L, 2,r
=5V - =80 UV, - SV,
(10.9) o

LU 1P,V — L (9, + V)
1 1 1,2 2
+(3- 5+ 5007 ) 19

Step 5. Since
r r a r r b
(U 0,V,E = V0,V )0 = = 2409,m, + 6., 1,)CL

1 b
- E(Vbr]a +V,n,)0°C",

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use




CONTACT RIEMANNIAN MANIFOLDS 367

etc., summarizing (10.4), (10.5), (10.7)-(10.9), we get
o§-R,EFE) =5-REE - 2m-1)(c-1)

_m+1 _(m+1)(m-5)
40?

2
Ao ldall;,

from which we obtain (10.1). Q.E.D.

If we define ¥ and u by

a=u2/n, ll=4(nT+1),

then (10.1) is written as
(10.10) —ubpu+ " Su = "Su"I"

This corresponds to the identity for a strongly pseudoconvex, integrable CR
manifold by Jerison-Lee [4].

Suppose that some constant *S is given. Then solving u satisfying (10.10)
on a contact Riemannian manifold is a problem corresponding to the Yamabe
problem in conformal geometry.

11. A GAUGE INVARIANT OF CONTACT RIEMANNIAN STRUCTURE

In this section we obtain an invariant by gauge transformations of contact
Riemannian structure. This is a generalization of an invariant for strongly
pseudoconvex, integrable CR structure obtained by Jerison-Lee [4].

Let (M,n,g) be a compact contact Riemannian manifold. We consider
n — #j = on and follow the notations in §10.

Lemma 11.1. For a function f on M,

~ 1 n
(11.1) Apfngpf*' ?(da;df),,.
Proof. By definition of A, and AP we obtain
Af=@"-8&V 4,

- %(g’s —EENY, S, - Wif)

1 1 ~
=—Apf - (&" - EOW S, .
Applying (10.3) to the last line, we get (11.1). Q.E.D.

We put g = u*/" as before and p=2+2/n. '}'hen cﬁ(l =’ dM follows.
For a nonnegative function f on M, we define f by f = f/u. Then

(11.2) /j*’[in:/f’dM.
M M
Lemma 11.2. The following equality holds:
(11.3) —pA f+ S =u'TP(~pALf+7SS) .
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Proof. Calculation is straightforward by using (11.1) for AP and (10.10) for
*S. QE.D.

By (11.3) we see that
a4 [ (cubf+ ST aM = [ (cusnf+"SPSAM
holds for any nonnegative function f on M . Since
(11.5) [ aotrant == [ yani;am,

we define x by

(n.8)
(11.6) K, = inf{/M(ﬂndfnﬁ, +*SdM;f >0, /Mf"dM = 1} .
Then (11.2), (11.4) and (11.5) imply the following.

Theorem 11.3. Let (M ,n,g) be a compact contact Riemannian manifold. Then
Kin.) is invariant under gauge transformations of contact Riemannian structure.

Remark. For the related results on strongly pseudo-convex, integrable CR man-
ifolds, see Jerison-Lee [4, 5, 6].

Theorem 11.3 shows some importance of the integral given in (11.6). We
study this integral in the following sections.

12. THE FIRST VARIATION OF THE FUNCTIONAL Fm

Let (M ,#n) be a compact contact manifold. By & (p) we denote the space of
all functions on (M ,n) satisfying f >0 and f,, f?dM =1, and we consider
the following functional:

F,:# (x5 (p) - R,
Foe. )= [ (uldfl +°57%)dp

As a special case, fixing g, we consider the functional: F(

defined by F, ..(f) = F, (g, /).
Let {g(t)} and {f(¢)} be smooth curves in .#(n) and F (p) such that
g(0) = g and f(0) = f, respectively. We calculate dF(¢)/dt at t =0, where

F(t) = F,, (8(0), (1))
(12.1) F) = [ e" () -9, 109,10
+(S(0) = R,(DE'E + an) f(1)"1dM .

We put
(12.2) g, () = &, +th, +1],
(12.3) f) = f+ty +[F].
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Then f,, f(1)’ dM =1 implies
(12.4) //”"de=0.
M

h: =0 and (12.2) imply (cf. (13.3) and (13.4) below)

g/t =g" —th” +1,

S(t)=S+1V'V'h, —h°R) +[],
t
R(t) = R+ 5(V, V. +V,V b =V, V) + (1.
Noticing that h, & =0, we get
~(V, V1 +V, V0 -9,V h)EE = an"v ng + 2V REVE,

and hence we obtain

(12.5) %(0):2/ (—uA,,f+‘snde+/ (h;N)dM,
M M
where, putting b=2-pu=-2(n+2)/n, N=(N;) is defined by
N, =2fVV,f+bV, Y, f - R+ 2V, 0} - 4V (S Leg,) .
Since h, & =0, we obtain (k;N) = (h;N'), where
N =2V f =20 (9,9,f +0,9,9.0) +2f8S - nym;

+ bV f = bV, f + 1V, )+ bEN nm,

= fA(Ryy = Ry &', — R, m, + R EEn )

+2°V 0,8, - ¥'V,(f L,g,,) .
By (4.9) we get (h;N') = (h; H), where 2H,; = (5[5 — ¢;¢})N,,, i.e.,

(12.6) '
2H,'j = 2f(V,ij - V,st‘b:‘ﬁ;) - sz’(ﬂiV,ij‘*' 'I,-V,V,-f) + szff' ",‘”j

+b(V SV, f =V SV S8} — bES (9, +0,9.0) + bES) nm,
- (R, - R ¢~ R, &0, — R, En + R .EE )
+2f’L,g,4,-&V,(f Le,),
where we have used ng,sd);qS';. = —L,g,;, etc. (12.5) is now
(12.7) %(0):2/ (—uAPf+'Sf)v/dM+/ (hsH)dM .
M M

Proposition 12.1. For a compact contact Riemannian manifold (M ,n,g), the
Junctional F,, is critical at the pair (g,f),ifand only if g and [ satisfy

(12.8) —pA f+ 8f =cf",

(12.9) H=0,
where c is a constant and H = (H,;) is defined by (12.6).
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Proof. Suppose that g and f satisfy (12.8) and (12.9). Then (12.7) implies
that dF(0)/dt = 0 holds for any y satisfying (12.4) and for any 4 coming
from {g(t)}. Conversely, suppose that F,,, is critical at the pair (g,f). We
define a constant ¢ by

= (—uAPf+'Sf)j‘”_1dM// 2 am
M M
and a function ¥ by

w:—,uAPf+'Sf—cf’"—l.

Then [, f°"'wdM = 0 holds. Let {f()} be a curve in F (p) to which y
is tangent. We define © by h = H, where H is defined by (12.6). Let {g(#)}
be a curve in .#(n) to which 4 is tangent. This is possible by Proposition 4.1,
since h satisfies (4.12). Then (12.7) gives

%(0):2/ de+/ (hsh)dM .
t M M
Hence we obtain w =0 and H=0. Q.E.D.

Remark. For a standard contact Riemannian structure (7,g,) on the unit
sphere (S™, &) With m=2n+1, F(,,) is critical at the pair (g,, f,), where

£y = (vol(S™ ,go))_'/”. In this case, *S=4n(n+1) and c=4n(n+1) 02—”.
Proposition 12.2. Let (M ,n,g) be a compact contact Riemannian manifold
with constant *S. Then the functional F, is critical at the pair (g, f) with
f=(vol(M, )™, if and only if
(12.10) R, -R 86 -R,&n ~R,En+REEn,

= 2L¢gi,¢;- - érvr(Lfgij) .
Proof. Since f is constant, the condition H, ; =0 in (12.6) is equivalent to
(12.10). Q.E.D.
Corollary 12.3. Let (M ,n,g) be a compact contact Einstein Riemannian man-
ifold such that & is a Killing vector field. Then F, is critical at the pair (g, f)
with f = (vol(M,g))~ /"
Proposition 12.4. Let (M ,n,g) be a compact contact Riemannian manifold.

Then g is a critical point of the functional ,, *SdM on #(n), if and only if
(12.10) holds.

Proof. In the above discussion, if one puts f(¢) = constant in (12.1), then the
proof is complete.

Remark. If m = 3, the condition (12.10) is equivalent to the fact that ¢ is a
Killing vector field. In fact, let X be a unit vector in P. Transvecting (12.10)
with X'¢/X" and using (7.2), we get

Ric(X,¢X) - g(X,R(¢X,$)¢) = —(L,8)(X, X),
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where Ric denotes the Ricci tensor. Putting X = ¢, , etc., we see that Lg= 0
holds. To prove the converse, assume that ¢ is a Killing vector field. Then,
considering a fibering U — U/¢ of an open set U of (M,n,g) and noticing
that the dimension of U/ is two, we see that the Ricci tensor is of the form
Ric=ag+bn®n (cf. [12, p. 313]). So, both sides of (12.10) vanish.

13. THE SECOND DERIVATIVE OF F(f)

Let (M, g) be a Riemannian manifold. For a 1-parameter family {g(¢)} of
Riemannian metrics such that g(0) = g, we put

2 3

where (h; j) and (k; j) are symmetric. The inverse (gij (1)) of (g;;(1) is given
by

(13.2) g0 =g" —th’ + 2 - k) + 12,

where k" = g"g"k

rs?

etc. We define VI’j"k(t) by

Wi (t) = Ty (t) = Ty

Wiet) = 3(Vh + V= V'hy,)
2

[(V ki + k= V') = h"(V ik + ik, =V )1+ E]

Calculating
Ryy(t) = Ry + V,W(0) = V, W[ (0) + W (OW,e(t) = WOWpe(t) + (£,
and gﬂ(t)R,j(t) , we obtain

t r r r r
(13.3) Ry(8) =Ry +5(V, Vi +V,V b =V, V'h; —V,V k)
2
+ G2V, 9K +2V,V K ~2V,V'k; - 2V,V k!
s
—2h°(V, Vb +V,V b, -V Vb, -V Vh)
s
— 2V (Vb +V ik, =V b))+ VROV R
+V,h(Vh +V k[ —V'hy)

+2V,h V'h - 29,h V'R + (1),
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(13.4)  S()=S+1V'V’h, -V,V'H —h"R )
+ k"R, ~ k"R, +V'V'k, -V V'K
S CAZ ISR AN A AN )
A2 RV A %Vrhj V'R
+ VA = 3V b, TH T+ 1.

Let (M,n,g) be a compact contact Riemannian manifold and let {g(¢)}
be a curve in .#(n) such that g(0) = g. We put g(¢) as (13.1) and ¢(z) as

(13.5) $.(1) = ¢ + 19} + O +[] .

Since the structure tensors {¢(¢),7n,&,g(t)} satisfy (4.1) ~(4.3), we obtain
(4.6)-(4.8) and

(13.6) k& =& =n@ =0,
(137) q),'j + hir¢; + kir¢; = 0,

iz r i r igr
(13.8) 0+ plp + ¢ = 0.
In §4, we verified 4, + hmd);q&j =0 and h:d); = —¢£h;. Furthermore we get
¢, =9, and
(13.9) 0,0, =h,h, .
Operating ¢£ to (13.7), we obtain k;; = d>ir¢; + hirh;. Applying (13.8) and
(13.9) to the last equality, we get k, = —¢i,<I>;, and hence ®,; = —¢?k,j.
Therefore we get &, + krsd);(pj = hirh; . Summarizing the above we obtain the
following.

Proposition 13.1. Let (M ,n,g) be a compact contact Riemannian manifold
and let {g(t)} be a curve in A (n) such that g(0) = g. If we put g(t) as
(13.1), then we get

(1) = &) — t(h ) + L (dk)) +[£] .
Furthermore k, i satisfies

(1310) 2k, = ki_j - krs¢:¢j + hirh; ?

ij
and hence 2k’ = h"h__.

Now we calculate the second derivative of F(t) = F(n)(g(t) ,f() at t =0
assuming that F, " is critical at the pair (g, f).
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Proposition 13.2. If F(”) is critical at (g, f), then
(13.11)

d*F . _
SO =2 uby+'SyvdM-2p-1) [ £ am
dt M M

—2 / [2u(h;df ®dy) —2V' Vb~ h'R,) f¥
M
+ (29,9, -V, V'h)EE fyldM
+ [ IS + KR, 1+ whB, 19 f
M
RUAAZSTM AL SR NAIES L BTa
+ {h’s(zvrvihsj -V, Vh;) + %Vihnvjhrs
s, r Syt gigj o2
— V.,V + Y, bV RNEE 1AM
Proof. We put
fO=f+ty+la+[r].

Then differentiating (12.1) twice and using h, = 0 and 2k’ = h"h__, we obtain

rs?

(13.12)

d’F . _ ipri _ i —aulh-

(0= /M[Zu(h,h k"), 9, f — duth;df @ dy)
+2u(ldyp + 2df ;do),)

+2{m "R~ k"R, + V'V k, ~ BV VB - bV 9K

rV ity ity
—V VR — %||Vh||2 - %v,hs,.v‘h”'} 1
1 .
- 5{4V,V,k; =2V, V'k;; - 2K (2V,V b, =V, V b))

i ! s
— VhCV b+ 29 0, VR~ 29 h T RYEE f

+4(V'Vh, R fu - 202V, V. h - 9 h)EE [y
+2°S(v’ +2f0))dM,
where we have used f'fj V,.h,j = —éiviéj hrj =0, etc.

First we simplify terms in (13.12) which do not contain (h;;) mor (k).
Since

d? - -
F(/Mf(t)de) (0)=/M[p(p—1)f” 2w+ 2pf" gldM =0,
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we obtain
2 [ Wiyl +2(df o)) + S’ +2/0)1dM
=2 [ [~ +"SV)W + 2A-ud,f +° SNl dM
= Z/M[(—uAPt// + SW)w + 2¢f7 " oldM
=2 [ [ubpy + Sy —clp = D 1AM

As for terms in (13.14) which contain (k; ;) by the way analogous to (12.5) we
obtain

- / (2uk"V £V f + 2R, - V'Vk, ) f*
M
+ @2V, VK, -V, Yk )EE f1dM
- / WUIN M = / (k7 — k¢'e] + KW )N dM
M ij M r r ij
- / 2% H,, dM+/ BN, dM = / HKN, dM
M M M
= [ KRSV 4 @ nV, A, - R+ 218, ) dM,
because h'h” satisfies 2h'h7 = hfh’b(éééi +¢.¢]) and hence
o ,
h:h”érv,-(f ng[j) =0,
Wk (219,165 = i (2f7g,) .
Applying these to (13.14) and using
2 [ WHI99,1 4,09, dM
M
- /M KRV, 1 dM
- /M[vjv,.hjh’f + VY YRR+ HY VA M,
we obtain the expression (13.11). Q.E.D.

Corollary 13.3. Suppose that *S of a compact contact Riemannian manifold
(M,n,g) is constant. If F,, , is critical at f = (vol(M ,8)"77, then

7,8)
d’F .
(13.13) —(0)=2] (—pA,w +(2-p) Sy)ydM .
de M P
Proof. By (12.8) we get *S = cf*~%. Putting & = 0 in (13.11), we obtain
(13.13). Q.E.D.
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Corollary 13.4. Suppose that *S of a compact contact Riemannian manifold
(M ,n,g) is constant and that & is a Killing vector field. If F(rz) is critical at

(g, f), with f=(vol(M,g))"""", then
(13.14)

2
‘2—;(0) = 2fM(—upr +(2-p)'Sy)ydM + 4f/M(h;VVu/)dM

+V VA + 28 b h ]

) s i
+f /M[2||h|| +hK°R, )

2 2
+3lIVAl" = 3IVA1dM .
Proof. Since ¢ is a Killing vector field, operating k7 1o (12.10), we obtain
h"R, ; = 0. By the Ricci identity we get

VVK =VVHKH +R.K-R K

reey iVt 5ill; il s
and hence
IR AZAYR AN AR NS
T /M[”’UV,-Vrh; +hh R, —h"HR,, +V KR dM
= /M[—hfh'fRi i+ By R, +V, KV, WM .

Next, by V jéi = —¢j. , wWe obtain
h*(2V,V,h, =V, h )EE
= 20"V h 618 + 20V b &S] 20", 4,4

i"’sj LsJ
=2h"hy;$,¢] + 28"V h "¢l + 20" h,,
=28'Vh 9!,
2V, V,h, -V, Vh )E'E =0,
Vh, VHEE = h W = |hl,
VbV HEE = —hh, 78] = |||’ .

Applying these to (13.11), we obtain (13.14).

14. UNIT SPHERES AS EXAMPLES

Let (S™, 8,) be the unit sphere. By A we denote the Laplacian with respect
to g,. The k th eigenvalue 4, of the Laplacian A acting on functions on the
unit sphere (S™,g;) is

Ao=kim+k-1), k=0,1,2,...,
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with multiplicity 6(4,); 6(A,) =1, 6(,) =m+ 1 and
0(4,) C, C.,» k=2,3,...

Let V, denote the eigenspace corresponding to A, . If m = 2n + 1, then V)
has the following orthogonal decomposition:

= m+k T myk-2

(14.1) Ve=Vixt Vg2t Vi souy

where [k/2] denotes the integral part of k/2, and for y € Ve k=27

(14.2) &+ (k-29)w =0

holds, where ¢ denotes the Killing vector field associated to a standard contact
structure 7 on S™ (Tanno [14]).
As mentioned in Remark in §12, for m=2n+1, F

(n.g) 18 critical at fo=
(vol(S™, g,))~"? . (13.13) implies

E(O) _8(n+1)
i’ n
We may call ¥, defined by

¥=-A,~2nld=-A+LL, -2n1d,

/m(—APa//—Zm//)y/dSm .

the Jacobi operator corresponding to F(,7 ) By (12.4), ¥ acts on the space of

functions ¥ on S™ satisfying [, wdS™ =0.

Theorem 14.1. Let (S™ , 7, 8)»m=2n+1, be the unit sphere with a standard
contact structure 1, and let ¥ be the Jacobi operator at f, = (vol(S™, go))_l/ F
corresponding to F, Then, the stability of F, at f, (ie, d*F (0) /a’t2 >
0) is supported by

1) ¥Y=0 for V,,

(ii) ¥ is positive for V, , k > 2.
Proof. Let y € V,. Then A, = m and (14.2) give

n.80) " 7,80)

Yy=my—-—y-2ny=0.
Next, let w € Vk,k—zq , k > 2. Then (14.2) implies

Yy = k(m+k - )y - (k - 2¢)°w - 2ny,

and the eigenspace decomposition by ¥ corresponds to (14.1) canonically.
Since

k(m+k—1)— (k- 29)* = 2n > 2n(k - 1),
¥ is positive for ¥, with k >2. Q.E.D.

Next we consider (S™, 8&,) with m = dr+3. This space admits three Killing
vector fields {é(l) ,5(2) ,5(3)} , which are orthonormal and satisfy the following
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(cf. Tanno [15, 16], etc.)

(143) [f(a) ,é(ﬂ)] = 26(),) s
(14.4) P58 = ~ @S = >
(14.5) P P8) ~ % ® gy = P8 Pa) +Ep) ® M) = D)

where {a,f,7y} is a cyclic permutation of {1,2,3}, and ¢(a) = —Vf(a) and
go(é(a) , X) = n(a)(X ). Each Ma) is a standard contact structure on (S, &) -
We denote g =g, and ¢ = 6(1) . Now we define 4 by
+ (Tt ® ) + g @ M)
where v and w are functions on S™ . Then
r r,s
(14.7) h,t¢ =0, hij + h,s¢,.¢j =0
are verified. We notice here that any 4 defined by using only M) and M3y
and satisfying (14.7) is of the form (14.6).
Let v =0 or ¥ € V|. Notice that y € ¥, implies VVy = —yg. We
consider the following deformation:
2
g); =g;+th; +[1,  f(O)=fo+ty+I].
Then the first two terms of the right-hand side of (13.14) vanish. So, we calcu-
late quantities in the third term of (13.14). First we obtain
(14.8) 1Al = 2(v* + w?) .

Since g, is of constant curvature 1, we get h/h"R, = —||A|f* . Operating V

to A, j» We obtain
(14.9) V. hy; = v(ba)ifla); + Mib i = Syrils ~ N3)iPyrs)
+ WD)y, + N2y + Byl + N3)iP2yrs)
+ V0l ); = Nyl + VW 0yt + isilla),) -

Therefore we obtain

irjs

Vb = (&0 + & W), + (=830 +E0win5);
(14.10)
/S i VAV dM = - /S [v(Ea8a)v +¢pde?)
+ (W +¢aénw) — 4w - EvldS™,

r
¢V, hyj = QA Lw)(ng) )5 + N3)iMl )
+ (2w + év)(n(z),"’(z)j - '7(3),"7(3)1') s
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(14.11)
/ IVl dS™ = / [8(v” + w’) — 16w - Ev — 20 — 2wEEw]dS™,
Sm Sm

(14.12) EVh G dM = | [40” +w) - 4w - Ev]dM,
Sm Sm
(14.13)
/ VA2 dM = / [42n + 1)(v* + w?) — 16w - Ev — 20Av — 2wAw]dM .
Sm Sm

Substituting (14.8)-(14.13) into (13.14) we obtain
d’F

14.14) —
(14.14) —

0) = foz/ [4(3 — n)(v’ + w’) — 4w - &v
Sm
+ (AU = eV —Co)Ca)? ~ C3ées V)
+w(Aw — &w — &, 8w — &5 &5w)ldS” .
Theorem 14.2. Let (S™, 71, 8,), m = 4r+3, be the unit sphere with a standard
contact structure n. Then the instability of F,, at the critical pair (g, f,),

fo = (vol(S™, go))_l/” , is verified, for example, by the variation vector (h,y),
where

i) yw=0o0rywyeV,;

(ii) h is defined by (14.6) with v € V, , , and w = (1/(k —2q))Sv such
that

(a) k—-2¢>5,if m=3,

by k=2g>1,ifm>7.
Proof. We can see that the third and fourth terms in the integral of (14.14)
are nonpositive, and, if m = 3, they vanish. Let v € Ve k—2q- Then &Ev =
—(k - 2¢)*v, and w = (1/(k — 2q))¢v satisfies

/ w?dS™ = (k ~ 2q)'2/ (&v)* ds™
m Sm

= (k - q)_z/ (—v&EEv)dS™ =/ v ds™ .
Sm Sm
Therefore, (14.14) gives
dZF 2 2 m
(14.15) W(O)S‘UO [23—n)—(k-2¢q)lv"dS" .
Sm
(14.15) shows that the situation for n > 3 is somewhat different from the
situation for n = 1. If n = 1, one needs to choose k so that kK —2q > 5 for
the negative second derivative. Q.E.D.
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