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§1. Introduction.

A (2n-+1)-dimensional differentiable manifold Af***! of class C= is said to
have an almost contact structure or to be an almost contact manifold if the
structural group of its tangent bundle reduces to U(x)x 1, where U(n) means the
real representation of the unitary group of #» complex variables (cf. [1]). On the
other hand, a differentiable manifold M2 of class C> is said to have (¢, &, 7)-
structure if there exist three tensor fields ¢}, & and 7; satisfying the relations

1.1 &ni=1,

1.2) rank (¢%) =2,

(1.3) ¢piE1=0,

(1.4 ¢37:.=0,

(1.5) Gitt = —0i+ &

The notions of almost contact structure and (¢, &, 7)-structure are equivalent
in the sense that every almost contact manifold admits a (¢, &, »)-structure and
every differentiable manifold with (¢, &, n)-structure is almost contact. (cf.
So, in this paper we use the word almost contact structure in stead of (¢, &, 7)-
structure.

Now, every differentiable manifold A4?**' with almost contact structure
admits a Riemannian metric g which satisfies the relations

(L.6) gz‘js:j =i

.7 £isbhbh= Gnk— Tl -
We call g an associated Riemannian metric of the almost contact structure.
Although we have called the (¢, &, n)-structure with associated Riemannian
metric g as the (¢, &, 7, £)-structure in [2], we shall call it an almost contact

metric structure in this paper.
By virtue of (1.1) and (1.6), £° is a unit vector field. The tensor

(1.8) $i; == g
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is skew-symmetric and satisfies by (1.3)
(19) ¢7;jfj = 0 .

From ¢,;, we may construct an exterior 2-form

(1.10) b= »—%— $isdxt N dx?

which we shall call the associated 2-form of the almost contact metric struc-
ture in consideration.

A differentiable manifold M***! of class C=~ is said to have a contact struc-
ture or to be a contact manifold if there exists a 1-form 7 over AM?*! such that

n
e N

(L1D) A Adg A Adp=0,

where » operations A in the last equation mean exterior multiplication. In
the paper [2], it is proved that, for any differentiable manifold M*** with
contact structure we can find four tensors ¢j, &, 5, and gi; so that they define
an almost contact metric structure such that the vector field »; is the one
given as the coefficients of 7 and satisfies (1.8), where we put

1.12)
The last relation can also be written as

1.13) dnp=¢.

We shall call this structure as confact metric structure for brevity.

For almost contact structure, we can define four tensor fields N¥%, N Ny
and N; given later by (4.1)~(4.4) which are the analogue of the Nijenhuis’
tensor in almost complex structure. In the paper [3], we have proved that
if N%, vanishes identically over AM**, then N}, Nj; and N; also vanish iden-
tically.

The above considerations suggest us the following diagram of structures
as the analogy of the diagrams: almost complex structure-—almost Hermitian
structure—almost Kihlerian structure and complex structure—~Hermitian struc-
ture—Kaéahlerian structure.

;= ai’?j—ajm‘ .

almost contact structure
in the proper sense

I

contact structure in the
proper sense

I

almost contact structure
in our sense

almost contact metric

structure

contact metric structure

normal almost contact
structure

normal almost contact
metric structure

normal contact metric
structure
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In this diagram, the adjective “ normal ” means that we have imposed the con-
dition N%=0. We think that manifolds with normal contact structure cor-
respond to Kidhlerian manifolds. So interesting theorems are expected for them.

In this paper, we shall give basic formulas and basic geometric properties
of manifolds with general or normal contact metric structure. An example
of normal contact metric structure and an application to the Lie algebra of
infinitesimal contact transformations are given too.

§2, Intrinsic tensor fields of a contact structures.
By virtue of (1.13), the defining relation (1.11) can be written as

2.1 NuP2sBas *** Pononnn 0,

where [ ] means a determinant divided by the factorial of the number in-
cluded in the bracket. In the paper [2], one of the authors has proved that the
volume element of the Riemannian metric in consideration is a constant mul-
tiple of the form n A (dn)". 1f we denote the determinant of the metric tensor
£i; by g, then the last statement can be expressed as

2.2) VE=cl,
(2.3) A= Cat1nudesbes - Ponsnsil
@2.4) cem (=1 @n=D)11,

As vg is a scalar density, we see that A is a scalar density which is deter-
mined by the contact structure z.
Now, we define

2p
(25) @il"'izp - (2p) ! ¢[i1i2¢'i3i4 tte ¢i2pf1'b'2p] ’
Sp+t
(2.6) Disigpey = CHHD oy BigigBigis * Bigpinper
for p=1,2,---,n. Then, they are covariant 2p-, and (2p-1)-vector fields over
M+ which are induced by 7. They satisfy the relation

fp+1 2p
(27) ®i1"'i2p+1 == S(mtd)ig...izpﬂ) 3
where S means the sum of 2Zp-+1 terms which arise by cyclic permutation of
indices 4, --+,7,541. In the sequel, we shall call tensors which are determined

completely by » and do not depend upon the associated Riemannian metric g
as intrinsic tensors for brevity. 2, 7, ¢;; and the above tensors are intrinsic

tensors, If we put

(28) é = ‘81—1(551...7;dei1 A A dals
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for s=2,3,---,2n+1, then we see that

2.9) & = 2rgr (p=1,,m),
(2.10) D=2 A g1 (g=1, -, n—1).

By virtue of (1.13), the following theorem is easily seen to be true.
THEOREM 1. Suppose M be a manifold with contact structure n. Then
the relations

2
2.11) dd =0 p=1,2, 1,
+1 42
(212) qu@:‘éﬁﬂéD q= ]_’...’n_.]_
hold good.

In the paper [2], we saw that the vector field & of the (g, &, 5, g)-structure
induced by the contact structure 7z is given by

»

1
fl= ’;r ¢E23¢45 e Pan an+11 »

1
(2.13) J = e Praabss = Pans111 5

........................

1
§inil = 1 GrisPsa *** Pan12a7 -

Hence, &' is an intrinsic vector field of the contact structure 7.

Now, let 7,4, *++, i:,4; De integers which are =1 and <2n+1 and define
SgN(i, iy =+ faney) as follows: 1° if the ordered set 7,4, .-+, 2,41 1S @ permutation
of 1,2,---,2n+1, then

sgn(iy iy fonsn) == 1
according as the permutation is even or odd. 2° if {,=4, for some pair p and
g, then

Sgn(il iz i2n+1) =0.

Making use of this notation, we put
(2.14) ghrir g+t = % sgnZ, és *** fznes) s

then we can easily see that &% “n+!1 {3 an intrinsic contravariant (2n-1)-vector
field. Making use of such tensor we can write as follows:

) 1 o
(215 &= (2m)! 61122"%2”(15“1'52@3@4 ¢i2n—1izn1 ’

where we suppose that the usual summation convention is applied.
We put also
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219 &= (Znilﬁ T 17 Py *** Pgp-giegn-13 2

then &% is an intrinsic contravariant skew symmetric tensor field. For i=j,
&Y =0, For i+j, if we denote the complement of the pair 7, j in the set of
integers (1,2, ---,2n+1) by ¢, -+, Cany1, then (2.15) can be written as

(215)I Eij - sijcl."%n'l”[clqscgc;; s ¢C2n--292u*1]

under the assumption that we do not sum for ¢, -, cop1.
In the same way we can define intrinsic tensor fields by

I 1 -
(2.16) Eiap — (2?21;?137 6"1’"‘%"1'"’C?"*?P'*W[h‘ﬁkgka ¢)k2n42pk2n—2ﬂ+1] ’
1

(2_17) Eil“'imﬂ = zzh—:zvq‘)-!— filmizq-‘-ikl.“kzn_zg¢[kik2¢k3k4 o ¢)k2n72q.~.1k2n_2q3
for p=1,---,n and ¢g=1,--,s—1. And we can prove the following

THEOREM 2. For the tensor fields &, £4%p and £ %w+i the following rela-
tion holds good.

(2.18) girtopi = (2n—2p+1)S(EEH v}, (p=1,,n—1)
wherve S means the sum of 2p-+1) terms which ave obfained by cyclic permutation
of indices.

Proor. It is sufficient to prove the case where iy, -, #,,,, are all distinct.
Now, we denote the complement of the set (i, ---,i,p.,) in the set (1,2, -+, 2n4-1)
by @, -, @ym-sp. Then, by definition we get

.17y Givigptl o= gl i2p 101 S 3pPr 0o vo Pagn-sp-199n-2p1 *

By virtue of (L.1) and (1.9), this can be written also as
Eirrtapet — (2p—2p+1) 651"'@.21"*‘1"""“2"‘27’Em77[m¢a1a2 ¢a2n—2p~1a2n—2p]
- (2%#2?’{—1) Eil"'i2p+1a1---a2n" 21’{5i177[i1¢a1a2 ot ¢ﬂ2nv2p—1a2n—2p]

_I“Eizmi:ijﬂflaz “* Dagn-gp-129n—2p]

+Ei2p+17iﬂizp+1¢dlf12 o ¢02n—2p41a2n~ zpil}
= @n—2p+1)S(EE ),

which is to be proved.
Q.E.D.

§ 3. Lie derivatives of intrinsic tensor fields with respect to the vector
field #°.

We begin with the following
THEOREM 3. Suppose M™ be a manifold with contact structure n. Then,
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the relations

@D Em; =0,
3.2) )iy =0

hold good, wheve X&) means the operator of Lie derivative with respect to the

vector field .
Proor. First, we see easily that

R(Emy = Eun 8,6,

= &M0nny—0,mn)

=¢niE"=0.
Next, we see that

LEVps; = Eupyj+ 108"+ Pu0 5E°
== (Obist+0ipsit0bei)E"
Hence, by virtue of (1.12), we get
&) =0.

More generally we get the following

THEOREM 4. Suppose M be a manifold with contact structure 7. Then,
the Lie derivatives of all intrinsic tensor fields with vespect to the vector field &'
vanish identically.

ProOOF. By definition, intrinsic tensor fields are completely determined by
the contact structure . However, by virtue of (3.1), the structure 7 is in-
variant under the transformations of M?**! which are generated by the vector
field (i.e. infinitesimal transformation) &% Hence, all intrinsic tensor fields
are invariant under the same transformations. This fact shows that our as-
sertion is true.

N.B. (3.2) is also a special case of Theorem 4.

THEOREM 5. Suppose M= be a manifold with contact structure n. Then,
for any contact metric structure associated to it, &' is an incompressible wvector

field.

PrOOF. By Theorem 4, we see that

3.3) UAHA=0.
However, +/g is equal to ¢1. Hence, we get

3.4) LEW e =0.
On the other hand, we have

(3.9 LEVeE =V gy

where &%,; is the divergence of & with respect to the associated Riemannian
metric g. Therefore we get
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(36) ‘Ei,i = O .
Q.E.D.
As an application of (3.1), we shall prove the following
THEOREM 6. Suppose M™*' be a differentiable manifold with contact struc-
ture 1. Then, all trajectories of the associated vector field &' ave geodesics of
any associated Riemanmnian metric g.
Proor. By virtue of (3.1) and (1.1) we see that
0= (&)m; = (0 Ne*+-(8;6ms
= (@un;—0 m)E"
= (Uj,k_ﬂk,j)fk -
However, £* is a unit vector field, we see that

3.7 ﬂk,jEk =0
holds good. Hence, we get
(3.8) 765 =0

which shows that our assertion is true.
Q.E.D.
§4. The four tensors N%, N, N} and N,

In the paper [3], we have defined for any almost contact structure the fol-
lowing four tensors:

(4.1) b= U0, i— 0 0Dy — WO ndhi— O+ (8,8 —(BxE 5 »
4.2) Njk = ¢$’é(ajﬂh'ah7/j)—¢’}(ak77h“arﬂ?k) ’
(4.3) 1= 810,01 4(0;6M)0E—(8,ED0%

(4.4 Nj= Eh(ajﬂh—ahﬂj) ,
and proved the following formulas:

(4.5) N;=2(&E)%,

4.6) Nj= —X(&)m;.

In the same paper, we have proved also the following How-
ever, the proof was given as a corollary of some general theorems, so we shall
give here a direct proof.

THEOREM 7. Suppose M**! be a manifold with contact structuve 7. Then,
for any contact melric structure associated lo it, the velalions

(4.7) Njk: =0,

4.8) N;=0
hold good.
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PrOOF. (4.8) follows from (3.1) and (4.6). To prove (4.7) we put (1.12) into
(4.2), then we see that
Ny = ¢l —"Pnic=0.

Q.E.D.
For the tensor field N} we can now prove the following formulas
4.9 N =0,
(4.10) Nin,=0.

To prove (4.10), we take the Lie derivative of (1.4) with respect to &% then
we get

L¥(E)BiIn+i(E)n=0.
Hence, by virtue of (3.1) and (4.5), we see that (4.10) is true. (4.9) can also be
proved in the same way.

Theorem 7 shows that in any differentiable manifold with contact metric
structure associated to a contact structure only the tensors N%, and Ni among
four tensors N¥%, N% Nj,and N, are essential. For components of the tensors
Ni and N} there exist the relations ([3], (3.4), (3.6))

( ¢§LN?k+N§h¢%_N§nk:01
N}.‘hqs’hl:“N};qu’;—-N}ﬂkuNIiﬁj =0,
Ni&"—Nigh=0,

G PN =0,
ﬂnN?/c =0,
PN+ Nigh =0,

THEOREM 8. Suppose M***' be a manifold with contact structure n. If the
tensor field N of the associated contact metric structuve vanishes, then

2Ei=0,
RENPiA-E)=0.

PrOOF. These relations follow easily from (4.5), (3.1) and the Leibnitz’
rule for Lie derivation.

THEOREM 9. Suppose M*™' be a manifold with contact structure 7. If the
tensor field Nt of the associated contact metric structure vanishes identically, then
&t is a Killing vector field of the Riemannian metric and vice versa.

Proor. By virtue of (1.8)

(4.13) b5 =8"¢n; .

Applying Lie derivation with respect to &* for both sides of the last equation,
and making use of (3.2) and (4.5) we get

Le(&)g™" 16, =0.

(4.11) 3

(4.12)

On the other hand, we see that
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L&) Inan; = [(E)EIn; =0
holds good. However, as the matrix
bi;+ 707 = gl d5+-E¥n;)
is non-singular, we see that
(4.14) Yo" =0.

Hence, ¢ is a Killing vector fleld. The converse is easily seen to be true.

Q.E.D.
COROLLARY. Under the same assumption as in Theovem 9, suppose Ni=0,
Then the relation

1
(4.15) i, = — "5 $ij
holds good.

Now, let us prove (4.11), directly.
We notice first

(4.16) Nty = ¢t n—%, ) — 0 dhn— 5+ E m—E4n,

(4.17) b= EXPh D) — BEE .

Then, we can easily verify that both sides of (4.11), reduce to
d)]}(cl)?z,k_¢%‘c,h)6k+gi.j—fi,k6k"7j .
Hence, (4.11), holds good.

The relation (4.11); implies an important result:

THEOREM 10. Suppose M™*' be a manifold with contact structure 5. If the
tensor field N of the associated contact metric structure vanishes, then Ni, Ny,
and N; vanish too.

PrOOF. The vanishing of N and N, is independent upon N% and was
already proved in Theorem 7. To prove the vanishing of N! we notice the
relations

A =0,
W', =0
which follow from (4.11), and (4.9). Then, since the matrix ¢%+£"7; is non-
singular, we see that
Ni=0.
Q.E.D.

THEOREM 11. Suppose M™'! be a manifold with normal contact metvic stvuc-
ture. Then, the relation

(4.18) 20iix = Niik— N8k
holds good.

Proor. First, we put
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(4.19) Niju =8Nl
then we get

(4.20) Nije = ¢ bijn—bin. ) — 6 Pateon—Pin i)+ 71, M= 70475 -
However, as the form ¢ defined by (1.10) is closed, we have

@.20) Bijrt Dt Pin ;=0
Hence, (4.20) can be written as

Nije= O%nsi— i Bne,s7 %6 76— 0Ty
= (PP, s — 205 Pnse, it e, e Nk -

Therefore, we get

(4.22) Nijw = —20"%n,s =0/ (e.x 0.0+ 0670, 5—74.4) -
Now, as N% =0 by assumption, we know by Theorems 9 and 10 that & is a
Killing vector field. Hence from (4.22), we get

¢?¢hk,'£ = NN g+
On the other hand, we have easily
EM D sbnis = — N n i -
Adding these two equations sides by sides, we get
(D%t E" ) Phies = — N30, Db+ 474, 5 -
As (¢%+&"7;) is non-singular, we can solve the last equation by ¢, ; and get
Biks = — Mifn, D% — M7, 407 -

Putting (4.15) in the last equation, we finally get

1
Pue,s = *2“(77zgm— NeLar)

which is to be proved.
Q.E.D.
In an almost complex manifold of class C >, the vanishing of the Nijenhuis’
tensor is equivalent to the possibility of introducing complex structure such
that its real representation is the given almost complex structure. In our case
of contact structure, we saw that if N, vanishes, then all the tensors N}, Ny
and N, vanish. So to find some other properties which characterize the vani-
shing of N geometrically in M**! (not in M***'X R) seems to be an impor-
tant question [4].

§5. S+ as a manifold with normal contact metric structure.

Let E**% be a Euclidean space with rectangular coordinates x4(A4,B,C
=1,2,.,2n+2) and S*>*' be a hypersphere defined by
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G.1) Sy —4.
We put
Z“:xa+ixm+ﬂ’ (m:n—l_ly a:ﬁ;?’:L 2; "';m)

then z%s define a complex structure in E®*% Its almost complex structure is
given by the matrix

5.2) I=umn=(_% =,
where E,, is the unit matrix of dimension m. The Euclidean metric
‘ w0
G3) g=w=(g" %)

is almost Hermitian with respect to the almost complex structure, that is, the
relation

G.4) Jel=g
holds good. From the last relation we get
(5.5) Je=—gl,

hence g/=(J,z) is skew-symmetric.
Now, suppose a point x belongs to S™*".. We may consider x as a vector
from the origin O to the point x. So we may operate J to x. If we put

56) gh= 5 Tia",

then & is a unit vector orthogonal to the vector x as we may easily verify it
by virtue of [5.I) and (5.4).

We put

(6.7 4= &anf?,

then the 1-form 7z over S$%*! defined by
(5.8) n=nsdx= %— Sam™dx—x “dx ™)

is a contact form of S¥*L.

Let T(£*™*%) and T,(S*™) be tangent spaces of £%*? and S**! at a point
x& S+, Then there exists the natural orthogonal projection

T TJ_(E‘HrPQ)___) Tx(SZni-l) .

We put

(5.9) ¢=-—-=xn-J.

THEOREM 12. The vectors &, n defined by (5.6), (5.7) for x restricted to ST
and the tensors ¢ and g defined by (5.9), (5.3) and restricted to operate for tangent

vectors of ST determine a contact metric structure for S+l
PROOF. First we see easily that
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(5.10) Ea= UmeUn=1,

G.11) b= — 5w JJ= 5 wx=0.
Next, for any vector » & T,(S*1), we have by definition
(5.12) v = — ]v+%«(‘ngv)x .
Therefore, we see that
ngv = —%—i(]x)g{—fv%—%-(‘xg]v)x} =0,

as each term vanishes by itself. So we know that

(5.13) 7 =10
is true. As

‘xg] {~fv+%(‘ngv)x =0,
we see also that

Pv=—]J {—Jv+~}l— (‘xgfv)x}

= —v+E().
Hence, when we operate ¢ for vectors of T,(S*™), we get
(5.14) ¢* = —1+&7.

Equations (5.13) and (5.14) show that the set of tensors ¢, £ and
» constitutes an almost contact structure for S¥+,

To show that the metric g restricted to S***! is an associated Riemannian
metric for the almost contact structure in consideration, we first remark that

(5.15) 6= —T+—5-x(xg)
follows from (5.12). Then we get
‘ggp={—J +%~‘(”ng Yara{—J +711»~x(‘xgj )}
By virtue of (5.4) and (5.5), this reduces to

‘650 :g—viﬁ(”fgx)(txg] )

:g——}l— (lx)(x'])
So we have
(5.16) ‘ogp=g—"17 .
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Equations (5.7) and (5.16) show that the metric g restricted to S®**! is an as-
sociated Riemannian metric for our almost contact structure.
Now, from (15.8) we see that

7=y (dnelx,

s0 we have
dn = (deldx)

On the other hand, by virtue of (5.15), we get
(dx)gd(dx) = —dx)gf(dx)

as x and dx are orthogonal on §*", Hence, we get
G17) dy ="y (s,

which shows that our almost contact structure is the one associated with the
contact structure 7.

THEOREM 13. The contact metric structure of S™ defined in Theovem 12
s novmal.

ProoOF. We denote by R* a real half line which corresponds to the inter-
val 0 <7< oo of radius ». Then we may regard S**'x R* as identical with
Er2_0, In the same way as we have shown in [3],

(5.18) F— (f; “5)

is an almost complex structure for S*™xX R* and its Nijenhuis tensor Nj; is
nothing but the set of tensors N%, N{ N and N; of our almost contact
structure. Therefore, if we can show that [ is identical with the almost
complex structure —J of E**? then N$, vanishes identically and hence the
four tensors in consideration all vanish identically.

To prove F coincides with —/, we take an arbitrary vector of T,(E**%)
at x = E*2—0. The component v, of v orthogonal to x and the component v,
of » parallel to x are given by

(5.19)

respectively. Therefore, the components of

(¢ - Uy
(5.20) Fo= (‘?7 )( , )
orthogonal to x is given by
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dv— v, = {4 CEDLL, Cx) o Jx | Caew),

| x|? |x? EIRES

_ Cxglv)
- "”‘]?)—*—x * _l xlz

and the components of Fv parallel to x is given by

eJx) {v ("xgv) x}

e PR S FIE
‘xlgy _ ‘txglv
| xl k3

respectively. Therefore we see that

Fv:(‘ﬁvn“"‘fvn)%—m)t . *'Ixfﬁ

x|
:_]v)

which shows that F coincides with —/ in E**"?—0. Hence, N%, N} Nj and
N; vanish identically. Consequently, our contact structure is normal.

§6. The tensor field ¢*.

Let us define a skew-symmetric tensor field ¢ by

(6.1) ¢ = gig" =g"pug™ .
Apparently, ¢% depends upon the metric g. However, we can prove that it
does not depend upon g and is an intrinsic tensor field.

THEOREM 14. Suppose £ be the tensor field defined by (2.15). Then, the
relation

6.2) gt = &4
holds good.
FrROOF. By definition, we see that
(6.3) oY= diHl = — O+ &,
6.9 = i, =0.

So, we have
¢ij(¢jk+77j77k) = ’5;f+5i77k .

As the matrix (¢;,+7,7%) is non-singular, we can solve the last equation with
respect to ¢*. On the other hand, (¢;:-+7,7:) and —di+&*, are both intrinsic.
Hence, we can see that ¢% is intrinsic too.

As ¢¥ can be solved uniquely by (6.3) and (6.4), to prove (6.2) it is suffi-
cient to show

(6.5) EV¢ = —08i+E s,

(6.6) £97;=0.
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First, from the definition (2.15), (6.6) is evident. To prove (6.5), we fix i
and % and assume first that i k. Denoting the complement of the set (i, k)
im{,2,-,2r+1) by ¢, 0, Con1, We get

¥ 1 1C1Co L
En= Cn—1D1 {efrezem—1Fnc Deos, * Peon_ i1Perk

, ek
¥ Bogey *tr Pegy11Pegt

o 1 €1verCon . ok
A et oy <t PogegkiPogn- gk}
— eiclcz”'c2n—~k{¢clk77tcz¢e3ﬂ4 "t okl

_¢02kn[cl¢c304 T ¢c2nf1k]

+¢c_n¥1k7i[cl¢6283 o ¢62n_1k]} .
However, as
¢Clk77[62¢6364 oTT ¢an._lk]

2n—2 1
= %_—f PerkTtenPegeq " Pegnni1 T 5T PeriMiBreses ** Pensen—11

the last equation reduces to
£ = e m=1 {20 —2) e 11 MegPeges = Peynoqlkil
+NePre k1Peqes *** Pegngoon—11)
= e 1 s Doges *** Derm—sean—1
= &%
In the second place, we assume that i=4%. Denoting the complement of { in

the set (1,2, -+, 2%-+1) by ¢, -+, ¢y, and assuming that we do not sum for i,
we get

Z 5lj¢ji - ic1“'czn¢|:01m7702¢63c4 T ¢c,n_1c2n]

]
== 5’561“‘02n{¢[01’in62¢6364 o ¢c.n* 102n3+¢[0102¢0334 o ¢C_n__109_n,]77i}
= gle1em 5 g (€,6,3C5 *+* Con-1Can)A +Ei77i
= —1+&7;
which is to be proved.
In the next place, we shall prove the following
THEOREM 15. Suppose M be a manifold with contact structurve 7 and

(¢, &, 1, 8) be its associated contact metvic structure. Then, 7n.d7 and 7,97 are
both symmetric tensor fields and the relation
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(67) ﬂm;n‘ﬁ?‘ﬁ% = .y
holds good.
PrOOF. By virtue of Theorems 4 and 14, we see that
0 =&)Y = AN g brrg™)

=[RE " Ipne g™ + g pnil(E)g™ .
However, as

g = —& ng™—E" ng"",
the last equation can be transformed to
(& mg™ " g ™ g™
+&"Pnl€" mg™ & mg"=0.

If we lower the indices 7 and j, the last equation is easily seen to be equiva-

lent to
amt T DT — @ gom+ m, BT =0 .
However, as N;; =0 by Theorem 7, we get
Oiom = m BT~ gom = T, YPT =0 .
Adding or subtracting the last two equations we get
©8) Tnd = NynS P
6.9) Ton B = o T

Hence, the first part of the theorem is proved.
To prove the second part, we contract ¢§ to (6.9) and get

Nomsi DT Ok = N, A—OF+E771) .
From the last equation (6.7) follows immediately..

N.B. The relation (6.7) is a better relation than

as the last one follows immediately from (6.7).
As a corollary, we get the following

THEOREM 16. Suppose M™*' be @ manifold with contact structure.

with respect to ils associated contact metrvic structure we have
(6.11) bismE" =0,
(6.12) ¢ pEm=0.
Proor. Writing (3.2) explicitly, we have
GijmE™ +E™ s+ E™, P =0

Q.E.D.

Then,

However, the second and the third terms of the left hand side cancel to each
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other, as 7,,$7 is symmetric with respect fo ¢ and j. Hence, (6.11) is proved.
(6.12) follows from (6.11) as the metric g;; is covariant constant.

In the third place we shall prove the

THEOREM 17. Suppose M¥™ ! be a wmanifold with contact structure 7 and
(0, &, 1, 2) be its associated contact metric structure. Then, the velation

(6.13) iGN | — ELIgIk]
holds good.

N.B. Apparently, the above relation involves the Riemannian metric g.
However, the Christoffel’s symbols cancel with each other. So, it is an in-
trinsic equation.

Proor. We put

(614) 3P1jic — ¢m[i¢jk],m_&'[i¢jk]
and first show that
(6.15) 3PV =0.

This is easily done, because
3P = — "™ T T 6™ " 1, m— Y
== — ™S P — Y
= (=L ) —

=0,
In the next place, we shall show that
(6.16) 3P 10 1pbur == 0 .
To show it, we notice first
(6.17) 3EVG*I G0 iadir =0 .
Now, making use of the relation (6.12), i.e.,
¢ WE™=0,

we see that
¢mi¢jk,m¢m¢j3¢rcr — (_6?&‘+Em77a)q5f’“,¢¢m¢m = —¢jk,a¢jﬂ¢kr .
On the other hand we have
—¢7* wbjpbur = [(E",amnptE0g,0)+ 07 D5, alPrr

= 77ﬁ77k,a¢¥+(—6;+€j777)¢jﬁ,a .
Hence, we get
¢mi¢jk,m¢iw¢jﬂ¢kr = _¢Tﬁ,a+77{377k,a¢¥—"77777k‘a¢5 .
Making use of this relation, (6.9), (6.17) and noticing that the form ¢ is closed,
we can easily see that (6.16) is true.
Now, by virtue of (6.15) and (6.16), we can see that

3P s+ n:meXd izt 71:meXber +7x77) = 0.
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However, as the matrix (¢ix+7:7.) is non-singular, we know that
PitE—Q,
Q.E.D.
Lowering the indices 4, j and %k, we get the following
COROLLARY. Under the same assumption as we have the relation

{6.18) DGDin1m = DD ixa -

Next, we shall give here two formulas which are equivalent to Gray’s ones.

THEOREM 18. Let M?™* be a differentiable manifold with contact structure.
Then, we have the velations

(6.19) L% U, VE 1= ¢V, U — V™ (Ui,
(6.20) [¢¥U;, ¢ Vil= —¢"(¢"* U; Vi)m
—(¢*E L E LG EDU; V,
where U, V are arbitrary differentiable functions over M and U,=08,U,
V,=08,V.

Proor. First we notice that for any two vector fields X and Y over Af*™*,
we have

(XY F=X'Y',—Y'X",.

Then, we can easily see that (6.19) and (6.20) are immediate consequences of
(6.12) and (6.13) respectively.

§7. The forms d7 and Jg.

Suppose * be a dual operator for differential forms over M with

(¢, &, 7, g)-structure associated to a contact structure » and 6 be the operator of
codifferentiation, then by definition

Onp=—%d*7.
However, it is known that
7.D on = _Ei,i-
Hence, by virtue of we get the following

THEOREM 19. Suppose M*™™ be a manifold with contact structure n. Then,
with respect to the associated contact metrvic structure, the velation

(7.2) =0
holds good.
is also an immediate consequence of the following

THEOREM 20. Suppose M**' be a manifold with contact structure n. Then,
with respect to the associated contact metrvic siructuve, the relation

(1.3) 0¢ = n7
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holds good.
PrOOF. By definition
Op=xd*¢.
However, it is well known that
(7.4) 0 = —gt i dx’ .
So, to prove (7.3), it is sufficient to show
(7.5) b= —nn;.

Now, multiplying 3¢** to both sides of (6.18) and making use of the relations
;= 0i—E'7;,
P = 2n,
PFiop = gt —EFLm
and (6.11), we can easily transform it to (7.5). Hence, the theorem is proved.

More generally, we shall prove the following

THEOREM 21. Suppose M1 be a manifold with contact structwre. If
(p, &, 1,8) be the contact metric structure associated to it, then the velations

(7.6) 80 =(n—pt 150 (p=2,3, -, 1),
.7 50 =0 (g=1,2, -, n)
hold good.

Proor. To prove (7.6), we first note that

2p

BBy iy s = — Doy iy 187
= — 2P brji Bigig o ¢igp.,2i9p_1],kgjk
= —Zp—1D) Vs, Pigsy - ¢i;p_253p_1],kgjk
= —Zp—1) NIl mBigis * Dirpgtap1]

+¢@1¢igi37 lml ="" ¢52;1:;f2i21:)——l]

+¢?’751¢'L'2i3 Tt ¢i2p_2i2p_1=|m1]} .
Putting (7.5) and (6.11) in the right hand side of the last equation, we can
easily get
2p 2p—1
(5 ®)i1“'i2p41 = (n _ﬁ—{—l)@ i1igp—1*

Hence, we have
2p—1

50 =m—p+1)D .



263 S. Sasakl and Y. HATAKEYAMA

To prove (7.7) for ¢==1,2, - ,n—1, we apply (7.6) for p=¢g+1. Then, we
get

29+1 1 2g +2

0P=——"—"0860=0.
n—q

The case g== is an immediate consequence of the theorem that » A (dp)* is
a constant multiple of the volume element of the Riemannian metric in con-
sideration.

Q.E.D.

§8. Lie algebras of infinitesimal contact transformations.

Let M?**! be a differentiable manifold with contact structure ». Every
diffeomorphism f of Mt onto itself is by definition a coantact transforma-
tion of A7**! if it satisfies

8.1 S*n=npn,
where f* is the dual map of rings of differential forms over A" which is

induced by the diffeomorphism s and p is a function defined over M**! which
does not vanish at any point of M**, Especially, if p=1, i.e. if f satisfies

8.2) Fn=n,
then f is said to be a strict contact transformation. It is clear that the fol-
lowing theorem is true.

THEOREM 22. The set of all (strict) contact transformations over any differ-
entiable manifold M*™T with contact structure 7 constitutes a group wunder the
natural vule of composition.

In order to study such group of (strict) contact transformations, we start
with infinitesimal (strict) contact transformations.

A vector field X over M?*! is said to be an infinitesimal contact trans-
formation if it satisfies

83 (X =07,

where ¢ is a function defined over M?**!, Especially, if ¢ vanishes identically,
i.e., if X satisfies

8.4) UXm=0,
X is said to be an infinitesimal strict contact transformation.
THEOREM 23. The set of all infinitesimal (strict) contact transformations (L)

L over M™% constitutes a Lie algebra with vespect to the usual bracket operation.
PrOOF. Suppose X and Y belong to L and satisfy

Xm=0on, Y m=o07.

Then, we can see easily from
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ULX, Y D7 = {LOYY )Y XD}y
= {¥X)o—¥Y)p}7,
that our assertion is true.
THEOREM 24. Let X be an infinitesimal contact transformation over M*"'.
Then there exists a function U defined over M such that
(85) X' =U&—¢* U, (Ux=0,U).

Conversely, every vector field X of the form (8.5) is an infinitesimal contact tvans-
formation. Especially, X is an infinitesimal strict contact transformation if and
only if

8.6) YEHOU =EU,=0.
PROOF. Suppose X be an infinitesimal contact transformation and X satisfies
(X = p7; -
This equation can be rewritten as
8.7 DX+ XE =07,

where commas denote covariant differentiations with respect to the Riemann-
ian metric g of the associated contact metric structure of the contact struc-
ture in consideration. If we put

8.8) U=793X",
then (8.7) is transformed to
UitopX*=an;.
Contracting both sides of the last equation by ¢} we get
GUA(—gni ) X =0,
The last equation is easily solved for X giving (8.5).
Conversely, suppose a vector field X is given by (8.5). Then, making use
of the relations (1.1), (3.7), (3.8), (6.3) and (6.4) we can easily see that
LX) = (U,
holds good, whence the theorem follows.

Q.E.D.
We say that the function U=7,X" is the characteristic function of the
infinitesimal contact transformation X.
THEOREM 25. Let X and Y be infinitesimal contact transformations over
M*= Y agnd U and V be characteristic functions of X and Y respectively. Then,
the characteristic function of [ X, Y1 is given by

(8.9) LU, V1=¢YU,V;+U- -V, =V -U,& .
PrROOF. We put
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Xt — Ufi__¢ikUk )
Vi= VE—g*,
into
7L X, YI= Uﬂ(Yi,ij—Xi,ij);
and making use of the relations (1.1), (1.12), (3.7), (3.8), (6.3) and (6.4), we can
see that
X Y =" UV, AU -V, —V-U;él .
Q.E.D.
Now, we denote by [ the set of differentiable functions defined over AM*1,

Then we get the following
THEOREM 26. If we define a bracket operation for functions of F by

(U, V1=¢"U,V,4U-V,e—V-Ug, (U, Ver)

then F constitutes a Lie algebra with vespect to it.
PROOF. As we can see easily that

LU, vl=—[V,U],
LU, V+W]1=[U V]+LU, W]
hold good, we only need to show that the Jacobi identity
ULV, WII+LV,[W, UIJ+[W,[U, V1]1=0

holds good too. To show it, we classify the terms on the left hand side of
the last equation into the following four classes:

(i) The first class consists of terms which are quadratic with respect to
the set of non differentiated functions U, V and W. The terms of this class
cancel with each other.

(ii) The second class consists of terms which are linear with respect to
the set of non differentiated functions U/, ¥V and W. The terms of this class
vanish by virtue of the relation (3.8).

(iii) The third class consists of terms which contain two of U, V,;, W, as
factors and the covariant derivative of the remaining one as a factor. The
terms of this class cancel with each other.

(iv) The fourth class consists of terms which are trilinear with respect
to U;, V; and W,. The terms of this class vanish by virtue of (6.13).

Now, if we denote by °F, the set of functions whose Lie derivatives with
respect to £&° vanish, then we get the following

COROLLARY. [f we define a bracket operation for functions of *F by

I:U! V]:qsijUier (Ux Ve SF)

then °F constitutes a Lie algebra with respect to if.
PrOOF, We only need to show that [U, V] belongs to *F. By virtue of
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gU;=0, &V;=0
and (3.8), (6.12), we can see that
Ek[U: V= — UiW(‘iShjfﬂ,n‘%“fﬁﬂ-lfj,n) .
The right hand side of the last equation vanishes by virtue of and

(6.12). Hence our assertion is true.
THEOREM 27, If we define a map h:F—L Ch:°F—°L) by
then h(°h) is an isomorphism of I onio L (F onto °L).
PrOOF. First, it is clear that %4 is a homomorphism of F onto L if we

regard them merely as additive groups. So, to prove that % is a homomor-
phism of the Lie algebra F onto the Lie algebra L, it is sufficient to show

ALU, V]=[aU RV ].

By virtue of (6.19) and (6.20), the right hand side of the last equation can be
easily calculated. The coefficient of & in it is easily verified to be [U, V]
and the remaining terms are easily verified to be —¢™[U, ¥V ].. Hence, the
right hand side is equal to A[U, V]. So # is a homomorphism.

Now, the kernel of the homomorphism % is equal to zero, because

Utt—¢tU,=0
implies 7 =0. Hence, % is an isomorphism of F ontoe L (and °F onto ®L).
Q.E.D.

COROLLARY. Let M be a differentiable manifold with contact structure 7.
Then the Lie algebra L of all infinitesimal contact transformations of M¥™ is
infinite dimensional.

Proor. As the Lie algebras Fand L are isomorphic and dim F is infinity,
so dim L is equal to infinity.

Tohoku University
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