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On a Deformation of Riemannian Structures
on Compact Manifolds

By Hidehiko YAMABE

1. The purpose of this paper is to prove that every compact C”-
Riemannian manifold with at least 3 dimensions can be deformed conform-
ally to a C”-Riemannian structure of constant scalar curvature.

Let S be a d-dimensional C”-Riemannian manifold with d=3, and
denote its fundamental positive definite tensor by g;;. Throughout this
paper we will use the definitions and notations of the book ‘““Curvature
and Betti numbers” by K. Yano and S. Bochner, unless otherwise stated.
The volume element is written as dV. The total volume is assumed to
be 1.

Here we are going to present the outline of the proof. Consider a
conformal transformation of a Riemannian structure

(1.1) gi; = €°gij.

Then the connection coefficients 1'j, corresponding to g;; are expres-
sed as®

1.2 ij = 11§k+pk8§+pj82_pigjk ,

where
CT

(1.3) Pi Tk
From (1.2)

(1. 4) Rjy = Rjei— P8+ pu0i— &i4Pi + &Pk
where

(1.5) Pix = p,-.k—P,-kar%g““pmpsg,-k-
Hence

(1.6) R, = R;,—(d—2)p;1— gjrPi
and

1) see [5] page 78.
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(1.7) R = e ®(R—2(d—1)p%) .

Here Ri,,, Ejk and R denote the curvature tensot, the Ricci tensor
and the scalar curvature, respectively, of the new structure.

Now let A denote the Laplace-Beltrami operator corresponding to
gi;» Then (1.7) can be written as

(1. 8) R = e®(R—2(d—1)p%)
— ¢*(R—2(d— 1)<Ap + <_‘2£— 1) g"’ﬁpwpa)

= g% _4(‘1“1) (—d/2+1)p (d/2—1)9>
o o(RAG D ecareaigar-om).

Set
(1.9) i = g
or
(1.9) (@) = ¢,
and then
(1. 10) —R@yeora» = — Ry 4= Ay,

d—2

Conversely, we are going to prove

Theorem A. There exists a positive C™—function @ satisfying

(1. 107) (@) @Pla-nC, = —Ra+4(a§L2_12 Ad
where C, is a constant.
If such a function # be found, we have only to set g;,= (@) g;,
to obtain the desired structure.
On the other hand, if there exists a positive extremal ¢ minimiz-
ing a variational function (¢=2)

4(d—1) 2 2
oS yu |+ Ru? )dV
(1. 11) F(q)(u) — S( d——2 >

([erar)”

to a value pu,,, then this function satisfies the corresponding Euler’s
equation

(112 4%1:—21) AY—Ro® = — ()
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Here

(1. 13) |yul? = gor 0% v

ox*dxP”
In order to prove Theorem A, we shall prove the following two

theorems.

Theorem B. For any q< 2d/(d—2), there exists a positive function
v satisfying (1.12).

Theorem C. As q tends to 2d/(d—2), a uniform limit @ of such
Vv'9’s exists, is positive and satisfies (1.10°) with Cy= peourca—2-
Theorem A is an immediate consequence of Theorem C.

2. Let & be a positive number less than 4/(d—2). Set

2.1) be = (2d/(d—2)—-9),
2.1) be = pe/(pe—1),
and
4(d—1) 2 2
|vu|®’+ Ru®)dV
2.2) Fto(u) = F(u) S< a—2 >

(unar)”

= S<4(d—1)/(d—2)lVu|2+Ru2)dV/llullﬁe :

2.3) elly = ([ 1e12av)™.

By L, we denote the Banach space of real functions with the norm
INIPe

Lemma 1. Let {u;} be a sequence of C”-functions with llusllp,=1 such
that

(2.4) lim; Fo(u;) = pep,» = Co(€) = Min, Fy(u) .

Then the sequences {|u;|} possess a similar property except that
|u;| might not be differentiable at the zero points of u;.
Proof is almost evident if one notices that

(2.5) [vul? = |v(lul)]?,

except at zero point of # with non-vanishing Ax. The measure of the
set of such points is zero. By the measure we understand the measure
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with respect to dV.

Lemma 2.2 There exists a positive constant C, such that for p,<
2d/(d—2)

(2.6) infc llu—cll,, = Ci Il | vul .,

where c is an arbitrary constant and u is assumed to be a smooth function.

This lemma is similar to Sobolev’s lemma. The proof is omitted
because a minor modification of the proof of Lemma 4 is sufficient for
this lemma. However, it should be noted that even when &€=0, the
lemma is valid but this is not necessary for the present paper.

Corollary.

4d—1) 1
d—2 C,

(2.8) Flu) = —suppes| R(P)[—1.

Let y(x) be a function over the unit square E¢={x; —1<x"<1,
m=1,2,-+,d} in a d-dimensional Euclidean space with the property :

2.9) Il = (1l od) " << oo

where 2<g<oo.
Consider the multiple Fourier (trigonometrical) series of yr(x);
(2.10) Y(x) = 2)a;, *++ iy €OS (6,21 + -+ igx?)
b5, g Sin @+ i gx?)
= >dVWascosw{I, x> +b;sinm I, x>).

Here I denote a “vector” (¢,,:--,i,) with integer components and
I, x> an inner product of I and another “vector” (x',---, x%). Define
[I| by
(2.11) [T = (i3+- +i3)"2.
Lemma 3.
(2.12) W llle = (1@l + Sinzi(lar] @+ 1o, )"

where q¢'=q/(q—1).
RemARrk. This is the Hausdorff-Young inequality for multiple Fourier

series.

2) see [4]
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Proof. Let E’ be the discrete space of lattice points in a d-dimen-
sional space. Define a one to one operator 7 onto a functional space
over E from another functional space over E’X E’ by

(2.13) (TN, J) = (ayg, b))

at a point (1, J) in E’XE’. The space E is given the ordinary Lebesgue
measure while in E’XE’ a weight 1 is assigned to each point. The
norm is defined by

(2. 14) T Ylly = (la| +in=ilar] ¥+ 16,170 .

Then T becomes simultaneously of the type (2.2) and (1, ), to
which we can apply the Calderon-Zygmund’s generalization® of M.
Riesz’s convexity theorem. Hence for any ¢ between 2 and infinity,

(2. 15) llle < 1T Yllg
where ¢'=¢q/(q—1). This proves the lemma.

3. It is well known that there are countably many non-positive eigen-
4(d—1)
d—2
them in non-increasing order, —\,, —A,, .-, —X,,,---. To each A, is
attached an eigenfunction ¢,, with ||¢,l,=1. These ¢,’s are mutually
orthogonal in the sense of L,. The first eigenvalue A,=0 and the corre-
sponding function ¢,=1. Then every square integrable function wu(P)
can be expanded into the Fourier series with respect to {¢,}. In
particular

3.1) U; = 27=1aij¢j~

Lemma 4. Suppose that \ry's are smooth functions on S with |[rulls,
< oo, such that for integer j between 1 and N,

values of the elliptic operator A diverging to —oco. We write

(3.2) [ pwosav = o.

More generally, if Vn/llWrulls, is weakly close to O, then for any given
small 8<0, there exists an integer N, such that if N=N,, then

(3.3) inf, [Wry—cllp, < 8l [Ayrpl [,

Proof. Without loss of generality we may assume that llYnlls, is
uniformly bounded as NN tends to infinity.

3) See Theorem D in page 117 in “On the theorem of Hausdorff and Young” in [2].
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Firstly, we consider the case when the carrier of 4y is contained
in a coordinate neighborhood E. In this case we can consider the trigo-
nometrical expansion of +ry. Take a sufficiently large integer M, so
that for a preassigned small & >0,

@3.3) Dinzml 1| 7262 D) a0 &

This is possible whenever & is positive because

d(ﬁé—e) +(d—1)e

4
d—2

(3‘ o) sz/(pB_Z) = >d .

&

We set c=a, (and b, is always assumed to be zero). By virtue of
Lemma 3,

(3.6) Hallls, = (| a] 2 4 |by| 2y 10
= Qin<mlla;l 2 1 |6, psl))l/pe,
+ inzmllar| 2 + by #e)y /2

where
(3.7) pgzpf’_el<2.
Set
3.8) qe = 2/p:
and
3.9) g = ¢:/(g.—1).
By a simple calculation
3.10) i = 20/ (p.—2) .

The second term of the right hand side of (3.6) will be dominated by
(3.11) Cinzallar| 2 + [b,] #e)) 2!
— lasl I,y (10:] 1T1Y,p/\"%
(D e (1))
= QCinzmllarl [T+ (16,1 [1])%)2-
lqg ! lqg ! 172
- Dinzwl I17#9y00¢ < 5({ | grad gy *dx

where

(3.13) lgrad ol = (Za(2))"
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On account of the uniform ellipticity of g/, there exists a constant
C, such that

(3.14) C2Y[IW¥lllp, = [1lls, = CilllVlls,

and
(3.15) CHl [grad | [l = Il vyl [l = C,lll [grad | [[l. .
Combining (3.11) and (3.15), we have
(3.16) Qinzmllag|?e+ 16,1 2))2e < &C,l| | v [,

ReMmark. If we set M=1, we have Lemma 2 for the case when the
carrier of +ry is within a coordinate neighborhood. Namely if @,=0,

Il = Cill 9 12 -

As for the first term of (3.6), a;/|l¥nll,,’s and b,/[l4nlls,’s can be
taken arbitrarily close to zero if N, is sufficiently large, because these
coefficients are linear functionals over L, . By virtue of (3.14), a,/||[yyll,

and b,/|[¥nll»,’s are also small, say less than %M“‘S’. Hence

(3.17) (Sinemllar 28+ (b7 7)) 72 < 8wl -
However, by virtue of Lemma 2 (see the remark above),
(3.18) (Dinrenl| s 24+ b, 7)) < &C | | vl I, -
Combining (3.6), (3.16), and (3.18),
(3.19) Wrwlls, = 81 1wl 1)
if a,=0. Here
(3. 20) 6 = &(c,+c,).

This concludes the proof for the case when the carrier of 4y is in
a coordinate neighborhood.

As for the general case, we decompose the manifold S into a union
of finitely many, say /s closures of coordinate neighborhood U,, -+, U,,
such that U, is a cubic neighborhood of a point in U,, and any two of
these U,’s intersect only at the boundary. The restriction of 4y over U,
is denoted by +ry,,. The mean of 4y, over U, with respect to dx will
be denoted by

3. 21) st = SU Vrwad% .
I'4
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Then
:
(3.22) ||\1’N—21110N.1||p, = Zi‘iﬂI‘PNJ—CN.l”pg .

However, the trigonometrical Fourier coefficients of a function « in
L, over the coordinate systems of U,’s are also linear functionals over
L,,. Hence, if N, is sufficiently large, we can apply the result of the
previous case so that for each / and a preassigned &”=/;16

(3.23) Wrn. e —enall = &(I1 | vrw,e| 1)
From this it follows that
(.20 [l —%aewdll = L8 (sup || Va1l = 8011 vl 112
This completes the proof of Lemma 4.
REMARK (I). If M=1, Lemma 2 follows.

Remarg (II). This 6=8(,) depends upon N, and goes to zero as N,
tends to infinity.

4. Consider the Fourier expansion (3.1) of ;s in (2.4) with [[u;ll,
=1. It is easily seen that all F.(«;)’s are bounded by a positive constant
C,. From this fact, it follows that the convex closure of the set {«;} in
L,, and more generally in Lpe, is compact strongly. This will be for-
mulated in

Lemma 5. The convex closure of {u;} compact; and a limit v?¢ of
a convergent subsequence is not zero.

Proof. The latter half is an immediate consequence of the former
half because for each 7, |lul|,,=1.

Now without loss of generality we may assume that {«;} converges
weakly to v?9. Consider the Fourier expansion with respect to ¢,’s.

4.1) VP = Eﬁlbﬂb]‘ .
Then
(4.2) [loe; — 022, < 3 (@i;—0,)P,15,

T1225-n(a:;—0,)P,1, -

By virtue of the previous lemma, there exists a sequence of constants
¢;(N) such that for N>=N,,

(4.3) I1237-n(@i;—b,)b;—ci(N)lla,
=8(N)22 35 M@ ;—b,)* = 8(N,)2C, .
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It is easily seen that these c;(N)’s tend uniformly to zero as N goes
to infinity. Now, ¢ tends to infinity. Then the first term of (4.2)
vanishes and

(4.4) fim; [[ue; — ¢:(N) =149 |, < 2C3(N,).
However this 8(V,) can be made arbitrarily small. Hence
(4.5) HTHN Hf_n_i ||u,~—c,-(N)—v“’s)||pe =0.

By making use of the fact that lim |lw;—2*?||, is independent of
N, we can easily obtain the relation that

lim ”ui“v“’”)“p,3 = l—iHN li—mi c;(N)=0.
Thus the lemma has been proved.

Notice. The function °#¢, being a limit of non-negative #;’s, is
non-negative.

Lemma 6. If v°?, a non-negative C* function satisfies the equation
(1.12) for q=p., E=0, then vV"2=1v? is positive.

Proof. For simplicity, we shall use v? instead of ¢, Suppose that
v vanishes at a point P. Take the polar coordinates 7, 0”, m=1, 2, ---,
d—1 of a normal geodesic coordinates around P. The volume element
and the Laplace-Beltrami operator with respect to the induced and nor-
malized (total volume 1) Riemannian structure on the concentric sphere
Q(r) of the radius » around P will be denoted by Vo(r) and A,
respectively. Then

(4. 6) AV = ((3/or)’+ (0/or)log/ o )3/ 7 +7 Ay, )P .

By integrating (4.6) over Q(r) with the volume element /o df
r-d"*l(a/amd-lg Qv [or)\/ & dO + r-zg I NPT
Q(») Q7
— (RO — ) v/ 5 a0

When » ranges over a small interval (0, 7,), there exists a positive
constant K, such that

| (R~ ooy | < K foon/ 5 a0

4) see[1]
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because ¢ >2. Hence

r"’“S Q0 or)\/ o dI < Srp""‘Klg ¥O/ = dbdp
Q) 0 Qr)
or

S (O [or)/ & db < r"’“SrKl pd“Sv(‘”\/?df)dp :
Q) 0

Integrating both sides from O to s,
4.7) S ¥\ (5)d0— SSQ (P2 log/ & |ar)(r)\/ o o(r)dodr
Q(s) 0 C

)

ggsrdﬂj:lq pd'lgmp)v(‘”\/F(p)dﬁdpdr .

0

Now set
X() = SQ( #O ()0,

and take positive constants K, and K, such that both

[(@log \/ o [or)(r)| < K
[9(r) | < K,

hold for 0<r<v,.
Then, from (4.7) it follows that
(4.8) X < K Xowdr+ K[ -+ ( o X(p)dpar
< K,K,(s*/2)+ K,K,(s*/ 2d).
In general, it can be shown that
4.9) X(s) < Ky(K,+K,)"27"s"|n!.

The proof can be given by induction on #n. If (4.9) holds up to
n=N—1. Then by subtituting X(r) in the right hand side of (4.8) by
(4.9),

X(s) < K,[(K,+ K)N"2-5 | (N— ) [(K,s*N/2N) +
+ K5/ (2(N—1)+d)2N]
< K(K,+ K,)N2 NN/ N'|

Since NN can be taken arbitrarily large, X(s)=0 for all s. From this
we can conclude that =0 around P. This means the zero points of
*?is open. Therefore * must be identically zero, This contradiction
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proves that +*? is positive everywhere.

Lemma 7. The v is a weak solution of (4.8). Here A is under-
stood as the extension of Laplace-Beltrami operator over L,.

Proof. Take a C” function » on S with

(4. 10) sup pes|(P)| =1,
and a small positive real 5. Define a subset S, of S by
(4.11) S, = {P; (P) > 7}
and
(4.12) S, = S-S, where S’ = {P; v*”(P) >0} .
Set
(4.13) o :SSQdV.

It is easily seen that #' goes to zero as % goes to zero. Take a
function

(4.14) w, = v +qv.
Then
(4. 15) twla= ([, wnl%av)”|

(1, @nav )+ L o0n
27

= "77'+ L - 77+ 0(7%).

=1
—q
1
q
However the quantity <SS lw,,lqu> is a C? function in % and
1/q 1/q 1/g>-1
(4. 16) (g lw,,l"dV) ~<§ (v“”)"dV) ~<S (v“”)"dV) .
Sy S S1

| wmyrwav ey,
S

where C, is a positive constant.
On the other hand

@i ([ @orav)”- (Sslwﬂvdv)‘” ESCILE

(4. 18) ‘Ss(v(‘”)"dV—.‘151(11“”)qu‘ —
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and

(4.19) Hs(v‘”))"‘lvdV——S @)Y 0dV | = 577y .

Sy

These are all obtained in the same manner as (4.15). Combining
(4.15), (4.16), (4.17) (4.18) and (4.19) we have

(4. 20) nm,,w% (le0,]lg— 11221l

= lim, & (lyfl— D) = | @) 0av.
7 s
Now set
(4.21) H(u) = Fo(u)llull;
and let » be a real number with small absolute value. Then
(4.22) F(v*”) = H(?) = lim; Fo(u;) = lim; He(«;) = min, Fe(u) = o> -

Hence

4.23) 0= % (Fo(w,)— F o) = % (Fuw,)— ea>)

1 1

—_— Hg _ 2
(7] IIw,,Hq( (W) — preollw,[1g)

_ sgn(n) (__ <4,(,d,:9 AD _ R » q~1> ) &
[, ng d—2 v Ro? + p gy (0°?)?H odV )+ @, ,

where P, tends to zero as 5 goes to zero.
In order for this inequality to hold for a positive » as well as a
negative 7,

(4.24) [ (M=) agso— R+ ) YoV = 0.

Since v can range over all C” functions with supp|o(P)|<1,
v must satisfy

4(d—1)
d—2

(4. 25) AP — RyD = — lu(q)(v(q))q—l

in the sense of weak solution. This is the same equation as (4.8) and
(1.12).
This completes the proof.

REMARK . ¢ has only to be larger than 2.
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5. In this paragraph we shall prove that a weak solution v of
(4.25) which gives the minimal value of F.(#) for g=p., is actually a
C” function solution, and thus the gap between Lemma 6 and Lemma
7 will be closed.

Lemma 8. The non-negative function v°?, q=2, satisfying (4.25) in
the sense of a weak solution, is C* everywhere and C° except at zero points

of VP,
ReEMARK . By virtue of Lemma 6, there is no zero point of .

Proof. Firstly, the boundedness of »** will be proved.

By G(P, Q) we denote the Green’s function® for 4(;,__21) A, The

Sobolev’s lemma will be formulated in the following form. If

5.1) u(P) = [G(P, Qu@av(@),
where u belongs to L., then u, belongs to L,, where
(5.2) ()7 =)= 2/d),
and
(5.3) el = Collaelly -

Here C, is an absolute constant if (p)"'—(¢’)"'+(2/d) is larger than
a fixed constant. Applying this to (4.25),

6.4 v =[G, QU= ey + Re)aV(Q)+ [52a V(@)
=- (6P, @ 4@V~ [r2av@)
where the function A(Q) belongs to L, with
_(2d _ Nd+2 N\
"= (a‘:z 8)(¢Tz 8) :

Hence ¢? belongs to Le; where

(5.5) (q1)7 = (m))'—(2/d)
=

\")

|

2d 8><1+g§§g8>+*xeﬁ

_d-2(, d
2 O 2

|
[\

Q+aﬁ

S

5) see [3]
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where € is small. Hence we can find a ¢, such that
_2d 2d
(5. 6) 41—‘7_—2+§>d—_2

where ¢ is a positive real number.
Now, notice that the quantity A(Q) belongs to L,,, where

e (430

Then, again by virtue of Sobolev’s lemma,  belongs to L5 with

5.8)  (gh) ' = (m)—(2/d) = 412

2d+(d— Z)é’ d
d(d+2) 4d —2(d— 2)§ d 2 d—2 .\
@d+(d—2)6)d ( )( 2d C) :

Therefore ¢, can be taken as

R BT

or in particular

By repeating these procedures, we can easily show that v belongs
to L,,, with

_2d d+2>” !
(5. 10) an= 2+ (210"
Take an integer # large enough so that
d d+2-_d d+2
(5. 11) g.= (Lo )i¥2> 4 442,

Here &, is a positive real number. Then,
(5.12) supp v'P(P) < supp |[(P, Q)lgycan-llt?|lq,+ finite number.

The right hand side is bounded because the part involving the
Green’s function is finite.

Once the essential boundedness is established, apply G(P, @), and we
have the proof immediately®.

6. Proofs of Theorems B and C.

6) See Appendix.
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Theorem B follows immediately from Lemmas 6, 7, and 8. We shall
proceed to prove Theorem C. '

Lemma 9. The family of functions {v‘“} are uniformly bounded for

2<¢<2d/(d—2).

Proof. Take a positive fixed &, >1. Using the procedure in the
proof of Lemma 8, starting at ¢,=2d/(d—2)+¢,, we can see that at each ¢

61 @@ ()5 - <7§_5—2) >4

d—2
and if
_(d d—+2
dx (7‘*‘ §1>—__—2 s
then
(6.2) [[0*°]]g, = C37|0°lg, -

Here C; is defined in (5.3). From this it follows that

(6.3) A(g) =< supp||G(P, Q)lgy/can-1C8  [10]lq,
= Gillv*llq,
where
(6.4) A(g) = suppv*?(P)
and C, is an absolute constant.
However
(6.5) (1147 = M) ([[v*]]4)*

= A(g)"7 = A(g)%*®.
Hence for small &,

(6. 6) 02|, < A(g)S2T /0

= AMg).

Notice that A(g) may be assumed to be <1.
Combining this with (6.3), we can see that

(6.7) AMg) =< CAg)*2,
or

A(g) 2= C,.
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This proves the uniformly boundedness of ¢*®’s.

Proof of Theorem C. Since ¢‘“’s are uniformly bounded,

(6.11) limyseara-oo| GOP, QURIED— @) ) V(@)
+| #7@avi@) =

converges uniformly to a C' function when we take a suitable sequence
of ¢’s. This limit # must satisfy

4d-1) ,

(6.14) @2

- _— NCd+2)/cd -2
#— Rit = — ezasca-an(#)° =2

weakly. From this we can easily obtain the C® property for # because
of the boundedness of #. Again, Lemma 6 is available and # can be
proved to be C” because it is bounded C? function without zero points,
satisfying (6.14). This is nothing but the equation (1.10). Thus Theorem
C has been proved.

A direct consequnce of Therem A is that if R is everywhere non
negative, then R, the scalar curvature of the new structure, is a non-
negative constant and is zero just in case R is everywhere zero. If R
is everywhere non-positive and not identically zero, then R is negative
because it is less than F@#/@=2>(1)<0.
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Appendix

Supplement to the proof of Lemma 8.
Once the essential boundedness of v°? is established, it immediately
follows that ¢ is C'. Hence v*?, being a solution of an equation

AVD = RSP — pgy(v )7,

is a C* solution except at zero point of »®. Repeating this kind of
procedures, we can see that o is C” except at zero point of <.
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REMARK . As is seen very easily, if the original structure is C%*, k=3,
o, then # itself is also C* k=1 and o.

REMARK . Prof. J. Serrin notified the author that Lemma 6 can be

proved by using E. Hopf’s maximum principle (cf. [5]).
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