{: SCISPACE

formerly Typeset

@ Open access « Journal Article « DOI:10.2748/TMJ/1178244584
On almost-analytic vectors in almost-Kéahlerian manifolds — Source link [/

Shun-ichi Tachibana

Institutions: Ochanomizu University

Published on: 01 Jan 1959 - Tohoku Mathematical Journal (Mathematical Institute, Tohoku University)

Related papers:

 Real Hypersurfaces of Complex Space Forms in Terms of Ricci $*$-Tensor
» *-Ricci solitons of real hypersurfaces in non-flat complex space forms

« The theory of Lie derivatives and its applications

« =« -Ricci Soliton within the frame-work of Sasakian and (k,u)-contact manifold

« Riemannian Geometry of Contact and Symplectic Manifolds

Share thispaper: @ ¥ M ™

View more about this paper here: https://typeset.io/papers/on-almost-analytic-vectors-in-almost-kahlerian-manifolds-
6mwbmtbgpt


https://typeset.io/
https://www.doi.org/10.2748/TMJ/1178244584
https://typeset.io/papers/on-almost-analytic-vectors-in-almost-kahlerian-manifolds-6mw6mtbgpt
https://typeset.io/authors/shun-ichi-tachibana-5a7erjlgsn
https://typeset.io/institutions/ochanomizu-university-emca4b6i
https://typeset.io/journals/tohoku-mathematical-journal-1ytqimmu
https://typeset.io/papers/real-hypersurfaces-of-complex-space-forms-in-terms-of-ricci-1wiyaxbsyr
https://typeset.io/papers/ricci-solitons-of-real-hypersurfaces-in-non-flat-complex-21yoi37din
https://typeset.io/papers/the-theory-of-lie-derivatives-and-its-applications-3ihda8wtli
https://typeset.io/papers/ricci-soliton-within-the-frame-work-of-sasakian-and-k-m-11hc4k5uq4
https://typeset.io/papers/riemannian-geometry-of-contact-and-symplectic-manifolds-3w10audtfy
https://www.facebook.com/sharer/sharer.php?u=https://typeset.io/papers/on-almost-analytic-vectors-in-almost-kahlerian-manifolds-6mw6mtbgpt
https://twitter.com/intent/tweet?text=On%20almost-analytic%20vectors%20in%20almost-K%C3%A4hlerian%20manifolds&url=https://typeset.io/papers/on-almost-analytic-vectors-in-almost-kahlerian-manifolds-6mw6mtbgpt
https://www.linkedin.com/sharing/share-offsite/?url=https://typeset.io/papers/on-almost-analytic-vectors-in-almost-kahlerian-manifolds-6mw6mtbgpt
mailto:?subject=I%20wanted%20you%20to%20see%20this%20site&body=Check%20out%20this%20site%20https://typeset.io/papers/on-almost-analytic-vectors-in-almost-kahlerian-manifolds-6mw6mtbgpt
https://typeset.io/papers/on-almost-analytic-vectors-in-almost-kahlerian-manifolds-6mw6mtbgpt

ON ALMOST-ANALYTIC VECTORS IN
ALMOST-KAHLERIAN MANIFOLDSV

SHUN-ICHI TACHIBANA

(Received February 2, 1959)

In pseudo-Kihlerian manifolds, many interesting results concerning con-
travariant or covariant pseudo-analytic vectors are known. Even though
there were many papers about pseudo-Kihlerian manifolds, but were few
about almost-Kihlerian ones. Recently, M. Apte generalized Bochner’s theorem
to compact almost-Kihlerian manifolds. His work seems to be very suggestive
for me. In the present paper we shall generalize several theorems in pseudo-
Kihlerian manifolds to almost-Kihlerian ones. The main results are integral
formulas on vector fields in compact almost-Kdhlerian manifolds.

In §1 and §2 we shall prepare identities and lemmas and in §3 and §4 define
almost-analytic vectors which are generalizations of pseudo-analytic vectors.
As applications of integral formulas in §5, we shall obtain several theorems in
§6. In §7, we shall give a decomposition theorem of the Lie algebra of contra-
variant almost-analytic vectors in a compact almost-Kéhler-Einstein manifold.
The canonical connection will be introduced in §8 and in the last section, to
contravariant almost-analytic vectors, we shall generalize Apte’s theorem.

1. Identities. In an z-dimensional real differentiable manifold M with
local coordiantes {z'}, a tensor field @;* such that

(1.1) o/l = — &
is called an almost-complex structure. If an almost-complex structure ;'
and a positive definite Riemannian metric tensor ¢;, on M satisfy the relation

(1' 2) grs¢jr¢ts = G

then the pair (@, ¢,;) is called an almost-Hermitian structure. Then, from
(1.1) and (1. 2), we get

(1.3) Pjr = T Pijs
where @;,=9;¢,;. To an almost-Hermitian structure (@;’, 9,,), an exterior dif-

1) This paper was prepared in a term when the present author was ordered to study at
Tohoku University. I wish to express my sincere thanks to Prof. S.Sasaki for his en-
couragements during the term.

2) For example, cf. Yano, K. [7], Lichnerowicz, A. {3], Sasaki, S.and K. Yano [5], Yano, K.
and I. Mogi [9]
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ferential form ¢ = @;dx’ A\ dx* can be assoicated. An almost-Hermitian -
structure is called an almost-Kihlerian structure, if the associated differential
form @ is closed, and then the manifold M is called an almost-Kihlerian
manifold.

Throughout this paper, by M we shall always mean an #n-dimensional
differentiable manifold with a fixed almost-Kihlerian structure (@, ¢;). In
this section, we shall deduce identities which are useful in the later sections.

In our M, the form @ being closed, so we have

(1.4) Vi®in + ViPue + Vipr; =0,
wheére vy; denotes the operator of covariant derivative with respect -to the

Riemannian connection.
On the other hand, since the identity

3 r
Vr¢rh = *'2ﬁ VirPoaP p¢hq

is well known?®, in our case, we have
(1.5) V'@ =0.
The Nijenhuis’ tensor N;,” of an almost-complex structure @;' is defined by
N = ¢ (v — vip.") — 9 (Vip," — vi0."),
so on taking account of (1.1), (1.3) and (1.4), we find
(1.6) N =29/ (v — vip)
Let R,.;" be Riemannian curvature tensor, that is,
Ry = 0.5t — o5t + e} G — 5} (&)
where 9, = 9/2x", and put
and Rji = Ry, Risin = Risi" 9o
1.7) R:; = %"¢pq Ryaripi
We notice that, in pseudo-Kihlerian manifold, R} = R,; holds good.
The Ricci’s identities are given by the following formulas for any vector
field v, and '
ViVit; — ViVi¥i = — Ry’ vr,
ViVt — ViVt = Ry’
‘Applying to @, the Ricci’s identity, we have
ViVi@i" — ViVipi" = Ru'@i — Riy @,

3) Indices %,7,k, - g, s, run over 1, , n. Notations are followed to Yano, K.
[7] except some trivial changes.

4) Schouten, J. A. and K. Yano [6].

5) For example Yano, K. [7], p. 229
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Transvecting the last equation with ¢** and using (1.5), we find

V'V = Ri;"9" + Rie.",
where we put @' = @,’9". On the other hand, @' being skew symmetric
with respect to 7 and 7, so we have

Ri}rh¢” = ; ¢”(Rijrh - Rrjih) - '}—¢”Rriih'

2
Hence, it follows that

1 r
VTVﬂ’rh = —2'¢qu1"7}” + R; ¢rh,
and from which we obtain
1 r

(1.8) VTVﬂ’rn = 7¢quPﬂih + R @,

Operating v* = ¢y, to (1.4), we have

VVips = Vij‘Pki - VkVﬂ’kj-

Hence on taking account of (1.8) we find
(1- 9) VTV7¢M = 7’ququ1 + R]'T¢1'i — Rir¢rj

The equations (1.8) and (1.9) are important identities in the later sec-
tions.

By a vector field v we always mean a contravariant vector field ', a
covariant vector field v; = ¢,,v" and a differential form v = v,dz'. So the
word “a vector is closed” means that the corresponding form v is closed.

Let v be any vector field, then from (1.3) and Ricci’s identity we get

1 .
(1.10) P"IV Vv = — 7¢quP¢urv
And from (1.8) and (1.10) we obtain
(1- 11) ¢livTVjVT¢ji = - vr :L + ‘UTRTI’
(1.12) @9 V,v,vi = — v'RE,

where R}, is given by (1.7).
From (1.3) and (1.4) we have
plp (V' el = 9V = — 9/ (Vie™ + V™)
Interchanging » and j and the adding the equation thus obtained to the last
equation, we get
(Ve" + Vo'lp.' = — @9/ (V'e™ + v'o")p/!
Consequently, for any vector field v the following equation holds good.
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(1.13) viodv'e" + Vellp! = - @/p, (Vo )Xv'e" + Vo).
2. Lemmas. For convenience sake, we shall expose several lemmas

which are well known. By V, we shall always mean an n-dimensional Rie-
mannian manifold.

LEMMA 2.1.%° In a compact, orientable V,, the following integral for-
mulas are valid for any vector field v.

@1 [ 1w v = Rt + Stollds =,

(2.2) | 6w + Rt + Twlde = o,
where do means the volume element of the V,, and S(v) and T(v) are defined
by
1 s T r_ s s s
(2° 3) S('v) = 7(V v —V?v )(Vs'vr - Vr'vs) + (V 'Ur) (V vs):

(2.4) T<v>=-;~<vsv’ + 90) (Vovs + Vr0s) — (V'0,) (V' 05)

respectively.

In a V,, a vector field v is called a Killing vector (or an infinitesimal
isometry) if it satisfies

;’ﬁ 9 =V + Vv, = 0,
where £ denotes the operator of Lie differentiation with respect to v'. For
v
Killing vectors, the following theorem is well known.

LEMMA 2.2.° In a compact, orientable V,, a necessary and sufficient
condition for v to be a Killing vector is that

Vrvrvz + R0 =0, v'v, = 0.

In a V,, a vector field v is called a conformal Killing vector (or an in-
finitesimal conformal transformation) if it satisfies '

%J.%’i = y,u; + Viv; = 280,

where ¢ is a scalar function. Then as is well known, it holds the following

LEMMA 2.3.® In a compact, orientable V,, a necessary and sufficient
condition in order that v be a conformal Killing vector is that

6) For example, Yano, K. [7], p.278.
7) For example, Yano, K. [7], p.221.
8) Yano,K. [7], p.278.
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n—2

(2.5) V'V o+ Ry + viv,o' = 0.

n

In a V,, a vector field v is called a projective Killing vector? if it

satisfies
(2.6) iv{i} = v;viv" + Ryv" = 8" + &My,
4, being a certain vector field. Transvecting (2.6) with ¢’*, we get
2.7 v'v,o" + R0 = 29",
By contraction with respect to 2 and 7 in (2.6), it follows that
(2.8) Vv = (n + 1)¥;
From (2.7) and (2.8), we have
2.9) Vv + Ry = 2 VAZ
n+1

for a projective Killing vector wv.
Sinece an almost-Kihlerian manifold M is an orientable Riemannian
manifold, the above lemmas and arguments are valid for our M.

For a vector field v we define v by
(2 10) ';; = q)itvt’ 77 = girvr = - ¢tivt5
then we have
v = (Ve v, + @i,
and
Vv = Ve + 2(Ve)) v + 9.V v
Substituting (1.9) in the right hand side of the last equation, we get
VTVﬂTt = (¢Mquit + Ri7¢rt - Rzr¢r1)vt
+ 2(VeWVu + @/V Vv,
from which we find
(2.11) (Vv — Rao Yol = (V'v,0; + R’ o
" — 2R + 2(V'0") (V. pu)@,'v’.
On the other hand, by virtue of (1.2) and (1.4), we find
2ViPu = ViPu T ViPri — Vi@
so (2,11) can be written as
(2.12) V'V — Ryv' W = (Vv + Rao' W'
+ VT"UZ(V7¢M + Vt¢ri)¢pivp

9) Yano,K. [7], p.133.
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— {2R%Y + Vrvt(ui¢rt)¢pi}'vp-
Hence, if the equation
(2.13) Vo (Vi + V@)@, v’ =0
holds, by virtue of (2.12) and lemma 2.1, we get the following

LEMMA 2.4. In a compact, almost-Kihlerian manifold M, if the equa-
tion (2.13) holds, the integral formula

[+ R — 2R3 + Vo (wip.)ps' e + S@ilde =0
is valid, where S(;) is given by
@4 S@)= (V7 ~ V)5~ v.5) + (TINTT),
';i = @'v,.

3. Contravariant almost-analytic vectors. In this section, we shall
generalize a notion of contravariant pseudo-analytic vectors'® in pseudo-
Kihlerian manifold to an almost-Kihlerian manifold M.

In our manifold M, we shall say that a vector field v is contravariant
almost-analytic (or analytic) if it satisfies
(3.1) 23 @' =v'v,@ — @' v,v' + @'y = 0.

In the next section, we shall define a covariant almost-analytic vector,
but by analytic vectors we shall always mean contravariant almost-analytic

vectors.
Let v be an analytic vector, then from (3.1), we have

(3.2) VVPu = @5Vt 9V
from which, by virtue of (1.4), we find
(3.3) Viv; — Vi';j = — @, (V,v; + Viv,).

These three equations are equivalent to each other.
From (3.3) we obtain

THEOREM 3.1. In an almost-Kahlerian manifold, a necessary and suffi-
cient condition in order that an analytic vector v be a Killing vector is that
the vector v is closed, where v, = @;'v,.

From (3.2), for an analytic vector v it holds that

(VW +0' VW9 — @, Vv, 0 — (Vo Ivier — @/ v'v, = 0.
Transvecting the last equation with @," we get

10) Yano, K. [7], p. Z36.
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V'Vt @YV ~ 9/ Vv + VU (Vipn T Vi)@'t = 0.
On taking account of (1.11) and (1.12), the above equation can be written
in the following form,

(3.4) V'V + Ruv' + VU (Vi + Vi) =0
On the other hand, from (3. 2) we have
(3.5) Vv, — @', Vv = — v (V@) -
Hence for an analytic vector v we obtain, from (1.13) and (3. 5),
(3.6) vidvie” + vele! =0,

because the right hand side of (3.5) is skew symmetric with respect to j and
r. Consequently we find

(3.7 Vv + R =0

for any analytic vector field v. The equation (3.7) can be obtained in the
following way, also. For an analytic vector, we have ;;zp,-i = 0. Hence from

(1.6) it holds that
% é N, = ?’J‘L(fl V@ — ;)VL¢L’L)-
On the other hand, the following formula holds good,
?Vz¢ih =W 3:;J¢ih + ¢iT vﬁwr} - ?’rh J§§Z¥

between Lie differentiation and covariant derivative.'® Hence, it follows that
1 .
%f) Njih = ¢jl¢ir i’){ﬁ} + f)i“
2 v v )

Transvecting the last equation with ¢’* and taking account of skew symmetry
of N,*, we get
gji i;)%.r;b} = 07
from which we get again the equation (3.7).
4. Covariant almost-analytic vectors. In a pseudo-Kihlerian manifold,

a vector field v is called a covariant pseudo-analytic vector'® if it satisfies

PViv, — 9/ Vv,0; = 0.
If the manifold is compact, any covariant pseudo-analytic vector coincides
with a harmonic vector.!” And the following theorem is well known.'”

12) Yano,K. [7], p.16.

13) Yano, K. [7], p.235.

14) Yano, K. 7], p.236.

15) Sasaki, S. and K. Yano [5].
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In a compact pseudo-Kihlertan manifold, the inner product of a contrava-
riant pseudo-analytic vector and a covariant pseudo-analytic vector is cons-
tant over the manifold.

In this section we shall define a covariant almost-analytic vector in
almost-Kihlerian manifolds so that an analogous theorem holds good if the
manifold is compact.

In the first place, we shall prove the following Lemma which is a gene-

ralization of Liouvilles theorem in the theory of functions of a complex
variable.

LEMMA 4.1. In a compact almost-Kihlerian manifold M, if scalar
functions f and ¢ satisfy the equation
4.1) v = @.V:9,
then the functions are both constant over the M.

PROOF. From (4.1) we have ¢v'v,f = ¢''v,v,¢ = 0, from which it follows
that

v(f) =v'v.(f) = 2(VFXv.S).
Hence, by Green’s theorem we get v, f = 0. q.e. d.
Let u be a vector field and v be an analytic vector and put g=wu,v'. Thea
4.2) PV = ‘PiT(V.ruz)'Ul + @, (v, 0",
Since v is an analytic vector, by virtue of (2. 1), we have
P/ v =vv.9! + @V
Substituting this into, (4. 2), we get

(4.3) P'V.9 = @, uv o + (wv,e! + @'vu)v.
Next we put f = @,'uv’, then it follows that
4.4) v.f = ¢rluLVivT + Vi(¢rluz)'vr-

Comparing (4.3) with (4.4), if the vector « satisfies the equation

vile: u) = wv.9' + 9.V,
ie.
(4. 5) vieiu) = w,vip + @V,
we find that the functions f and ¢ defined above satisfy (4.1).

We call u satisfying (4.5) a covariant almost-analytic vector {(or a covariant
analytic vector).

This vector is a generalization of a covariant pseudo-analytic vector in a
pseudo-Kihlerian manifold.

By the above definition and Lemma 4.1 we have the following
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THEOREM 4. 2. In a compact, almost-Kihlerian manifold, the inner
product of an analytic wvector and a covariant analytic vector is constant
over M.

We shall deform the equation (4.5) which gives the definition of a
covariant analytic vector. From (4.5), we have
@ (— V@i, + Vips) = @,/ Vott; — 95Vt
On taking account of (1.4) we find

(4.6) UWYVPy = @ Vit; — P Vithy.
As the left hand side is skew symmetric with respect to j and i, we get
(4" 7) uTVr'?n = - ¢jTV7ui + ¢7':Vju7"

We call our attention to the simiilarity of (3.2) and (4.7).
On the otherhand, from (4.5) we have

Vz(¢jrur) = Vj(¢irur) - <Pierur + ¢1,TVT”J',
from which we find

(4.8) vi; = Vi = 9 (Vo — Vo).
The equations (4.5), (4.6), (4.7) and (4.8) are equivalent to each other.
Transvecting (4.5) with ¢, the equation

(4.9) v, =0

holds good for a covariant analytic vector z. From (4.8) and (4.9), we have
THEOREM 4.3. In an almost-Kihlerian manifold M, if a covariant

analytic vector u is closed, then u is harmonic.

In general, v is not necessarily a harmonic resp. analytic vector even
though v is a harmonic resp. analytic vector, Lut akout covariant analytic
vectors we have the following

THEOREM 4. 4. In an almost-Kihlerian manifold M, if a vector field
« is a covariant analytic vector, then u is covariant analytic.
PROOF. We put v, = #; = @;'u;, then v; = — u,. From (4.8) we have
Vv — Vo = — @/ (V.0; — Vi)
Transvecting the last equation with ¢,’, we find
P (Viv; — Viv;) = Vﬂf’vj - Vi q e d.
From (4.8), we have evidently the following

THEOREM 4.5. In an almost-Kihlerian manifold M, if wvector fields

u and u are both closed, then u is a covariant analytic vector.
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Transvecting (4.7) with @/ it follows that
d (Ve = — (@lp) + 88, )v.u
The left hand side is skew symmetric with respect to j and Z, so find
- THEOREM 4.6. In an almost-Kihlerian manifold M, if a covariant
analytic vector is closed, then we have
u'v,9; = 0.
In §6, we shall prove that a covariant analytic vector is always closed

if the manifold M is compact.
If a vector field v is at the same time analytic and covariant analytic,

then we have v,v; = 0, by virtue of (3.2) and (4. 7). Hence

THEOREM 4.7.'9  In an almost-Kihlerian manifold M, if an analytic
vector is at the same tlime covariant analytic, then it is a parallel vector

field.

Let « be a covariant analytic vector, then from (4.7) we have

V'V + 9V + 9l 9" Vv + VU (Ve + vipne = 0.
On taking account of (1.11) and (1. 12), we find
(4.10) V'V + R — R + V' (Vipn + V@)@, = 0.

5. Integral formulas. In the present section, we shall prove some
formulas on vector fields in a compact almost-Kihlerian manifold.

Consider a vector field v in an almost-Kihlerian manifold M and define
tensors a(v),, and &(v);, by
(6.1) a®) = (§9)pu

= v (V@ )pu. — @ (V0 )pu — Vivs

and

(5.2) ()i = (V'v,9;' + @,'viv" + @/ v, v )pu
= 'vT(VT¢J'l)¢lk - ¢5T(VT7)L)¢lk — ViU

respectively.

We notice that a(v);, = 0 resp. #(v);, = 0 is equivalent to the fact that
the vector field v is analytic resp. covariant analytic.
In the following we denote a;, resp. b;, instead of a(v);. resp. &v);, for
simplicity. We shall put
a*(v) = aza’, b*(v) = by b*
and compute these. By definition (4.1) we have
a’(v) = [V (v,9,Ypu — @, (V,0)pu — vivil X

16) For pseudo-Kahlerian case, see Yano, K. [7], p.238.
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(Vi )ps" — 9" (vo")p," — Vo',
whose right hand member is the sum of the following nine terms A,,
Ag ooeeenn. ,Cs.

A, = (v, )pud’ (V.o )p," = — 200 (V0" W95,
A, = — vT(Vr¢jl)¢zk¢js(Vs'vp)‘Ppk = _'UT(V1¢’M)¢jsVs'vp,
A, = ~— vV (V9 )puvd* = A,

b
[

— @,/ (v,0")puv (v, @), = A,
B, = ¢,/ (v.vYoup” (Vo))" = (V0" )v.vs,
B; = 9,/ (v,v)Ypuv't" = — 9" 9" (v,v)vsus
C = — V(vsp")p, Vive = A,
C = ‘Pjs(Vs'vp)¢kaj'vk = B;,
Cs = (Vov'v* = B,.
Hence a*(v) = A, + 4A, + 2B, + 2B;, so we obtain the following formula :

1 8 T j 7 j8
(5.3) o a¥(v) = — v’ (V.9 )WVipn — 20 (V,@i)p” Vi

- @ o™V, v)vivi + (Vivr)v'v"
For 5%v), on taking account of the similarity of (5.1) and (5.2), we

have
bg(‘v) = Al + 2B2 - 2.83,

from which we see that
1 o
(5.4) 5 b(v) = — vV (V9" IVsPor
+ @ o™ (v,v)vivr + (Vivvi'.

In the next place we shall compute y’a;, which is the sum of the fol-
lowing six terms a;, --....-.. , Q-

a, = (V' XV, 9 )p, = _(Vj'vr)¢ler¢Lk,
a, = T)T(VjVJ‘i’jl)?uc = v'Rf — ’OTRrk,,

a; = v'(V.:@; VP u,

a, = — ¢jT(Ver‘U¢jl)¢tk = —9 :ks
as = — (v, v, ' Vou = (v'v)e,'v @
ay = — VVivi.

Consequently, by virtue of
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a, + ay = (Vj'vr)¢lek¢ru
a,+a,=— Ry,
we have
(5.5)  Vay=— Vv + VR + (v, W ou + (V0 )@s' Vi@
For v’b;., using the above notation, we have
Vb, =a, + a, + a; — a, — a; + a,.
As the relations
a,—a,=2v R}, — V'R,
a, — as = — (V)@ (V:pu + Vipri)
hold good, it follows that
(5.6) Vb = — (V'V,vr + v'Ry) + 20 R + V' (V0,0 0u
— (V)@ (V,puc + Vipre)
We next substitute (5.1) and (5.5) in the equation
Vi(anv") = v*V'ay + anv'v”,
then we get
(5.7 V@) = — (V'V,0r + VRV + v (V.0 )P0
+ 2V’ ;' vV @r + @7 PV, vV vk
— (Vuv'o".
From (5.3) and (5.7), we get

(5.8) %“z(v) + vi(auo®) = — (Vv + v R ).

Hence, by Green’s theorem, we obtain the following

THEOREM 5.1.'” In a compact almost-Kihlerian manifold M, the integ
ral formula

(5.9) [[@vo+ vRY + 5 @@ ]de =0

is valid for any vector field v, where

a(v) = aza’, ay = (%¢il)¢m-

We next substitute (5.2) and (5.6) in
Vi(b5v") = vV + 8w
and obtain the formula
(5.10) V(b)) = — (Vvve + VRV + RE v'0F

17) For pseudo-Kihlerian case, see Yano, K. [7], p.278, Lichnerowicz, A. |3}
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+ vT'Uk(Vr¢jL)Vj¢Lk - Z(VJ‘UT)¢jl(Vr¢lk)'Uk
— @ P (v, )V 0r — (Vv)V'0".
Hence from (5.4) and (5.10), it follows that

. 1 .
(5.11) V(050") + 75 0%(0) = — (V' + v'R )0

+ Riw'v' — 2v'0 (v, ;09 0"
On the other hand, (2.11) holds good for any vector field v. Hence sub-
tructing (5. 11) from (2.11) and dividing by 2, we have
1 - o~ o~
(6.12) 5 (V90— TR — VD)
= (V'v,v; + v'R)v" — 2RE v'0' + Vv (Ve

o1
+ Veps)pv' + 7 0%(v).

If we apply Lemma 2.1 to v, we have in compact M

f (VTVr‘;; - Rri;r);id"' = - fMS(;) do,
M
so integrating (5.12) we obtain the following

THEOREM 5. 2. In a compact almost-Kihlerian manifold M, the integ-
ral formula

f u[(v’vrw + R,v" — 2RL V)0 + vV (Vipn + V@)@t
1 1 ~
F B + 5 SE) |do =0
is valid for any vector field v, where
b*(v) = bub”, v, = @'v,
by = (0'v, @ + @'V + 9/ v, v ),
S(v) = —;“(v’;s — V) (VR — D) + (V0.) (VD).

6. Theorems. In this section we shall consider a compact almost-Kihlex-
ian manifold M and obtain several theorems. In §3, we have proved that an
analytic vector v satisfies the equation (3.7) i.e.

(6 1) VTVT'UI + Rrivr = 0~

In a compact manifold, we know from Theorem 5.1 that (6.1) is also
sufficient for the analyticity of v.
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THEOREM 6. 1.'® In a compact almost-Kihlerian manifold, a necessary
and sufficient condition in order that a vector v be an analytic vector is
that

V'V + Ryv’ = 0.
By virtue of Lemma 2.2, it follows the following

COROLLARY.' In a compact almost-Kihlerian manifold, any Killing
vector is an analytic vector.

COROLLARY.2Y In a compact almost-Kihlerian manifold, a necessary and
sufficient condition in order that an analytic vector v be a Killing vector is
T
v.o = 0.

Consider an analytic vector v, then from (3.6), (6.1) and Theorem 5. 2,
we get
o 1 1~
f (R¥v'v") do = f [—bg(v) + *b(v)Jdo- =0.
i M 47 2
Hence we have, on taking account of Theorem 4.7,

THEOREM 6. 2. In a compact almost-Kihlerian manifold M, the integ-
ral

J(v) = f ,(Riw'0') do
is positive or zero for any analytic vector v. If J(v) =0 for an analytic
vector v, then the vector v is a parallel vector field.

Now suppose that the manifold M is a space of constant curvature,
that is k
R
nln—1) 7
holds good. Then we have R}, = — 2kg;;, from which it follows the following

Rii" = *guid) — 9:8%), where &k = —

COROLLARY.?Y [In a compact almost-Kahlerian manifold of constant
curvature, there does not exist a non-trivial analytic vector field if R <O0.

Let v be a conformal Killing vector, then from Lemma 2.3 we have

n—2
n

fM(VTV,w + v Ry do = — fﬂviVin‘Ur do.

18) For pseudo-K#hlerian case, Yano, K. (7], p.280.

19) Apte, M. {11

20) For pseudo-K#hlerian case, Yano, K. [7], p.281

21) We remark that there does not exist a compact almost-Kédhlerian manifold of constant
curvature with R> 0. cf. Yano, K. and S. Bochner, [8], p. 80.
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On the other hand, integrating
v{v'v,v) = v'viv, v + (viv')v,o”
over M, we get
6.2) — [ vvwr do = [ (v do
M M
Hence, the equation
n—2
f V'V,v + R do =— f (v0') do
o n )4

holds good. Therefore by virtue of Theorem 5.1, we obtain

fﬂ[ n-2 (v, V)" + % aZ(v)} do =0,

n

from which, taking account of Lemma 2.2, we find the following

THEOREM 6.3.%% In a compact almost-Kihlerian manifold M, any
conformal Killing vector is a Killing vector if n > 2 and an analytic vector
Sfor n= 2.

Let v ke a projective Killing vector, then the equation (2.9) i.e.

7, r 2 r
V'V + Rpv" = — =5 ViV, v

holds. Hence by virture of Theorem 5.1 and (6.2), we have the following
integral formula

2 1
n+1 fw (Vrvr)z do = —2—fua2(‘v) do.

Thereby we get

THEOREM 6. 4. In a compact almost-Kihlerian manifold, if an analytic
vector is at the same time a projective Killing vector, then it is a Killing
vector.

In a compact pseudo-Kihlerian manifold, if v is harmonic, then 7 is also
harmonic. In our case, the same argument does not hold.
A covariant analytic vector v satisfies

(6.3) V'V + Rav” — RE 0 + Vo' (Ve + Ve e =0,

by virtue of (4.10). Conversely, in compact M, if a vector field v satisfies (6. 3),
Theorem (5. 2) asserts that #*(v) = 0 and S(v) = 0. 5X(v) means that the vector
v is covariant analytic and S(;) =0 means that the vector v is harmonic.

Then from Theorem 4.4, since v is also a covariant analytic vector, the

22) For Kihlerian case, Lichnerowicz, A. [3].
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same argument is applicable to v, so v is also harmonic. Consequently
we find

THEOREM 6.5. In a compact almost-Kahlerian manifold, a necessary
and sufficient condition in order that a vector field v be covariant analytic
is that v satisfies (6.3).

THEOREM 6.6. In a compact almost-Kiahlerian manifold, a necessary
and sufficient condition in order that a wvector v be covariant analytic

is that v and v are both harmonic.

7. Lie algebra of analytic vectors in a compact almost-Kahler-
Einstein manifold. In this section we shall consider a compact almost-
Kihler-Einstein manifold M and give a theorem on the Lie algebra of
analytic vectors on M. This theorem corresponds to Matsushima’s theorem?®®
in a compact Kihler-Einstein manifold and similar to Lichnerowicz’ theorem?®
on the Lie alge ra of conformal Killing vectors in a compact Einstein

manifold.
As M is an Einstein manifold, it holds that
R
-Rjz = ngi, c = 7'.

We shall assume that ¢==0. In this case, (6.1) reduces to
(7.1) V'Vv.u + cv =0,
from which we have
VV.Viv + 2eviv; = 0,
or if we put f = v'v;, we have

(7.2) VV.f + 2¢f= 0.
If a scalar function f is a solution of (7. 2), the equation
(7.3) VVv.Vif + cvif =0

is valid. Hence the gradient v,f of f = v;v’ for an analytic vector v is also
an analytic vector.
Now we put
1
(7.4) b=v To0 vifs f=v,
then from (7.2) we have v'p, = 0. Hence by virtue of the Corollary of
Theorem 6.1, p, is a Killing vector. From (7. 4), we have

23) Matsushima, Y. [4] Yano, K. [7] p.285.
24) Lichnerowicz, A. [2] Yano, K. [7], p.276.
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1
(7.5) v =P — TVﬁf'

Conversely, if p; is a Killing vector and f is a solution of (7.2). then
the vector v defined by (7.5) is an analytic vector. We shall denote by L
resp. L, the Lie algebra of analytic resp. Killing vectors and by L, the
vector space of the gradient of solutions of (7.2). Then the above argument
asserts that L = L, + L,, where + means a direct sum. After some simple
calculation, we have the relation

[LI’ LZ] < LZa [L2> LQ] c Lx-
Hence we get the following

THEOREM 7. 1. In a compact almost-Kihler-Einstein (R ==0) manifold
M, the direct sum

L=L1+L2

is valid, where L resp. L, is the Lie algebra of analytic resp. Killing vectors
on M and L, is the vector space consisting of the gradient of solutions of

V'V.f+ 2 =0, c= .

n
In this decomposition, the relations
[L,, L,]< L,, [L,, L, < L,
hold.
Now let v be an analytic vector in a compact almost-Kdhlerian manifold
M. Then v satisfies the equation
vV, + Rv" = 0.
Hence we get easily

1 ‘
5 VAo = (v,0)(V'v) — Ryv0"

Integrating the last eqation over M, we have
THEOREM 7.2. In a compact almost-Kihlerian manifold M, the integral

f (R0 do
M
is positive or zero for an analytic vector wv.

COROLLARY. In a compact almost-Kihler-Einstein manifold with scalar
curvature R <0, there does not exist a non-trivial analytic vector.

From this corollary we have again the corollary of Theorem 6. 2.
We remark here the following facts. In theorems in this section the one
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which plays the essential role is not the almost-complex structure but the
equation (7.1).

8. Canonical connection. In an almost-Hermitian manifold, if we put
1 .
(8.1) Thi={il -5 o 'vip/,

then tensors g,, and @,* are both covariantly constant with respect to the
affine connection I'j. There are many affine connections with this property,
but we shall call T% defined by (8. 1) the canonical connection. In this section
we shall calculate the curvature tensor of the canonical connection and
obtain certain identities which are useful in the next section. Consider the
canonical connection (8.1) in our almost-Kihlerian manifold and denote by
K,.," the curvature tensor. If we put

1
t" = — TQDphVJ#’ip
and substitute in the identity
Kkjih = Rkﬂh + thjih — Vit + tkrhtjir — tpte,
then we find, after some calculation,
1 r 1 r r
8.2) K= o (Risi" — Ruw @i’ p,") — T{(Vk¢rh)Vj¢i — (V2. )Vi@s }

Transvecting (8. 2) with ¢@,’, we get

) 1
(8.3) K" @n' = Ruy@' — T(Vﬂ’rh) (V.0 )nts
from which it follows that
1
8.4) K = R — _4- (ViprdV. @™
where

1 i
K = 9 Kkipq‘i’qp?% .
Now we put )
Ty = — (vi@.") (Vﬂ’tr)?’hi,
and shall calculate 7T}, v* for any vector feld v. On taking account of (1.4)
we have
— (Vi@ V" = (Vr¢hk — VaPri)V"
= Vr;h - Vh%;; + @yt — PV, .
Hence it holds that
lecvk = (Vr;h - Vn‘;;) (Vj¢pr)¢hp + Z(Vp'vq)V#’pq-



ON ALMOST-ANALYTIC VECTORS IN ALMCST-KAHLERIAN MANIFOLDS 9265

Let v be an analytic vector, then by virtue of (3.3), we have

(V,0n — V10r) (Vg )" = — v,0"(Viv, + V,v,) = 0.
Therefore, for an analytic vector v we have the following formulas
1
(8.5) . v* KL = 'R} + 9 Vo (V. @n)P;'-

9. A generalization of Apte’s theorem. Let v Le an analytic vector in
a compact almost-Kihlerian manifold M. Then, from (3.6) and lemma 2.4
we have

[ [riw o + v v pivt | do = [ 5G) do
M i

On taking account of (8.5), we find
f( ') do =f S(?)) do.
M M

If S(;) = 0 holds, then v is harmonic, tecause of (2.14). And in this case,
v is a Killing vector by virtue of (3.3). Hence we obtain the following
theorem which is a generalization of Apte’s theorem.

THEOREM 9. 1.2Y In a compact almost-Kihlerian manifold, the integral

() = f (Kiw') do

is positive or zero for an analytic vector. If Kv) = 0 for an analytic vector,

then the vector v is a Killing vector and T is harmonic.
From the above theorem and (8.4), we have Theorem 6.2, again.
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