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CONVERGENCE OF RIEMANNIAN MANIFOLDS;
RICCI AND L"2-CURVATURE PINCHING

L. ZHIYONG GAO

In this paper we consider classes of Riemannian manifolds (M, g)
with bounds on the five fundamental geometric invariants: Ricci curvature
Ric, L™? -norm of curvature {|Rm Y *dg, injectivity radius inj(g),
diameter diam(g) and volume Vol(G).

Let G(H, iy, K, n) denote the collection of all closed, connected -
dimensional Riemannian manifolds (M, g) satisfying |Ric| < H, inj(g)
>i,>0,and [, |Rm(g)|"*dg<K.

One of the principal aims of this study is to understand the compactness
property of G(H, iy, K, n). The well-known and fundamental result of
Gromov states that the collection of all closed, connected r-dimensional
Riemannian manifolds (M, g) with |Rm|} <1, diam < D and Vol > V
is precompact among “ C !> Riemannian manifolds” (171, [12], [27].

Our first result says that we have a similar compactness result in
G(H < i,, K, n), which roughly states that: Given a sequence {M,} of
compact Riemannian #n-manifolds with |Ric|] < H,diam < D,
f|Rm|"/2dg < K, and inj > i, < 0, then {M,} has a subsequence,
away from finite number points, which converges to an rn-manifold M
with C"* metric g for an o € (0, 1). The precise statement is the
following (n > 4).

Theorem 0.1. Ler {(M,, gk)} be a sequence of Riemannian manifolds
in GH, i, K,n), with diam(M,) < D. Then there exist a subsequence
of {(M,, gk)} (by renumbering, we still use {M, , gk}), and a sequence
{r;}, r,— 0 when [ — oo, such that the following hold.

(a) There exists a C™-manifold M, such that M, is diffeomorphic to
M for each large k.

(b) There exist a C™-metric g on M, and finite number points
{mf. , oo, m,} with h < C(H,i,,K,n), suchthat g isa C' *-metric
on M~{m ,--- ,m}, 0<oo<1.
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(c) For each 1, we have open subsets F,(r,) C M, , and an open subset
D(r)c M —{m,, -, m,}, such that there are diffeomorphisms

() D(r) = F(r) k<1,

and fk(rl)*g converges to metric g on D(r)) in the ch® norm of M.
(d) F( ) CE ().
(¢) There is an &(r)) =e(H, i, , K, n,r), such that

h
F (r)u U B, &) =M,

and &(r;) — 0 when r, — 0.

In four dimensions, we can use the Gauss-Bonnet formula for Euler
number y(M) to replace the L*-norm of curvature by (M) and to get

Corollary 0.2. Let {(M, g’ )} be a sequence of Riemannian 4-manifolds
with |Ric| < H, diam < D 1nJ >i >0, and (M) < K. Then there
exists a subsequence of {M, , g } whzch satisfies (a), (b), (c), and (d) of
Theorem 0.1. ,

As an application of the above convergence theorems, we shall prove
Ricci pinching theorems.

Theorem 0.3. For n >4, i >0, and K > 0, there exists a small
constant ¢ = &(i,, K, n) > 0 such that if (M, g) is a Riemannian n-
manifold with inj(g) > i ,

[ IRm(e)"dg <K,
M
and e-Ricci pinching
(1-¢)g <Ric(g) < (1+é)g,

then there exists an Einstein metric with Ric=1 on M .

Theorem 0.4. Given n>4, i >0, D> 0, and K >0, there exists
a small constant ¢ = ¢(i,, D, K, n) >0 such that if M < g is a Rieman-
nian n-manifold with inj(g) > i,, diam(g) < D, fMlle"/2dg < K,
and

(-1 ~¢)g < Ric(g) < (-7 +¢)g,

where T =1 or 0, then there exists an Einstein metric with Ric = —1 on
M.

Remark. Similar results are proven with curvature bound |Rm| < X
and L? norm of curvature in [26], [34].

Again in dimension 4, we have better results.
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Corollary 0.5. Given i, > 0 and K, there exists a small constant
e =¢(i,,K) >0, such that if (M, g) is a Riemannian 4-manifold with
inj(g) > i,, x(M)< K, and

(1 —e)g <Ric(g) < (1+e)g,

then there exists an Einstein metric with Ric=1 on M .

Corollary 0.6. Given i, >0, D >0, and K > 0, there exists a small
constant ¢ = ¢(i,, D, K, n) > 0, such that if (M, g) is a Riemannian
4-manifold with inj(g) > i,, x(M) <K, diam(g) <D, and

(-7 -¢&)g <Ric(g) < (-7 +eg),

where T =1 or 0, then there exists an Einstein metric with Ric = —~1 on
M.

Our second application gives a generalization of Cheeger’s finite theo-
rem, which follows easily from Theorem 0.1. A

Theorem 0.7 (finite theorem). For any given numbers D > 0,i >0,
and K > 0 there are at most finitely many diffeomorphism classes of closed
Riemannian manifolds M of a fixed dimension n such that

|Ric| <1, diam(M) < D,
inj(M) > iy, / |Rm(g)|"* dg < K.
M

With a slightly stronger condition on the L"*-norm of curvature, we
can replace the lower bound of injectivity radius by the lower bound of
volume as follows.

Theorem 0.8. Let {M,, gk} be a sequence of closed, connected Rie-
mannian n-manifolds with |Ric| < H,diam < D, and Vol > V > 0.
Then there exists a small constant k =x(H, D, V) > 0, such that for any
fixed p >0, we have

[ IRm(")
B*(x,p)

for each x and all x € M_. Thus {M_, g"} has a subsequence {M,, gl}

such that there exist a C™-manifold M, a C'*“-Riemannian metric g on
M, 0<a< 1, and diffeomorphisms

fi=M =M,

|"/2dgKSK

with f ,*gl converging to g on M in the C'*®-norm of a C* manifold
M. :
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As a corollary, we have

Theorem 0.9. Assume that a sequence {M,_, g‘s} of closed, connected
Riemannian n-manifolds with |Ric| < H, diam < D, and Vol >V >0
is given, and that there exists a p > n/2 and a K > 0, such that

/ |Rm(g") dg* < K.
M

3

Then {M,, gk} has a subsequence {M,, gl} so that there exists a C™-
manifold M, a C''®-Riemannian metric gon M, 0<a<l, and
diffeomorphisms f;: M — M, with f," g] converging to g in the C e
norm of M . ‘

These results can be used to improve the L"? curvature pinching results
in [10].

Theorem 0.10. Given n > 4, H > 0, and V > 0, there exists a
small constant k = k(H , v, n) > 0, such that for any closed Riemannian
manifold (M, g) of dimension n with |Ric| < H, Vol(B(x, 1)) >V for
all xe M, and

2
/B( y |Rijk[_(gikgj[_gilgjk)ln/ ngK

for all x € M, there exists a constant sectional curvature metric with sec-
tional curvature =1 on M .

Theorem 0.11. Let A=0 or —1. Given n >4, H> 0, D > 0,
and V > 0, there exists a small constant x = x(H, D,V ,n) > 0, such
that for any Riemannian manifold (M, g) of dimension n with |Ric| <
H,Vol(M) >V, diam(M) > D, and

2
/MlRijk]“A(gikgjl_g,-lgjk”n/ dg <k,

there exists a constant sectional curvature metric on M with sectional cur-
vature = A.

We briefly describe here the method used in this paper (with some un-
derstandable unavoidable sacrifice of technical accuracy). The main theo-
rems in the paper are Theorem 0.1 and Theorem 0.8, which are the gen-
eralizations of well-known Gromov convergence theorem {27], [12]. We
want to replace the curvature pointwise bound by the pointwise Ricci cur-
vature bound and the L™? curvature bound. We use the same method of
proving the Gromov convergence theorem, which covers the Riemannian
manifolds by a small, controllable size harmonic ball, due to a result of Jost
and Karcher [12], such a harmonic ball exists provided we have the point-
wise curvature bound and the lower injectivity radius bound. Since we do
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not have the pointwise curvature bound, we have to prove a main technical
result of the existence of the harmonic coordinate to replace the result of
Jost and Karcher. We prove roughly that for any geodesic ball B(x, 1)
of radius | in a Riemannian manifold (M, g) with |Ricci curvature|
<H, inj(M) >4, and fB(x’l) |IRm|"*dg <e, with ¢ sufficiently small,
there exists a well-controlled harmonic coordinate on B{x, 1) (for an ex-
act statement see Lemma 1.1 and Theorem 3.0). We then can apply to
smaller balls by rescaling.

The proof of the above result consists of two parts. The first part is
mainly done in [10], which states that if we have Bk(x, 1) c (M, gk) ,

with |Ric| < H, inj(M, , g*) > 4, and
[ IRm(gH"dg" —o,
B (x,1)

then by using geodesic coordinates to identify B* (x, 1) with the unit
Euclidean ball B(1), we can show gk |B(1) converges to the flat Euclidean
metric 46° on B(1) in L™*-norm.

The second part uses higher order estimates, roughly speaking. We can
solve the Dirichlet problem of the Laplace equation on B(1) for gk with
the boundary value equal to the value of the geodesic coordinate on the
boundary of B(1). We then have the solution F, of AF, = 0 with the
boundary value F |, B equal to the boundary value of the geodesic co-

ordinate. Since gk — 0% in LV 2-norm, we first show F, — standard
coordinate map of B(1) in Euclidean space. For the higher order esti-
mates, we use the Ricci identity and Bianchi identity (see 3.4 and 3.9 for
details).

These, with the help of Lf estimates of elliptic theory, can show that
if

[, IRmh"dg" 0
B¥(x, 1)

and |Ric(gk)l < H, we have the C'*® estimates of the metric tensor in
harmonic coordinates, and of course we first prove the existence of the
harmonic coordinate (see §3). Since existence of the harmonic coordinate
needs the L"/*-norm of the curvature tensor to be small, we cannot have
a nice coordinate on every ball of a covering, and the curvature tensor
may concentrate near a finite number of points. In order to study the
singularities of the limit metric, we blow up the metric at these points
as in [11]. In the case of Theorem 0.8, if the curvature tensor is not
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and x is given in Lemma 1.1. Thus
N(k)<c(H,i,,K,n, D).

So N(k) is uniformly bounded by a constant ¢ which is independent
of r and k. We may assume N(k)=Ne€Z", h(k)=heZ" forall k,
and r <i,/100.

Remark 1.3. We will call a ball Bk(xi, r(1+21n)) bad for M, if

k
/. | Rm(g")|
B (x,, r(1+2n))

Otherwise, it is called good.
Let Q' = Q — N, and denote the good balls by

{(B(e,, v+ 20}, i=1,, 0,
and bad balls by
B x,ra+2n)}, i=Q+1,-,Q
Now take + > 8 > 2 > 1, and let 7 = §(1 — )r/10. Using Lemma
1.1, we have a harmonic coordinate Fik with domain > Bk(x,. ,0) and
(Fik)_l(B(lOf)) D Bk(xl. ,O0(1 =2mr). We use Hik(p) to denote the ball
in harmonic coordinate Hik(p) = (Fl.k )-I(B(p)) , and let

"/2dgk > K.

U (r) = W (% 35) >

From (b) of Lemma 1.1, we have ¥(r) D Uy(r), and if H/(F)NH(F) #
&, then H]l.‘(f) C Hik (107). Now the Holder bounds of Lemma 1.1
are universal for the whole sequence. The transition functions can be
considered as mappings F/j‘ B(F) — B(10F), and IFI.I;ICM < ¢(F) by
(c) of 1.1. By Ascoli’s theorem there exists a subsequence such that all
pairs (i, j), for which a transition function exists, converge in the C 2
topology to limit functions F;j’.°: B(F) — B(10F) of class C*®. The met-
rics also converge—considered as functions on B(F)—to limit metrics gi°°
of class C"*® on each coordinate ball, i.e., on each copy of B(F). The
distinct copies of B(7) are now glued together via the transition functions

F;° . Consider the restriction F;; = ETI(ET)"(B(?)) N B(F) and define
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x ~y: 3F,, such that F,(x) =y. Set M(r) = UZ B(r)/ ~. If F
denotes the canonical projection, restricted to the i th copy of B(7), M(r)
becomes a C***-manifold with the F® as coordinates. F I (F*)' = F,
are the transition functions. By a classical result of Whitney’s, M (r) con-
tains a smooth structure, which define M (r) asa C* manifold. We take
any fix C°° Riemannian metric () on M(r). We define maps

fE=(F) (K.
. 2

Since F,, S F.°, we have |ff — ff|.2 — 0 on H[(F)n H{(r). We can
use the center of mass technic with respect to g(r) by using partition
of unity with harmonic coordinate ball Hf(f) to construct a C™ map
¢k(r): F{x €V (r)|d(x, 8V, (r)) > n7} — M(r), such that there exist an
open subset F,(r) D {x € V| (r)|d(x, 3V, (r)) > 217} and an open subset
D(r) > M(r) such that ¢k(r): F,(r) = D(r) are diffeomorphisms, and

165 (M| 2.0 < C(r)
and
inf{|d¢*(r)(v)], |v] = 1} 2 ¢ > 0

in harmonic coordinates. We take f° k(r) = ((f)(n))_l . We clearly have

(M) rn < e(r)

in harmonic coordinates, and
* k
1) & e <€)

on D(r). By taking subsequences once more, the f° k(r)* gk converges to
a limit metric g(r) of class C'*® on D(r). Note

Q
k
Fnu |J B(x;,r(1+2n)=M,,
i=Q'+1
which completes the proof of Proposition 1.2.
Now, for r, — 0, we have F,(r)) C F.(r,,,), and clearly there exist

isometries
I, = D(r,) — D(rl+l)'

Using these isometries and taking the direct limit of D(r,), we can define

M =1]D(r).

I+1
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M' isa C* manifold with C"*® metric g’ such that g'|D(r,) = g(r,).
We then have the following. v

Proposition 1.4. Foreach [, there aredzﬂeomorphzsms f (r[) Fk(r[) —
D(r) —c M’ for k > 1, such that 1 (n)” &g "|D(r)) in c'* norm.

Proof of Theorem 0.1. Applying the diameter estimate of a small geo-
desic sphere [10], [11, Theorem 4.23], we have for any (M, g) €
G(H,i,,K,n) and x,€ M,

diam(S(xO, ) <CH, iy, n)r, <

which together with Proposition 1.4 clearly implies that the m; are isolated

point singularities of the C'*® metric g'.
In order to finish the proof of Theorem 0.1, we first prove the following.
Lemma 1.5, Let M = M, for large k. Then g can be extended to a
C° metric g on M.
Proof. As in the proof above, we have

/ |Rm(Z*)"*dg* < K
D(r,)

for §k =f k(r,)* gk , once more taking subsequences. By the diagonaliza-
tion process we may assume

[ IRm@)"dgt - [ (Rm["dg
D(r)) D(r))
for a measurable function |[Rm| on M’ , and
/ |Rm|n/2dg' <K.
MI
For any singular point v = m,, first note the distance function 4 can

be extended to M, define the neighborhood N of v in M as

Nw)={xeM|d(x,v) <2}
for small ¢ > 0, and »

Alp, 0) = {«x = M’) d(x,v) < 2p}.

By considering the tangent cone metric, Lemma 1.5 clearly follows from
the following. ,
Lemma 1.6. ((1/p)A4(p,0), x,) converges to (U(2) - {0}, @) in

C"* topology, where U(2) = {x €R"| |x| <2}, @ eR", |€|=1,
and X, € A(p, 0) with dix,, v)=p



CONVERGENCE OF RIEMANNIAN MANIFOLDS 359
Proof. For fixed N, let

A(p, %) ={x€M"—]’%<d(x,v)<2p}.

(340-£)-5)

converges to a flat manifold D, . Since (M, gk) converges to M’ away

from the singularities, there exists a submanifold (A4 p N Y p) of (M, gk)
for large kp such that

’ k 2 ‘ k 2
/ |Rm(g")["2dg* - / |Rm|"dg
Ap N A(p, pIN)

[(La0.2)5) - (s,

The injectivity radius of %Af‘,’ ~ s bounded from below, and

We show

<p’

and

< p.
Cl,a

/ |Rm|"/2dg——>0 when p — 0.
A(p, p/N)

Thus ( pAp" N p) converges to a flat manifold D, in C > norm in
the proof above and in the main theorem of [10]. This implies that
(%A(p, pIN), x,) converges to (Dy, ey) in C"® norm. As above, we
can take the direct union of (D, , ey) toobtain U(0), ) with an isolated
point singularity. Since the injectivity radius of (M, , gk) >1i,>0,itis
easily seen that U(0) is a simply connected flat manifold, and U(0) =

U(2) — {0} [11]. This completes the proof of Lemma 1. 6

Secondly, for r, small we have

U BY( r(1+2n) =M,
i=Q'+1

where Bk(xi, r;(1 4 2n)) are diffeomorphism balls, and Af, is obtained
from D(r;) by gluing a ball to each end of D(r;) for large /. There are
only a finite number of ways to obtain different diffeomorphism classes by
doing this [22]. By taking subsequences once more, we may assume the
M, are all diffeomorphic for large k. This clearly implies that M is

diffeomorphic to M, — {m’f s mj‘v} . Hence the proof of Theorem 0.1
is complete. :
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Proof of Theorems 0.3 and 0.4. Let 1= +1, 0 or —1. Suppose Theo-
rem 0.3 or 0.4 is false. Then we have a sequence of Riemannian manifolds
(M, , & with

(r —&)g" <Ric(g") < (t+¢)g"

and

inj(g) 2 iy, diam(g") < D, /M|Rm(gk)|"/2dg»kSK.

By taking subsequences, we may assume {M,, gk} converges toa C L
Riemannian manifold (M’, g') with a finite number of isolated point sin-
gularities on the C* manifold M’ such that M’ = M —-{m, - ,m}
for large &, and from the proof of Theorem 0.1, the weak curvature tensor
of g’ is well defined and we have

| IRm(gh" dg < k.
M

First, for each point x € M’ , we have a harmonic coordinate near x with
1, . i j .
C** metric tensor A", and we have the weak equation

AR = 20h” + 3" R

By the standard elliptic theory, 4" is C* and g’ is an Einstein metric
on M. Then using the estimates of [11] for # = 4 and [31] for n > 5,
we have

sup |Rm(g")| < C.

Y

We then can extend g’ toa C* Einstein metric on M, for large k, this
contradicts the fact that we suppose M, has no Einstein metric.

Proof of Theorem 0.8. Let {M,, gk} be a sequence of n-Riemannian
manifolds with |Ric(gk)] < H, diam < D, and Vol > V', such that there
exists a p > 0 with

kyyn/2 5 k1
[ irmEHIast < ¢
B(x, p)

for all x € M, . If we take x(H, D, V) > 0 sufficiently small, as in
([10, §VI or §I1], or [34]), we can deform the metric gk by the involution
equation ’

(1 %hk(t) = ~2Ric(h"),
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where hk(O) = gk,and hk(t) existson [0, T for T=T(H, D,V ,k, p)
> 0. We also have

(a) IRm(h"(1))| < 1C(H, D,V , K, p),
(b) |Ric<h"<t>>| <C(H,D,V,x,p).
From (1) it follows that
() (1-Con* () < g () < (1 + Cok* (o).
By Bishop-Gromov volume comparison we obtain
| Vol(ng(x, r)>CH,D, V)"
which implies
Vol(B" (x, 1)) > C(H, D, V, i, p)r"

In order to show gk to be convergent in C b norm, it is sufficient to
prove L2gk convergent in C L@ jorm for a large L* > 0. We take

L*=T/t. Let B (t) = L*h* (1), and (1) = L*&*(¢). Then

M Rm(E“ ()| < C(H, D, V, %, p),
(i) Vol(B" (x, 7)) > C(H, D, v, x, p)r"
(i) (1-COR (1) <Z°0W) < (1 + COR' (1),

By the local injectivity radius estimate of [5], and Rauch comparlson es-
timate, there exists a p, > 0, such that on any geodes1c B (x, py) of

radius p,, and any geodesic normal coordinates of h (t) on B" (x s Po) s
we have
|h,'j(x) - 5,‘j| <Cr (x) H

which together with (2) clearly implies that

(1-Ct—Cr)3, < (x) < (1+Ct+Cr)s,,.
Since the above inequality is uniform for all k& and for small ¢ and r,
we can use it to replace Theorem 2.5. Since the arguments of §3 are still
valid, we can obtain uniform harmonic coordinates at every point of M
for all ?k . This implies that {?k} has a subsequence which is convergent
in C'"® norm. Thus the proof of Theorem 0.8 is finished.
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Theorems 0.10 and 0.11 follow from 0.8 and [10].

2. The local metric estimates

Let H >0 and i, > 0 be given numbers. We define the set of compact,
connected Riemannian manifolds of dimension # as

GH, i, n)={(M,g)||Ric| < H,inj(M) > i,}.

In this section we recall some results of [10] and will make some changes
to suit our needs. Let (M, g) € G(H, iy, -, n), and for any x, € M, the
geodesic ball and geodesic sphere of M with center x, and radius p
are denoted by B‘g"(x0 , p) and Sg(xo, p), or simply by B(x,, p) and
S(xy, p), respectively. For p < i;, we consider the metric g in polar
geodesic coordinates on B(x,, p) . We have g = dr2+§: g;(0,rd 6" de’ .
Let gxo(r) or simply g(r) be the induced metric on the geodesic sphere
S(xy, r). Then

g= dr’ + g(r).

We use Rm(g) to denote the curvature tensor of g, and Rm(g(r)) =
Rm(r) to denote the curvature tensor of g(r). We also agree to denote the
second fundamental form of S(x,,r) by A(X,Y) = (V, Y, d/dr) for
vector fields X, Y on S(x,, r), and the scalar curvature free curvature
tensor of g(r) by Rm(r) = Rom(g(r)) )
Ri =R R(r)
m, i (1) = Ry (r) — m(g[k(r)gj (r) — 8, (r) & (1),

where R(r) is the scalar curvature of g(r), n =dim M , and gl.j(H , ).
Lemma 2.1. For p<iy/4, 0<p<p,and 0<3d <iy/2—p, we have

/ max/
By(x,) \PSr<eJs(x,n

1 n
<c(azompp)[  |Rm(e)"ds.
B(x,,26+p).

We sketch the proof of this lemma [10, 4.12(a)]. ,
(1) For the minimal geodesic y from x to y,let y(0)=x, y(p)=v,
and d(x,y)=p. Then [10, 4.8(a), 4.9].

1 2
A (r)+ ;gx(r)

n/2

A1)+ 28,47)

dgx(r)) dg{x)

max

o2, () < C(H, n, p, p) / [Rm(g)".
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(2) Now for each x, y, d(x,y) = p+6 < i;/2, we define the function

n/2

fe,y) = max |40+ g, ()

- Py

for the minimal geodesic y from x to y. Let

Q= |J Sx,p+d)cM
x€B(xy,8)

I= |J &, Sx,p+d)cMxM.
XEB(x,,9d) E

Then we have

/Z/f(x, y)= /B(xo,é) (/S(x,p+a> fx.) dgx(y)) d8(x)
=/Q< ny(x,y)dgy(x)> dg(y),

Q,=B(x,8)NS(y, p+d) C Sy, p+9),

/Z/f(x,y) S/Q( ny(x,y)dgy(x)> dg(y).

If y is the geodesic from x to y and 7(z) = y(¢) for ¢t < p, from (1) it
follows that

/fxydg()<C( /Qy(/IRm "/2)

Here f?‘Rm(g)|"/ ? s considered as a function of x and y with d {x,¥)
= p+ 6, and hence

flx,y)dg,(x)

Qy

where

sc<H,p,p/M (/ [Rn(e)")(1(p +6 - 1), ) d.

From [10, 1.11], we obtain dg,(y(p+J —1)) 2 c(H, n, p/d)dg,(x),
which implies

fee ) dg ) <€ (om0, 5) [ Rm(g)" dg

B[ Rm(e)"dg,
B(xy, p+20)

Qy

Qol'b Qol'b

IA

C(H,n,

'b|
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where C(y, p+3) is the geodesic cone over Qy with vertex y. By noting
QC B(x,, p+0), we get

fof reen s c(tmnp Gvoustsg.pon [ (R ds.

B(x,, p+28)

Lemma 2.2. For 0< p < p<iy/4, we have
’ n/2
|Rm(g ()27 dg(r) | dr
p S(x())r)
_ _ 2
<C(H, n,p, p)+C(H n,p.p) [ [Rm(e)"*dg
. ! B(xy,p)

(see [10, 1.14).]
Lemma 2.3. For 0< p < p<i,/4, we have

[/
p S(xg,7)

1/2
<C(H,n,p,p) (/ IRm(g)I”/zdg)
B(xy,p)

+C max/ dg(r
(pSrSp S(xoyr) )
n/2
+CH n.p.p)(max [ dg(r)).
p<r<p S(xy,7)

Proof. By the Gauss formula, we obtain

n/4

dg(r)) dar

Rij(60) = (83,1, (1) = 8,()8,4(1)

A+ 38(r)

A() +8(0)

R,-j/d(g) = R,-j/d(g(r)) + (A[k(r)Aﬂ(r) - A[[(r)Ajk(r))-

First, we have

max AN dg(r
pgrgp/s(%,r)l (" dg(r)

n/2

A+ 80| dg(n).

<CH,n,p,p)+ max/
ﬁS’Sp S(xo,r)
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Second, we derive

/S(x0 ,r)

n/4
dg(r)
<C |4]

dg(r)+ C/
S(xy,7) S(xy, 1)
1/2
<C (/ |A["/2dg(r)> (/
S(xy, ) $(xy.7)
n/2 1/2
+C (/ dg(r))
S(xy, 1)
n/2 1/2
s(/ dgvﬂ
S(xy,r)

n/2
+C dg(r)

Aik(r)Ajl(r) - ;lfgik(r)gﬂ(r)

n/4 n/4

dg(r)

n/2 1/2
d g(r)>

1

n/4 1
A(r) + p

1
A+ 7g(r)

1
A+ ;g(r)

A1) + ()

A +8(0)

A1) +8(x)

S(xo’r)

which together with the Gauss formula clearly implies Lemma 2.3.
Lemma 2.4. For 0 < p < p<iy/4, we have

[
p S(xy.7)

) 1/2
saH;mp,m(/ |mewﬁdﬁ
B(xy,p)

Rm(r)

n/4
dg(r)) dr

+C(H,n,p, ) max [
p<r<p S(%y,7)

+CH np. 0 max, [
pS’SP S(xo,r)

This follows easily from Lemma 2.3,
Theorem 2.5. For 0 < p < p < iy/4 and a sequence of {M, ; g} C
G(H, iy, ,n), let x, € M, and assume

nk = max/
p<r<p S(x. .1

2
we= [ IRm(g)"*dg 0.
Bx,,p)

A() + 1801

n/2
dgk(r) - O ]

A, 0)+180)

X
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Then there exists a diffeomorphism ¢,: S(x, , p) — S(x, , p) for each k,
such that on B(x,p), gk = dr* + gk(r), and by identifying each S(x,, 1)
with the Euclidean unit sphere S(1) with metric d6*, we have

/ |65 8,(r) - d6” " d6 — 0
S

uniformly for p<r<p, and |¢,8.(p) ~ p* d02lco_’0.

In particular, since ¢, can trivially extend to B(x,, p) —B(x,, p), for
8, = ¢4, on B(x,, p) — B(x,, p), by identifying B(x, , p) — B(x,, p)
with the Euclidean annulus 4(p, p) = {x € R"|p < |x| < p}, we obtain

/ 1, — ds’"?ds — 0,
A(p,p)

where ds” is the Euclidean metric on Alp, p).
For the proof of this theorem, see [10, 5.18, 5.21, 5.25].

; 3. The harmonic coordinates
In this section, we shall prove the main technical result of this paper.
Let (M, g) € G(H,4,-,n), and x; € M. For simplicity write Bp(x)
as B(x, p).
Theorem 3.0 (Harmonic coordinate). For small n,0 < n <1, there
exists a small constant k =x(H, n, n) >0, such that if ‘

/ |Rm|"/2dg§1c,
Bl+2q(x0)

then, forany 0 <d < 1 and x € B, ,5,(%,) sothat d(xy, x) <1-3-27,
there exists a harmonic coordinate F with domain F O By(x) and image
F>B(1-n)={xeR"| |x| <61 —n)}, such that

(a) FTUB3(1 1)) D By _gy ().

Let h'/ = (Vni, VA’ be the metric tensor in such a harmonic coordi-
nate, F = (h',---, h"). Then
2

i ij n
(®) B =0"lce < 100,
(c) ldh’| o« <C(H, n,n), 0<a<1, onB@(1-1n)),

(d) IA7) 2 <C(H, n, 1),  P>n
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To prove Theorem 3.0 we start with the following,
Main Lemma. For any 0 < n < 1, there exists a small constant x =
k(H,n,n) >0, such that if

/ |Rm(g)["*dg < x,
B

1+2q(xo>

then there exist a point x € B, (x,) and a diffeomorphism F from

1y 3,y —
Tx(l + i 277) —Bl_’_%”(x) B%”(x)

into
T(1+4n, 3m = {xeR*[In < x| < 1+ dn}
such that
(a) F is harmonic, i.e, AF =0.
(b) FT{T(1+in, tn+m)>T.(1-n,2n), and

image F > T(1+1n, 3n).

Let hY = (Vhi, Vh Y be the metric tensor in this harmonic coordinate,
where F = (hl, -+, h,). Then:

(€) |h"” =8| < n/100m, on T(1+ 17, 3n),

Ed)) ldh| . < CH,n,n), 0<a<l,on T(1+4n,3n),

e

2 2
177 =7 < 106
where |F|2 = Z(hi)z, and rz(y) =d(x, y)2 is the square distance func-
tion of (M, g) from point x.
(f) 3
\ddh”||,, <C onT(1+1%in,3n), p>n

We shall prove the main lemma by contradiction. It is easily seen that
the main lemma follows from the following. ‘

Lemma 3.1. Forany n,0< n < 1, small é§ > 0, and a sequence
{(M,, gk)} C G(H, 4, -, n), there exists a point x, € M, for each k,

such that
n/2 1

[ IRmhdg <
B

1425 (%)
Furthermore, for k sufficiently large, there exists a point y, € B!; (x,) C M,
for each k and a diffeomorphism F, = (h,i, o, hy) from

Q> T, (1-n,2n)=B_,0)-B,)
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into T(1,n) ={x € R"|n <|x| < 1}, such that
(a) F, is harmonic, i.e, AF, =0 on T,(1-n,2n).
(b)
F7 ' (135, 3n+7) > T (1 =7, 2n)
and image F, > T(1 - 3n, In).
Let H,ij = (Vh,i , Vh,i) be the metric tensor in this harmonic coordinate.
Then:

c
© Ih,ij—éijco<n2/200n onT(1-3n,3n+n),
(d)
‘dh,ij‘CQSC(H,n,n,a), O<a<lonT((1-3n,3n+n),
(e)

‘|Fk|2 - rﬁj < n°/200n,

where r,f(y) =d(y,, y)2 is the square of the distance function of (M, gk)
Sfrom y,,

(f) ID*h )|, <C(H, n,n,8), p>n.

Remark. The main lemma follows from Lemma 3.1 by slightly changing
parameters.

The proof of Lemma 3.1 is given through a series of lemmas.

First, using Lemma 2.1, there exists a point y, € B(I;(xk) such that

k 1 k n/2
nlgragxl /‘;,k(yk) Ayk(r) + —;gyk (r) gk(r) dgyk(r)
1 konf2 5 k 1 1
<cwr,zom [  RmEhMdgt <o ;g
Bysin(x)

Now we apply Theorem 2.5 in polar coordinates on Bf(yk) . We have
g =dr* + z:g,.kj(e, r)d6'd¢’, and identify B,(y,) with the unit Eu-
clidean ball B(1). By this geodesic polar coordinate, there exists a diffeo-
morphism ¢,: S(1) — S(1) = {x € R" | |X| = 1}, such that

* k 2 1
/ ;8" — g,|"*dg, < 0 (E)
a,m ,

for the Euclidean metric g, = ]alx]2 on B(1). Here we extend ¢, trivially
to T(1, n), and will use 0(1/k) to denote a constant which converges to
zero when k — oo.



CONVERGENCE OF RIEMANNIAN MANIFOLDS 369

Abusing notation slightly, we shall write gk as c,b; gk , and drop all the
k’s in the remainder of this section. Moreover, we shall simply write g
as gk , A for the Laplacian operator of (M, , gk) , etc,

Let X = {x1 ,---,x"} be the Euclidean coordinate on B(1). For
g= Z g;;(x) dx'dx’,

we have

1
1 (x)—o. " 2.
(1) Z/G(l’n)lgu(x) 5| dg0<0<k> |
Now, by solving the Dirichlet problem
{ AF =0,

Hora,n = Xlora,n >
we obtain F: T(1, ) — B(1).
The idea of the proof of the lemma is given through the following se-
quence of lemmas. We shall show, in fact, that F is the desired map.
Lemma 3.2.

2 1
/T(l ) |[VF - Vx|, dg <0 (E) .
Proof. First we note
A -5y = 230 2 (vt Lol - )
V&~ axt ax’
1 a il j
=_ﬁ25;(\/§g —511)-

Let u=h' —x'. Integrating by part gives

/ ['Vu|§,dg=—/ Au-udg
T(l,n) (1,n)
(,m P i ”
| T g (Es o) uds
il il 3]
=— —-0")) —udg,.
/T(l,n) Z (\/§g ‘)> ox' %o
By Holder inequality, this implies

2 il it|?
vuldg<cy [ |vas' o[ dg,
/T(l,n) g T(l,n)’ 0

Now, using [10, 1.11], we have for large %, C_lg0 < g <cg,- This and
(1) clearly imply the lemma.
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Lemma 3.3. |Vhi[§, — |Vx"|§,0 =1 almost everywhere on T(1,1).

Proof. This follows from (1) and Lemma 3.2.
Lemma 3.4. For small © >0, we have

12
’Vh‘l <C,n,1) onT(—-1,1+n).
Proof. Let us recall a well-known formula:
i12 2,42 . i i
A|Vh | =2|v h ‘ +2Ric(VA', VA').
Let ¢ =|VA'|. Then we have
2) Ap > ~2HS.

Noting the uniform Sobolev inequality on (M, , gk) and using the stan-
dard Moser iteration, we easily obtain the following estimate:

max dJZSC(n,n,T)/ d)zdg,
) T(1,n)

T(l—1,747

which together with Lemma 3.3 clearly implies Lemma 3.4.
Lemma 3.5. For each i, we have

P 1
1h" = x| corrime, camy <O (E) .

Proof. By Sobolev inequality and 3.2, we obtain

(n=2)/n
(/ W = XD g g <cC Vh —Vx6idg
T(1,n) T(1,n)

so(%),

which shows that A’ converges. to x' almost everywhere on 7°(1, ). By
3.4, we have

IVhil < C(n,vn, 7) onT(l-7,7t+7n),

which clearly implies Lemma 3.5.

Lemma 3.6. : : :
/ V2P dg <0 (—) .
T(1—-27,2t+7) k

Proof. We shall use the formula
A¢® = 2V?h' P + 2Ric(VH' , VA
for ’ ,
¢ = VA",
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Take a cut-off function 0 < u(t) < 1, such that

,u(t):{l’ IT+n<e<1-1Ir,
0, t<3t+4+n or 1>1-3t
Then we have

Hwls a0l < 5.

Let f=Y(h')* and a(x)= u(f(x)). Then
/A<¢2 -Da= 2[ IVh e+ Z/Ric('vhi',' v,
which gives :
2p020 <1 2 - C a2
/|V h ﬂ55/(¢ —l)IAu|+/[R10|¢ - L.
Now, note that for k large, by 3.5 we obtain
suppacT(l—-7,7+7n),

p=1 onT(l—-1,21+7)),
which imply

/ Vh'Pdg < ) / (67 - 1)/AR] + / 4| Ric|dg.
T(1-21,2t+y) T(l—7,7t+m

Since Af =23 IVh'Al2 < C(n,n, 1), by 3.4, we clearly have
/ |v2hi|2dggo(l> +C/|Ric|dg
T(1-27,21+y) k

co{t)wc(fmera) " <o(3).

Lemma 3.7. From the Ricci formula, it follows that
AV =2V A + 2Rm VPR O
+2V(RmVA , V2h'Y - 2Rm+Vh', VR'),
where we have used A+ B to denote a bilinear form of A and B with

constant coefficients.
Lemma 3.8.

/ VR g g +/ | Vh'Pdg <0 (%) .
T(1—37,31+n) T(1-37,37t+n)

Proof. Take a cut-off function g = u(f) similar to the one in 3.6, such

that '
suppi C T(1 - 21,2t + 1),

p=1l onT(l1-37,3t+7).
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Then we have X c
— I3 "
ALl =W Af + 1 [V} < z

Using Lemma 3.7 and letting y = |V2hi|2 , we have
/w AR = 2/|v3h"|2u2 +2/<Rm*v2h">a2
- 2/<Rm*w1", VYV - 2/(Rm*Vhi, iy,
By the Cauchy inequality ea’ + %bz > 2ab , we obtain
[vag 22 [ 1978 - ¢ [ |Rmlyi® - C [ IRm] (9414
~a/|v3h"|2a2—C(e)/|Rm|2a2|wz".
Applying the Holder inequality yields

3)
(2-¢) / PAVhP < / wAR® + C / Rm|*2*

ce(fmets)” ()
+C ( /B . |Rm|"/2)2/n ( / &) ‘”“2)>(n_2)/n .

Now, using the Sobolev inequality, we have

) Jin=2) {(n=2)/n 2, i 2n)(n=2) (n=2)/n

— hj{nh— _ 1 ? -
(fwwr o) = ([ avny™" ag)
(4) <c [v@viHP+c [awnp
< c/|v3h"|2a2 +C VR
T(1-21,2t+n)

(3) and (4) are combined to give

3,02 2 1\%/" 2 npn—2y\ T
a-o [wnra+(c-c () ) ([@wre?)
<C n/2 2 4n
< v+ C [Rm|" " &
T(1-21,27+n)

e frmrs) ([ )"

For k large, we clearly prove this lemma by 3.6.
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Lemma 3.9.
AV?H' = V(Ric*Vh') + Rm « Vi’

Proof. For any x, choose the coordinate near x , such that g, j(x) =4
Apply the Ricci identity to obtain

ij e

AV, Y H =S VAV, V.V + Y V(R 8™V 0
=Y VYV, V) +Y VR ,,8" Y b+ Rmavh
=Y VY,V V) + Y VR, 8"V, + RmaVH
(3) = S V.V AR YV, (R, g™V, )
+> VRy,8™V, i +Rm «V2h
=Y (R,,,8"V, )+ VR, 8V, + RmxV R
k

Now using the second Bianchi identity yields

Y ViRt =V R == 2 ViR = D VR
= +V1Rmk - Vlek ’

which together with (5) implies
AVH' = V(RicxVA') + Rm VA,
Lemma 3.10.

/ IV2h'|%dg <0 (%)
T(1—4t1,41+7)
forany g >m.

Proof. Take p >0 and a cut-off function x, such that

suppu C T(1 - 37,37+7),

p=1 onT(l—4r,47+n).

Then we have
[Vuj <c/t.

Let v = |V211"|2 . Using 3.9 and the Cauchy inequality 2ab < a* +b* , we
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obtain
Ay = V2R +2(av2h', VPR
= 2|V H P+ 2(V(Ric* VA, V2 h'Y + 2Rm+V?h | VPH')
= 2IV3h' P + 2V (Ricx VA, V2R — 2(RicxVA', ¥Ry
+2Rm V', VR S
> (VR + 2V (RicxVA, V2H) - C|Ric|*|VA']* - C|Rm |y.

Integrating by parts gives

_/AWWZpIZ /thlz 2p12

S2/((Ric*Vhi, Vhy, o™ i)

+C/|Rlc| VR P +C/|Rm|y/2p 2

@p-1) [ IVulu i+ [I90
< CH/!V2/iiIIV'v/|v/2" ’ 2+CH/IV Ry~ v
+CH2/ -] 2+C/]Rm]y/2p,u +C/|Vy/|y/2p Nl
For (2p —1) >0, use 2ab < ea” + —},;b again to obtain |
/lez 2~ 2,u2< CE/IVWIZWZP—2ﬂ2+%(C/V/zp_lﬂ2>
+C/ﬂ|Vﬂ|'//2p_l/2+C/'/lzp—lﬂz
+C [ IRmpy®s’ |
+C8/IW/I2 Pl /wz”lvﬂlz-
which clearly implies that fdr ¢ small, o

/|V'//|2 2p— 2ﬂ2$C/W2p—1ﬂz

| +C/ v |Vl +C/Rm|t//2p 2
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Now, using the Holder and Sobolev inequalities, we get

2 2
/|Vl//|l//2p 2<C/ 2"’2+C/ d\/

+C (/IRm|n/2)2/n (/(W/p)zn'/(n,v_z))(n—vz)/,,

| gc/ 21 2+c/ vV

we() " {e frrmr e fuiv?)

gc/ 2"‘2+C/ 1+ vul)

e(d)” frer

For any fixed g > 0, we take k large, such that ¢>(1/k)¥" is small.
Then we have for p < ¢

/|V«//|2 - 2ﬂ2SC/ -1 2+C/w 2 Lo,

and the Sobolev inequality yields

n—2)/n
(/(U/p'u)bt/(n 2) <C/ 2p—2 2+C/ +|V,u‘|2),

which clearly can be iterated by using 3.8 to obtain
1
N <ol
(/(M)) ) ‘O(k>'
Lemma 3.11.

‘]Vhi|2 _ 1’ <0 (%) on T(1 = 57, 57+ 7).

Proof. Let f=|VA'? = 1. Then

| Af =2|V*h'] + 2Ric(VA', VI = -
From 3.10 it follows that [r, 4 4.p) lu|dg < C(q) for ¢ > n. Then
we use Moser iteration with slight modifications. Define

fo=max{f, 0}, [ =max{-f,0},

and let f = f, + f_ . For any cut-off function x with supp,u C
T(1-41,41+ r}) we have

—/Af- 2p12 /qu2p12
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Integrating by parts gives

2 2
+p - 1) [ VAP % (V5,9 = - [urr,

o -1 [IVAPE 70 < [ w1+ [
Let f=F .+ /_. Then by adding the above inequalities we obtain
-1 [ 1972777 < [0 wadl ™ [
<31 [ 9777
[

for 2p — 1 > 0, which together with the Holder inequality yields

/IV/‘_‘”IZu2 < C/ Vul’ 7 + (/ lulq>l/q (/(u2f_2”_1)">1/x ,

where 1/g+ 1/k =1 and k < n/(n — 2). Using the Sobolev inequality,
we get

(/(ufp)2"/("_2)>(n_2)/n < C/(IWI2 +uHfF +C (/(uzfzp_l)x>

Since f < |f] is bounded, we have

o 2n)n—2y\ "I/ 2p—1
(fwr ) sc[ e
supp ¢ supp

2 1/x
<C (/ 7 p—l)x) _
supp 4

Take p, > 1 and p, , such that (2p, — 1)k = 2p,,_,(n/n—2). Then
we obtain

2 #2p

1/x

(20—1) 1/x
ra — 1K
7o )

1™ -1 _ (n/(n-2))
Py =3 li +/3 Dy> B = p” > 1.
Iterating easily gives
2myinf =2 |
6 max f<C / Feraln/(n=2))
©) T(l—51,51+n)f_ ( T(1—4r,4r+r])f

for some g, = g,(n, x, p,) > 0.
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From 3.3 and 3.4 it follows that |f| < C,and f — 0 almost everywhere
on T(1—-41, 4t+n) by the Lebesgue convergence theorem. Thus we obtain

/ /P dg <0 (1)
T(1—4t,41+n) k

for any p > 0. By taking p, =2 and p =4n/(n-2), (6) clearly implies
3.11.

Lemma 3.12.

(VA Vi) — 67| < 0 (%)

on T(1-51,5t+7). ' .
Proof. Obviously we can apply the above estimates to & = A.h" + 4 jhj

for ,1!2.+,l§ = 1. Then |Vh|2 — 1, which together with the above estimates
easily proves 3.12, - . '
Now, for large k and A = (Vh', VA’), we have

A = 6" <0 (E) )
Therefore, for k sufficiently large, we obtain the following.

Lemma 3.13. F = (h', .-, K") defines a diffeomorphism from
T(1—-6t,6t+n) onto F(T(1—61,67+n))C B(l), and

F(T(1—617,61+n)>T(1-71,7t+1),
F YT =77, 7t +1)) D> T(1 - 87, 87+ 7).
Lemma 3.14. In the harmonic coordinate F = (h1 ,o, BT, we have
oh"| .. < C(H,K,1,1,8)

on T(1-81,8t+n)C F(T(l-61,6T+n)).
Proof. In such a coordinate system, we have

An” = 20" W Ry +23 T TR R
which implies
AkY| < C + Cldh™)?.
Letting G = (h”) e R" , we obtain
IAG| < C + C|dG|,

1.e.,
‘Z h"’aka,0| < C+C|dG|,
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where & denotes the partial derivative with respect to the harmonic coor-
dinate F = (h', -, h"). -

Now take a cut-off function u, similar to the one in 3.6, with Supp u C
T(1 - 67, 6T+ 7). Applying the L estimate of the Laplace operator A,
of Euclidean space, we have

2, 2
107 (& Ol < CllAGH 12,
which implies . _
2, 2 kKl okl 2
10°W* @l < IAGI s + || - 8%9,0,(°6)|,
From 3.12, it follows that for large &,

Iy _ gl 1
(Vh', Vi) |<0<k>

which together with the above inequality yields

’ 2 2
16* (K> Gl < C + Cllu’10G || -
By the Holder inequality and 3.10, we have for p > n
lo* (@l < C+C<C.
Applying the Sobolev imbedding theorem we obtain
18(uG)l = < C,
which implies 3.14.
- Lemma 3.15. If |Ric(g)| < H, then
lo*r"|l» < C
on T(1-8t,8t+n),and p>n. ,
Proof. From the proof in 3.14 it follows that
2 L 2
107 (uG)l» < CIRic| + C||d Gl

which together with 3.10 clearly implies 3.15.
Proof of Lemma 3.1. We simply take 7 = n/100 in the above lemmas.
This completes the proof of Lemma 3.1. .
Lemma 3.16. Forany 0 < n < 1, there exists a small constant k =
K(H,n,n) >0 such that if

[ IRme)"de <,
Bl+2r](X0) ’ .
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then there exists a diffeomorphism F from Q(x,) > Txo(l —1n, 3n) into
T(1+n,n), such that

(a) F is harmonic, i.e., AF =0,

(b) F™N(T(1+4n, §m) D> T, (1—2n,3n), and

image F > T (1+1n, 3n).

Let h = (Vh', V') be the metric tensor in this harmonic coordinate,
where F = (h',--- | h"). Then (h”) satisfies the conclusions of (c), (d),
and (e) of the main lemma.

Proof. This lemma follows from the main lemma by simply noting that
in the main lemma we have

T, (1—3n,3n) > T, (1+4n, 3n),
T, (1=2n,3m) CT.(1-n,2n)
Now we need to restate the above results in geodesic balls.

Lemma 3.17. For small n,0 < n < 1, there exists a small constant
Kk=x(H,n,n) >0, such that if

/ |Rm(g)|
Bl+2n(X0)

then, for any 0 < d < 3 and x € B, (x,), 5o that d(d,, x) < 1_5~27,
there exists a harmonic coordinate F with domain O Bg(x) and image
F>B((1—n)={x€eR"||x| <61 —n)} such that

(@) F™'(B(6(1=m))) D Byy_y,(X).

Let HV = (Vhi, Vi’ ) be the metric tensor in such a harmonic coordi-
nate, where F = (h',--- | h"). Then

(b)

"dg<x,

W' — 8| < % /100n.
(c)
|dh"| .« < C(H,n,n), 0<a<l, onB(d(1-n).

Proof. If 3n+6 < d(x,,x) <1-0J —2n, then by Lemma 3.16 there
exists a harmonic coordinate F on Txo(l —2n,3n). Since Bg(x) C
Txo'(l — 21, 2n), we can use F and a translation in R” to define a har-
monic coordinate F on B(x) with F(x) = 0. (b) and (c) follow from
3.16, and (a) follows from (b) by taking n small < C(n).

Now, consider 37+ J > d(x,, x). First, note that the constant 1+ 25
does not play an essential role in 3.16. Then we can replace 1+2n by %—n ,
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and the constants change accordingly. For such x, we can find a point
y on the extension of the geodesic from x to x,, such that d(y, x) =
3n+d,and d(y, 8B(x)) > 3—3n. Since B, ;5 ,() C By,,,(x,), we apply
Lemma 3.16 to the ball B, /3_n(y) . There exists a harmonic coordinate F
with domain F > T,(3 — 47, 3) and image F > T(3 — 37, 7). Since
By(x) Cc T(%—4n,3n), we can use F and a linear translation of R” to
define a harmonic coordinate (still call it F') on B,(x) such that (b) and
(c) are satisfied, and F(x) = 0. Thus (a) follows from (b) for n small
< ¢(n). This completes the proof of Lemma 3.17, and so also the proof
of Theorem 3.0.

References

[1] M. Berger, Les varietes riemanniennes (1/4)-pincees, Ann. Scuola. Norm. Sup. Pisa Sci.
Fis. Mat. (3) 14 (1960) 160-170.
[2]1 R. Bishop & R. Crittenden, Geometry of manifolds, Academic Press, New York, 1964.
[3] J. Cheeger & D. G. Ebin, Comparison theorems in Riemannian geometry, North-Holland
Math. Library, No. 9, North-Holland, Amsterdam, 1975.
[4] J. Cheeger & D. Gromoll, On the structure of complete manifolds of nonnegative curva-
ture, Ann. of Math. (3) 96 (1972) 413-443,
[5] J. Cheeger, M. Gromov & M. Taylor, Finite propagation speed, kernel estimates for func-
tions of the Laplace operator, and the geometry of complete Riemannian manifolds,
J. Differential Geometry 17 (1982) 15-54.
[6] S. Y. Cheng, P. Li & S. T. Yau, On the upper estimate of the heat kernel of a complete
Riemannian manifold, Amer. J. Math. 103 (1981) 1021~1063.
[7] C. B. Croke, Some isoperimetric inequalities and eigenvalue estimates, Ann. Sci. Ecole.
Norm. Sup. Paris 13 (1980) 419-435. )
[8] H. Federer, Geometric measure theory, Springer, Berlin, 1969.
[9] M. Freedman, The topology of four-dimensional manifolds, J. Differential Geometry 17
(1982) 357-454.
[10] L. Z. Gao, L? curvature pinching, J. Differential Geometry, to appear.
[11] —, Einstein metrics, J. Differential Geometry 32 (1990) 155-183.
[12] R. Greene & H. Wu, Lipschitz convergence of Riemannian manifolds, Pacific J. Math.
131 (1988) 119-141.
(131 D. Gromoll, Differenzierbare Strukturen and Metriken positiver Krummung auf Spharen,
Math. Ann. 164 (1966) 353-371.
[14] D. Gromoll, W. Klingenberg & W. Meyer, Riemannsahe Geometrie im Grossen, 2nd ed.
Lecture Notes in Math., Springer, Berlin, 1975.
[15] M. Gromov, Manifolds of negative curvature, J. Differential Geometry 13 (1978) 223-
230. ’
[16] —, Groups of polynomial growth and expanding maps, Inst. Hautes Etudes Sci., 1986.
[17] M. Gromov, J. Lafontaine & P. Pansu, Structure metrique pour les varietes Riemanni-
ennes, Nathan, Cedic/Fernand, 1981.
[18] M. Gromov & W. Thurston, Pinching constants for hyperbolic manifolds, Invent. Math.
89 (1987) 1-12.
[19] K. Grove & P. Petersen, V, Bounding homotopy types by geometry, Ann. of Math. 128
(1988) 195-206.
[20] R. Hamilton, Three manifolds with positive Ricci curvature, J. Differential Geometry 17
(1982) 255-306.



CONVERGENCE OF RIEMANNIAN MANIFOLDS 381

[21] G. Huisken, Ricci deformation of the metric on a Riemannian manifold, J. Differential
Geometry 21 (1985) 47-62.

[22] M. A. Kervaire & J. W. Milnor, Groups of homotopy sphere. 1, Ann. of Math. (2) 77
(1963) 504-537.

[23] K. Klingenberg, Uber Riemannsche Mannigfaitigkeiten mit positiver Krummung, Com-
ment. Math. Helv. 35 (1961) 47-54.

[24] S. Kobayashi and K. Nomizu, Foundations of differential geometry, Vol. 1, Wiley, New
York, 1963.

[25] P. Li, On Sobolev constant and the p-spectrum of a compact Riemannian manifold, Ann.
Sci. Ecole. Norm. Sup. (4) 13 (1980) 451-469.

[26] M. Min-Oo, Almost Einstein manifolds of negative Ricci curvature, J. Differential Ge-
ometry 32 (1990).

[27] S. Peters, Convergence of Riemannian manifolds, Compositio Math. 62 (1987) 3-16.

[28] H. E. Rauch, 4 contribution to differential geometry in the large, Ann. of Math, (2) 54
(1951) 38-55.

[29] E. A. Ruh, Curvature and differentiable structures on spheres, Comment. Math. Helv. 46
(1971) 127-136.

[30] ——, Riemannian manifolds with bounded curvature ratios, J. Differential Geometry 17
(1982) 643-653.

[31] L. Sibner, The isolated point singularity problem for the coupled Yang-Mills equations in
higher dimensions, Math. Ann. 271 (1985) 125-131.

[32] S. Smale, Generalized Poincare conjecture in dimensions greater than four, Ann. of Math.
(2) 74 (1961) 391-406.

[33] J. Wolf, Spaces of constant curvature, McGraw-Hill, New York, 1967.

[34] D. Yang, L? pinching and compactness theorems for compact Riemannian manifolds,
preprint.

Ricge UNIVERSITY





