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By GRIGORIOS TSAGAS

1. Introduction. Let M be a compact Riemannian manifold of diminsion 7.
We consider a vector field X on the manifold M. Then the point P is called a
singular point for the vector field X, if X(P)=0. It is known that if every vector
field X on M does not have singularities, then the index of X is zero and there-
fore the Euler characteristic of the manifold 2(M)=0, ([1], p. 549) ([2], p. 203).

A harmonic 1-form £ on the manifold M is a special covariant vector field
on M. The purpose of the present paper is to show that if the manifold is com-
pact of even dimension and admits a metric whose sectional curvature is negative
d-pinched, then every harmonic 1-form on M has a singularity.

2. We assume that the Riemannian manifold M is compact and even di-
mension. If £ is a harmonic 1-form, to this harmonic 1-form we associate by the
duality of the metric a contravariant vector field X.

Let P be a point of the manifold M. We consider a normal coordinate neigh-
borhood U of P with normal coordinate system (x?,---,x") at P. The Riemannian
metric g, the harmonic 1-form & and the vector field X have, in the neighborhood
U, components g=(g,,), §=(&,) and X=(X’=g7'¢,), respectively.

If a, B are two vector fields on the manifold M their local inner product is
defined

(@, B)=a'Bi=a;f"
and the norm of a vector field «a is defined by
la|’=a'a,

and for the harmonic 1-form & we have

[§]2=¢&,. (2.1)
On the manifold M we consider a function defined as follows
f:M— IR
2.2)

f:P —f(P)=|§]2P={5i'§l)P
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The function f is continuous on the manifold M. Since this manifold is
compact and the function f is continuous, on this compact manifold, there exist
a point P at which f attains the minimum at P, that is

Q)= f(P)

For every Q in a neighborhood of P.
Since the function f=|£&|? has a minimum at the point P, then we have

(d(1§1M)p=<VE, XDp=(VE, X)p=0.

It is known, that the harmonic 1-form &, in local condinates, statisfies the
relations

Vi€;,—V,;6;=0 V:§'=0. (2.4)

Let Tp(M) be the tangent space of M at the point P. From the first relation
of (2.4) we conclude that (V&)p can be considered as a bilinear symmetric form
on the vector space Tp(M).

From the linear Algebra the following theorem is known.

THEOREM (1) Let F be a bilinear symmetric form on the vector space Tp(M).
Then there exists a basse {E,, -, E,} of Te(M) such that we have F(E;, E;)=0,
for i#j, F(E;, E;)=1 for 1<i<p, F(E;, E;)=—1 for p+1<k<r and F(E;, E;)=0
for r+1=j=n. The number v is the rank of F and p is an integer 0=<p=<r, which
s uniquely determined by F.

From the relation (2.3) and the second relation of (2.4) the fact that the
dimension of the vector space T,(M) is even dimension from the above theorem
we conclude that the null space of (V§), is at least dimension 2.

Therefore there is another unit vector ¢ perpendicular to X for which we
have

(VEpt>=((VE)rt)=0 (2.5)

We obtain the covariant derivative of the function f=|&|*=&,£" in the di-
rection of the vector f, then we have

VN(1€1)=2¢(.X, V, X>+2(X, V,V,&> (2.6)

* (VeV(1€19)p=2(K(VE)p, 1)+ (2¢X, V.V, E))p . 2.7
The relation (2.7) by means of (2.5) takes the form

(Vv Np=2(KX, VV.E))p . (2.8)

Since the exterior 1-form & is harmonic, then it satisfies the relation ([4],
p. 42)

gbcvbvcfizRuSJ y =1, -, n. (2.9)

The relation (2.9) for the point P, which is the origin of the normal co-
ordinate system (x!,---, x™), gives
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(VVifit - VT )e=( B RyEp,  1=1, -, (2.10)
which can by simply written

TVt A TTE =R, =1 n (2.11)

the above notation will be used below, that means, we evaluate all the relations
at the point P.
From (2.4) we obtain

VkV,-Ej—VijE,-=O B k:]., e, n, 157':]21, e, ny, (212)
VViE -V Voot o +V,V,6,=0, k=1, ,n. (2.13)
We also have the formula
vkvjsi_vjvkgi:—ERzijkfz , k#y, i=1, -, n. (2.14)
The relations (2.11), (2.12), (2.13) and (2.14) form a system of n*—n®+2n
equations with V,V;&, unknowns 1, j, k=1, ---, n.
If we put
V. V.£,=0, 1, k=1, -, n, 1#k (2.15)

then from (2.11) we obtain
Vzvifi:z)lejE; . (2.16)

From (2.13) and for k=1 we have
V1V1§1+V1V252—|— +V1vn€n:O (2.17)
which by means of (2.14) and (2.16) takes the form

]éRliEJ_l'Vlegz_ L‘élRlzzszH- +anlsn_l§Rznn1&=0. (2.18)
The relation (2.18) by virtue of (2.12) becomes
BRyEHTTeer— DRt - +VaTabi— 5 Riami=0

which by means of (2.15) takes the form

ZRqu—ERzm&— o =2 Rinni§i=0
=1 =1 i=1
from which we obtain
(R11—R1221— “Rlnm)fl
+<R12_R2331_ —Rznnl)Ez

+ o +(Rin—Rusor— -+ —Rpno1n-106,=0. (2.19)
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We also have the formula
Ry= 2 Ruju
from which we obtain
Ryy=Ry1+Re1s+ - +Rpun
Ryy=Rsps+ R+ -+ +Ruyon
.......................................... (2.20)
Riw=RyinstRainst+ - +Rotinn-1.

The relation (2.19), by means of (2.20), is true and therefore (2.17) and from

this all the relations (2.13).
From the above we conclude that we have determined n® unknowns V,V;§,

i=1,---,n j=1,---,n. Their values are given by (2.15) and (2.16). Therefore we
have to determine n®*—n® unknowns. These unknowns satisfy n®*—n® equations,
which are (2.12) and (2.14)

From (2.12) and (2.15) we obtain

V,,Vk&:(), i:#k N i, k:1, tet n. (2,21)
Similarly from (2.14) and (2.21) we have

Vb= SRk, ik, k=l (2.22)

The other unknowns are determined by virtue of the following system
vzvjsk:vtvksj ’ V;kaizv;viék ’ Vkvigjzvkvjst ’ (2~23)
vzngk—v]viskz—L;llejiEL , (2.34)
vjvksi—vkngiz—[:EIRlikjél , (2.35)
VAT A "EIRLM«;EL ) (2.26)

1=<i<j<k=mn, in which we have six equations with six unknowns. One solution
of this system is

V. V;6,=V,V,£,=0, 2.27)
VJViEkZV;vkEi:—§IRLk1j51 , (2.28)
Vkvisjzvkngi:—LZ::lleikEL . (2.29)

Let {e,, -+, e,} be an orthonormal base of Tp(M). We assume that the vector
t has components (t, .-+ 1) with respect to this base. Then we have
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(VVE)r=3 31T, T, =3 3 017,7,E,. (2.30)
=1 p=1 “ =1 p=1
The relation (2.8) by means of (2.30) takes the form
(vtvt<iflz))P:2<E1chc€1+ +§nvtvz€n)
3 ST, (2.31)

A=1

:251121 #ZZ)IWF‘VXV#{:I+ R 3

t
7=1
From the relation (2.31) and by means of (2.15), (2.16), (2.20), (2.21), (2.22),
(2.27), (2.28) and (2.29) we obtain

1/2<vcvt( | &l 2))}’: _Rlzlz(tlslwtzfz)z

— B3 (Rt Run€)Gh+ 08B (V16060 — - — Ruma(l61—176,)"
— " {Zlg:(RlllnEl +Rlnnlén)él} +tltn(g(vnvlgl>§l_ R2323<t2§2— t3§3)2

_t2t3{l % (R122362+R1332€3)§L}

+1,%2,3

+t2t3{<vzva§1)§1+L=1éz 3(V3V251)5l}’ -Rznzn(tzfz—tngn)z

—80( S (Rusnbort Rinna)8) HEM(TV,608+ S (TaV608)
—R3434(t3§3“t454)2_t3t4{l=§:}3 . Rl334€3+Rl443§4)EL}
+f3t4{(V3v4§1)§1+(V3V452)§2+12123'4(V4V3$l)51}— "‘Rn—ln-ln(tn—lsnﬂ”‘tnfn)z
— " (S (Rinsn-sanrot Rinn a8+ (E(T0 T80 B (TaTn-i060)

F(E(R2€iat - +R1zE6R)
F (P (Ry16:8,+ -+ +Rpupln)+ - (U A(Rubnbit -+ +Ryo1nn-1€a) -
The relation (2.32) by virtue of
Roys=2Reugs=Riaprt = +Ro-1a3a-1t Rariagar
+ o FR3-1a33-1F Rasiappert = T Ruagn,
a, B=1, -, n, a<p,
(2.28) and (2.29) takes the form
(VY1617
= — Ry~ 16, — 28 (S R )

e _len(tlgl-——t"én)z—Ztlfn(ZJZRznnlEnEl)
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n

—stzs(tgéz_t353>2'—2tzt3( 2 Rlsszélés'l' Z ngfxfz)

l=1,#2,3 =1,%#3

n—-1 n—1
- R2n2n(t252_ tnsn)z_Zﬁtn(l=§2Rlnn2$lEn+ E‘Rlzlnslél)

'_‘Ruu(tsfs_t4€4)2_2t3t4( Zn) Rl443$451+ E R13£451€t+ 2 stl;fzél)
l=1,#3,4 (=154 I=1#4
- —Rn—lnn—ln(tn_lén—l_tnEn)Z

n—2 n-2 nl
'—ztn-ltn(;lRlnnn—lélEn—}_ §1R1n_llnslsl"f‘l:Elen—llnéTEl
n—1
o e +[=21Rn—2n—1ln€n—251)

+t? B BRubilt - S S Rubib (233)

s=1,#L1=2

We assume that the Riemannian manifold M is negative d-pinched, that means
its sectional curvature o(2) satisfies the inequalities

—1=0(DH=—0 (2.34)

for every A€Tp(M) and P M.
It is known, that the following formulas hold ([3], p. 477)

<R(€“ e])eky el>:szkl ’ 0(6“ e])zgzj:_'lei] . (235)

Where R,;;,, are the components of the Riemannian curvature.
The components of the Riemannian curvature satisfy the inequalities

IRyl =(1—=0)/2,  |R,ul=2(1—-0)/3,  i#j#k*l. (2.36)

From (2.36) we obtain the inequalities

Ru®)e,6,= 0D wye e, (237)
~Rou@yer =10 e e (238)
—Ryug gt =070 e e e, (2.39)
S NP IRV I NS (2.40)

where e=+1, or —1.
We also have the inequalities

lEt1=C, [&'=§H[=2C,  4,9=1,-,n. (2.41)

The inequalities (2.37), (2.38), (2.39) and (2.40) by virtue of the first of (2.40),
can be written
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. 2 —0 2(1 -
e e I (2.42)

e C2(1=0
~Ryuggpr= 10

~Ruggwr=tC1=0

(2.43)

The relation (2.33) by means of (2.34), the second of (2.35), (2.42) and (2.43)
becomes

(VY€1 =

Z_C_Z”_é@{nz—i—n—ﬁ—ﬁ(nz—i-?l-l-?:)} . (2.44)

If the number 0 satisfies the inequality

nt+n—6

0> W nts

(2.45)

then
(VV1E1%)p<0. (2.46)

Since the function f=|&|? has a minimum at the point P and the minimum
value is different from zero, then we have (V,V,(|€]|2)p>0. If the sectional
curvature of the manifold is negative d-pinched d>(n*+n—6)/(n*+n-+3) then in
order the inequality (2.45) is valid we must have |£|2,=0 and therefore the
harmonic 1-form & has a singularity at the point P.

Therefore we have the theorem

THEOREM (II). Let M be a compact negative §-pinched Riemannian manifold
of even dimension. If 0>(n*4+n—6)/(n*+n-+3), then every harmonic 1-form on M
has a singularity.

From the above theorem we obtain the corollary.

COROLLARY (III). Let M be a compact Riemannian manifold of even dimen-
swon. If the sectional curvature of M 1s constant negative, then every harmonic
1-form on M has a singularity.

3. If the dimension of the manifold M is 2, then the formula (2.32) takes
the form

(VL UE)p=R (6, —126,)° . B.D

From the formula (3.1) we have the theorem.

THEOREM (IV). Let M be a compact Riemannian manifold of two dimension.
If the sectional curvature of the manifold 1s strictly negatwe, then every harmonic
1-form on M has a singularity.

We assume that M is a compact surface with 2 handles where h=2, that
means the genus of the surface M is =2. Let £ H(M, IR) be a harmonic 1-form.
The vector space H'(M, IR) is independent of the Riemannian metric on the
surface. It is known that a compact surface of genus greater or equal to two
admits a metric with a constant negative Gaussian curvature.
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From this we obtain the following theorem.

THEOREM (V). Let M be a compact surface of genus g=2. Then every
harmonic 1-form on M has a singularity.

BIBILIOGRAPHY

[1] ALExANDROFF, P. uND Horr. H., Topologie I, Springer Verlag, Berlin 1935,
reprinted by Edwards Brothers, Ann Arbor, Michigan, 1945,

[2] SteeNorD, N., Topology of Fibre Bundles, Princeton Univ. Press, 1951.

[ 3] Tsacas, G. A relation between Kkilling tensor fields and negative pinched
Riemannian manifolds, Proc. Amer. Math. Soc., 22 (1969), 476-478.

[47 Yano, K. AND BOCHNER, S., Curvature and Betti numbers, Ann. of Math.
studies, No. 32, Princeton Univ. Press, Princeton, N.J., 1953.

DEPARTMENT OF MATHEMATICS
UNIVERSITY OF PATRAS
PATrRAS, GREECE.



