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VECTOR FIELDS AND INFINITESIMAL TRANSFORMATIONS
ON RIEMANNIAN MANIFOLDS WITH BOUNDARY (') ;

BY

Cuuan-Cumn HSIUNG
[Bethlehem (Penn.)].

Introduction.

In recent years many authors have made interesting and important
contributions to the study of vector fields or infinitesimal transformations
on compact orientable Riemannian manifolds without boundary. The
purpose of this paper is to extend some of those contributions to
Riemannian manifolds with boundary.

Paragraph 1 contains fundamental notations, and local operators
and formulas for a Riemannian manifold.

In paragraph 2 fundamental formulas for Lie derivatives are given,
and the infinitesimal transformations and their generating vector fields
are defined in terms of Lie derivatives.

Paragraph 3 is devoted, for a compact orientable Riemannian manifold
with boundary, to a discussion of local boundary geodesic coordinates
and the derivation of some integral formulas, which will be needed in
the remainder of this paper.

In the remainder of this introduction, M" will always denote, unless
stated otherwise, a compact orientable Riemannian manifold with
boundary B7—!. Paragraph 4 contains necessary and sufficient condi-
tions for a vector field on a manifold M with zero tangential or normal
component on the boundary B*—* to be a Killing vector field. A boun-
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412 C.-C. HSIUNG.

dary condition is also given for an infinitesimal affine collineation on
the manifold M” leaving the boundary B! invariant to be a motion.

In paragraph 5 we obtain conditions for the nonexistence of a non-
zero conformal Killing vector field on a manifold M” with zero tangential
or normal component on the boundary B”!, and necessary and sufficient
conditions for a vector field on the manifold M” with zero tangential
or normal component on the bondary B*!to be a conformal Killing
vector field. It is shown that if the manifold M”" has constant scalar
curvature R and admits a certain special infinitesimal nonhomothetic
conformal motion leaving the boundary B! invariant, then R > o.
Moreover, on a compact orientable Einstein manifold M” with boun-
dary B™* and R > o, those special infinitesimal nonhomothetic conformal
motions leaving the boundary B»—! invariant form a Lie algebra, and
a decomposition of this algebra with interrelations between its
subalgebras is also obtained.

Paragraph 6 contains conditions for the nonexistence of a projective
Killing vector field on a manifold M” with zero tangential or normal
component on the boundary B! and satisfying certain other boundary
conditions. Finally, it is shown that on a compact orientable Einstein
manifold M” with boundary B~ and positive constant scalar curvature R
a projective Killing vector field is the direct sum of a Killing vector
field and an exact projective Klilling vector field in such a way that
they all satisfy the same type of boundary conditions.

Throughout this paper, the dimensions of M” and B*—! are understood
to be n (> 2) and n-—r1 respectively, all Riemannian manifolds are
of class C?, and all differential forms and vector fields are of class C*

1. Notations and operators.

Let]M” be a Riemannian manifold of dimension n (>2), || ¢
with ¢;;= ¢,; the matrix of the positive definite metric of the mani-
fold M~», and || ¢/ || the inverse matrix of || g;;||. Throughout this paper
all Latin indices take the wvalues 1, ..., n unless stated otherwise.
We shall follow the usual tensor convention that indices can be raised
and lowered by using ¢¥/ and g;; respectively; and that when a Latin
letter appears in any term as a subscript and superscript, it is understood
that this letter is summed for all the values 1, ..., n. We shall also
use v and v; to denote the contravariant and covariant components
of a vector field v respectively. Moreover, if we multiply, for example
the components a;; of a covariant tensor by the components b/# of a
contravariant tensor, it will always be understood that j is to be summed.

Let M be the set {1, ..., n} of positive integers less than or equal
to n, and I(p) denote an ordered subset {i,, ..., i,} of the set
for p<n. If the elements i,, ..., i, are in the natural order, that
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is, if i, <...<Ci, then the ordered set I(p) is denoted by I,(p).
Furthermore, let I(p; "|j) be the ordered set I(p) with the s-th
element i; replaced by another element j of 9%, which may or may not
belong to I(p). We shall use these notations for indices throughout
this paper. When more than one set of indices is needed at one time,
we may use other capital letters such as J, K, ... in addition to I.

From the metric tensor g with components g;; we have
Gike - Guk,

Jisky v ov Givkn

—q . YA
G100, Ky =Girj, +  + Ginj Ok () =

where 04! is zero when two or more j's or k's are the same, and is 41
or —1 according as the j's and k's differ from one another by an even
or odd number of permutations. Thus the element of area of the
manifold M”» at a point P with local coordinates z', ..., " is

1.1) dA,=e,  ,dx* )\ ... \dx",

where d and the wedge A\ denote the exterior differentiation and multipli-
cation respectively, and

(12) 6’1...n==+\/gl...u,1_.,,“

By using orthonormal local coordinates z', .., z* and the relations
(1.3) €rim) = O1(n " €1 ... ns

.4) =P S Ry = P Ok (i1,

we can easily obtain

(1.5) €1 K in—p €'V = pl i),

From equations (1.3), (1.4), (1.5) it follows that
(1.6) e . pe =1,

On the manifold M~" let v, be a differential form of degree p given
by
1.7 Vip) = Vs, () ATV,
where we have placed
(1.8) dx!'") =dxh A\ ... \dx.
Then we have

P
(1.9) dv,)= (1) 2 [VI'L,_{.-‘U[‘,(p)— ZV,;DIQ (,,;;}{,[”H):, dxhr+1,

byt >y S=1
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where V denotes. the covariant derivation with respect to the affine
connection of the Riemannian metric ¢;;, whose components in the
local coordinates z!, ..., z* are given by

(1.10) f= > g7 (9gn;|0* + g0/ — 9g;4/0").
Moreover, the dual and codifferential operators % and o are defined

by (for this see, for instance, [9])

(1.11) K V) = €1, (p) s (n—p) V" P)do (=P,
(1.12) O v = (—1)"P*+ "+ d Kk Dy,

which imply immediately
(1.13) 0 vy =—Pg/ Vit (p—yyds =1,

In particular, for a vector field » on the manifold M” we obtain, from
equations (1.9), (1.13),

(1.14) (dv)ij = Viv;—V, v,
(1.15) ov=—V,v,
(1.16) (o) =— V.V, v/,
(.17) (Odv) = V7 V,0,— ViV, v,

where V/= ¢/4V;. A use of equations (1.16), (1.17) and the Ricci
identity for the contravariant components v},

(1 . 18) [Vk, V,] Vi= D[Ri[jk
thus gives
(1.19) (Av);=—V/V;v;+ R;;v/,

where [Vi, V,]=V:V,—V,;V,, and A, RYu, R, are respectively the
Laplace-Beltrami operator, the Riemann curvature tensor and the
Ricci tensor defined by

(1.20) A =do + ad,
(1.21) Rijiy= 0T, Joxi— 0T Jox* 4+ T9, T, —T5,I% ,,
(1.22) Rij = R

By contraction with respect to i and k, from equation (1.18) we have
(1.23) v/[V;, V,;]vi= R;;v'v/.

Multiplication of equation (1.18) by g¢.x gives the Ricci identity for the
covariant components v,

(1.24) [Vi, V] vi=—vi Rz,
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which can also be written as
(1 . 25) —-VkViU,' —|— Vk(ViDj -I- V,'l)z)—- V/Vkl),' = l)[Rl[jk.

Multiplying equation (1.25) by g*g¢/” and using equation (1.1g9) we
thus obtain

(1.26) (Qvy*— (Avy: =V, (Viv" 4 V2v') — V'V, 0,
where
(1.27) (Qvyt = 2R/ *vi.

Let u,, and v,(, be two tensor fields of the same order p on a compact
orientable manifold M~ Then the local and global scalar products { u, v >
and (u, v) of the two tensor fields u and v are defined by

(1.28) u, vy = i)lﬁ u'” vy,
(1.29) @, v) = f Cuy 0> dA,.
-

From equations (1.28), (1.29) it follows that (u, u) is non negative,
and that (u, u) = o implies that u = o on the whole manifold M~

2. Lie derivatives and infinitesimal transformations.

Let v be a nonzero vector field on a Riemannian manifold M~, and
let i, and L, denote, respectively, the interior product and the Lie
derivative with respect to the vector field v. Then for a covariant
tensor a of order r, the interior product i,a is a tensor of order r —i1
defined by

2.1 (o @)1=y =V Q1
and according to H CarTtan [1] we have
(22) -Lu = lvd "I‘ diva

from which it follows
2.3) L,d =dL,=di,d.

For later developments, we shall use the following known formulas
for Lie derivatives in terms of local coordinates z!, ..., ¢ of the
manifold M" (for these formulas see, for instance, [8], [12]) :

2.4) LouVy=v:Viuiu—us/yV,0l—utsy Vev/ 4 u/ 3 Vv’ 4 u/y V05,
(2.8) L.(Viu'j)—Vi(Louijg) = (LT ) us jr— (Lo L) uig— (LT i) uiys,
(2.6) Lo (fu'ji) = (Lof)u ji + f(Lou/s),
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2.7) L,(u/w;;) = (L,u)w;; + u’ L,w;;,
(2.8) L,g;j=Vv; 4 V,u;,

2.9) LI = ViV '+ R0,
(2.10) LRy = V(LT ) — Vi (L TY),

where f is a scalar, and u’/y, uly, u/, w;; are tensor fields of class
least C' on the manifold M~», the contravariant and covariant orders
of each of which being the numbers of the superscripts and subscripts
respectively. Applying equation (2.5) to ¢;; and noticing that Vg = o,
we obtain

ViLogin) = Lo T7) gsi 4+ (LT g s

Subtracting this equation from the sum of two others obtained from
it by interchanging [, j, k cyclically, and multiplying the resulting
equation by ¢’/ we are thus led to

@.11) LT =2 g'[V; (Logu) + V(Lo g;)— Vi (Lo g )]

The infinitesimal transformation on the manifold M”" generated by
a nonzero vector field v is called an infinitesimal motion (or isometry),
affine collineation, projective motion, or conformal motion, and the
corresponding v a Killing, an affine Killing, a projective Killing, or a
conformal Killing vector field according as

(2.12) L,g:;;=o,
2.13) L,T%, = o,
(2.14) L,Y5 = p; ok + pid)s
or

(2.15) L,g;;=2® g/,
where

(2.16) pi=0p[dx'=V.p

is a gradient vector field on the manifold M”, and ® is a scalar. An
infinitesimal conformal motion defined by equation (2.15) is called
a homothetic motion, if ® is constant.

From equations (2.8), (2.12) it follows that v is a Killing vector field
if
2.17) Viv;+ V0= o,
which and equation (1.15) imply
2.18) dv =o.
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From equations (2.9), (2.14) for any projective Killing vector field »
we have

(2.19) L, X5 = ViV, v'+ Ry v’ = p; 6% + pidy.
The contraction with respect to i and j in equation (2.19) and a use
of the identity Rij; = o give
I .
(2.20) p;j= n—_}_IV/'ViU’.

By means of equations (1.16), (1.19), (1.27), (2.20) and the equation
obtained by multiplying equation (2.19) by ¢/* we thus have

2

(2.21) Vo— 2

dov = Quv.

Similarly, for a conformal Killing vector field v, from equations (2.9),
(2.15), (2.11) we have
(2.22) Vivi+V,0,=2Dg¢,,
(2.23) —ov=n®,
2.24) Lvl"‘,k =V,.V;vi 4+ Rijpv' = ®; % + (I)kai/-—(l)ig/k,

where we have placed
(2.25) O, =V,;d=00/0r/, =g,

Multiplication of equation (2. 24) by ¢/* and substitution of equation (2. 23)
in the resulting equation yield immediately

(2. 26) Av+<1~—fl>dau=Qu.

3. Local boundary geodesic coordinates and integral formulas.

Throughout this paper, by an (n—1)-dimensional boundary B"!
of a compact n-dimensional submanifold M" of an n-dimensional
manifold M”(n>x 2) we mean either an empty or a nonempty subdomain
on the submanifold M” satisfying the following condition. At every
point P of the boundary B»-! there is a full neighborhood U(P) of
the point P on the manifold 9" and admissible local coordinates x!, ..., x*
such that U(P)nM" appears in the space of the z's as a hemisphere

(3.1) M @yr<e,  @<o,
i=1

the base 2'=o0 of the hemisphere corresponding to the boun-
dary B*'. For nonempty boundary B”—' we shall choose the local
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coordinates z!, ..., z* to be boundary geodesic coordinates so that at
each point P of the boundary B! the z'-curve is a geodesic of the
manifold M", with z* as its arc length measured from the boundary B>,
and is orthogonal to the ai-curves, i=2, ..., n. Thus on the
boundary B*—* we can easily obtain (for this see, for instance, [4], p. 57)

(3'2) Ju=g'=1, gu=g”=o (i=2, ..., D).

Moreover, by equation (3.1) the unit tangent vector N of the z'-curve
at every point P of the boundary B"! is the unit outer normal vector
of the boundary B! in the sense that z! is increasing along the x'-curve
in the direction of the vector N.

By using local boundary geodesic coordinates, from equations (1.10),
(3.2) it is easily seen that on the boundary B*' :

3.3) Tiy=o0, Tii=o, Tii=o0, 2oI;=g*dgulox',
(3.4) b = (V,;V.i2") gue N* + g, N'T%, V, 20V ;
=I‘;‘j=—édg,-,-/dx‘ G j=2 ..., ),

where b;;, are the coefficients of the second fundamental form of the
boundary B! relative to the outer normal vector N on the manifold M”,

and V denotes the covariant derivation with respect to the metric

tensor g;; (i, j = 2, ..., n) of the boundary B! (for this see, for instance,
[3], p. 147). Equations (3.3), (3.4) imply immediately
3.5) b= g* by =—T% .

The boundary B»! is said to be convex or concave on the manifold M”
according as the matrix || b;; || for i, j = 2, ..., n is negative or positive
definite. If b;;=o for i, j=2, ..., n, then all the geodesics of the
boundary B” are geodesics of the manifold M”, and the boundary B!
is said to be totally geodesic on the manifold M". Moreover, in terms
of local boundary geodesic coordinates the tangential and normal
components of a vector v are respectively v, i1, and v,.

Now consider a compact orientable Riemannian manifold M" with
boundary B, and let u be a vector field of class C* on the manifold M".
Then on the manifold M” we can construct the differential form

(3.6) w = % udrl.
By means of equations (1.11), (1.3)_we can easily obtain

3.7 © = Oij;ii—y €. U dT/o P,
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which becomes, on the boundary B—! in terms of local boundary
geodesic coordinates,

(3- 8) W = U dAn_],
where
(3.9) dAn_1=ei'__ndx2/\.../\ d.’l:"

is the element of area of the boundary B*!. A use of equations (3.7),
(1.1) gives immediately

3.10) dw = 0}j;in—ye . Vidrt \ de’o "~ =V,u/ dA,.
By applying the Stokes’ theorem we thus obtain the integral formula

@.11) V,wdA, = udA, 4.

Mn Bn—t

For a vector field v on a compact orientable Riemannian manifold M~
with boundary B, replacement of the vector field u/ in equation (3.11)
by the vectors v!V/v,, v'V,v/, v/V;v* and use of equations (1.19), (1.27),
(1.28), (1.29), (1.15) yield the integral formulas, respectively,

3.12) <§QU—A s, v> oW, Vo) = [ vVi0dAn,
Bn—1
B.13) 2TV, Vo) + [ ViV, vidAn= [ v'VioidAn,
Mn Bn—1
3.14) Go, o)+ [ 0V, VvidAn= [ 0, VividA,,,
Mn Bn—1

where for a covariant tensor field u;;,

(3 . 15) (Tll)ij = Ujj.

Subtraction of equation (3.14) from equation (3.1:3) and substitution
of equations (1.23), (1.27) give immediately

3.16) <é QOv, v) + 2(TVv, Vv) — (dv, ov) = @' Viv,—v, V,v)dA,.—,.

Bn—1

By subtracting equation (3.16) from equalion (3.12) we obtain, in
consequence of equation (1.14),

3.17) — (Av, ) + (dv, dv) + (Sv, Sv)
= [v!(Viv;—V:0)) 4 0, V0] dA,—s.

Br—t
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Similarly, addition of equations (3.12), (3.16) and use of equation (2.8)
yield

(3.18) (Qv—Av, v) + (L, g, L, g) — (dv, dv)
— [ Vo0t Vo) — 0, Vo] dA, .
o gn—t

The integral formulas (3.11), ..., (3.14), (3.16), (3.17), (3.18) were
first derived by the author in a previous paper [4] by means of general
local boundary coordinates z', ..., x?, with =0 corresponding to
the boundary B, and the combined operator of the exterior product A
of differentials on the manifold M» and the vector product of n + m—1
vectors in a Euclidean space E*+” of dimension n + m for any m > o,
provided that the manifold M” is isometrically - imbedded in the
space En+m,

It is easily seen that equation (3.16) can be written in the following
three forms

3.10) <—; o, v> + 2(Vo, Vo) — (dv, dv)— (30, 3v)

= (I)ivil)l—-l)lvivi) dAn——I’

(3.20) <§ v, v >— 5 (V0, Vo) + (Lo g, Vo g)— (30, 50)

= (U[Vil)l——l)l Vil)[) dAn—h

pn-—t

3.21) <§Qv, v>.—2(w, Vo) —

= (l)i Vivo,— vlvivl) dA, i,

Bn—1

n—

. 2 (3v, 3v) + (Io, W)

where

(3.22) tv=L,q+ 2%”9.

LemmA 3.1. — Let f be a scalar field of class C* on a compact orienfable
Riemannian manifold M" with boundary B*—'. Suppose that the normal
component Vif of the gradient vector Vf on the boundary B"—' vanishes,
and that f satisfies

(3.23) —Af=ViV,f=1f
with constant . Then f= o or constant on the manifold M" according
as A>o or 1 =o.

The proof of lemma 3.1 follows immediately from the integral
formula (3.11) with the vector field u replaced by V(f?).
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4. Killing vector fields and infinitesimal motions.

From equations (2.17), (2.18), (1.26) it follows immediately that
a Killing vector field » on any Riemannian manifold M" satisfies

@.1) Av—Qu=o.

For the converse, suppose that on a compact orientable Riemannian
manifold M”* with boundary B*—' a vector field v has zero tangential
component on the boundary B»—' and satisfies equations (2.18), (4.1).
If Vi, = o on the boundary B*~' in local boundary geodesic coordinates,
then by using equations (2.18), (4.1), from equation (3.18) it follows
that the vector field v satisfies equation (2.12), and therefore is a Killing
vector field on the manifold M*. Hence we obtain

TueorEm 4.1 T. — On a compact orientable Riemannian manifold M"
with boundary B"~', a necessary and sufficient condition for a vector field v
with zero tangential component on the boundary B"— to be a Killing vector
field is that it satisfy equations (2.18), (4.1) on the manifold M" and

“.2) Viv,=0 on B!

in local boundary geodesic coordinates.

It should be noted that if the boundary B»—' is totally geodesic, and
the vector field v on the manifold M» with zero tangential component
on the boundary B"-' satisfies equation (2.18), the condition (4.2)
in local boundary geodesic coordinates is automatically satisfied, as
on the boundary B"~' in local boundary geodesic coordinates we have,
in consequence of equations (2.18), (3.5),

V.o =——Z Vivi=—n0! 2 bi,
which vanishes for a totally geodesic boundary B*'.
Similarly, from equation (3.18) we have
TueoreM 4.1 N. — On a compact orientable Riemannian manifold M"
with boundary B*', a necessary and sufficient condition for a vector field v

with zero normal component on the boundary B"' fo be a Killing vector
field is that it salisfy equations (2.18), (4.1) on the manifold M" and

“4.3) 2 v!(Viv;+ Viv)) =0 on B!

i=2

in local boundary geodesic coordinates.
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It should be noted that the letters T and N in theorems 4.1 T
and 4.1 N are used to denote similar theorems on vector fields with
zero tangential and normal components on the boundary B! of the
manifold M”" respectively; for convenience we shall use this notation
throughout this paper.

From equations (2.11), (2.12), (2.13)it follows that on any Riemannian
manifold M" an infinitesimal motion is an infinitesimal affine colli-
neation. For the converse, suppose that on a compact orientable
Riemannian manifold M” with boundary B~ an affine Killing vector
field » has -zero normal component on the boundary B*—'. From
equations (2.9), (2.13) it follows ’

(4[;) VkV/Ui+Rijk[Ul= o,

which implies equation (4.:1) by multiplication by g¢/*. By putting
i=j=ua in equation (4.4), summing for a and making use of the
identity R%u;= o, we obtain V,V,v*=o0 and therefore V,v?= Cte,
which and equation (3.11) yield equation (2. 18) because of the vanishing
of the integrand on the right side of equation (3.11). On the other
hand, from the definition of infinitesimal transformations it is readily
seen that a necessary and sufficient condition for an infinitesimal trans-
formation generated by a vector field » on a compact Riemannian
manifold M" with boundary B! to leave the boundary B*~! invariant
is that the vector field v has zero normal component on the boundary B»—!.
An application of theorem 4.1 N thus gives

TreOREM 4.2 N. — On a compact orientable Riemannian manifold M"
with boundary B™', an infinitesimal affine collineation leaving the
boundary B"' invariant is a motion, if its generating vector field v has
zero normal component and satisfies equation (4.3) on the boundary B*'.

5. Conformal Killing vector fields and infinitesimal conformal
motions.

At first we suppose that a Riemannian manifold M" be an Einstein
manifold so that

B.1) Ry = Rgyln,

from which follows immediately

(5.2) R = ¢/ Ry;. .

On contracting with respect to i and m from the Bianchi identity

(5.3) Vi Ryr 4+ ViRim 4+ ViR i = o,
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and multiplying the resulting equation by ¢* we can easily obtain
(b.4) ' 2V, Ry =V,R.

On the other hand, multiplying equation (5.1) by ¢ we have
(5.5) Rf; = Rd%/n.

Substitution of -equation (5.5) in equation (5.4) shows immediately
that for n > 2, R is constant.

Now let v be a conformal Killing vector field on a compact orientable
manifold M» with boundary B”—'. Then equation (3.16) becomes,
in consequence of equations (2.22), (2.23),

.6) an[Rij vivi— 2{ Vb, V0> — n(n— 2)®*]dA»

= (Ui Vi D1— D, Vl‘ vi) dAn_j .

Bn—t

If the vector field v has zero tangential component on the boundary B,
then by means of local boundary geodesic coordinates and equation (3.5)
we have, on the boundary B,

b.7) viV,-v1—leivf=—v1Zvivi=v,vizbﬁ.

i=2 i=2

Similarly, if the wvector field v has zero normal component on the
boundary B*—!, then on the boundary B",

(5.8) Vi —0, Vi =¥ 0'Vin, =Y, by viol.

i=2 i,j=2

By making use of equation (5.6) and the fact that the right side of both
equations (5.7), (5.8) is nonnegative for a totally geodesic or concave
boundary B*—!, we can easily obtain

TueOREM 5.1. — On a compact orientable Riemannian manifold M"
with a totally geodesic or concave boundary Br—' and negative definite
Ricci curvature everywhere, there exists no nonzero conformal Killing
vector field, with zero tangential or normal component on the boundary B,
and therefore no infinitesimal conformal motion, other than the identity,
leaving the boundary B"—* invariant.

Theorems 4.1 N, 4.2N, 5.1 were obtained by Yano [14], and the
author [4] with some boundary conditions missing due to a minor mistake,
for which see [5].
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In particular, if M" is an Einstein manifold, then from equation (5. 1)
negative constant scalar curvature R implies negative definite Ricci
curvature R;;v'v/. Thus we have

CoroLLARY 5.1. — On a compact orientable Einstein manifold M~
with a fotally geodesic or concave boundary B"—' and negative constant
scalar curvatur R, there exists no nonzero conformal Killing vector field,
with zero tangential or normal component on the boundary B!, and
therefore no infinitesimal conformal motion, other than the identity, leaving
the boundary B™' invariant.

For any vector field » on a compact orientable Riemannian
manifold M* with boundary B, we obtain, by adding equations (3.12),
(3.21) and making use of equation (3.13),

6.9) (tv, tv) — (Av + (1 — 2/n)d dv— Qb, v)
= | [0(Vivi+ Vi) — 20, Vii/n] dA,_..

pn-—1

If the vector field v has zero tangential component on the boun-
dary B7—!, then by using local boundary geodesic coordinates and
equations (2.22), (2.23) we have, on the boundary B,

(5.10) nV,v,—V,;v'=o.

From equation (3.5) it follows immediately that on the boundary B,

B.11) EV/U/=—012b§,
j=2

j=2

and therefore equation (5.10) becomes

(B.12) Il%iviv"—}‘ 1)12 b/=o0 on B*,

j=2

For the converse, suppose that on a compact orientable Riemannian
manifold M» with boundary B! a vector field » with zero tangential
component on the boundary B"—! satisfies equations (2.26), (5.12).
Then the integrand on the right side of equation (5.9) vanishes due
to equation (5.10), and from equations (5.9), (2.26), (3.22), (2.23)
follows immediately equation (2.15), which shows that v is a conformal
Killing vector field. Thus we arrive at

TueoreM 5.2 T. — Let M" be a compact orientable Riemannian manifold
with boundary B"—'. Then equations (2.26), (5.12) are necessary and
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sufficient conditions for a vector field v on the manifold M with zero tangential
component on the boundary B"—' to be a conformal Killing vector field.

Theorem 5.2 T is due to Yano [14].

Similarly, if the wvector field » has zero normal component on the
boundary B!, then by using local boundary geodesic coordinates
on the boundary B*—' from equation (2.22) it follows that the vector
field v satisfies equation (4.3). For the converse, suppose that on a
compact orientable Riemannian manifold M" with boundary B!
a vector field v with zero normal component on the boundary B*—! satisfies
equations (2.26), (4.3). Then the integrand on the right side of
equation (5.9) vanishes, and v is a conformal Killing vector field. Hence
we have

THEOREM 5.2 N. — Let M” be a compact orientable Riemannian manifold
with boundary Br—'. Then equations (2.26), (4.3) are necessary and
sufficient conditions for a vector field v on the manifold M" with zero normal
component on the boundary B*' to be a conformal Killing vector field and
therefore to generate an infinitesimal conformal motion on the manifold M"
leaving the boundary B"—!' invariant.

Theorem 5.2 N is due to Yano [14], and to LicHNEROWICZ (see [7];
[8], p. 129; [10] or [13]) for the case of empty B '.

An infinitesimal transformation generated by a vector field v on a
Riemannian manifold M~ is called an infinitesimal conformal colli-
neation, if the vector field v satisfies equation (2.24). Multiplying
equation (2.24) by ¢* and using equations (2.23), (2.25) we readily
obtain equation (2.26). An application of theorems 5.2T and 5.2 N
thus gives

THeOREM 5.3 T. — On a compact orientable Riemannian manifold M"
with boundary B"—' a vector field v with zero tangential component on
the boundary B and satisfying equations (2.24), (5.12) is a conformal
Killing vector field.

THEOREM 5.3 N. — On a compact orientable Riemannian manifold M"
with boundary B"—' an infinitesimal conformal collineation leaving the
boundary B invariant, generated by a vector field v with zero normal
component on the boundary B"—' and satisfying equation (4.3), is an
infinitesimal conformal motion.

Now let v be a conformal Killing vector field on a Riemannian
manifold M» so that it satisfies equation (2.24). Substituting
equation (2.24) in equation (2.10) and noticing that V,®,=V,®,, we
obtain

(6.13)  LoRju=—0;Vi®;+ ¢} Vi®; — g Vi@ + g;, Vi P,
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which is reduced to, by contraction with respect to i and I,
(.14) L.Rij=—g¢y;V2®*—(n—2)V,;®,.

On the other hand, from equation (2.4) follows immediately
(5-15) L g/ =—(V'v/ + V/v).

In virtue of equations (2.7), (5.2), (5.14), (5.15) we are therefore led
to

(5.16) L. R=—("Viv/4+Viv)Rj—2(n—1) V, @,
By putting

R
(5.17) Kij=—Ri;+ s—n) %

and using equations (2.), (2.15), (5.2), (2.25), (5.14), (5.16) we have

I
n—a:2

(5.18) v,V =

LK.

Multiplication of equation (5.18) by g¢” and use of equations (2.7),
(2.22), (5.15), (5.17) give

V@ = —
(5.19) Viv,® = 2(n—1)(L“R+2R®)’
In particular, if R is constant, then equation (5.19) becomes
(b.20) ViV, =— R®/(n —1).

‘Now we further suppose that the gradient vector V® has zero normal
component on the boundary B*—!. Then equation (5.20) and lemma 3.1
imply that if R < o, then ® = o, and therefore from equations (2.12),
(2.15) the infinitesimal conformal motion generated by the vector
field v is a motion.

Similarly, if R = o, then ® is constant, and the vector field v is homo-
thetic by definition and an affine Killing vector field by equation (2. 24).
If the vector field v further has zero normal component on the boun-
dary B, then it generates a motion leaving the boundary B*—! invariant
by theorem 4.2 N with the condition (4.3) automatically satisfied.

On a compact Riernannian manifold M with boundary B*! an
infinitesimal conformal motion generated by a vector field v satisfying
equation (2.15) is called an infinitesimal boundary conformal motion,
if the gradient vector V® has zero normal component on the boun-
dary Br!; and v is called a boundary conformal Killing vector field
on the manifold M». Thus we obtain
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THEOREM 5.4 N. — On a compact orientable Riemannian manifold M"
of constant nonpositive scalar curvature R with boundary B, an infini-
tesimal boundary conformal motion leaving the boundary B"—' invariant
is a motion.

CoroLLARY 5.4 N. — If a compact orientable Riemannian manifold M"
of constant scalar curvature R with boundary B! admits an infinitesimal
nonhomothetic boundary conformal motion leaving the boundary B
invariant, then R > o.

For the case of empty boundary B*—!, theorem 5.4 N and corol-
lary 5.4 N are due to Yano [13].

Now let v be a conformal Killing vector field on an Einstein
manifold M». Making use of equations (5.17), (5.18), (56.1), (2.15) and
the fact that R is constant, we then obtain

(5.21) V, Vi =2 g,
and therefore, in consequence of the first equation of (2.25),
(5.22) Vid; +V,;®,= 24Dy,
where
R
(5.23) ) ::—-—H(H_—I)..

From equations (2.21), (5.22) follows immediately
(5.24) Viw,-—l—V/-wi= o,

so that w; is a Killing vector field on the manifold M”, where we have
placed

(5.25) w; = v;— ®,;/).

If v; is a boundary conformal Killing vector field with zero normal
component on the boundary B, then ®; is also due to equations (5.22),
(5.23). By applying corollary 5.4 N we thus obtain

THeoreM 5.5 N. — If a compact orientable Einstein manifold M"
with boundary B*—' and R >o admits an infinitesimal nonhomothetic
boundary conformal motion leaving the boundary B*' invariant, generated
by a vector field v with zero normal component on the boundary B*—!, then
the vector field v can be decomposed into

(5.26) v = w + ®},

where . =— R/n(n—1) <o, w' is a Killing vector field with zero normal
component on the boundary B*-', and ®;=V,;®-is a boundary conformal
Killing vector field with zero normal component on the boundary B~'.

BULL. SOC. MATH. — T. 92, FASC. 4. 28
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For the case of empty boundary B*!, theorem 5.5 N was obtained
by Licanerowicz ([7] or [8], p. 136) by using de Rham’s decomposition
of a vector field on a compact orientable manifold.

Let [u, u"] be the Lie product of two vector fields u and u* on a
Riemannian manifold M~”, so that

(5.27) [u, v'] = uu* — u'u.
Since in terms of the local coordinates z', ..., " we can express u and u*
as
(5.28) u=u-—, u*=u*ii,
) oxi oxt

from equation (5.27) it follows that

[u, u*] = w2 (i 0 —uwt (w2
> or ox/ ox ox/

—_ ui du*i P u*l' ?il j_
N\ oz ozt | ox/

Thus the contravariant and covariant components of the vector [u, u*]
are given by

(5.29) [u, v} =V, u/—uV,u,

(5.30) [u, u']; = uw' V,uf —utV,u;.

From equations (2.4), (5.29) it follows that

(5.31) [u, w)/ = L,u".

If u is a conformal Killing vector field satisfying equation (2.15), by
equations (2.4), (5.30) we obtain

(5.32) [u, v'];= L,u"—2®u}

Now suppose that on an Einstein manifold M~ with boundary B*—!
there exist two infinitesimal nonhomothetic boundary conformal motions
leaving the boundary B*—! invariant and generated by two vector
fields v and v* respectively. Then we have equations (2.15), (5.21),
(5.22), (5.24), (5.26) and similar equations for the vector field v*, which
will be denoted by the same numbers with a star. By means of
equations (2.8), (5.32), (2.5), (2.15), (2.24) we obtain

(%.33) Ly, 9ij = Vi(Lyv;—2@05) + V; (Lov; — 2@ 07))
=2 (VP —; P¥) gy,

On the other hand, from equations (2.8), (5.24), (5.24)" it follows that
(5.34) ng =0, Lw*g =0,
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and therefore
(5 . 35) [L”,, Lu,*] g == (L“,L‘,,*— L“,*L“,) g=o.

Since w is a Killing vector field, we have, in consequence of
equations (2.11), (2.12) for w,

(5.36) L.l =o,

which and equations (5.32) for ® = o, (2.8), (2.5), (5.24)" lead imme-
diately to

(5-37) Ly, wa9y=V: (wa;) + V, (Lyw;)
= L‘V(Viw;' + V/w:)+ 2 w;LwF{\}' = 0.

From equations (2.4), (2.7), (5.32) and V,®;=V,®,, it follows that
(5.38) VilLw®)=V,(w/®;)= L, ®;, = [w, VP]..

Similarly, making use of equations (2.5), (5.36), (5.21), (5.30), (5.21)" we
can easily obtain

(5 . 39) V/ (Lw (Dl) = L(I'(v]'(l)i) == LW()\ (D gl/) = )\ (LW(D) gi/’

(5.40) [®,0 ] = 2(D; D*— D} D),

(5.41) Lig, 09, = V[P, 0], + V,[D,D*];= 0.

Now we observe that if v and v* are two vector fields on the Einstein
manifold M”» with zero normal components on the boundary B",
then by using local boundary geodesic coordinates and equations (5.30),
(2.15), (2.15), (3.5) we can easily see that on the boundary B!,

(B.42) [v,v]i=o.

Similarly, if » and v* are two boundary conformal Killing vector fields
on the Einstein manifold M» with zero normal components on the
boundary B*!, then by noticing the relations V;®, = V,®;, V,®; = V,; ®;
we obtain, on the boundary B,

(5.43) V, (0} — v} @) = o.

Furthermore, equations (5.38), (5.39g), (5.21) imply that [w, V®] can
be considered as V®, where @ is related to a nonhomothetic boundary
conformal Killing vector field » on the manifold M" by the equa-
tion L;g =2@g.

Combining the above results and applying theorem 5.5 N we thus
arrive at

THEOREM 5.6 N. — Let M" be a compact orientable Einstein manifold
with boundary B* and R > o. Then the infinitesimal nonhomothetic
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boundary conformal motions on the manifold M" leaving the boundary B
invariant form a Lie algebra L, which can be decomposed info the direct
sum

(5.44) L=L,+L,
with the relations
(545) [LI’LI]CLi; [LUL?.]CL29 [LzyLz]CLn

(5.46) dmLi>dimL—rx,  dimL>  (dimL—1),

where L is the subalgebra of L defined by the infinitesimal motions on the
manifold M leaving the boundary B"—! invariant, and L, the vector space
of V®, @ being given in equation (2.15) defining all the nonhomothetic
infinitesimal boundary conformal motions on the manifold Mn~.

Equations (5.46) are obtained from the fact that if wy, wy, ..., o, form
a basis of L, then the q elements [w,, ;] (i =1, ..., q) of L, are linearly
independent. For the case of empty boundary B”—!, theorem 5.6 N is
due to Licanerowicz ([7] or [8], p. 138), and was proved again by
Yano [13] by a different method, which is extended in this paper.

6. Projective Killing vector fields and infinitesimal projective
motions.

On a Riemannian manifold M* with boundary B*—! let a vector
field v generate an infinitesimal projective motion so that equation (2. 14)
holds. Substituting equation (2.14) in equation (2.10), contracting
with respect to i and [, changing k to i and noticing that

6.1) Vip;=V;ps
we can easily obtain
(6.2) L.R;;=(1—n)V,;p;

which and equations (2.5), (2.10) yield immediately
6.3)  Lo(ViR))=(0—n) Vi V;pi—2 prRi;— p:Rjx— p; Ry

If M~ is an Einstein manifold, then ViR;;= o and equation (6.3) can
be reduced by equation (5.1) to

6.4) (1—n) Vi V;pi=c(2 pcg:; + P:gjx+ D gri)»
where ¢ is a constant defined by

(6.5) ¢ =R/n.
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From equation (6.4) and the Ricci identity (1.24) for p; it follows

c
I—n

(6.6) — piRljr= (Px9:j— Pj gu)-

Since p;= V;p, by multiplying equation (6.4) by ¢” we obtain

6.7) Vi{G—n)ViV,p—2(n +1)cp] = o,
which implies
(6.8) (1—n) ViVi(p—py) = 2(n +1)c(p—Ppo),

where p, is constant. If ;:(_—E > o0 or R<o and in local boundary

geodesic coordinates V,p=o0 on the boundary B!, then by
lemma 3.1, p—p,=o0 or p;=o on the manifold M~

Thus from equation (2.14) we have Lvl‘i,-kz o, that 1is, the infini-
tesimal projective motion generated by the vector field » is an infini-
tesimal affine collineation, which is a motion by theorem 4.2 N if on
the boundary B»—! the vector field v has zero normal component and
satisfies equation (4.3). An application of corollary 5.1 thus gives

THEOREM 6.1 N. — On a compact orientable Einstein manifold M»
with a totally geodesic or concave boundary B"—' and negalive constant
scalar curvature R, there exists no infinitesimal projective motion, other
than the identity, leaving the boundary B~—' invariant such that on the
boundary B"—' its generating vector field v has zero normal component
and satisfiesV,p = o and equation (4.3) in local boundary geodesic
coordinates.

For the case of empty boundary B*, theorem 6.1 N is due to Yano
and Nacano [11].

Now let us consider a projective Killing vector field » on a Riemannian
manifold M* with boundary B»'. Then by subtracting equation (3.14)
multiplied by 2/(n 4+ 1) from equation (3.17) and making use of
equation (2.21) we can immediately obtain

6.9)  —(Qu.v)+ 1 (90, 60) + (dv, do)
' . n—i A
= Bn_l[v MVivi—Viv) + o v, VivildA,_,.

Thus, from equations (6.9), (1.20), (2.21), (4.1), and theorem 4.1 T,
follows

THEOREM 6.2 T. — On a compact orientable Riemannian manifold M~
with boundary B, if a projective Killing vector field v satisfies R;-v'v/ = o,
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and on the boundary B"~' has zero tangential component and satisfies 5v = o,
then it must satisfy R;;v'v/=o, and is a parallel vector field, that is,
Vv = o on the manifold M", for a totally geodesic boundary B»—'. In parti-
cular, on the manifold M" if the Ricci curvature R;;v'v; is negative definite
definite everywhere, then there exists no such nonzero projective Killing
vector field v.

Similarly, we have, in consequence of theorem 4.1 N,

THEOREM 6.2 N. — On a compact orientable Riemannian manifold M»
with boundary B"—, if a projective Killing vector field v with zero normal
component on the boundary B! satisfies R;;v'v/ <o and

n

(6.10) > oi(Vi—Viv)=o0 on B

=2

in local boundary geodesic coordinates, then it must satisfy R;;v'v/ = o,
and is a parallel vector field for a totally geodesic boundary B"'. In parti-
cular, on the manifold M» if the Ricci curvature R;;v'v/ is negative definite
everywhere, then there exists no such nonzero projective Killing vector
field v.

For the case of empty boundary B“—!, theorems 6.2T and 6.2 N
are due to Coutry [2]. For the corresponding theorems on the
nonexistence of a Killing vector field on a Riemannian manifold M~
with boundary B, see [6].

Now let v be a projective Killing vector field on an Einstein
manifold M». Then, from equations (1.27), (5.1), it follows immedia-
tely
6.11) oo =28,

By means of equations (2.21), (1.20), (6.11) we thus obtain

nn—1) g5,

n
(6.1‘2) U:=ﬁ8dl)+m

On the other hand, in consequence of equations (1.16), (2.20),
and (6.2), (5.1) we have, respectively,

(6.13) (ddv);=—(n + 1) p;,
©.16) L‘,,gi,=—wv,~p,-.

From equations (6.12), (6.13), (6.14) it is readily seen that
(6.15) L,(0dv)= o,
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so that ddv is a Killing vector field. Since a Killing vector field is a
special projective Killing vector field, equation (6.12) implies that ddv
is a projective Killing vector field. For later use we need the formula

R .
(6. 16) Lv,,F;,.:—n(fl—_I)(pfa/HM}),

which can easily be obtained from equations (2.9), (6.4), (6.6), and
also shows by definition that dov is a projective Killing vector field.

An application of theorems 6.1 N and 6.2 T together with a use
of equations (6.1), (6.14), (6.16) thus gives

THEOREM 6.3. — If a compact orientable Einstein manifold M" with
boundary B and positive constant scalar curvature R admits a projective
Killing vector field v such that on the boundary B it satisfies one of the
following two sets of conditions in local boundary geodesic coordinates :

n

(6.17) n=o, Vip=o, X (Vini+V)=o,

i=2

(6.18) v;=o, Vip =o, dv=o0 (i #1),

then the vector field v has a decomposition given by equation (6. 12), where ddv
is a Killing vector field, ddv is an exact projective Killing vector field,
and on the boundary B they both satisfy the conditions (6.17) or (6.18)
at the same time as the vector field v.

For the case of empty boundary B”~!, theorem 6.3 is due to YanNo
and Nacano [11]. ’
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