BULLETIN (New Series) OF THE
AMERICAN MATHEMATICAL SOCIETY
Volume 17, Number 1, July 1987

THE YAMABE PROBLEM

JOHN M. LEE AND THOMAS H. PARKER

Contents

. Introduction

. Geometric and analytic preliminaries
The model case: the sphere

The variational approach

Conformal normal coordinates

. Stereographic projections

. The test function estimate

. General relativity

9. Analysis on asymptotically flat manifolds
10. The positive mass theorem

11. Solution of the Yamabe problem
Appendix: Witten’s proof
Bibliography

0NN A WD

1. Introduction. Riemannian differential geometry originated in attempts to
generalize the highly successful theory of compact surfaces. From the earliest
days, conformal changes of metric (multiplication of the metric by a positive
function) have played an important role in surface theory. For example, one
consequence of the famous uniformization theorem of complex analysis is the
fact that every surface has a conformal metric of constant (Gaussian) curva-
ture. This provides a “standard model” for each homeomorphism class of
surfaces, and reduces topological questions to differential geometric ones.

Life would be simple if the naive generalization of this theorem held in
higher dimensions: every n-manifold would have a conformal metric of con-
stant curvature, and questions in differential topology would be reduced to
geometric questions about the constant-curvature models. However, it is easy
to see that this cannot be true. In general the problem is highly overde-
termined: the curvature tensor has on the order of n* independent compo-
nents, while a conformal change of metric allows us to choose only one
unknown function. For example, if n > 4, the Weyl tensor, formed from the
components of the Riemannian curvature tensor, is conformally invariant and
vanishes if and only if the metric is locally conformally equivalent to the
Euclidean metric. From this point of view it seems natural instead to seek a
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conformal change of metric that makes only the scalar curvature (the complete
contraction of the curvature tensor) constant, for then we are looking for one
unknown function to satisfy one condition. Thus we are led to:

The Yamabe Problem. Given a compact Riemannian manifold (M, g) of
dimension n > 3, find a metric conformal to g with constant scalar curvature.

In 1960, H. Yamabe [Y] attempted to solve this problem using techniques of
calculus of variations and elliptic partial differential equations. He claimed
that every compact Riemannian n-manifold M has a conformal metric of
constant scalar curvature. Unfortunately, his proof contained an error, dis-
covered in 1968 by Neil Trudinger [T]. Trudinger was able to repair the proof,
but only with a rather restrictive assumption on the manifold M. In order to
understand the restriction, let us describe Yamabe’s approach.

Suppose (M, g) is a compact Riemannian manifold of dimension » > 3
(which we will always assume is connected). Any metric conformal to g can be
written § = e?/g, where f is a smooth real-valued function on M. If S and §
denote the scalar curvatures of g and g, respectively, they satisfy the transfor-
mation law:

§=e (s +2n-1)af~(n—1)(n-2)|v/]),

in which Af denotes the Laplacian of f and Vf its covariant derivative,
defined with respect to the metric g. This formula is considerably simplified if
we make the substitution e?/ = @?~2, with p = 2n/(n — 2) and § = ¢? ’g:
(1.1) §=(p1_p(4z__—;Atp+ Sqo).

NOTATION. Throughout this paper, we will use the following notations:

. 2n n—1
n=dimM > 3; p—m, a—4n_2,
Thus § = p?~2g has constant scalar curvature A iff ¢ satisfies the Yamabe
equation:
(1.2) Op = Ap? L.

This is a sort of “nonlinear eigenvalue problem.” The analytic properties of
the equation O¢ = A@? depend critically on the value of the exponent ¢: when
g = 1, the equation is just the linear eigenvalue problem for 0. When g is close
to 1, as we will see in §4, its analytic behavior is quite similar to that of the
linear case, and the problem is easily solved. When ¢ is very large, the methods
based on linear theory break down altogether. It happens that the exponent
qg=p—1=(n+ 2)/(n— 2) that occurs in the Yamabe equation is precisely
the critical value, below which the equation is easy to solve and above which it
may be impossible. This accounts for the analytic complexity of the Yamabe
problem.

Yamabe observed that equation (1.2) is the Euler-Lagrange equation for the
functional

(1.3) 0(8) =",

O=aA+ S.
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where g is allowed to vary over metrics conformally equivalent to g. To see
this, observe that Q can be written Q(g) = Q(¢? %g) = Q,(¢), where

0,(9) = E(0)/llol3,

1/p
— 2 2 — 7
E(o) = [ avol +se'av,, loly= ([ lof ar,] .
Then for any ¢ € C*(M), integration by parts yields

d 2 -p
= + ¢ = alp + Sp — E Py dv,.
a2e )| ol fM( ¢+ Sp ~llol, E(e)e? )y av,
Thus ¢ is a critical point of Q, if and only if it satisfies the Yamabe equation

(1.2) with A = E()/ll9ll2.
Since by Holder’s inequality |/, S¢?| is bounded by a multiple of ||@||3, it
follows easily that O, (and thus Q) is bounded below. We set

(1.5)  A(M)=inf{Q(g): & conformalto g}
= inf{Q,(¢): @ a smooth, positive function on M }.

(1.4)

This constant A(M) is an invariant of the conformal class of (M, g), called the
Yamabe invariant. Its value is central to the analysis of the Yamabe problem.

The solution of the Yamabe problem follows its historical development. It is
summarized by three main theorems.

Trudinger’s modification of Yamabe’s proof worked whenever A(M) < 0.
In fact, he showed that there is a positive constant a( M) such that the proof
works when A(M) < a(M). Now it is easy to show (see §3) that A(M) <
A(S™), where S” is the sphere with its standard metric. In 1976, Thierry Aubin
[A2] extended Trudinger’s result by showing, in effect, that a(M) = A(S") for
every M. This established:

THEOREM A (YAMABE, TRUDINGER, AUBIN). The Yamabe problem can be
solved on any compact manifold M with A\(M) < A(S™), where S" is the sphere
with its standard metric.

This result shifts the focus of the proof from analysis to the problem of
understanding the essentially geometric invariant A(M). The obvious ap-
proach to showing that A(M) < A(S") is to find a “test function” ¢ with
Q,(®) < A(S™). Aubin [A2] sought such a function compactly supported in a
small neighborhood of a point P € M. By carefully studying the local geome-
try of M near P in normal coordinates, he was able to construct such test
functions in many cases, proving the following theorem.

THEOREM B (AUBIN). If M has dimension n > 6 and is not locally conformally
flat then A\(M) < A(S™).

The remaining cases are more difficult because the local conformal geometry
does not contain sufficient information to conclude that A(M) < A(S™). These
cases thus require the construction of a global test function. This was done by
Richard Schoen [S] in 1984. His theorem completes the solution of the
Y amabe problem.
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THEOREM C (SCHOEN). If M has dimension 3, 4, or 5, or if M is locally
conformally flat, then N\(M) < A(S") unless M is conformal to the standard
sphere.

Schoen’s proof introduced two important new ideas. First, he recognized the
key role of the Green function for the operator 00; in fact, his test function was
simply the Green function with its singularity smoothed out. Second, he
discovered the unexpected relevance of the positive mass theorem of general
relativity, which had recently been proved in dimensions 3 and 4 by Schoen
and S.-T. Tau [SY1, SY2, SY4]. A curious feature of Schoen’s proof is that it
works only in the cases not covered by Aubin’s theorem.

The proof of Theorem C actually requires an n-dimensional version (as yet
unpublished) of the positive mass theorem, which was announced by Schoen in
[S]. The 5-dimensional case appears to be a straightforward generalization of
the 4-dimensional proof in [SY2]. The higher-dimensional case is more dif-
ficult. However, for n > 6 the result is needed only for locally conformally flat
manifolds; Schoen and Yau [SY6] have recently given an alternate proof for
this case (see §10).

The solution of the Yamabe problem marks a milestone in the development
of the theory of nonlinear partial differential equations. Semilinear equations
of the form (1.2) with critical exponent arise in many contexts and have long
been studied by analysts. This is the first time that such an equation has been
completely solved.

The aim of the present paper is to provide a unified expository account of
the proof of the Yamabe theorem, presenting for the first time the complete
solution in one place. This account should be accessible to anyone familiar
with enough differential geometry to feel comfortable with tensors, covariant
derivatives, and normal coordinates; and enough analysis to follow arguments
involving Sobolev and Holder spaces and basic elliptic regularity theory for the
Laplace operator.

The proof we present is self-contained (except for a central step in the
positive mass theorem), and incorporates several improvements over the proofs
currently available in the literature. Most importantly, we show how to recast
the local proof of Aubin and the global proof of Schoen in a single framework.

The key simplification is achieved by introducing a special coordinate
system, called “conformal normal coordinates”. These are analogous to geo-
desic normal coordinates on a Riemannian manifold, and greatly simplify local
analysis on conformal manifolds. (A related coordinate system was invented by
Robin Graham [G] to study conformal invariant theory.)

Using the Green function for O, we define a “stereographic projection” from
M minus a point to a noncompact manifold M with zero scalar curvature. We
then construct a test function on M whose Yamabe quotient is very close to
that of the sphere. Conformal normal coordinates allow us to obtain a precise
estimate of this Yamabe quotient. This shows that A(M) < A(S") provided a
certain quantity called the “distortion coefficient” is positive. This coefficient
measures the average behavior of the metric on M near infinity. In the case of
Theorem B, it is readily computed from the local conformal geometry of M,
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while in the case of Theorem C its positivity follows from the positive mass
theorem.

This approach, we feel, sheds considerable light on the relationship between
Theorems B and C, and eliminates the need for the “delicate perturbation
argument” that Schoen used to handle dimensions 4 and 5. It also shows that
the expansion of the Green function contains all the information needed to
prove that A(M) < A(S").

In §2 of this paper, we recall the notation and background material from
differential geometry and analysis that we will be using throughout the paper.
§3 is a discussion of the “model case” for the Yamabe problem, the sphere
with its standard metric. In §4, we complete the analytic part of the proof by
showing that the problem can be solved if A(M) < A(S").

Conformal normal coordinates are introduced in §5, and used to give a very
simple proof of Aubin’s theorem. In §6, we define a stereographic projection
for a compact manifold with positive Yamabe invariant, and derive the
asymptotic expansion of its metric explicitly to high order. In §7 we construct a
test function on M and compute its Yamabe quotient.

§88, 9, and 10 give a brief treatment of the positive mass theorem. In §8, we
introduce the physicists’ notion of mass of an asymptotically flat manifold,
and describe the physical motivation for the positive mass and positive action
conjectures. §9 discusses some analytic tools for asymptotically flat manifolds,
and §10 sketches a proof of the n-dimensional positive mass theorem. Finally,
in §11 we complete the proof of the Yamabe theorem.

We are indebted to Karen Uhlenbeck, who first introduced us to the
Yamabe problem, and to David Jerison, whose ideas about the expansion of
the Green function were very helpful in early conversations. We would also
like to thank Jean-Pierre Bourguignon for helpful comments on the manuscript.

2. Geometric and analytic preliminaries. In this section we collect some
notations and well-known facts from differential geometry and the theory of
linear partial differential equations on manifolds. Most of the results stated
here without proof can be found in [KN, A3, or GT].

Geometric notations. We use standard index notation for tensors. If g, are
the components of the metric tensor with respect to a coordinate system { x'},
g« and its inverse g’* are used to raise and lower indices: T/, = gf’T -« The
metric extends to an inner product on tensors of any type: for example, the
norm of the 2-tensor T with components T}, is |T|* = T, T/* = g/'g*"T, T,,.

Covariant differentiation is denoted by v. If f is a function on M, its
covariant derivative is the 1-tensor v/ whose components we will write f,. The
mth covariant derivative of f is the m-tensor v "f, with components f,l,2
If T is a tensor, indices of V™7 that result from differentiation will be
separated by a comma: for example, if 7}, are the components of a 2-tensor T
as above, then the components of ¥ *T are denoted by T}, .

The Euclidean volume form dx! A --- Adx" on R” w111 be denoted by dx.
The standard volume form on the unit (n — 1)-sphere in R”* will be denoted by
dw, and we write dw, = r" 'dw for the volume form on the sphere S, of
radius r. We let w denote the volume of the unit sphere, and w, = r" 1. If g
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is a Riemannian metric, dV, denotes its Riemannian density, which is defined
whether or not M is oriented. In local coordinates, dV, = (det g)'/?|dx|.

The divergence operator is the formal adjoint ¥ * of v, given on 1-forms by
V*» = —w,; . On a compact manifold with boundary it satisfies the diver-
gence theorem

[ vredr,= = [ w(N)an,

where g is the induced metric on 9M and N is the outward unit normal. (If M
is oriented this is just Stokes’ theorem. If not, it follows from Stokes’ theorem
on the oriented double cover of M.) The Laplacian is the second-order
differential operator A given on functions by

(2.1) Au=v*vu= —(det g)_l/za,.(g‘f(det g)l/laju).

On a compact manifold without boundary the divergence theorem yields the
“integration by parts” formula

[ (vo.vuyav, = [ vhuav,.

The Riemannian curvature tensor is the tensor with components R,
computed in a coordinate system {x’'} by:

Rijkl = <R(ak>al)aj’ai>’
where R is the curvature operator R(V, W) = [V, V] — V(- It satisfies
the Ricci identity

(2-2) Wikt~ Wik = Rijklwi

for any one-form w, dx’, and the Bianchi identities:

(2~3) Rijkl + Riklj + Riljk =0, Rijkl,m + Rijlm,k + R 0.

ijmk, —
The Ricci tensor is the contraction R, = R"jk, of the curvature tensor, and
the scalar curvature is the trace S = R/ of the Ricci tensor. M is said to be
Einstein if its Ricci tensor is a scalar multiple of the metric, or equivalently if
the traceless Ricci tensor B;; = R;; — (S/n)g;; vanishes. Contracting the
second equation in (2.3) on the indices i, k and again on j, /, we obtain:

(2.4) S, — 2R .=0.

It follows that an Einstein manifold has constant scalar curvature.
The remaining components of the curvature tensor constitute the Weyl tensor
W, with components:

1
Wikt = Riju — 'm(Rikgﬂ = R 8j+ R;8i — R,g.)

S
+ . e ).
T = 1) (n = 2) (88 ~ 8uB)
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(This formula is chosen so that the trace of W on any pair of indices vanishes.
W vanishes identically if n = 3.) Using the definitions of W and B, we can
write the curvature tensor as a sum of three parts:

1
Rijui= Wi + m(Bikgjl = B8+ B8 — Bjkgil)
S
+ m(gikgj: ~ 8u&r)-

In particular, if W =0 and B = 0, the curvature tensor is completely de-
termined by the (constant) scalar curvature S, and M is said to have constant
curvature. It is well known that a complete, simply connected manifold of
constant curvature is isometric to R”, S, or n-dimensional hyperbolic space.

If g = e*/g is a metric conformal to g, one can compute the components of
the curvature tensor R of § in terms of those of the curvature of g. The results
we will need are the transformation laws for the Ricci and scalar curvatures:

(2.5) Ru=Ry—(n=2)fu+(n=2)ffi +(Af =(n = 2)ff) g5
(2.6) S=e(S+2n-1)Af—(n—1)(n-2)ff).

As in the introduction, this can be rewritten in the form (1.1). One computes
also that the Weyl tensor is conformally invariant: W', = W',,.

A Riemannian manifold M is said to be locally conformally flat if it is locally
conformal to Euclidean space. It is a classical result (see for example [E, §28])
that for n > 4 the Weyl tensor vanishes identically if and only if M is locally
conformally flat.

The operator O = aA + S, where a = 4(n — 1)/(n — 2), is called the con-
formal Laplacian. 1t is conformally invariant in the following sense. If § =
@”? %g (with p = 2n/(n — 2)) is a metric conformal to g, and O is similarly
defined with respect to g, then computing A in terms of A and using the
transformation law (1.1) for scalar curvature, one finds that

(2.7) O(e~tu) = ¢ P0Ou.

Analytic preliminaries. Suppose P is a linear partial differential operator on
a manifold M. If u and f are locally integrable functions on M, we say u is a
weak (or distribution) solution to the equation Pu = f if, for every smooth
compactly supported function g,

jM uP*pdV, = fM fodv,,

in which P* is the formal adjoint of P, obtained from P by formally
integrating by parts. (In particular, A* = A.)

There are many function spaces used in solving differential equations; a
nonlinear problem such as the Yamabe problem requires the use of a number
of them. Therefore, we begin by defining the spaces we will be using.
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If ¢ > 1, the Lebesgue space LI(M) is the set of locally integrable functions
u on M for which the norm

1/q
q
lull = ([, 1",
is finite.

If in addition k is a nonnegative integer, the Sobolev space L}(M) is the set
of u € LY(M) such that Pu = f € LIY(M) (in the weak sense) whenever P is a
smooth differential operator of order < k. We define the Sobolev norm || ||, ,
on L}(M) by:

1/q

k
i9
Jullos = (EO/M vl ay,

The space C¥(M) is the set of k times continuously differentiable functions
on M, for which the norm

k

lullek = X sup |v'ul
i=0 M

is finite. Then the Holder space C**(M) is defined for 0 < « < 1 as the set of
u € C¥(M) for which the norm
k _ ok
Julls = Jule + sup 1774 =V 2el2)]
x.y |x =yl

is finite, where the supremum is over all x # y such that y is contained in a
normal coordinate neighborhood of x, and v “u( y) is taken to mean the tensor
at x obtained by parallel transport along the radial geodesic from x to y. As
usual, C*(M) and C*(M) denote the spaces of smooth functions and smooth
compactly supported functions on M, respectively. We note that if M is
complete, C*(M) is dense in Lj(M).

The relations among these spaces are expressed in the following theorems.

THEOREM 2.1 (SOBOLEV EMBEDDING THEOREMS FOR R").
(a) Suppose

r q n’
Then L}(R") is continuously embedded in L'(R"). In particular, for q =2,
k=1,r=p = 2n/(n — 2), we have the following Sobolev inequality:
2 2
(28) lols <o.f [voldr, e Li®).

We will call the smallest such constant o, the n-dimensional Sobolev constant.
(b) Suppose 0 < a < 1, and

Then Lj(R") is continuously embedded in C*(R"). O



THE YAMABE PROBLEM 45

We can transfer these results to a compact manifold M by covering M with
small coordinate patches, applying the above theorems in normal coordinates,
and summing the results with a partition of unity. The general results are
expressed in the following theorem.

THEOREM 2.2 (SOBOLEV EMBEDDING THEOREMS FOR COMPACT MANIFOLDS).
Suppose M is a compact Riemannian manifold of dimension n ( possibly with C*
boundary).

(@ 1f

1
-2
r

_k
n’

Q|

then LZ(M ) is continuously embedded in L'(M).

(b) (RELLICH-KONDRAKOV THEOREM) Suppose strict inequality holds in (a).
Then the inclusion Li(M) C L'(M) is a compact operator.

(c) Suppose 0 < a < 1, and

Then L} (M) is continuously embedded in C*(M). O

It is an important fact, due to Aubin, that in a certain sense the Sobolev
inequality holds with the same constant on any compact manifold M. We
present here a simple proof of this result. The technique is typical of the proofs
of Theorem 2.2.

THEOREM 2.3 (AUBIN [A1]). Let M be a compact Riemannian manifold with
metric g, p =2n/(n — 2), and let o, be the best Sobolev constant defined in
Theorem 2.1(a). Then for every € > O there exists a constant C, such that for all
¢ € C*(M),

2 2
lolls < (1 +e)o, [ Ivel'av,+C,[ o*av,.

PrROOF. Fix & > 0. Around each point P € M we can choose a neighbor-
hood U such that, in normal coordinates on U, the eigenvalues of g, are
between (1 + €)~! and (1 + ¢), and furthermore dv, = fdx where (1 + e)~!
< f< (@1 + &). Choose a finite subcover {U;} and a subordinate partition of
unity, which we may write as {a?}, where a; € C*°(M) and La? = 1. Then
we have

2
ol =191z =| S aie?
i

» 2/p
<Z([, lasl av,)

p/2

2 >\
<(1+e) /pZ(fU la,o| dx) .
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The Sobolev inequality on R” (2.8), together with our estimates on the
deviation of g and dV, from the Euclidean metric, imply

2/p
([t as| <o [vtam o,
y Y

2
<(+e)o,[ |V(ae)| dv,
U
where | |, represents the Euclidean metric in normal coordinates. Furthermore,
2 2
v(a9)| = allvel + 209(va,ve) + ¢ va,|’

< (1 +e)allvel +(1+e)elva,l;
the last line follows from the Cauchy-Schwartz inequality and the inequality
2ab < ga? + ¢~ b2 Thus for & small,

lol, < 0 +4e)0,L [ olvol'av, + C.L [ ¢Plvel av,
iy i vy

2
< (1 +4e)o,| |vol dV,+ C/| ¢*dv,. ]
(1 +4e)a, [ Vol av,+ /[ ¢av,
Next we turn to the analysis of the Laplace operator A.

THEOREM 2.4 (LOCAL ELLIPTIC REGULARITY). Suppose (2 is an open set in R”,
A is the Laplacian with respect to any metric on Q, and u € L} (Q) is a weak
solution to Au = f.

(@) If f€ LY(RQ), then u€ L}, ,(K) for any compact set K € Q, and if
u € LY(Q) then

g 0 < C(18ulLz3cay + Ny )-

(b) (Schauder estimates). If f€ C*%(Q), then u € CK*>%(K) for any
compact subset K € Q, and ifu € C*(Q) then

”“”ck”'“(x) < C(”A””c"'ﬂ(ﬂ) + "u”C"(Q))' a

By a procedure similar to that mentioned above, these results can be
transferred to a compact manifold.

THEOREM 2.5 (GLOBAL ELLIPTIC REGULARITY). Let M be a compact Rieman-
nian manifold, and suppose u € L' (M) is a weak solution to Au = f.
(@) If f€ LY(M), thenu € L}, ,(M), and
lullg.e+2 < C(IAullge +Ilullq).
(b) If f € C**(M), thenu € C****(M), and
lullcxeze < C(lAullcre +ullce). o
THEOREM 2.6 (STRONG MAXIMUM PRINCIPLE). Suppose h is a nonnegative,

smooth function on a connected manifold M, and u € C*(M) satisfies (A + h)u
> 0. If u attains its minimum m < 0, then u is constant on M. O
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PROPOSITION 2.7 (WEAK REMOVABLE SINGULARITIES THEOREM). Let U be an
open set in M and P € U. Suppose u is a weak solution of (A + h)u =0 on
U— (P}, withh e L"*(U) and u € LYU) for some q > p/2 =n/(n — 2).
Then u satisfies (A + h)u = 0 weakly on all of U.

PrOOF. We need to show that
fU (ube + hup)dV, =0

for any ¢ € C*(U). Choose a € CX(U) with support in a ball Bi(P) of
small radius R around P, such that @ =1 in By ,(P), and define a,(x) =
a(x/e) in normal coordinates around P. Then «, is supported in B, (P).
Since (1 — a,)¢ is compactly supported in U — { P} and (A + h)u = O there,

fU (ubg + hug) dV, = fu(uA(aE(p) + huap) dV,.

We will show that the right-hand side goes to zero as ¢ — 0.
Note that hu is integrable by Holder’s inequality, and so the second term
above goes to zero as the support of «, shrinks. As for the first term, we have

A(ag) = pha, — 2(Va,, Vo) + aAg.
It is easy to check that [Va,| < C/e and |Aa,| < C/e? Therefore, if ¢! + r~!
= 1’

U ub(ag)dv,
U

< Ce‘zf |ulav,
BsR

1/r
< c8-2||u||l,(f3 dVg)
eR

< Ce/ull,

Since g > p/2 implies n/r > 2, this goes to zeroas ¢ = 0. O
Note that the example u = r>~" on Euclidean space shows that the hy-
pothesis ¢ > p/2 cannot be improved.

THEOREM 2.8 (EXISTENCE OF THE GREEN FUNCTION). Suppose M is a
compact Riemannian manifold of dimension n > 3, and h is a strictly positive
smooth function on M. For each P € M, there exists a unique smooth function T'p
on M — { P}, called the Green function for A + h at P, such that (A + h)[', = 6,
in the distribution sense, where 8y, is the Dirac measure at P. O

3. The model case: the sphere. The analysis of the Yamabe equation (1.2)
depends upon a precise understanding of the model case of the sphere S”. In
this section we will describe the solution to the Yamabe problem on S” and
prove that the infimum of the Yamabe functional (1.3) is realized by the
standard metric on the sphere. We will also show how this leads to the sharp
form of the Sobolev inequality on R". Using the extremals for this inequality
we will show that A(M) < A(S™) for any compact manifold M.
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Let P = (0,...,0,1) be the north pole on $” C R"*1, Stereographic projec-
tion o: S” — { P} — R” is defined by o({%,...,{" &) = (x1,..., x") for (¢, §)
€ 8" — { P}, where

x =8¢/ - ¢).
It is easy to verify that o is a conformal diffeomorphism. In fact, if g is the

standard metric on S”, and ds? the Euclidean metric on R”, then under o, g
corresponds to

p*g = 4(|x|2 + 1)*2ds2,

where p denotes o', This can be written as 4u”~>ds?, where
2 2-n)/2
(3.1) u(x) = (x| +1) .

By means of stereographic projection, it is simple to write down conformal
diffeomorphisms of the sphere. The group of such diffeomorphisms is gener-
ated by the rotations, together with maps of the form o~ '7,0 and ¢~ 6, where
7,, 0,: R* = R" are respectively translation by v € R":

7(x)=x—v,
and dilation by a > 0;
8,(x)=a lx.

The spherical metric on R” transforms under dilations to

2 2\(2-n)/2
(3.2)  820*g = 4ul 2ds®,  where u,(x) = ('—"'—:—"‘—) :

There is an obvious metric of constant scalar curvature on the sphere,
namely the standard metric. It is an important fact that this metric in fact
minimizes the Yamabe functional Q (see Theorem 3.2 below). This result is
due originally to Aubin [A1l], and independently to G. Talenti [Ta]. We will
give a simpler proof, due to Karen Uhlenbeck and Morio Obata.

First we note that the infimum A(S”) is actually attained by a smooth
metric g in the conformal class of the standard metric g. This will be proved
later in §4 (Proposition 4.6). This extremal metric g is thus a metric on S”,
conformal to the standard one, which has constant scalar curvature. The
following proposition shows that such a metric must be the standard one (up
to a conformal diffeomorphism and a constant scale factor). Our proof is a
simplification of Obata’s original argument. (The last step was improved
following a suggestion of Roger Penrose.)

PROPOSITION 3.1 (OBATA [O)). If g is a metric on S" that is conformal to the
standard metric g and has constant scalar curvature, then up to a constant scale
factor, g is obtained from g by a conformal diffeomorphism of the sphere.

Proor. We begin by showing that g is Einstein. Considering the given
metric g as “background” metric on the sphere, we can write § = ¢~ 2g, where
@ € C®(S") is strictly positive. Making the substitution e?/ = ¢~2 in the
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transformation law (2.5) for the Ricci tensor, we obtain:
= - 9,9’
Ry=Ry+o¢ '{(n-2)p, —(n~- 1)ngk — Apg |,

in which the covariant derivatives and Laplacian are to be taken with respect
to g, not with respect to the standard metric g. If B, = R, — (S/n)g;
represents the traceless Ricci tensor, then since g is Finstein,

(3-3) 0=§jk=Bjk+(n"‘ 2)q)_1(q)jk+(1/")Aq3gjk)~
Since the scalar curvature S is constant, the contracted Bianchi identity (2.4)

implies that the divergence R’ ; of the Ricci tensor vanishes identically, and
thus so also does B’ ;. Because B;, is traceless, integration by parts gives

2 .
(3.4) [S ¢|B| av, = fs @B, B/ dV,

: 1
=—(n- 2)1;,. Bjk((pjk + ;A(ngk) dv,

—(n— 2)]; Bjk‘ijdVg

=(n- 2)fsn B, q,dV, = 0.

Thus B;, must be identically zero, and so g is Einstein.

Since g is conformal to the standard metric g on the sphere, which is locally
conformally flat, we have W = 0 as well as B = 0. As noted in §2, this implies
that g has constant curvature, and so (S”, g) is isometric to a standard sphere.
The isometry is the desired conformal diffeomorphism. O

Combining Propositions 3.1 and 4.6, we obtain the complete solution to the
Yamabe problem on the sphere:

THEOREM 3.2. The Yamabe functional (1.3) on (S",g) is minimized by
constant multiples of the standard metric and its images under conformal diffeo-
morphisms. These are the only metrics conformal to the standard one on S" that
have constant scalar curvature. 0O

The Sobolev inequality. The above theorem is closely related to the Sobolev
inequality (2.8) on R”. Since the infimum of the Yamabe functional on the
sphere is conformally invariant, stereographic projection converts the Yamabe
problem on S” to an equivalent problem on R”, as follows.

First it is useful to observe that the restriction to smooth positive test
functions in the definition (1.5) of A(M) is unnecessary. Indeed, the functional
Q, is continuous on L2(M) by the Sobolev theorem, and C®(M) is dense
in L3(M). But 0.(le) = Q,(¢) for smooth g, and a nonnegative function can
be approximated arbitrarily closely in L? norm by a positive function. Thus
A(M) is the infimum of Q, over all of L}(M).

For ¢ € C*(S"), let p denote the weighted push-forward function on R”
defined by @ = u;p*p, with u; the conformal factor given by (3.1). We then
have

p*(@7 %) = 457 2ds.
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By the conformal invariance of Q,

2
- [ralve| dx
A(S )_ egolof(sn) —P 2/17.
? (fR" 9| dx)

But a simple argument using cutoff functions (cf. Lemma 3.4 below) shows
that @ can be approximated by compactly supported functions, and therefore

2 2
3.5 A(S")= inf 4|V .
(35) (s = _infalvel:/lsl;

The Sobolev inequality says that A(S”) > 0. Thus, identifying A(S") and
the associated extremal functions is equivalent to identifying the best constant
and extremal functions for the Sobolev inequality. Theorem 3.2 then can be
rephrased in the following way.

THEOREM 3.3. The n-dimensional Sobolev constant o, is equal to a/ A\, where
A =A(S") = Q(g) = n(n—1)vol($")*".

Thus the sharp form of the Sobolev inequality on R” is:

2 a 2
(3.6) ol <5 J, Vol dx.

Equality is attained only by constant multiples and translates of the functions u,,
defined by (3.2). O

An upper bound for the Yamabe invariant. An extremely important feature of
the extremal functions u, is that they become more and more concentrated
near the origin as a — 0. In fact, as the following lemma shows, they can be
approximated very closely by compactly supported functions, which can in
turn be transplanted to a small neighborhood on a manifold M to obtain a test
function whose Yamabe quotient is very close to A(S™).

LeMMA 3.4 (AUBIN [A2]). If M is any compact Riemannian manifold of
dimension n > 3, then A\(M) < A(S").

PROOF. The functions u, satisfy a||Vu,/3 = Allu,||> on R”. For any fixed
e > 0, let B, denote the ball of radius & in R", and choose a smooth radial
cutoff function 0 < n < 1 supported in B,,, with n =1 on B,. Consider the
smooth, compactly supported function ¢ = nu,. Since ¢ is a function of
r = |x| alone,

(3.7) / aIqulzdx =f (mﬂVu,,l2 + 2anu VN, Vu,) + auilV'qlz) dx
R B

2e

2
dug| dx + C d 3) dx,
S'/l;,, al rual X+ -/,:1, (ual rua|+ ua) X
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where A4, denotes the annulus B,, — B,. To estimate these terms we observe
that
2 2\ —n/2
ro+a
(33) B, = 2 = myra [ )

and so u, < a""?/2r27" and |9,u,| < (n — 2)a"~P/%r1 7" Thus, for fixed e,
the second term in (3.7) is O(a”"~2) as @ — 0. For the first term,

2/p
ul dx )

2/p
<A f e?dx + a"r " dx
BZ: Rﬂ_Be

2
3.9 d dx = A Pdx +
O RN

R"— B,

2/p
+ 0(a").

= A(‘/)‘B @?dx

2e

Therefore the Sobolev quotient of ¢ on R” is less than A + Ca" 2.

On a compact manifold M, let ¢ = nu, in normal coordinates {x'} in a
neighborhood of P € M, extended by zero to a smooth function on M. Since
@ is a radial function and g’” = 1 in normal coordinates, we have |V |? = |0,¢|?
as before. The only corrections to the above estimate are introduced by the
scalar curvature term and the difference between dV, and dx. Since dV, =
(1 + O(r)) dx in normal coordinates, the previous calculation gives

E(9) =fB (alvel + S¢*) av,

<(1+ Ce)(A||(p||3, + Ca" 2 + sze f uir"ldwdr).
o s

Lemma 3.5 below shows that the last term is bounded by a constant multiple
of a. Thus, choosing first € and then a small, we can arrange that

Q,(9) < (1 + Ce)(A + Ca),

which proves that A\(M) < A. O
The following simple calculus lemma will be used again in §5, so we state it
in somewhat more generality than needed for the above argument.

LEMMA 3.5. Suppose k > —n. Then as a — 0,
I(a) = fe rkurn=tar
0
is bounded above and below by positive multiples of o**% if n >k + 4,
a**2log(l/a) ifn =k + 4, and «" % ifn < k + 4.
PrOOF. The substitution ¢ = r/a gives

I(a) = a"”fs/a o**t"1(6% + 1)* " do.
0
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Observe that 62 < 6> + 1 < 202 for 0 > 1, so I(«) is bounded above and
below by positive multiples of

ak+2(c+/€/"‘ ok+3~nd0).
1

The expression in parentheses is bounded if n > k + 4; it is comparable to
a" k" 4ifn <k +4,andtolog(l/a)if n=k+4. O

4. The variational approach. In this section we will prove that the Yamabe
problem can be solved on a general compact manifold M provided that
A(M) < A(S™). This is the analytic part of the solution.

The most direct approach to minimizing (1.4) would be to construct a
sequence of functions for which the functional Q, approaches its infimum (a
“minimizing sequence”), and hope that some subsequence converges to an
actual extremal function. However, as we shall see, because the exponent p
that occurs in the definition of Q, is exactly the critical exponent for the
Sobolev inequality, this direct approach does not work.

Suppose {u,} is a sequence of smooth functions such that Q (u,) = A(M).
By homogeneity we can assume that ||u,||, = 1 for each i. Then

lelos = [ (Ivul + u?)av,
—to,w)+ [ (1- 3wy,

1 2
<L0,(u) + clul,

by Holder’s inequality. Therefore, {«,} is bounded in L}(M). Since bounded
sets in a Hilbert space are weakly precompact, this implies that a subsequence
converges weakly to a function ¢ € L}(M). But since p is precisely the
exponent for which the inclusion L? C L? is not compact, we have no
guarantee that the constraint ||u,||, = 1 is preserved in the limit. In particular,
the limit function ¢ may be identically zero.

The subcritical equation. Yamabe’s approach was to consider first the per-
turbed functional Q*(¢) = E(¢)/|l¢||* for2 < s < p. Weset A, = inf{ Q*(p):
¢ € C*(M)}. Observe that a minimizing function ¢ with ||¢||; = 1 satisfies

(4.1) Op = AL

We will see that, for s < p, this equation always has a smooth, positive,
minimizing solution ¢,. We begin by showing that elliptic regularity for A
implies the following basic regularity result for equation (4.1).

THEOREM 4.1 (REGULARITY THEOREM). Suppose ¢ € L3(M) is a nonnega-
tive weak solution of (4.1) with 2 < s < p, and |\,| < K for some constant K. If
¢ € L'(M) for some r > (s — 2)n/2 (in particular if r = s <p, orif s=p <
r), then @ is either identically zero or strictly positive and C*, and ||¢|| 2« < C,
where C depends only on M, g, K, and |||,



THE YAMABE PROBLEM 53

PROOF. Since ¢ € L'(M), (4.1) implies that aAp = A o* ™! — Sp € LI(M),
with g = r/(s — 1). By elliptic regularity (Theorem 2.5), this in turn implies
@ € LI(M). The Sobolev embedding theorem now gives ¢ € L" (M), with
r’ = nr/(ns — n — 2r). Observe that our hypothesis on r implies r’ > r.
Iterating this argument shows that ¢ € LI(M) for all ¢ > 1. Now the C* case
of the Sobolev embedding theorem (Theorem 2.2(c)) implies that ¢ € C*(M)
for some a > 0. Then ¢*~! € C*(M) as well, so by elliptic regularity again we
conclude that ¢ € C**(M). Each of the above applications of the Sobolev
and elliptic regularity theorems gives us a bound on the corresponding norm,
so we obtain the desired bound on ||¢|| c2..

From (4.1) it follows that (A + m)g > 0, for some constant m > 0 and
m > sup{(S — A@* ?)/a}. If ¢ = 0 somewhere, then ¢ is identically zero by
the strong maximum principle (Theorem 2.6). Thus ¢ is either strictly positive
or zero.

Finally, since ¢ is C>* and nowhere zero, so is ¢*~!, and so we can apply
elliptic regularity iteratively to (4.1) to conclude that ¢ is C*. O

We remark that the above result (without the uniform bound on ||@||-2«) has
been proved in the borderline case r = s = p by Trudinger [T]. Since it is not
needed for the present argument, we omit it.

PrROPOSITION 4.2 (YAMABE [Y]). For 2 < s <p, there exists a smooth,
positive solution @, to the subcritical equation (4.1), for which Q*(¢,) = A, and

llpslls = 1.

PROOF. Let {u,;} € C*(M) be a minimizing sequence for Q°, with |ju ||, = 1.
Since Q°(|u;]) = Q°(u;), after replacing u; by |u,| we may assume u; > 0. As
we noted at the beginning of this section, {u;} is bounded in L?(M). Since the
inclusion map L? C L* is compact, a subsequence of the {u;} converges
weakly in L? and strongly in L° to a function ¢, € L2(M) with ||¢,||, = 1.

Since by Holder’s inequality the L? norm is dominated by the L* norm, it
follows that [ Su? — [ Sg?. Weak convergence in L? implies that

2 .
fM Vel dV, = lim fM<Vu,-,v<ps> av,

. 5 1/2 5 1/2
< h?isip (fM |vu,l dVg) (fM Vel dVg)
and therefore Q°(¢,) < lim;_, , Q%(u;) = A,. But since A is by definition the
infimum of Q°, we must have Q°(¢,) = A, and so ¢, is extremal. Thus ¢, is a
weak solution to the Fuler-Lagrange equation (4.1). By the regularity theorem,
@, is positive and C*. O

The limit as s — p. Now our task is to investigate the limit of ¢, as s — p.
We will see that, provided A(M) < A(S"), the functions ¢, converge uni-
formly to a solution of the Yamabe problem.

We begin by describing the behavior of A,. As the following lemma shows,
the situation is simplified if the metric g is chosen so that f,,dV, = 1. From
now on, multiplying g by a constant if necessary, we will assume that this
holds. We note that Holder’s inequality then implies that |u||, < |lu||, if
s< s
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LeMMA 4.3 (AUBIN [A2]). If [, dV, =1, then |\ | is nonincreasing as a
function of s € [2, pl; and if A\(M) = 0, A, is continuous from the left.

PrROOF. We show first that |A | is nonincreasing. Observe that for any s and
s’, and any nonzero u € C*(M),

lull?
llull?

If s < s/, then ||u||, < ||ul|,,, and therefore |A | < |A .

We remark that if A, < 0 for some s, we can choose u € C*(M) such that
Q%(u) < 0, and (4.2) shows that Q*'(u) < 0 for any s’; thus A, < 0 for all s.

Now suppose A(M) > 0; by the above remark A O for 2 <s<p.
Choose s € [2, p]. Given & > 0, there exists u € C°°(M) such that Q*(u) <
A, + e Since ||u||, is a continuous function of s, A, < Q% (u) <A, + 2¢ for
s’ < s sufficiently close to s. Since A is nonincreasing, this shows that A is
continuous from the left. O

The error in Yamabe’s proof was the claim that the functions {¢,} are
uniformly bounded as s — p. This is false in general, as we will see below in
the case of the sphere. However, the following uniform L" bound does hold
provided A(M) < A(S"), and this is sufficient to solve the problem.

It has been traditional to consider separately the cases A(M) < 0 and
A(M) > 0. The following proof disposes of both cases together.

(4.2) Q% (u) = —=-0°(u).

PrROPOSITION 4.4 (TRUDINGER [T], AUBIN [A2]). Suppose A(M) < A(S"),
and let {@,} be the collection of functions given by Proposition 4.2. There are
constants s, < p, r > p, and C > 0 such that ||,||, < C forall s > s,

PROOF. Let § > 0. Multiplying (4.1) by ¢! *2% and integrating, we obtain

f (a(dg,, (1 +28)g20de,) + S92*2) av, =\, [ g*¥av,.
M

If we set w = ¢! ™%, this can be written

1+ 26

2 -
1+ o) fM aldw| dVg=fM(}\sw2<ps 2— Sw2)dv,

g*

Now applying the sharp Sobolev inequality (Theorems 2.3 and 3.3), for any
e> 0,

2 a 2
Iwlf, < (1 + e)Kf ldw|"dv, + CefM w2dV,

(1+6) s s—2

<(1+e )(1+28)f Sw2gi~2dV, + C!llwl
1+8)" A

<+ TEL e +

by Holder’s inequality.
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Since s <p, (s —2)n/2<s, and thus by Holder’s inequality again
Pl (s—2pn 2 < llPslls = 1. Now if 0 < A(M) < A, then for some 54 < p, A, /A
< A, /A <1fors > sy Thus we can choose ¢ and & small enough so that the
coefficient of the first term above is less than 1, and so can be absorbed in the
left-hand side. Thus

Iwlly < Cliwla.

The same result obviously holds if A(M) (and hence A ) is less than zero. But
applying Holder’s inequality once more, we see that

1+8 148 _
Iwllz =l a8 <l @l

Therefore ||w||, = ||<ps||1 ('+#) 18 bounded independently of s. O

We can now prove that the Yamabe problem has a solution if A(M) < A(S").
Theorem A of the Introduction is an immediate consequence of the following
result.

THEOREM 4.5. Let {@,} be the functions given by Proposition 4.2, and assume
A(M) < A(S™). As s = p, a subsequence converges uniformly to a positive
function @ € C*( M) which satisfies:

Q.(9)=A(M), Dp=NM)p?r "
Thus the metric § = ¢”~%g has constant scalar curvature A\(M).

Proor. Since the functions {¢,} are uniformly bounded in L'(M), the
regularity theorem shows they are uniformly bounded in C>*(M) as well. The
Arzela-Ascoli theorem then implies that a subsequence converges in C? norm
to a function ¢ € C%(M). The limit function ¢ therefore satisfies

Op=Xp”7', Q@)=

where A =lim,_, A If A(M)> 0, Lemma 4.3 shows that A = A(M). On
the other hand, if ?\(M ) <0, the fact that A, is increasing implies that
A < A(M); but since A(M) is the infimum of Q, we must have A = A(M) in
that case as well.

Now a final application of Theorem 4.1 shows that ¢ is C*®, and it is strictly
positive because |||, > lim,_, ¢, =1. O

There are many other methods of obtaining the solution in the case
A(M) < 0. Jerry Kazdan [K] has given an excellent survey.

Existence on the sphere. 1t is important to note that the hypothesis A(M) <
A(S™) is necessary in the previous theorem. On the sphere itself, the presence
of a noncompact group of conformal diffeomorphisms defeats the above
approach: the family of metrics (0~ '6,0)*g on the sphere, as a — oo, are all
solutions to the Yamabe equation, but not uniformly bounded.

On the other hand, the very existence of this family of conformal diffeomor-
phisms enables us, with a little more effort, to prove existence of extremals on
the sphere, by means of the following “renormalization” approach, due to
Karen Uhlenbeck.
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PROPOSITION 4.6. There exists a positive, C® function ¢ on S" satisfying
Q,(¥) = A(S™).

ProoF. For 2 < s <p, let @, be the solution on S” to the subcritical
problem (4.1), given by Proposition 4.2. Composing with a rotation, we may
assume that the supremum of ¢, is attained at the south pole for each s. If
{®,} is uniformly bounded, the method of Theorem 4.5 shows that a subse-
quence converges to an extremal solution; so assume from now on that
sup g, = 00.

Now let k, = 678,0: S" > S” be the conformal diffeomorphism induced
by dilation on R”, as described in the beginning of §3. If we set g, = k*g, we
can write g, = t?~2g, where the conformal factor ¢, is the function

(1+9+a%1—9y*””

1(6.8) = -

Observe that at the south pole ¢, = a@~"/2,

For each s < p, let §, = t x¥p,, with a = a, chosen so that ;= 1 at the
south pole. This implies that a, = (sup,)> "2 - o0 as s = p, and ¥, <
a'""2/2%t on M. Let O, denote the conformally invariant Laplacian with
respect to the metric g,; by naturality of 0, O,(k¥¢,) = «*(@g,). Then by the
transformation law for O (2.7) we have

43)  o¥, = 0(rke,) = £27'0(x2p,) = A2 (x29)”
=N
Observe that this transformation law also implies that

”\bs “2,1 < C'[S" ‘psD‘ps dVé = C'/;" (psD(ps dVg < C,”(ps “2,1

so {y,} is bounded in L2(S"), and hence also in L?(S") by the Sobolev
theorem. Let ¢ € L2(S") denote the weak limit.

Now if P is the north pole, on any compact subset of S” — { P} there exists
a constant A such that z, < Aa®~™/2, and thus the right-hand side of (4.3) is
bounded there by A, 47!, independently of s. This implies that, on any such
set, the right-hand side is bounded in L” for every r. Arguing as in the proof of
Theorem 4.1, but using local elliptic regularity (Theorem 2.4), {{,} is bounded
in C>* on compact sets disjoint from P. Let K; C K, C --- be a sequence of
compact sets whose union is S” — { P }. By the Arzela-Ascoli theorem, we can
choose a subsequence of {y,} that converges in C*(K;), and then a subse-
quence that converges in C2(K,), etc. Taking a diagonal subsequence, we see
that the limit function ¢ is C> on S" — { P}.

Since A, = A and t27° < 1 away from P for s near p, we conclude that ¢
satisfies Oy = fY?~! on §" — { P}, for some C? function f with0 < f< A
By the removable singularities result (Proposition 2.7), the same equation must
hold weakly on all of S”. For each s,

Iy = [ e(eze)" av,

s—1

P n\1-p/s P
= [, () sz ave=lal, > Vol(s") " la. .
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This implies that ||¢||, > 1, and therefore Q,(¢)< A. But since A is by
definition the infimum of 0. g We must have Oy = Ay? ! and 0:(¢) =

It remains to show that v is positive and smooth. By the regularlty theorem,
it suffices to show that ¢ € L" for some r > p. For ¢ > 1 the operator O:
L% — LY has a bounded inverse by elliptic regularity. Consider the perturba-
tion

- -2
0,=0-nAy?

for n € C*(S") supported in a small neighborhood of P. O, will also have a
bounded inverse if the operator norm of the perturbation term nAy? 2 is
small enough. If we choose ¢ such that 2n/(n+ 2) < g <n/2 and set
r = nq/(n — 2q), then for u € L},

-2 -2
InAw?=2ully < Al P29 [, “Null. < CAJln /=24 "ullqa,

by the Holder and Sobolev inequalities. Thus we can make the operator norm
as small as we like by choosing 7 with small support and 0 < 1 < 1.

Now O,¢ = (1 — n)Ay?~' € LY(S") since ¢ is C* away from P. There-
fore, since O,: Lj — L¥ is invertible, there exists £ € L§(S") € L}(S") such
that O, (§ — xp) = 0. Using the Sobolev and Holder inequalities as above
||u||21 < qulu JuD,u + g|ul|3, when the support of 7 is small. Thus a,
injective on L2, and so we must have ¢ = ¢ € LI(S™) c L’(S"). Since r > p,
Theorem 4.1 implies that { is C*, and since § = 1 at the south pole, ¢ is
strictly positive. O

It can be shown, in fact, using methods of H. Brezis, L. Nirenberg, E. Lieb,
and P.-L. Lions (see [BL, BN, and L]), that any minimizing sequence on the
sphere can be renormalized to converge to a smooth extremal.

Uhlenbeck has adapted the renormalization method described above to give
another proof that the Yamabe problem can be solved on any compact
manifold M provided that A(M) < A(S"). Assuming the sequence of solu-
tions to the subcritical equation is not uniformly bounded, she uses Rieman-
nian normal coordinates to transfer the sequence to R”, where a renormalized
sequence can be made to converge to a function that contradicts the Sobolev
inequality if A(M) < A(S™). (See also [SU and JL2] for other applications of
this technique.)

5. Conformal normal coordinates. In Riemannian geometry, geodesic normal
coordinates are invaluable for comparing the local geometry of a manifold with
that of R”. In this section we will describe a set of similar coordinate charts on
a conformal manifold M. These will be normal coordinate charts for some
metric g within the conformal class; the freedom in the choice of g will enable
us to find coordinate systems that simplify the local geometry more than
normal coordinates in a fixed Riemannian structure.

Our first application of conformal normal coordinates will be a very simple
proof of Aubin’s Theorem B of the Introduction. In the next section we will
apply them to the calculation of asymptotic expansions of the Green function
for O, and in §7 we will use them again to prove Theorem C.
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Normalized conformal structures were first constructed by Robin Graham
[G], who proved, in connection with his work with Charles Fefferman on
conformal invariant theory, that for any P € M it is possible to find a
conformal metric for which the symmetrized covariant derivatives of the Ricci
tensor of g vanish at P. Later in this section we will give a simple proof of
Graham’s theorem.

Graham’s normalization is designed for simplifying the algebra of conformal
invariant theory. For our purposes we want a normalization that simplifies the
local analysis. Based on formula (2.1) for the Laplacian, we might guess that a
good choice for this normalization would be to choose a conformal metric for
which detg =1 in g-normal coordinates. (Intrinsically, this means that the
Jacobian of the exponential map of g is 1.) This is the normalization we will
choose.

THEOREM 5.1 (CONFORMAL NORMAL COORDINATES). Let M be a Riemannian
manifold and P € M. For each N > 2 there is a conformal metric g on M such
that

detg,, =1+ 0(r"),

where r = |x| in g-normal coordinates at P. In these coordinates, if N > 5, the
scalar curvature of g satisfies S = O(r?) and AS = :|W|* at P.

The proof will be carried out below. First, to illustrate the usefulness of these
coordinates, we present an application.

PrROOF OF THEOREM B. Let {x'} be conformal normal coordinates in a
neighborhood of P € M. Recalling the notation of Lemma 3.4, let ¢ = nu_ in
x-coordinates, where 7 is a cutoff function supported in B,,. Since dV, = dx
in conformal normal coordinates, the estimates of that lemma apply without
the factor (1 + Ce) to show that

E(9) < A]I(p]]f, + Ca"" 2 + f Se? dx.
B,

But now in conformal normal coordinates S = O(r?) and AS(P)
= §W(P)|? s0

Se?dx < / Su?dx + C/ uldx
B2e BE AE

- /oEfS (%S"’f"i"j + 0(’3))u§dw,dr + 0(a"?)
= [ (=criw(P)[* + 0(r*))ulr"~tdr + O(a""?).
0
Lemma 3.5 therefore shows that

Allgls = Cc|W(P) [ a* + o(a*) ifn>6,
E(p) < s X
Aol = Clw(P) | a*log(1/a) + O(a*) if n = 6.
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If M is not locally conformally flat, we can choose P so that |W(P)|?> > 0, and
then Q (¢) < A for a sufficiently small and n > 6. Thus A\(M) < A. O

The key ingredient in the proof of Theorem 5.1 is the following inhomoge-
neous version of Graham’s main result.

THEOREM 5.2. Let P € M, k > 0, and let T be a symmetric (k + 2)-tensor on
TpM. There is a unique homogeneous polynomial f of degree k + 2 in g-normal
coordinates such that the metric § = e*/g satisfies

Sym(ﬁ"i(,.j)(P) =T.
PrOOF. Let {x'} be g-normal coordinates at P, r = |x|, and let Z,, denote

the space of homogeneous polynomials in x of degree m. If we set F (x) =
R, j(x)x’xf, then by Taylor’s theorem

k+2
F,= Y F™+0(r*??),
m=2
where
F7 = G LRy (P)xxxt € 2,

(The sum is over i, j and all multi-indices K = (ky,...,k,,_,) of length
|K| = m — 2.) Observe that the covariant derivatives of R, are related to
ordinary partial derivatives by R;; ((P) = xR, ;(P) + S, ;x, where the S,
are constructed as polynomials in the curvature and its derivatives of order
<|K|at P.If § = e*g with f € P, ,, then § x = S,;x when |K| = k.

Our result is equivalent to finding f € &, , such that

1 ~ o
(5.1) 0= ! Z Z(Rij,K(P) - T}jk)xlxjxk
C K=k i,j

1 o
= F*(x) + ) H(Sif'( = T;;x ) x'x/xX.

(We have used the fact that g-normal coordinates differ from g-normal
coordinates by O(r**2).) By Euler’s formula, x'x/,3,f = (x'3,)*f — x'd,f =
(k+ 2)(k + 1)f; and Af = A,f + O(r*¥*1), where A, is the Euclidean Lapla-
cian in x-coordinates. Thus the transformation law (2.5) for R;; gives

FE4D(x) = E&*(x) + xiI(=(n = 203, + 4,f9,,)
= Fg(k+2)(X) —(n—=2)(k+2)(k+1)f+r’,f.

Thus there is a unique f so that (5.1) is satisfied provided that the operator
r’A, — (n — 2)(k + 2)(k + 1) is invertible on 2, , ,. This is guaranteed by the
following lemma. O

LEMMA 5.3. The eigenvalues of r’A, on P,, are

(A, =-2j(n—2+2m—-2j): j=0,....[m/2]}.
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The eigenfunctions corresponding to A ; are the functions of the form r*u, where
ue?,_,; is harmonic.

PROOF. This holds for m = 0 or 1 since r?A, = 0 on £, in these cases. For
m > 2 suppose f € P, satisfies r?A,f = Af. By Euler’s formula, A,f € 2, _,
satisfies

A of = Do(rAof) = Do(r?)Aof — 4x70,0f + riadf
= =2nA,f — 4(m — 2)Af + r’ALf,
$0 r’Ag(Aof) = (A + 2n + 4m — 8)A,f. This means that either A f = 0, in
which case A = 0 and f is harmonic, or A + 2n + 4m — 8 is an eigenvalue of

r*A, on #, _, with eigenfunction A,f. In the latter case, f = A~!r’A,f. The
lemma now follows by induction. O

COROLLARY 5.4 (GRAHAM [G]). Given P € M, N > 0, there exists a metric
conformal to g such that all symmetrized covariant derivatives of the Ricci tensor
of order < N vanish at P.

PrOOF. By induction on N: choose T = 0 in the above theorem, and note
that f € @, , implies that V¥R, = V*R, fork <N. O

LEMMA 5.5. In g-normal coordinates, the function det g, ; has the expansion
(52) detg,, =1— 3R, x%/ — R,  xx/x*
- (%Rij,kl + %Rpiij

where the curvatures are evaluated at P.

pkim — %gRink,)xixfx'fx’ + 0(r?),

PROOF. Let {x'} denote normal coordinates for g on a neighborhood U of
P, and use them to identify U with an open set in R”. To compute the
expansion of the metric g; (x), we first recall the definition of a Jacobi field.

Fix 7, ¢ € R", consider the map y: R X R — R” by v,(¢) = #(7 + s§) which
gives a one-parameter family of radial geodesics, and let T = y/(¢). The
variational vector field

d
X(x,(1)) = ooy, (1) = ¢t
is called a Jacobi field. Since for each s, y, satisfies the geodesic equation
VT = 0, and since 0 = v,[9/0¢,8/3s] = [T, X] = v X — v T, we have
0 = VXVTT = VTVXT _([VT?VX] - V[X,T])T
=v,v:X - R(T, X)T.

Thus X satisfies the Jacobi equation V:X = R(X), where R is the curvature
endomorphism R(7, -)T.

The Taylor series of f(z)=|X(y,(¢))|> can be computed by repeatedly

differentiating with respect to v, using the Jacobi equation, and evaluating at
= 0, noting that X(0) = 0 and v X(0) = £ The first few terms are:

v.f(0) =0, vif(0) = 2(¢, &),
vif(0) =0, v1f(0) = 8{R,£,&),,

v2f(0) = 20((V,R,)E, &), VEF(0) = 36((V2R,)E,£) +32(R £, R &),
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Therefore,

(53) (&8,

=2 X(vo(2)) [

2 3
= (6.0 + F(RAE D, + g ((V.R)EE),

+i((v2R )£, £) +2—t4<R £, R.E),+ 0(17)
20 \\VrRe)&:8) T 75 V18 870 :

Polarizing this with respect to § and substituting x = ¢7 yields the expansion
for the metric in normal coordinates:

(54)  g,,(x)=9,,+3R

ikl 5
+(%Rpijq,k,+ ;,%Rpiijqk,m)x’xfx x'+ 0(r),

ija 1 ik
pijgX X’ F 5Rpijg X' X%

where the curvature terms are to be evaluated at the origin. This can be written
8,4 = €XpA,,, where

qu(x) = %R
+(HR

iLjg 1 ij .k
pijgX X’ + 6qu,kxxx

1 ikl 5
pijq,kl %Rpiijqklm)xx xX"x" + O(r )

Then det g, = exp(tr4,,) has the expansion (5.2). O
PROOF OF THEOREM 5.1. Assume by induction that g satisfies detg,; = 1 +

O(r"™), N > 2. It can easily be seen that each term in the expansion (5.3) for
(&, £) has the form

o ({(VER,)E £) + B.(£,8)),

where ¢, is a constant and B, is a bilinear form constructed from R, and its
derivatives of order less than k — 2. Thus the expansion of det g;; is of the
form

detgl.j =1+ Z CN(Rij,K — T,-jK)xixfo+ O(rN“),
|K|=N-2

where T, are the coefficients of a symmetric tensor T on T, M constructed
from the curvature and its derivatives of order less than N — 2.

By Theorem 5.2, there is a unique f € #, for which Sym(v"?R,)=T.
But T=T when fe Py, so detg,; vanishes to order N + 1 in g-normal
coordinates. From now on, we will replace g by g.

The condition det g;; = 1 means that the symmetrization of the coefficients

of (5.2) vanishes, so at P

(a) 0=R,,
(5.5) (b) 0= Rijx+ Ryt Ry
(C) 0 = Sym(R,'j’k[ + %Rpiijpklm)'

Then R, = W, by (5.5a), and
Rijw—Riju=R"yR,;+ R R, =0,
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so (5.5¢) gives
0= (Rij,k[ + Rkl,ij + 2Rik,j[ + 2Rj1,ik)xixj
+2WimWokim + WoikemWoiim + WorimW,

pijm""p pikm’" pjlm pkim"" pjlm
iy ]
+ I/Vlz;jkmprlim + l/VpkijVplim + I/Vplkmw/;vjim)x X7

Now contract on k, I, noting the contracted Bianchi identity (2.4), and that
WoikmWoicjm = 5 WpikemWpijm = Womji) = %Vllpikaijkm by the symmetries
of the Weyl tensor:

0=(35,,+ R, + 3W,

pikm

W,

f jkm)x’x/ .
Contracting on i, j implies AS = —S = ¢[W|* at P.

Finally, S(P) = R;(P)=0Dby (5.5a), 0 = 2R, , + Ry ;J(P) =25 (P)
by (5.5b) and the Bianchi identity, so § = O(r?). O

It is worth noting that, just as Riemannian normal coordinates are unique
up to the action of O(n), conformal normal coordinates are unique up to a
similar finite-dimensional group action.

THEOREM 5.6. Let (M, g) be a Riemannian manifold and P € M, and let H
be the group of conformal diffeomorphisms of S" fixing the north pole. There is a
natural simply transitive action of H on the set of formal power series of
conformal normal coordinates for the conformal class of g at P.

PrOOF. H is generated by O(n) (rotations fixing the north pole), together
with the ‘dilations’ 6~ '8,0 and ‘translations’ o~ '7,0, as described in §3. From
Theorem 5.2 above, the power series of the metric § with detg;; =1 is
uniquely determined once we fix the one-jet of §; and conformal normal
coordinates are then uniquely determined by the choice of a g-orthonormal
frame at P.

The action of H on the set of conformal normal coordinate charts is
obtained as follows: Let & be the stereographic projection sending the north
pole in §" to 0 € R". Given conformal normal coordinates x: M — R” for a
metric g in the conformal class, and & € H, let g’ = (x~'6h6 1x)*g, and let
{e;} be the frame obtained by pulling back {3/9x’} by the same map. It is
easy to check that {e;} is g’-orthonormal and that the one-jet of g’ is
conformal to g. So we can let {y'} denote the unique conformal normal
coordinates determined by the one-jet of g’ and the frame {e,}, and set
h-x=y.

Since O(n) acts simply transitively on the set of frames for any choice of
metric at P, the proof is completed by the observation that H/O(n) acts
simply transitively on the set of one-jets of conformal metrics at P. (If we write
g’ = e%g, then f(0) is determined by a dilation, and df(0) is determined by a
translation.) O

Of course the above construction of conformal normal coordinates does not
achieve the normalization det g = 1 exactly; however, we can make the error
terms O(r") for N arbitrarily large. In the rest of this paper, whenever we
refer to conformal normal coordinates, it will be understood that we are
calculating modulo such inconsequential error terms.
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Although a formal power series approximation of conformal normal coordi-
nates is sufficient for the Yamabe problem, it would be of interest to know if
the normalization can be achieved exactly in a neighborhood of P. Such
normalized coordinates could be of value in other analytic problems in
conformal geometry.

6. Stereographic projections. In §3 we used stereographic projection to
transfer the Yamabe functional from S” to R", where analysis is simpler. In
this section we will describe an analogous conformal map which is defined for
any compact manifold M with positive Yamabe invariant. We will then use
conformal normal coordinates to compute the asymptotic behavior of this
map.

Under stereographic projection, the Euclidean metric pulls back to a metric
g on S§" — { P}, conformal to the standard metric g, with zero scalar curva-
ture. Therefore § = G?~2g for some function G which satisfies 0G = 0. This
function G is singular at P and, in fact, is a multiple of the Green function of
O at P on S". Conversely, if we start with the Green function, then G”~ g
defines a metric on $” — { P} which is isometric to the Euclidean metric on
R". The isometry, of course, is stereographic projection.

The property of R” that is most useful in the analysis of the Yamabe
functional is vanishing scalar curvature. With this in mind, we can repeat the
above construction for an arbitrary compact manifold (M, g), replacing g by
G?~%g, provided the Green function exists. This will always be the case if the
Yamabe invariant of M is positive.

LEMMA 6.1. Suppose A(M) > 0. Then at each P € M the Green function I'p
for O exists and is strictly positive.

PrOOF. Let u > 0 be the smooth, positive solution to the subcritical equa-
tion (4.1) for any s < p given by Proposition 4.2, and define a new metric
g’ = uP~%g. The scalar curvature S’ of g’ is S’ = u'~?0u = A ,u*"?. Since
A(M) > 0 implies A, > 0, S’ is strictly positive. Thus by Theorem 2.8, the
Green function I'; for O’ exists. If at its minimum I'; < 0, then I’} would be
constant by the strong maximum principle, which is impossible; therefore I’ is
strictly positive.

Now if we set I'p(x) = u(P)u(x)I';(x), then I, is strictly positive, and by
(2.7) and Theorem 2.8 it satisfies for any f € C*(M)

wHP)I(P) = [ Ta()n (™ (x)f(x)) dV(x)
= [ e (PYT TR (P ()0 (x) P (x) ¥y ()

= u“l(P)fM Tp(x)0f(x) dVy(x).

This is equivalent to OI', = 8,. Thus I',, is the Green function for 0. O

If A(M) < 0, the Yamabe problem for M has already been solved by the
results of §4. Thus we will assume throughout this section that A(M) > 0. In
that context we define generalized stereographic projections.
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DEFINITION 6.2. Suppose (M, g) is a compact Riemannian manifold with
A(M) > 0. For P € M define the metric § = G? g on M=M- { P}, where
(6.1) G =(n—-2)wal,.

The manifold (M, §) together with the natural map o: M — (P} - M is called
the stereographic projection of M from P.

The image manifold of a stereographic projection has a special geometric
structure, called asymptotically flat.

DEFINITION 6.3. A Riemannian manifold N with C® metric g is called
asymptotically flat of order v > 0 if there exists a decomposition N = Ny, U N_
(with N, compact) and a diffeomorphism N, <> R"* — By for some R > 0,
satisfying:

8i; = aij +0(p77), 0,8 = O(P_T_l)’ akalgij = O(P_T_z)»
as p = |z| = oo in the coordinates {z'} induced on N,. The coordinates {z'}
are called asymptotic coordinates.

This definition apparently depends on the choice of asymptotic coordinates.
However, we shall see in §9 that the asymptotically flat structure is determined
by the metric alone.

Now fix a point P € M. By an initial conformal change we may assume
that, near P, g is the metric of a conformal normal coordinate system. In this
case we will give a very explicit description of the asymptotically flat structure
of the stereographic projection (M, £).

The singularity of the Green function I', is, to highest order, the same as
that of the fundamental solution of the Laplacian on R". In fact (cf. [PR]), T,
has an asymptotic expansion in terms of the geodesic distance r from P, the
leading terms of which are readily computed in conformal normal coordinates.
For convenience we adopt the following notations.

NOTATION. We write f = O'(r*) to mean f = O(r*) and vf= O(r*¥~1). 0”
is defined similarly. The set of C* functions that vanish to order k at P is denoted
€. Asin §5, P, is the space of homogeneous polynomials of degree k.

LEMMA 6.4. Let G be given by (6.1). In conformal normal coordinates {x'} at
P, G has an asymptotic expansion

(6.2) G(x) =211+ k)i: 11/k(x)) + clogr + 07(1),

where r = |x|, {, € P,, and the log term appears only if n is even. The leading
terms are:

(a) ifn = 3,4, 5, or M is conformally flat in a neighborhood of P,
G=r*"+4+0"(r) (A = constant);

() ifn = 6,

1

2 7”7
~ 3335 |W(P)| logr + 0”(1);

G=r?r

©ifn=1,

G= rz_"[l + 120(; - 4) ( 12(,:4_ 6) IW(P)|2 - S,,-j(P)x"xfrz)]

+0”(r’ ").
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This will be proved below. First, we observe that the asymptotically flat
structure of g can be derived immediately from this lemma.

Let {x'} be conformal normal coordinates on a neighborhood U of P, and
define ‘inverted conformal normal coordinates’ z' = r~2x’ on U — { P}. With
p =|z| = r~! we have

0/0z' = p_z(b‘ij - 2p_zz‘zf)8/8xf.
If we write y = r"~2G, the components of g in z-coordinates are
(6.3)  &,(2) =v7"%%(8/32',8/3z7)
= 728y — 207%2'2%) (8, — 2072272 ) g (07 %2)
= y"‘z(ﬁu + 0”(p‘2)).
If M is conformally flat near P, g,, = §,, in conformal normal coordinates, so
this reduces to §,, = y?~%§;; in that case. Noting that the expansions for G

give corresponding expansions for y, we have proved the following explicit
description of the stereographic projection.

THEOREM 6.5. The metric § is asymptotically flat of order 1 if n = 3, order 2 if
n > 4 and order n — 2 if M is conformally flat near P. In inverted conformal
normal coordinates it has the expansion

(6.4) 8,(z) =v772(2)(8, + 07(072))
where, in the three cases of Lemma 6.4,
(a) v(z) =1+ 4p> "+ 0"(p*"") (A = constant);
l 2 - V4 —
(b) 1(z) = 1+ 5= [W(P)[p~*logp + 0”(p™*);
1

© W) =1+ oo | g W - s.(0)

+0”(p7%). O
PROOF OF LEMMA 6.4. Write G = r27"(1 + ¢). Since g”" =detg=1 in
conformal normal coordinates, the Laplacian A (given by (2.1)) is equal to the

Euclidean Laplacian A, when applied to functions of r alone. Hence Ar?™" =
Ayr*™" = (n — 2)wd, on U, and the equation OG = (n — 2)wad, becomes

(6.5) a(r2=") + Sr2="=0.
From (2.1), Ay = Ay + Ky, where
(6.6) Ky =3,((87 - g7)3,y).

Multiplying by r"/a, writing L = r?A,+ 2(n — 2)rd,, and assuming ¢ is
continuous, we see that (6.5) is equivalent to

Ly + 1r3(S + Sy + aKy) = 0.

We begin by computing a formal asymptotic solution to this equation,
writing ¢ = ¢, + -+ +¢,, with ¢, € #,, and solving inductively for each
¥,. Since S = O(r?) in conformal normal coordinates, we start by setting
¥, = ¥, = ¢, = 0. Suppose by induction we have found ¢ = ¢, + -+ +¢,_,
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such that
(6.7) Ly + r3(S + Sy + aKy) € ,.

Write the right-hand side as b, + %, with b, € #,. Now suppose we can
find ¢, € &, such that

Ly, + b, =0.

Then, noting that %Sy, € %,., and r’Ky, € %, ,, when we replace ¢ by
Yy + -+, (6.7) is satisfied with k replaced by k + 1, completing the
induction step.

First consider the case when n is odd. Since L = r?A, + 2k(n — 2) on Z,,
Lemma 5.3 shows that L is always invertible on &, when n is odd, so we
simply take ¢, = — L~ 'b,. By induction, there exists ¢ = ¢, + - -+ +¢, such
that (6.7) holds with k = n + 1, which is equivalent to

(6.8) D(rz'”gz) +Srirer g, .

If n is even, this construction works for k < n — 2 but then breaks down
since L is not invertible on %, for k > n — 2. Observe, however, that
P, =im L & kerL since L is self-adjoint with respect to the Euclidean inner
product (Xa;x,Lb,x’) =T a,b, on #,. When kerL # 0, we try instead a
function of the form ¢, = p, + g, logr, with p,,q, € #,. By direct compu-
tation,

(6.9) L(p, + q.logr)=Lp, +(n—2—2k)q, +(Lg,) logr.

Thus if k> n—2 we can solve Ly, + b, =0 with b, € P, by writing
—b, = Lp, + q4, Lq, = 0, and setting

Y =pe+(n—2-2k) g logr.

For k < n — 2 the induction proceeds as in the odd-dimensional case. When
k =n— 2, Lemma 5.3 shows that the kernel of L on #,_, is spanned by
r"~2, Thus there exist c€ R and p, , €%, , such that ¢, ,=p, ,+
cr"%logr satisfies Ly, _, + b,_, = 0.

Before continuing with the next two steps (k = n — 1,n) we note that
fortunately ¢,_, does not introduce any logarithmic error terms on the
right-hand side of (6.7). Indeed, if ¢ is a function of r alone then (6.6) and the
expansion (5.4) for the metric show that

Ky = ai((%Rik,jxkx’ + %)r‘lxja,\l/).
But R, x*x'x/ =0 by the symmetries of the curvature, so with ¥,_, as
above, Ky, , € ¥, ,+ €,_, logr. Writing ¢ =¢; + --- +¢,_,, this im-
plies
LY+ ir’(S+ Sy +akKy)E€ ¥, ,+ %,,, logr.

As before, writing the right-hand side as b, + ¢,,, + €, logr, we can
solve successively for y, € #, + @, logr, k = n — 1, n. Thus we end up with

Y =14y, + -+, satisfying
(6.10) O(r> ™) + Sr2 "€ r"g,,, +r"logré,,,.
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Now for any n write ¢ = ¢ + @. By (6.5) together with (6.8) or (6.10),
O(r> ") = —O(r*~") — Sr:-"e C°.

Therefore by local elliptic regularity r2~"p € C%% This proves (6.2), and it
remains only to verify the stated expansions of G.

If M is conformally flat near P, then S = 0, so (6.5) shows that r2~™} is
harmonic and hence C*®. Therefore G =r?"" + 4 + O”(r) in that case. If
n = 3,4, or 5, the same result holds since then r?>~"p € C>% and r2~") =
Olf(r)

Finally, for n > 6, we need only confirm that the leading term ¢, is given
by the stated formulas. Expanding S in its Taylor series at P, the above proof
shows that {4 satisfies

(6.11) Ly, = —(1/2a)rS,,(P)x*x".

If n > 6, beginning with the guess ¥, = r2b,,x*x' and using the fact that
S« (P)= —AS(P)= — LW(P)|* by Theorem 5.1, we find by explicit com-
putation that (6.11) is satisfied with

1 rt 2 Kyl 2
Q2a(n - 4) ( (n =) V(DI = Sa(P)xixr?).
If n=6,wetry y, = r2(by, + ¢y, logr)x*x’, and find that
1 r4 2
b= = 2ig | SulP)xtxirt + LW (P) 1oer

solves (6.11). This proves the lemma. O
This argument can easily be adapted to give a direct proof of the existence of
the Green function.

Vs=

7. The test function estimate. We will now construct a test function on the
asymptotically flat manifold M and express its Yamabe quotient in terms of a
number determined by the geometry of M. This approach combines the proofs
of Theorems B and C of the Introduction.

Most of the results in this section were inspired by the work of Schoen [S].

For a > 0 let u, be the Sobolev extremal functions on R” given by (3.2).
One can check easily that aAju, = 4n(n — 1)u2~! (where A is the Euclidean
Laplacian), and therefore A = A(S") = 4n(n — 1)|ju |5~

Fix a large radius R >0, let p(z)=|z| in inverted conformal normal
coordinates (extended to a smooth positive function on M), and let M
{p > R} as in §6. Define ¢ on M by

fus) p(2) R,
#(2) {m o(z) < R

with @ > R to be determined later. Observe that, as a = oo, u,(z) becomes
very nearly constant for |z| < R, and so we can expect that the effect of
replacing u, by a constant inside radius R should become negligible. More-
over, the metric on Moo closely approximates the Euclidean metric, and so the
Yamabe quotient Q,(¢) should become close to A.
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Since ¢ is a function of the radial variable p alone, the behavior of Q g((p) as
a — oo depends on the “average” behavior of the metric g over large spheres.
It is useful to introduce a number, which we call the ‘distortion coefficient’ of
g, that measures this average behavior.

It is well known that the scalar curvature measures the deviation of volumes
from the Euclidean case. To see this, let § denote any metric on a manifold M,
and let r = |x| in normal coordinates around a point P € M. The ratio of the
g-volume of the geodesic sphere S, around P to its Euclidean volume is given
by the spherical density function

h(r) = w,‘lf do,,
S,

where d&, is the volume element induced on S, by g. Since the unit normal
vector to S, is N = grad r/|grad r|, we have

do, = NidV, = (det2)*(g) " "?r1g4xJ9, 1 dx.

But since 9, J dx = r x'dw, on S,, this reduces to d&, = (§""det §)*dw,.
Thus

(7.1) h(r) = w;lf (g detg) do,.
S,

5rr =

Since g
shows that

1 in normal coordinates at P, the expansion (5.2) for det g

1= 1= B 0 a1

Thus when the scalar curvature S(P) is positive, volumes of geodesic spheres
grow slower than in R”, as on the sphere, and when S(P) < 0 they grow faster,
as in hyperbolic space. (The scalar curvature has a similar meaning using balls
rather than spheres. In dimension 2, this is a familiar interpretation of
Gaussian curvature.)

On an asymptotically flat manifold we will consider this same function A(p)
for large values of p = |z|. In particular, on the manifold (M, g) obtained in §6
by stereographic projection with inverted conformal normal coordinates {z'},
we have g°? = y27? and det § = y2?. Thus (7.1) reduces to

(7.2) h(p) = wp_lfs yPII 2 g,

The expansion of y given by Theorem 6.5 then gives an asymptotic expansion
as p — oo:
1+(p/k)p %+ 0"(p~*1) ifn#6,

(73) h(P)= {1+(u/4)p_4108P+0”(p_4) ifn=26,
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and therefore, since the (n — 1)-form dw,/w, is homogeneous of degree zero,
dw
a P g —2k-1
(7.4) 2fs,, R y K'(p) +O(p~21)

[ mweF T+ 0(p7*?) ifn#6,

—pp Slogp + O(p_S) if n=6.
We call the constant p, defined using inverted conformal normal coordinates,
the distortion coefficient of g. Its geometric meaning at infinity is analogous to

that of the scalar curvature at a finite point. It is this constant that determines
the values of Q,(¢) for large a.

PROPOSITION 7.1. Let ¢ be defined as above. There are positive constants C
and k such that

2 _ k-
(7.5) E(p) < Alel, — Cpa™* + O(a™*1)
if n # 6 or M is conformally flat near P,
(76) E(¢) < Allol; - Cra~*loga + 0(a™*)

if n = 6 and M is not conformally flat near P.
Thus if p. > 0, @ can be chosen so that Q,(¢) < A.

PRrROOF. Since the scalar curvature of g is zero, the energy E(¢) is
2 2 2
E(p)= | a|ve| dv,= agP*(d,u,) dv, = a(du,) vdz.
()= [ alvol av,= [ agm(@u) avy= [ a(@u)’y

Letting 4, denote the annulus { R < p < L} and integrating by parts using
the Euclidean Laplacian gives

(7.7) L a(apua)272dz

= 24, — 2 _ 2
fAL au, Agu, y*dz LL au@puaap(y ) dz / os, au Q,u,y "0, 1dz.

Sk
Since y is bounded, (3.8) shows that the integral over S; is O(L?*~") for fixed
a, and thus vanishes as L — co. Similarly, the integral over S is O(a™"). We
can bound the first integral by using Holder’s inequality and formula (3.2) for

U,

/ au Agu,y*dz = 4n(n — l)f u?~2(uy)’ dz
4, A,

<4n(n - 1)(LL ugdz)l_Z/p(fA

-2 2/p
<an(n =Dl ([ v avy)

2
= Allell,.

2/p
u{jy"dz)

L
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The critical term is the second term in (7.7). After letting L — oo it becomes
o0
—| audu,| 3(y?)dw,dp.
Jy ndoa 8(1?) da,do
From (7.4), if n # 6 or M is conformally flat near P,

a/; 3,(v?) dw, = 4(h'(p) + O(p~ 1)) 0,

= —4(p.p_"_1 + O(p‘k‘z))wp.

Just as in Lemma 3.5, the change of variables 0 = p/a shows thatif 2 —n < k
<n

© 2 2\1-n
Cla—k+1 ¢ f p—k(%) p"Ldp < Ca—**1,
R

Thus the second term in (7.7) is

2 2\1-n
_4/:3 pa_l(%ﬁ‘_) (‘up—k—l + 0(p—k—2))wpdr
< —Cpa ™+ O(a™ 1),

Combining the results of the above calculations, we obtain (7.5). If n = 6, we
use instead the inequality

2 2\1-n
Cla **lloga < foo p_"logp( P Z = ) " ldp < Ca **lloga,
R

and a similar analysis yields (7.6). O

The above calculation reduces the solution of the Yamabe problem in the
case A(M) > 0 to determining the sign of p. Indeed, by the same argument as
we used in the case of R” to prove (3.5), we have

AM)= it B
VERUD |y

and so approximating our test function ¢ by a function ¢ € C(‘)”(M ), we find
that A(M) < A(S") if p > 0. So we have proved the following theorem.

THEOREM 7.2. If (M, g) is a compact Riemannian manifold of dimension
n >3 with A(M) >0, then N(M) < X(S") if there is a generalized stereo-
graphic projection M of M with strictly positive distortion coefficient p. O

The distortion coefficient, defined by (7.2) and (7.3), is obtained from the
first correction term in the asymptotic expansion of y. If n > 6 and M is not
locally conformally flat, Theorem 6.5 gives this term explicitly in terms of local
geometric invariants of M. In the remaining cases, however, it turns out that p
can be identified with a global invariant called the ‘mass’ of the asymptotically
flat manifold M. The next three sections are devoted to a detailed study of this
invariant.
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8. General relativity. Asymptotically flat manifolds were originally studied
by physicists. In this section we will describe how they arise in general
relativity, and how physical reasoning leads to the identification of a funda-
mental geometric invariant called the mass.

General relativity models the world by a four-dimensional spacetime mani-
fold X with a Lorentz metric g. The metric represents the gravitational field,
and as such it plays two roles in the theory. First, the metric determines the
dynamics: the trajectories (“worldlines”) of freely falling point particles are
geodesics. Second, the metric itself satisfies an equation that describes how a
matter distribution determines its gravitational field. This equation, the Ein-
stein field equation, is

(8.1) R, — 388, =T,

in which the metric tensor g plays a role analogous to the classical gravita-
tional potential, and the energy-momentum tensor T is analogous to the
classical mass density.

The most famous solution of this equation is the Schwarzschild metric,
which represents the gravitational field of a static point particle (a “black
hole”) of mass m. It is a (singular) Lorentz metric on R* which, when restricted
to any constant-time three-plane, is asymptotically flat of order 1 and has the
form

(8-2) gij(z) = (1 + mp_l)Sij + 0(9_2)
in suitable coordinates.

More realistic solutions of (8.1) model isolated gravitational systems (e.g. a
binary star in an otherwise empty universe). Physically, one expects that when
such a system is observed from a great distance its gravitational field should
resemble that of a point mass. Thus the spacetime ( X, g) modeling the system
should be asymptotically Schwarzschild, and should admit spacelike hyper-
surfaces which are asymptotically flat Riemannian 3-manifolds.

It is in this context that physicists began to study solutions of (8.1) on
asymptotically flat manifolds. One way to do this is to introduce the Einstein-
Hilbert action integral:

(8.3) A(g) = —[X S, dv,.

The first variation of A(g) gives the vacuum FEinstein equation, as shown by
the following well-known lemma.

LemMMA 8.1. Given a Riemannian or pseudo-Riemannian manifold (X, g), let h
be a smooth symmetric 2-tensor, and consider a one-parameter family of metrics
g, withh = dg,/dt at t = 0. If S, and dV, denote the scalar curvature and volume
form of g,, then

d .
(8.4) 2 (8idV) o= = (WG + v *¢) aV,,
where G is the Einstein tensor ij =R, — %ngk, and § is the 1-form
(8.5) t=—(v*h+ v(tyh)) = (h k- hk,) dx.
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PrROOF. In any local coordinate system, the variation of the volume form
dV, = \detg, dx is

d 1 ; 1. .
(8.6) p = 5 Vdetg g/*h dx = Ehf"gjk dv,.

The classical expression for the Ricci tensor is
(8.7) R, =T, — 9T} + ,.",l“j’k - T, T,
At the origin in g-normal coordinates (where 9,g, = 0) we have
alril; = %gkmal(aigjm + ajgim - amgij)‘
Thus, computing dS,/dt and evaluating at the origin yields
d di
S| = le(Ry) ],

dt
—Zhijjk + gjkgilak(alhij - ajhil)'
From the definition of covariant differentiation,
hjk,l = alhjk - I‘lzrllhjm - Fj'lnhmk»
and thus if £ is defined by (8.5), at the origin in normal coordinates we have
~V*=hy M —nk I
= 0,0k — 9,y + (3T — T ) h e
= 0,0.hy — 9,0hy — R;,h
where we have used the fact that R, = —R k... by the symmetries of the

J km
curvature tensor. Thus we have the tensorial identity

d .
el = _hikR — o *
(8.8) dtS’ o h'* R — v *§.
Combining this with (8.6) yields the result. O
Physicists apply this lemma with compactly supported variations. If 4 is
compactly supported, the lemma and the divergence theorem show that at
t=20

av,
t

t=0

jm>

d .
aA(g) = [ WG,av,,

and thus a Lorentz metric g is a critical point of A if it satisfies the vacuum
Einstein equation G;; = 0.

The variational lemma can also be applied on an asymptotically flat
Riemannian manifold (N, g). We can then look for metrics that are critical for
A(g) under all variations that maintain the asymptotically flat structure (not
just compactly supported ones). The divergence term in the lemma then comes
into play. If we integrate (8.4) over a large sphere Sy in the asymptotic end and
take the limit as R — oo, we obtain

d .
= = Jk V. — 174
(8.9) ltA(g’)\,,o f h ijd s Rhm j;R §(N)d g?

where §; = (3,;h;; — ;)1 + O(p™1)). One sees immediately that this
boundary term is the variation of a geometric invariant called the mass.
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DEFINITION 8.2. Given an asymptotically flat Riemannian manifold (N, g)
with asymptotic coordinates {z'}, define the mass as follows:

8.10 m = lim w™! 1dz,
(8.10) (g) = Jim o[ p

if the limit exists, where  is the mass-density vector field defined on N_:
p= (aigij - ajgii)aj'
The preceding discussion shows that for a family g, of asymptotically flat
metrics,

(8.11) GA(g) +m(8)),o= [ hGav,.

provided the mass is a differentiable function of g. We will discuss the analytic
properties of the mass, including the justification for this equation, in the next
section. For now we return to the physics, describing how the mass occurs in
general relativity and why the term “mass” is appropriate.

In 1960, Arnowitt, Deser, and Misner [ADM1, 2, 3] made a detailed study of
isolated gravitational systems. They adopted the Hamiltonian viewpoint, which
meant choosing a spacelike hypersurface as an “initial surface” and writing
Einstein’s equations as evolution equations from this initial data. After in-
tegrating by parts, they discovered a conserved quantity given precisely by the
integral (8.10). Using equation (8.2) it is easy to check that in Schwarzschild
space m(g) agrees with the mass m (up to a constant). Thus, they concluded,
the conserved quantity m(g) is the total mass of the isolated system.

Arnowitt, Deser, and Misner then conjectured that the mass, measured along
a spacelike hypersurface in a physical spacetime, is nonnegative (and zero only
if the spacetime is empty). Now the metric of any physical spacetime must
satisfy Einstein’s equation (8.1), where T;; is a physically reasonable energy-
momentum tensor. It turns out that the energy-momentum tensors encoun-
tered in realistic physical models satisfy a certain positivity condition, called
the dominant energy condition (see [HE]). By Einstein’s equation this becomes a
positivity condition on the Ricci tensor. In particular, for a time-independent
spacetime X = N3 X R this condition is equivalent to the requirement that the
scalar curvature of N (which then represents local mass density) be nonnega-
tive. Thus one case of the ADM conjecture is:

POSITIVE MASS CONJECTURE. If (N, g) is an asymptotically flat Riemannian
3-manifold with nonnegative scalar curvature then m(g) > 0, with equality if and
only if (N, g) is isometric to R® with its Euclidean metric.

In fact, Arnowitt, Deser, and Misner found that the mass is the first
component of a conserved 4-vector, which represents the total energy-momen-
tum of the system. If the system, viewed from a large distance, behaves like a
relativistic point particle then this energy-momentum vector should be time-
like. The general form of their conjecture, called the positive energy conjecture,
is that this is the case in any spacetime satisfying the dominant energy
condition (see [W] or [PT] for a precise statement). This general conjecture is
essentially equivalent to the positive mass conjecture (see [SY3]).
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The mass integral (8.10) on a 4-dimensional Riemannian manifold also
appears in physics. In his “Euclidean” approach to quantum gravity, Stephen
Hawking proposed that one replace the spacetime manifold by an asymptoti-
cally flat Riemannian 4-manifold, and quantize its metric. (This rather unin-
tuitive substitution has proved quite valuable in studying Yang-Mills theories.)
One finds that the Einstein-Hilbert action A(g) must be replaced by

B(g) = A(g) + m(g).

Equation (8.11) then shows that the critical points of B, thought of as a
functional on the space of asymptotically flat metrics, satisfy G;, = 0. Gib-
bons, Hawking, and Perry [GHP] analyzed this action B(g) and concluded
that it might lead to a reasonably well-behaved quantum gravitational theory
provided B(g) > 0 whenever g has zero scalar curvature. This led them to the
following conjecture.

POSITIVE ACTION CONJECTURE. If (N, g) is an asymptotically flat Riemannian
4-manifold with zero scalar curvature then B(g) > 0, with equality if and only if
(N, g) is isometric to R* with its Euclidean metric.

Note that this would be an easy consequence of the 4-dimensional analogue
of the positive mass conjecture.

These conjectures have a long history. Partial results were obtained by
numerous physicists and mathematicians over a 20-year period (see [W] for
references). Finally, in 1979 Richard Schoen and S.-T. Yau solved the problem.
In a series of papers [SY1, SY2, SY3, SY4] they used geometric and p.d.e.
methods to give complete, rigorous proofs to all of these conjectures. Shortly
thereafter Edward Witten gave a simpler proof of the positive energy theorem
based on an integration-by-parts formula for spinors [W, PT].

While these conjectures arose in general relativity, they are purely geometric
facts about asymptotically flat manifolds. The natural generalization of both
conjectures is that an asymptotically flat Riemannian manifold (N, g) of
dimension n > 3 with nonnegative scalar curvature has m(g) > 0, with equal-
ity if and only if N is isometric to Euclidean R". Schoen and Yau [S] have
announced a proof of this result, which we will continue to call the positive
mass theorem.

9. Analysis on asymptotically flat manifolds. Before we sketch the proof of
the general positive mass theorem, we pause to introduce some analytic tools
that will be useful for understanding asymptotically flat manifolds, analogous
to those discussed in §2 for compact manifolds.

The appropriate analytic setting for studying asymptotically flat manifolds is
weighted function spaces. Let (N, g) be an asymptotically flat manifold, with
asymptotic coordinates {z‘} on N,. Let p(z) =|z| on N, extended to a
smooth positive function on all of N. For ¢ > 1 and B € R we define the

weighted Lebesgue space Lg, g(IN) as the set of locally integrable functions u for
which the norm

q 1/q
luloss = ([, lo~Pul's™av,)
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is finite. For a nonnegative integer k the weighted Sobolev space LZ’ p(N) is the
set of u for which |V u| € L§z_,(N) for 0 < i < k, with norm
k
lulloks =2 1V ullgo.p-i.
i=0
We note that C*(N) is dense in L 4(N).
We also define the weighted C* space C,;"(N ) as the set of C* functions u for
which the norm
k
lulg = X supp~#*vul
i=0 N
is finite. The weighted Holder space CB"""(N ) is defined for 0 < a < 1 as the set
of u € Cf(N) for which the norm

)_B+k+¢x Ivku(x) — vku(y)[

x = y[*

is finite. (Here, as in §2, the supremum is over all x # y such that y is
contained in a normal coordinate neighborhood of x, and v “u( y) is the tensor
at x obtained by parallel transport along the radial geodesic from x to y.) It is
easy to check that multiplication is a continuous map from Cg»* X C* to
Co%.

BNote that the definitions of the weighted spaces depend on the ‘distance
function’ p, and thereby on a choice of asymptotic coordinates. However, it is
easy to see that p is uniformly equivalent to the geodesic distance from an
arbitrary fixed point in N as p — oo, so all choices of p define equivalent
norms.

The theory of elliptic operators on these spaces was introduced by Nirenberg
and Walker [NW], and has been developed extensively by Lockhart [Lo],
McOwen [M], Cantor [C], Bartnik [B], Choquet-Bruhat and Christodoulou
[CBC], Chaljub-Simon and Choquet-Bruhat [CSCB], and others.

We remark that the definition of asymptotically flat manifolds can be
extended to manifolds with two or more asymptotic ‘ends’, and all of the
results of this section extend easily to that case (see [C], for example).

In the literature there are several ways of indexing weighted spaces. Follow-
ing Bartnik, we have chosen our definitions so that the index f reflects order of
growth: functions in Cf* or Lj z grow at most like pP. Indeed, it follows
immediately from the definitions that f € Cf>* implies f = O(p”). The corre-
sponding fact for LZ’B is a consequence of the following Sobolev lemma for
weighted spaces.

lullege =lullcs + sup (min p(x), p(»)
x’y

LEMMA 9.1 (WEIGHTED SOBOLEV LEMMA). Suppose ¢ > 1 and | — k — a >
n/q. For each & > 0 there are continuous embeddings Cé’f‘e C LZB c CB""". In
particular, if f € L], with | > n/q then f = O(p#).

Proor. The first embedding is easily obtained from the definitions. The
second is proved for weighted C* spaces on R” by Cantor [C]. Bartnik sketches
a proof of the general case in [B]; although his definition of the weighted
Holder spaces differs slightly from ours, the same method applies. O
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The beauty of the weighted spaces is that they give us analogues of many of
the global elliptic regularity results that we stated for compact manifolds in §2.
In general, these theorems are not true on noncompact manifolds without
weights.

THEOREM 9.2 (WEIGHTED ELLIPTIC REGULARITY). Let (N, g) be asymptoti-
cally flat with g;; — 8, € CL%(N), 7> 0, and g > 1.
(a) Forallu € L] 4(N),

lulla2s < C(lAullg0.8-2 +||ullao.s).

(b) A: Lg,B(N) - Lg‘ﬂ_z(N) is an isomorphism iff 2—n<B<0. In
addition, if B & Z, A is surjective for all B > 2 — n and injective for all B < 0,
and the dimension of kerA is the same as that of the kernel of the Euclidean
Laplacian A : Lg, s(R") — Lg, p—2(R"), which is the space of harmonic polynomi-
als of degree < B.

(©) If u € CJ(N) and Au € C{"%(N), thenu € C3*(N) and

lullge < (| Aullcge, +llullcy)-

@ If2—-n<B<0, he C¥N) for some 8§ < —2, and in addition the
operator A + h: C,}""(N )— Cﬁ?’_"‘z(N ) is injective, then it is an isomorphism.

PRrOOF. Part (a) is essentially Proposition 1.6 in [B]. Part (b) is proved in [C,
M, Lo, and B]. The estimate in part (c) is proved in [CSCB] in the case n = 3
and 2 — n < B8 <0, and under the assumption that u € C;""(N ); in the
general case stated here, the fact that u € CZ%(N) follows from local elliptic
regularity, and the global estimate is proved by the same techniques as in
[CSCB]. Finally, (d) is proved in [CSCB]. O

As an immediate application of these results, we prove the existence of a
preferred system of coordinates near infinity, called harmonic coordinates (cf.

(B.

THEOREM 9.3 (HARMONIC COORDINATES). Suppose (N, g) is asymptotically
flat with g, — 8,, € CLX(N), 7> (n — 2)/2, and let {z'} be any asymptotic
coordinates on N,. There exist C*® functions {y',...,y"} on N satisfying
Ay’ =0 and
Zi—yiec?* (N ifn >4,

(9.1) . y 2-r+1( oo) f
'=y'e C—’g+1+e(Noc) ifn=13,

such that { y'} form asymptotic coordinates for N on some set {p > R, }.

PRrOOF. Extend the functions z* arbitrarily to smooth functions on N. Then
the fact that + > (n — 2)/2 implies that

Az' = —g/(2') u = g/Tj, € C274(N).

If n > 4, Theorem 9.2(d) shows there exist functions u’ € C%%, ;(N) such that
Au' = Az If n = 3, however, the index 8 = —7 + 1 may be positive, so this
approach fails. Instead, note that Az’ € L_, ,,,(N) forany g > 1, ¢ > 0 by
Lemma 9.1. If we set 8 = —7 + 1 + ¢, and assume ¢ is chosen so that 8 ¢ Z
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and B > 2 — n, then Theorem 9.2(b) shows there exists u’' € L1 B(N ) with
Au' = Az If ¢ > n the welghted Sobolev lemma implies u' € CB *(N), and
thus Theorem 9. 2(c) shows that u’ € C_,Hﬂ(N ).

Set y' = z' — u'. The fact that |vu'|= O(p~""*) means that the differen-
tials of the functions y’ are independent near infinity; a simple application of
the mean value theorem then shows that the resulting map y: M — R” is
injective for |y| large enough, and thus { y’} form coordinates near infinity.
The formula for the metric coefficients in y-coordinates shows that { y'} are
indeed asymptotic coordinates. O

The weighted Holder spaces provide us with an appropriate topology in
which to study the mass functional introduced in §8. It turns out, as we will see
in the next lemma, that finiteness of the mass is intimately related to integrabil-
ity of the scalar curvature. For 7 > (n — 2)/2 we define 4 to be the set of
all C* metrics on N such that (in some asymptotic coordinates)

g, — 8, € ClLiN,), S, € L'(N).
In z-coordinates on N_,
(9:2) S = g/*(8,T}, — 8,T}; + TiT} — TL,T})
= aj(aigi, - a,g,.,.) +0(p~2772).

Choosing a base metric g, € #, it follows that the scalar curvature of a
metric g, + b isin L' iff 3;3,b,, — 3,9;b,, € L'(N,,). Thus we can identify ./#,
with a subset of the affine space

{go+b: be CL2(N)and 3,3,b,; — 9,9,b, € L'(N,)}

with the obvious norm. In this topology g, — g in #, if ||g, — gllce > 0
and ||S, — S||; — 0.

LemMMA 94. If > (n — 2)/2, the mass functional is a continuous affine
functional on M _, and thus is infinitely differentiable.

PrOOF. The mass is evidently an affine function from its definition. From
(9.2), S = —v*u+ O(p~?""%) on N, where p is the mass-density field as in
Definition 8.2. Let n be a smooth cutoff function which is supported in N
and identically one for large p. Then by the divergence theorem,

I

m(g)

R—- o0 J§

lim f pldz = lir{.loj; n{p, N) dwp
R r= R

fN (=nv *u +(p,vn)) av,.

Now g € 4, implies nv *u € LY(N) and (g, V1) € C>*(M) c LY(N). Thus
the last expression above is continuous on /. 0O

We remark that the above proof can be adapted to show that the C1* norm
can be replaced by the L], ,, , normon ./# .



78 J. M. LEE AND T. H. PARKER

We can now show that asymptotic coordinates are unique up to an obvious

equivalence relation. Suppose {z'} are asymptotic coordinates with respect to
which

(9.3) 8ij — 8ij € Cl—"rx(Noo)’
and {2’} are any other coordinates on N, such that
(94) Z( ) E(Z) € C—T+1(N00)

for some Euclidean motion E: R” — R”. Then it is clear from the definitions
that (9.3) holds also in Z-coordinates. It is an important fact that all choices of
asymptotic coordinates are related in this way if N is asymptotically flat of
sufficiently high order. The proof (in the three-dimensional case) is due to
Robert Bartnik.

THEOREM 9.5 (BARTNIK [B)]). Suppose (N, g) is asymptotically flat, and {z'},
(%'} are any two choices of asymptotic coordinates with respect to which (9.3)
holds with v > (n — 2)/2. Then there is a Euclidean motion E such that (9.4)
holds ( possibly with T replaced by v — ¢ for some small ¢ > 0).

PrROOF. Let { y'} and { '} be harmonic coordinates asymptotic to { z '} and
{2} respectively, obtained from Theorem 9.3. Observe that y’, j' € L2 n(N )
for any 1 < n < 2. By Theorem 9.2(b), the dimension of kerA on L] (V) is
the same as that of the Euclidean Laplacian on L2 ,(R™), which is spanned by

the linear functions and the constants. Thus {y%,..., y",1} form a basis for
kerA c LI 2(N), and so there exist a matrix A' and constants &' so that
(9.5) pr=Aiy/ +b'.

The fact that the metric g is asymptotically flat with respect to both { y'} and
{ 7'} shows that 4 must be orthogonal. Combining (9.1) and (9.5) now yields
the result. O

The definition of mass involves a choice of asymptotic coordinates. But it
follows from Bartnik’s result that the mass is in fact an invariant of the metric.

THEOREM 9.6 [ADM, B). If N is asymptotically flat with metric g € M,
T > (n — 2)/2, then m(g) depends only on the metric g.

PROOF. Suppose {z'} and { '} are two choices of asymptotic coordinates on
N_. By Theorem 9.5, after composing with a Euclidean motion (and replacing
7 by 7 — ¢ if necessary) we may assume that

3 =7+ ¢, where ¢’ € C2* (N,).
The first key observation is that the radial distance functions p = |z| and
p = |Z| are related by C ~15 < p < Cp for some positive constant C. Thus if Sg
and Sy represent the spheres {p = R} and {p = R} respectively, and Ay is
the annulus { C™!R < p < CR}, the divergence theorem shows

LRMJdZ__/;RP«JdZ SLR !V*,u.ldz.

This last integral goes to zero as R — oo, since V *u € L' by (9.2). Therefore
we can replace S by Sy in the definition of m(g) without changing the mass.
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If g;; and g, are the components of the metric in the two coordinate
systems, then, writing 9, = 3/9z' and 9, = /0% = 9, — 9,9'3, + O(p™"),

8ij = 8ij — ¢/ — aﬂ’i +0(p™%),
ékgij = 3,8, — 00,9’ — 0,0,0' + o(p™>71).
Therefore the mass density field p = (9,8,; — 9,8;,)9/ is
p=j +( 0,97 — aiaﬂ’i)aj + 0(9_27*1)'
Since the volume forms of {z’} and {2’} are related by dz = dZ + O(p™"),
pldz=jid: +dn+ O(p~271),
where 7 is the (n — 2)-form
n = 09,97(9,10,1dz).

Integrating this over .§R and taking the limit, we conclude that m(g) = m(g).
m]

For the Yamabe problem, we are interested in the asymptotically flat
manifold M obtained by stereographic projection from a compact manifold
M. The simplest case is when M is locally conformally flat, for then

gij(z) = Y(Z)P_28ij7
where
v(z) =1+ 4p> "+ 0"(p*™").

Using (7.2) and (7.3), one can calculate easily that the constant A is related to
the mass and the distortion coefficient by 2(n — 1)4 = p = $m(g). More
generally, we have the following relation between p and m(g).

LEMMA 9.7. Let M be the stereographic projection of M from P € M, and p
the distortion coefficient computed with respect to inverted conformal normal
coordinates. If n < 6 or M is conformally flat in a neighborhood of P, then p
= im(g).

PrOOF. Theorem 6.5 and the fact that the scalar curvature of g is identically
zero show that in these cases § € #, with 7> (n — 2)/2, so the mass is
defined. It can be expressed in terms of radial derivatives as follows. First note
that on the sphere S,, 3, 1dz = p~'z/dw, = p~°2/z%3; 1 dz, so the mass for-
mula becomes

m(g) = lim w“lf (p—2zfzka,g,.,— 8,8.:)d, 1dz.
p— s

Now observe that g,, = 2(3,,d,) = p~*z*z%8;;, 3,8,, = p °z'z/23,8,,, and
that the (n — 2)-form n = z/z%§, 9, 19, 1 dz satisfies

dn = (zjzkaig,.j — 2/2'9,8,, + 2°8, — nzfgkj)ak.ldz.

Hence

(9'6) m(g) = pll»n:o w_1L ap(gh‘pp - gii) + p_l(ngpp - gii) dwp'
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This simplifies greatly in inverted conformal normal coordinates, where we
have g,, = y?"?and det § = y*” = 1 + O(p*~"). Thus

nd,g,,=n(p—2)y? 33,y = y»~%9,(logdet 2)
= apgii + O(P_ZT_l)-

Integrating along rays from infinity and noting that ng,, = n = §,; at infinity
shows that ng,, = g, + O(p~27). Then (9.6) becomes

m(g)= lim o ' adydw,
(g) = lim fsp Lyde,

som(g)=2pby(74). O

10. The positive mass theorem. We will now sketch the proof of the general
positive mass theorem, relying on the work of Schoen and Yau. The discussion
of §9 indicates that the natural setting for studying the mass is an asymptoti-
cally flat manifold with metric g € #, for some 7 > (n — 2)/2. A general
version of the theorem is the following.

THEOREM 10.1 (POSITIVE MASS THEOREM). Let (N, g) be an asymptotic-
ally flat Riemannian manifold of dimension n > 3 with metric g€ M _, T >
(n — 2)/2, and nonnegative scalar curvature. Then its mass m(g) is nonnega-
tive, with m(g) = 0 if and only if (N, g) is isometric to R" with its Euclidean
metric.

Schoen and Yau [S] have recently announced a proof of this theorem in the
case 7 = n — 2. We begin our sketch of the proof with a weaker but much
simpler theorem, which shows that the mass is nonnegative provided the Ricci
curvature is nonnegative. This argument extends earlier results of E. Witten, R.
Bartnik, and R. Schoen. It is a noncompact version of Bochner’s vanishing
theorem.

PrOPOSITION 10.2. Suppose (N, g) is asymptotically flat with g € A, for
some T > (n — 2)/2, and the Ricci tensor of g is nonnegative. Then the mass
m(g) is nonnegative, with m(g) = 0 if and only if (N, g) is isometric to R" with
its Euclidean metric.

PrOOF. By Theorem 9.6, we may use any convenient coordinates to compute
the mass. Let { '} be harmonic coordinates as in Theorem 9.3, so Ay’ =
d* dy’ = 0. Then the 1-forms ' = dy’ satisfy dw' = d*&' = 0. From the Ricci
identity (2.2) we obtain the classical Bochner formula for a 1-form w:

(10.1) Aw = (dd* + d*d)w = (V*V + Ric)w.

Applying this to «', taking inner products, summing over i, and integrating by
parts over N, = {p < R} yields

;'/;VR ini|2 + R.iC(wi,wi)dVg = iZiLR gjk<wi,vjw‘>adeVg,
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But observe that v,w'=v,dy'= —T) dy*, and in harmonic coordinates
0 = Ay’ = g/*T,. Therefore the mass-density field on N, is

r= (ri{ - I‘iij)aj + O(F’_Zhl)
= Z<wi,vjwi>3j +0(p~2Y).

i’ .,
Integrating over S and taking the limit as R — oo yields

m(g) = ‘*’_12}'{1\] (|Vwi|2 + ch(wi,wi)) av, > 0.

Now suppose the mass is zero. Then the above formula shows that Vo' = 0
for each i. Thus V(' w/) = (Ve w/) + (&, Vw’/) =0, and since the
coframe {w'} is orthonormal at infinity it is orthonormal everywhere. This
implies that the map y: N — R” is a local isometry. In fact, since it is a proper
local diffeomorphism, it is a covering map, and therefore a global isometry.
Thus N is isometric to Euclidean R”. O

In 1981, Witten discovered that a variant of this argument, using spinors in
place of the one-forms «', gives a simple proof of the positive mass theorem for
a manifold with a spin structure.

THEOREM 10.3 (WITTEN [W]). Suppose N is an asymptotically flat spin
manifold of dimension n > 3, with metric g = 8,; + h,;, where h,; € CZ¥(N)
for some v > (n — 2)/2. If N has finite mass and nonnegative scalar curvature,
then m(g) > 0.

Since the proof is quite simple, we include it in the appendix.

We remark that the proof extends easily to spin manifolds with several
asymptotic ends, as mentioned in §9. In that case there is a mass associated
with each end, and the theorem states that each mass is nonnegative (see [PT]).

The definition of a spin manifold implies orientability. But the above remark
allows us to extend Witten’s theorem to certain nonorientable manifolds: if N
is an asymptotically flat manifold whose orientable double cover N is spin, the
theorem applied to N (which has two ends) implies that the mass of N is
nonnegative.

Another special case—that of locally conformally flat manifolds—is directly
applicable to the Yamabe problem. A new proof for this case has recently been
given by Schoen and Yau [SY6]. Their theorem is as follows:

THEOREM 10.4. Suppose (M, 8) is a stereographic projection of a compact,
locally conformally flat manifold M of dimension n > 4 with A(M) > 0. Then
m(g) > 0 unless M is isometric to R".

The proof of this theorem is based on a careful analysis of the developing
map, a conformal map from the universal cover of M to the sphere. Schoen
and Yau showed that the hypotheses on M imply that the developing map is

1At the time this was first written, no proof of this version of Witten’s theorem had appeared in
the literature. Since then, Bartnik has independently written a proof and included it in the
published version of [B].
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injective; the result then follows by comparing the Green function on M with
that on the sphere.

The proof of the general positive mass theorem will be carried out in three
steps. The heart of the proof is the following lemma, which shows that
m(g) > 0if g has a particularly simple asymptotic form.

LeEMMA 10.5 (SCHOEN AND YAU [SY1, SY2, SY4, SY5]). Let (N, g) be an
asymptotically flat manifold with metric g of the following special form:

gij(z) = (1 + APZ"n)si,‘ + (Dij(z)a

where A is a constant and ®,; € C?_,(N,). If the scalar curvature of g is

nonnegative, then m(g) = (n — 2)(n — 1)A4 > 0.

PrOOF. This is proved by induction on n. The case n = 3 is a consequence
of Witten’s theorem (and the remark following it) since every orientable
3-manifold admits a spin structure. (It also follows from Schoen and Yau’s
original proof of the positive mass theorem [SY1].)

We give only a brief sketch of the inductive step. One begins by assuming
the mass is negative. This assumption can be used to prove the existence of an
embedded asymptotically flat minimal hypersurface H € N. By conformally
changing the induced metric on H to a metric § of zero scalar curvature, and
analyzing the second variation of the minimal surface equation, one concludes
that g has negative mass, contradicting the inductive hypothesis.

This argument is given in the case of dimension 4 in [SY2]. The general
result was announced in [S], but a proof has not yet appeared. If n < 7 the
argument proceeds just as in the 4-dimensional case. For n > 7, the minimal
hypersurface may have singularities, and one must analyze these carefully, in
effect proving the theorem for manifolds with certain types of singularities. O

The next step is to remove the restrictive assumptions on the metric g.

LEMMA 10.6. Under the hypotheses of Theorem 10.1, m(g) = 0.

ProoF. We will reduce the theorem to the restricted case above by “flatten-
ing” g € A, on the asymptotic end N_, and then conformally changing back
to nonnegative scalar curvature.

Let {z'} be asymptotic coordinates on N,, and let p: N — R be the radial
distance function as in §9. Fix a smooth cutoff function n on R with
0<n<l n(¢)=1forzt<1,and n(¢t) =0 for ¢ > 2. For R > 0 define ng:
N — R by ng(z) = n(R 'o(2)). Write g,, = §,, + b,; with b, € CL¥(N), and
consider the flattened metrics

(gR)ij = 61’_/’ + "IRbij~

These metrics may have negative scalar curvature at some points. A natural
way to restore positive scalar curvature is to seek a metric §; conformal to g,
which has prescribed nonnegative scalar curvature, say, equal to 1S. This
would require solving the nonlinear prescribed scalar curvature equation
Ox® = nxSe? L. A much simpler approach is to solve the linear equation

(10‘2) OxPr = MrSPr
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for Pr > O for then the transformation law (1.1) shows that the metric
= ¢% gp has scalar curvature

S = @ POxPr = *PR RS >
Writing ¢ = 1 + ¢z and yg = Sz — 1S, (10.1) becomes
(10.3) (abg + vp)¥r = — Y.

To solve this we first note that, for any positive ¢, yg = 0in C%* ,, (N) as
R — oo. Indeed, the usual coordinate formulas show that the Christoffel
symbols of g and gz = g + (nx — 1)b are related by I'y — 9" = O(b - )
and

2
Yr = Sg = xS = O(dng - 3b) + O(b - 9dnz) + O(b -[ane[).

It follows from its definition that n is bounded in CX**(N) for any k, and
thus dnz € C%¢ and 99nz € C%%, uniformly in R. Since multiplication is
continuous from Cg»* X C»* to g%, the above formula shows that [|ygl|cos |
is bounded independently of R. Since vy is supported in the annulus {R < p
< 2R}, this implies that ||yg|co._ e 0 for any positive .

Since the Laplacian A of g is mjective on Lj . ,,(N)D C*%, (N) by
Theorem 9.2(b), part (d) of that theorem shows that A: C2%, (N)—
C%e_,, (N) is an isomorphism. Thus the operator aA ; + y, will also have a
bounded inverse if the operator norm of the perturbation term a(A, — A) + v
is small enough. The multiplicative property of weighted Holder spaces shows
that the operator norm of yg is bounded by ||vg||cos. On the other hand, one
can calculate that

[(Ag = B)ulcos .. <llgr = glleyellullcoe,

T+e

and g — g in C3*%(N). Thus aAy + yg has a bounded inverse for large R,
and we can solve (10.3) for ¢ € CE;‘H(N) with [|Yg|| 22, — 0. In particular,

r = 1 + Y is strictly positive for large R.

Now because the Laplacian Ay is equal to the Euclidean Laplacian in
asymptotic coordinates for p > 2R, and y; = 0 there, the functions ¢, are
harmonic (in the Euclidean sense) near infinity. Consider the inversion x —
||~ %x which sends a neighborhood A of the origin in R” to a ne1ghborhood of
infinity. It is easy to check that the function y(x)= |x|2 " (x| 2x) is
harmonic on 4 — {0}. Since Y = O(p~"*%), we have Y = O(|x|>7"*"79),
and so 7 > (n — 2)/2 implies Y5 € L?(A). Thus the removable singularities
result (Proposition 2.7) shows that ¢ is weakly harmonic on 4, and elliptic
regularity shows that ¥, is C*. In particular, v “y z(x) is bounded for all k.
Inverting, we find that V¥ (z) = O(p? ") for all k.

Thus the metric § = ¢ ~2g, satisfies the hypotheses of Lemma 10.5, so
m(gg) >0

The proof is completed by showing that g — g in the topology of /. _,,
which implies m(gz) — m(g). Note that g — g, = (1 — n,)b is supported in
{p > 2R} and bounded in C:*(N) independently of R, and thus converges to
zero in C1%, (N). We have

—T+e
g 8r= (g - gr) +(1 - %_2)81%-
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The first term goes to zero in C%, (N) by the previous remark, and the
g T+e y p

second goes to zero since ¢ — 1 in that space. Finally,
|S = Spl =[S — ¢k "neS|< 2(1 = mg)IS]

since gz — 1 uniformly, and thus [y |S — Sg| = Osince S € LY(N). O
The proof of the positive mass theorem is completed by examining the case
m(g)=0.

LemMma 10.7. If (N, g) satisfies the hypotheses of Theorem 10.1 and has
m(g) = 0, then N is isometric to R" with its Euclidean metric.

PrOOF. We will use the variational formula (8.11) to show that the Ricci
tensor of g is zero. The lemma then follows from Proposition 10.2.

Let h,; be any smooth, compactly supported symmetric 2-tensor on N, and
consider the family of metrics g, = g + th. These metrics may no longer have
nonnegative scalar curvature. Following the method of Lemma 10.6 above, we
change to the conformal metric §, = ¢~ %g,, where g, is a positive solution to
Od,¢, = S¢,. This is equivalent to

(aAt + Yt)'d’z = Y

where we have written ¢, =1+, and y,= S, — S. Since vy, is compactly
supported and S, - S in C* for any k as ¢ — 0, it follows that 1Y llcoa , = O.
Arguing as in the proof of Lemma 10.6, for small # we can solve uniquely for
Y, € C2¥(N), with ¥ llcza = 0 as ¢ = 0. Thus for ¢ small enough, ¢, =1 +
¥, > 0, and the metric g, = ¢ ~2g, has scalar curvature

S~t = (P}_Pljt(pt = (p12~pS > 0.

Now since m(g) = 0, the previous lemma implies that g is a minimum for
the mass among the metrics g,. Since m is differentiable by Lemma 9.4, this
means that m(g) is zero, where a dot denotes the derivative with respect to ¢ at
t = 0. We will apply the variational formula (8.11) to the family g,. First note
that ¢, is differentiable with respect to ¢, since the family of operators
(aA, + v,)” ! depends differentiably on ¢. At ¢ = 0,

d. .
25 =(p—2)¢g +h,
d

- d 12
P av,=— (detg,) " dx

=3((p — gy + hy) g’ av,.

Thus, since S, = ¢?77S,

d, . - . ‘ :
5 (8:dV) = (2= p)eSav, + 3S((p — gy + hy )8’ dv,.
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From (8.11) we have

0=r(g) =~ deV+f <(dtg,), >dVg
= fN h/*R . dV,.

This holds for all compactly supported h, so R, = 0 on N. This completes the
proof of the general positive mass theorem. O

11. Solution of the Yamabe problem. We now have all the ingredients needed
to solve the Yamabe problem. The solution has proceeded in several steps.
First, the analytic arguments of §4 showed that we can obtain a solution
provided that A(M) < A(S™). Second, the test function estimate of §7 reduced
the problem to verifying the positivity of the distortion coefficient p of the
manifold M obtained by stereographic projection in conformal normal coordi-
nates. In many cases this follows directly from the asymptotic expansions of
Theorem 6.5. In the remaining cases it is a consequence of the positive mass
theorem.

THE YAMABE THEOREM. If (M, g) is a compact Riemannian manifold of
dimension n > 3, there exists a metric § conformal to g with constant scalar
curvature S = A\(M).

PrOOF. If M is conformal to the standard sphere, then Theorem 3.2 shows
that the problem is solved by the standard metric. For any other M, by
Theorem 4.5 it suffices to show that A(M) < A(S"). If A(M) < 0, this is
obviously the case. If A(M) > 0, then by Theorem 7.2 it suffices to find a
stereographic projection M of M with positive distortion coefficient p.

If n > 6, we can calculate the expansion of the spherical density function 4
directly from the expansion for y obtained in Theorem 6.5. Using formula (7.2)
and the fact that

. 1...
fsz‘zfdwp=;8’fp2wp,

(3

we find that

1 2
1+————|W(P)[p~*+0"(p~%) ifn>1,
h(p) = 96n(n — 6)

1 +-5—7€|W(P)| p_4logp+ 0"(p™*) if n=6.

Thus if M is not locally conformally flat we can choose a point P € M with
W(P) +# 0, and then p = C|W(P)|? > 0. On the other hand, if n < 6 or M is
locally conformally flat, then Lemma 9.7 and the positive mass theorem show
that u > 0 unless M is conformal to R”, in which case M is conformal to S”.
O
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There are several questions related to the Yamabe problem that are of
considerable current interest. Yau [Yau] and others have posed the Yamabe
problem for complete noncompact Riemannian manifolds. Using the methods
of weighted spaces discussed in §9, one can show that an asymptotically flat
manifold N of order 7 > (n — 2)/2 with positive Yamabe invariant A(N) has
an asymptotically flat conformal metric of zero scalar curvature provided the
scalar curvature satisfies S € C%*_,(N). More generally, Patricio Aviles and
Robert McOwen [AM] have recently obtained some interesting results about
conformal deformations of noncompact manifolds, including a proof that the
Yamabe problem is solvable for complete Riemannian manifolds whose scalar
curvature is negative near infinity. In [SY6], Schoen and Yau have made
progress toward understanding which open submanifolds of the sphere admit
complete conformal metrics of constant scalar curvature.

A second question concerns the properties of the functional Q. The solution
of the Yamabe problem is based on showing that the minimum of Q, is
realized. It would be interesting to have a better understanding of the analytic
properties of Q,, and in particular to examine the higher critical points.
Recently Ding Weiyue [Wy] has shown that Q, has infinitely many critical
values on the sphere (although it follows from Obata’s theorem that the
minima are the only critical functions that are strictly positive). Schoen has
shown that the convergence theorem 4.5 holds for sequences {¢,} that are
solutions—but not necessarily minima—of the subcritical problem, and for
which {Q,(9,)} is bounded.

In another direction, the Yamabe problem can also be posed for CR
manifolds, the abstract models of real hypersurfaces in complex manifolds. A
strictly pseudoconvex CR manifold is an odd-dimensional manifold with a
given codimension 1 sub-bundle of its tangent bundle, which carries a complex
structure and a hermitian metric (the Levi form) defined only up to a
conformal factor. S. Webster [We] has defined a notion of covariant differenti-
ation and curvature for the Levi form, and it is natural to ask whether the
conformal factor can be chosen so that the Webster scalar curvature is
constant. This is the CR Yamabe problem.

The formal structure of this problem is identical in many respects to that of
the Riemannian Yamabe problem. The analysis, however, is considerably more
difficult since the operator that takes the place of the Laplacian is only
subelliptic rather than elliptic. Nonetheless, by using more delicate Sobolev
estimates, one can still prove the analogue of Theorem A; this has been done
by Lee and David Jerison in [JL1 and JL2].

In order to determine when the problem can be solved, one must identify the
extremals for the “model case”, the sphere in C"*!. Using a generalization of
Obata’s argument, Lee and Jerison have shown in [JL3] that the CR Yamabe
functional is minimized by the standard Levi form on the sphere and its images
under CR automorphisms.

Once the extremals are known, one must calculate the asymptotic expansion
for the Yamabe functional of an appropriate test function, and relate it to local
CR invariants. This calculation is significantly more complicated than in the
Riemannian case, and requires the construction of special coordinates analo-
gous to conformal normal coordinates. In [JL4], Lee and Jerison have carried
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out this calculation and proved the following analogue of Theorem B: the CR
Yamabe problem can be solved on CR manifolds of dimension > 5 that are
not locally CR equivalent to the sphere (‘“locally spherical”).

When the dimension is 3 or the manifold is locally spherical, this local
approach does not work and we are in a situation analogous to Theorem C. In
that case one needs an analogue of the positive mass theorem for CR
manifolds. This problem is still completely open.

Appendix: Witten’s proof. In this appendix we give a proof of Witten’s
Theorem 10.3, beginning with a rapid summary of the geometric context of
spinors. More details on the constructions discussed here may be found in
[PT].

The group SO(n), n > 3, has a twofold universal covering group called
Spin(#n). This group has a fundamental unitary representation on a space ¥ of
complex dimension 2"~ 2 called the spin representation p: Spin(n) — Aut(V).
When n is odd V is irreducible, and when n iseven V' = V_® V_ is the direct
sum of two irreducible representations. In addition there is an equivariant
linear Clifford multiplication map c¢: R" - End(V). The map c(x) is skew-
hermitian and satisfies c(x)c(y) + c¢(y)c(x) = —2(x, y)Id for all x, y € R".

For example, Spin(3) = SU(2) is the universal cover of SO(3), and p is the
standard representation of SU(2) on C2. In this case Clifford multiplication is
simply

ix iy+z
c(x.y.2) = iy—z —ix

) € 0u(2).

For later use we note that the Lie algebra representation p: o4in(n) —
End(V) can be written in terms of Clifford multiplication. Namely, for any
skew-symmetric matrix A € do(n) = 94in(n) we have
(A1) p(A) = —3d,;c(e)c(e) = — %A,-j[c(e’),c(ef)],
where {e'} is the standard basis of R”. (It is easy to verify that this is a Lie
algebra representation.)

Now suppose (N, g) is an oriented Riemannian manifold, and F, the
bundle of oriented orthonormal frames for T*N (a principal SO(n) bundle).
When the second Stiefel-Whitney class w,(N ) vanishes we can choose a lift Fy
of F,, to a principal Spin(n) bundle; in this case one says N is a spin manifold.
We then have an associated Hermitian vector bundle S = F,, X , V called the
spin vector bundle, and a global Clifford multiplication ¢: I'(T*N) —
T'(End(S)). A section ¢ € T'(S) is called a spinor on N, and for a 1-form w we
will denote Clifford multiplication by c(w)y = w - ¢.

The metric g on N gives a Levi-Civita connection on Fy, on Fy, and on all
associated vector bundles. The composition of the covariant derivative ¥V on
T'(S) with Clifford multiplication gives a first-order elliptic operator

D T(S) ST(T*N & §) S T(S)

called the Dirac operator. If {e;} is an orthonormal frame on U C N, and {e'}
the dual coframe, then on U

B:= Ye-v,.
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The square of this operator satisfies the important formula of Lichnerowicz:
(A2) P2 =v*v +1S,
where v *vy = —y / is the covariant Laplacian on spinors. It is this formula
that Witten used in place of the Bochner formula (10.1).

To prove (A.2), choose P € M and an orthonormal frame {e;} with
ve,(P)=0.Since e - e’ - +ef‘ f. = —28" at P we have

Pr=c VN, = (_8ij+%[ei. ’ej.])vivj
=V*V +3e'- eJ-[v,.,vj].

At P, the curvature endomorphism R(e;, e;) = [V,,V,] acts on 1-forms via the
skew-symmetric matrix R(e;, e;),; = Ry, s0 by (A. 1) its action on spinors is

‘
B(R(epe)¥ = = ARyuyet - -y,

Thus

,B’z - v*v —_ %Rklijei . ej . ek . el. .
By the symmetries of the curvature tensor,

0= (Rklij + Rkij/ + Rkj/i)ei cel-ek el
= 3R, e e/ -e*-e'- —6R, e - e/
= 3R, e - el -ef- el +68S.

Then (A.2) follows.
T\Iow suppose N is asymptotically flat with metric g,; = §,; + h,;, where
= c? "‘(N ), 7> (n—2) / 2. Orthonormalizing {dz'} yields an orthonormal
coframe e'=dz' + h, dz* + O(p™"!). The connection coefficients of this
frame are

Tk = —<V,-e",ej> =T = 13,h, + 0(p~Y)

= %(ajgik - akgij) + O(P_zT“I)~
This orthonormal coframe induces a trivialization of Fy, and hence of the spin
bundle F,, over the asymptotic end N, . With respect to this trivialization, the
Dirac operator is (using (A.1) and the above formula)

(A3) By=c'-vy=e" 8y —i(dg;)e [e/ "]y +0(p> ")y
The trivialization also enables us to define ‘constant spinors’ on N,,. Choose

such a constant spinor ¥, with |{y] — 1 at infinity, and extend it to a smooth

spinor on N. It follows from (A.3) that B2, € C%*_,(N). Now note that

S > 0 implies that

(A.4) B2 CE2X(N) - C%_,(N)

is injective. Indeed, suppose B2¢ = 0 for some ¢ € C2%(N). Then § = O(p™ ")

and V¢ = O(p~""1). Applying (A.2) to ¢ and integrating by parts we see that

the boundary terms vanish, leaving

o=fN<$,JJ‘2§>dVg=lev£|2+%S|£|deg.
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Since S > 0 this shows that V¢ = 0, so V |£]? = (V£ €) + (§,v¢) = 0. Thus
|£| is a constant, which is zero since £ vanishes at infinity.

Theorem 9.2(d) also holds for the operator v *v acting on spinors (with
essentially the same proof). Therefore (A.4) is an isomorphism, so there exists
¢ € C2%(N) with B = P, The spinor § = y, — £ then satisfies B2 = 0.
Furthermore, ¢ = By = By, — P satisfies By = 0 and lies in CL¢_,(N), so
integrating by parts as above shows that ¢ = 0. We have thus obtained a
spinor ¢ which is asymptotic to ¥, and satisfies By = 0.

Now apply (A.2) to ¢ and integrate by parts over the region N = {p < R}.
This time there is a boundary term:

(a3) [ Ivel+ TSlefav, = Re[ (4.v9)e,dv,

= Rej; (<‘P07Vi4/0> - <‘PO)V,‘§> - <$,V,'\1/0> + <§,V,-§>)e,._ldVg.
As in (A.3) we haye
Re<¢0’Vi¢0> = _%Re(akgij)<¢0’ [ej . ’ek ]4/0> + 0(p~21A1).

Since [e/ - , e¥ - ]is skew-Hermitian, this is O(p~2""!) and so the first term in
(A.5) vanishes as R — co. Furthermore, since £ = O(p~"), Vé = O(p~ " }),
and vy, = O(p~""1), the third and fourth terms also vanish.

To analyze the remaining term, let L, denote the operator

Li=v,+é (8 + e’ )Vj=%[ei-,ef-]vj.
If aisthe (n — 2)-forma = ([e' - ,e ]¢0,g>e,.JedeVg, then
da = —2(<[e’- e’ -]Vj¢0,£> + <[e’~ e’ ~]¢0,Vj£>)e,~JdVg

= _4(<Li¢03 g) - <'4/0’ L,~§>)ei J dVg.
Therefore, by Stokes’ theorem and the fact that B¢ = B’¢0, the second term in
(A.5)is

(A.6) Re/S (o, (e &= L,)E)e, 1V,

- RefSR ((Wore' - BUo) = (Lito, £) ) e, 1dV,.
As before, { Ly, §) = O(p~ 2" 1), while (A.3) gives
el By, = _%(akglj + 0(9_27—1))ei rel-[el - e ]y,
(akglj + 0(p—2‘r—1))ei . e/_(sjk + el ek .)4,0
(

agkj akgjj + 0(p - 1)) ‘PO

Writing e’ - e+ = 1[e’ - e¥ -] — 8% and noting that [e’ - ,e" -] is skew, we
see that (A.6) becomes

f ( jglj 3,8” + O(P_z‘r_l))l\l/olzeinVg.

Jkl»—-

1
3
« [
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Putting this into (A.5) and letting R — oo gives Witten’s formula

2 2 ®
J 199l + 4S9l av, = Zm(z).

The theorem follows immediately. O

We remark that with a little more work the weighted Holder spaces can be
replaced by weighted Sobolev spaces in the above proof, and one need only
assume that g is asymptotically flat of order 7 > (n — 2)/2 and has finite
mass.
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