CHAPTER 9

Ricci Curvature Comparison

In this chapter we shall prove some of the fundamental results for manifolds
with lower Ricci curvature bounds. Two important techniques will be developed:
Relative volume comparison and weak upper bounds for the Laplacian of distance
functions. With these techniques we shall show numerous results on restrictions of
fundamental groups of such spaces and also present a different proof of the estimate
for the first Betti number by Bochner.

We have already seen how variational calculus can be used to obtain Myers’
diameter bounds and also how the Bochner technique can be used. In the 50s
Calabi discovered that one has weak upper bounds for the Laplacian of distance
function given lower Ricci curvature bounds even at points where this function isn’t
smooth. However, it wasn’t until around 1970, when Cheeger and Gromoll proved
their splitting theorem, that this was fully appreciated. Around 1980, Gromov ex-
posed the world to his view of how volume comparison can be used. The relative
volume comparison theorem was actually first proved by Bishop in [13]. At the
time, however, one only considered balls of radius less than the injectivity radius.
Later, Gromov observed that the result holds for all balls and immediately put it to
use in many situations. In particular, he showed how one could generalize the Betti
number estimate from Bochner’s theorem using only topological methods and vol-
ume comparison. Anderson then refined this to get information about fundamental
groups. One’s intuition about Ricci curvature has generally been borrowed from
experience with sectional curvature. This has led to many naive conjectures that
haven proven to be false through the construction of several interesting examples of
manifolds with nonnegative Ricci curvature. On the other hand, much good work
has also come out of this, as we shall see. The reason for treating Ricci curvature
before the more advanced results on sectional curvature is that we want to break
the link between the two. The techniques for dealing with these two subjects, while
similar, are not the same.

1. Volume Comparison

1.1. The Fundamental Equations. Throughout this section, assume that
we have a complete Riemannian manifold (M, g) of dimension n. Furthermore, we
are given a point p € M and with that the distance function r(xz) = d(x,p).
We know that this distance function is smooth on the image of the interior of the
segment domain. In analogy with the fundamental equations for the metric:

(1) Ls,g = 2Hessr,
(2) (Vo Hessr) (X,Y) + Hess’r (X,Y) = —R(X,9,,0,,Y),

we also have a similar set of equations for the volume form.
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266 9. RICCI CURVATURE COMPARISON

PROPOSITION 39. The volume form dvol and Laplacian Ar of r are related by:
(tr1) Ly, dvol = Ardvol,
(tr2) 0,Ar + B < 9, Ar + [Hessr|* = —Ric (9,,0,) .

PRrROOF. The way to establish the first equation is by first selecting orthonormal
1-forms 6°. The volume form is then given by

dvol = 0" A--- N O™
As with the metric g, we also have that dvol is parallel. Next observe that
(Lo, 0") (X) = 0, (0" (X)) — 0" (Lo, X)
= 0, (0"(X)) — 0" (Vo,X) + 0" (Vx0,)
(Vo,0) (X) + 6" (Vx0,).

This shows that
Lo, dvol = Ly (0" A---NO")
= Zel/v--/\Larei/\---/\a"
= ) 0" A AV O A NG
+) O A NG OV A AT

Vo, (0" A AO") +tx(V.0) 0 A AO"
Var dvol + tr (V.ar) dvol
Ardvol.

To establish the second equation we take traces in (2). Thus we select an
orthonormal frame F;, set X =Y = E; and sum over ¢. We can in addition assume
that Vy, E; = 0. We already know that

> R(E;,d,,0,,E;) = Ric(9,,0,) .
i=1
On the left hand side we get

n
Z Vo, Hessr) (E;, E;) > " 0.Hessr (E;, E;)
=1 =1

= 0, Ar
and

> Hess’r (Ei,E;) = Y g(VE,0,VEd,)

i=1 1=1
= Z (Ve,0r, 9 (V0 E;) Ej)

n

= Z (szaTan)g(vELaraE])
=1

= |Hessr|?
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Finally we need to show that

[ M)

—~

A
) < [Hessr|* .
n—1

To this end we also assume that E; = 0,. Then

S (9(Ved. Ey))

2%

|Hessr|

Il
_

(9 (V0. Ey))°

I

2

,J

2
1 n
< =3 (Zg(inar,Ei)>

i=2
1

— (Ar)?.

The inequality
2 _ 1 2
AP < o (4)
for a k x k matrix A is a direct consequence of the Cauchy-Schwarz inequality
(AT < AP T
= 4Pk,
where [ is the identity k& x k matrix. O

If we use the polar coordinate decomposition g = dr? + g, and let dvol,_; be
the standard volume form on S™~! (1), then we have that

dvol = A (r,0) dr A dvol,,_1,

where 6 indicates a coordinate on S"~!. If we apply (trl) to this version of the
volume form we get

Ly, dvol = Ly, (A(r,0)dr Advol,_1)
= O (A)dr Advol,_1
as both Ly dr = 0 and L, dvol,_; = 0. We can therefore simplify (trl) to
O A = A\Ar.
In constant curvature k we know that
gr = dr? +sni (r)ds®_,,
thus the volume form is
dvol, = X (r)dr Advol,_1
= sy ! (r)dr Advol,_q,

this conforms with the fact that

RN
Ar = ( 1) —mt
o (0 (1) = (1) D gy
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1.2. Volume Estimation. With the above information we can prove the es-
timates that are analogous to our basic comparison estimates for the metric and
Hessian of r assuming lower sectional curvature bounds (see chapter 6).

LEMMA 34. (Ricci Comparison Result) Suppose that (M, g) has Ric > (n — 1)k
for some k € R. Then

sn), (r
Ar < (n—1)—k (r)
dvol < dvolg,
where dvoly, is the volume form in constant sectional curvature k.

PROOF. Notice that the right-hand sides of the inequalities correspond exactly
to what one would get in constant curvature k.
For the first inequality, we use that
Ar)?
8,.A7‘—|—% <—(n-1)-k

dividing by n — 1 and using A\ this gives

ar( ar )+( ar >2<—k—ar(Ak>+(Ak>2

n—1 n—1

Separation of variables then yields:
[ _ N
2 = 2"
Ar k A
k+ (m) ()

Thus
F(A(r) < F Ak (r)),

/\%Jrk satisfying limy_,oo F' (A) = 0. Since F has

positive derivative we can conclude that A (1) < Ag (r).
For the second inequality we now know that

where F is the antiderivative of

snj (1)
< (n — k
A< (n—-1) -~ (T))\
while
_ sny, ()
8T/\k = (n 1) -~ (7_) )\k-

In addition the metrics g and g; agree at p. Thus also the volume forms agree at
p. This means that

linr(lJ A=Xx) = 0,
=) < -1y
" kloo= sny, () k
Whence the volume form inequality follows. O

Our first volume comparison gives the obvious upper volume bound coming
from our upper bound on the volume density.
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LEMMA 35. If (M, g) has Ric > (n—1) - k, then
volB (p,r) <wv(n,k,r),

where v (n, k,r) denotes the volume of a ball of radius r in the constant-curvature
space form S}

PROOF. Above, we showed that in polar coordinates around p we have

dvol < dvoly.

Thus
volB (p,r) = / dvol

seg,NB(0,r)

S / dVOlk-
seg,NB(0,r)

S / dVOlk
B(0,r)

= v(n,k,r).

d

With a little more technical work, the above absolute volume comparison result
can be improved in a rather interesting direction. The result one obtains is referred
to as the relative volume comparison estimate. It will prove invaluable in many
situations throughout the rest of the text.

LEMMA 36. (Relative Volume Comparison, Bishop-Cheeger-Gromov, 1964-1980)
Suppose (M, g) is a complete Riemannian manifold with Ric > (n — 1) - k. Then

volB(p,r)
_, PR
v(n, k,r)

is a nonincreasing function whose limit is 1 as r — 0.

PROOF. We will use exponential polar coordinates. The volume form A(r, 8)drA
df for (M, g) is initially defined only on some star-shaped subset of

T,M =R" = (0,00) x S" 1,

but we can just set A = 0 outside this set. The comparison density Ay is defined on
all of R” for k < 0 and on B (o,w/\/E) for k > 0. We can likewise extend Az = 0

outside B (0, W/\/E) Myers’ theorem says that A = 0 on R" — B (O, w/\/E) in this

case. So we might as well just consider r < w/v/k when k > 0.
The ratio of the volumes is

VOLB(p, R) _ Jy Jgu s Adr A d6
v(n,k R) [ Ndr AdE

and we know that
0 < A(r,0) < Me(r,0) =snj ! ()

everywhere.
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Differentiation of this quotient with respect to R yields

d (volB(p, R))

dR (n,k,R)
(g AR 0)d9) (" [gus A (,0) dr 1 )
(v(n, k, R))?
(st A (R,0)d8) (J s A(r,6) dr 7 dB)
(v(n, k, R))?

(v(n, k, R))~2 - /ORK/S AR, e)de) (/Snlx\k(r,@nl)dﬁ>
(L wnm) (. sl

So to see that

volB(p, R)
v(n, k, R)

is nonincreasing, it suffices to check that

fSn 1 de _ 1 / A (T7 9) do
fS”r*l )\k ,0) d9 Wnp—1 Jgn-1 )\k (’I", 9)

is nonincreasing. This follows from

AT 0\ MO — A

Ak (T‘, 0) /\2
o M- BN~ A(n — 1) 2D ),
= 0.

3. Maximal Diameter Rigidity. Given Myers’ diameter estimate, it is
natural to ask what happens if the diameter attains it maximal value. The next
result shows that only the sphere has this property.

THEOREM 62. (S.Y. Cheng, 1975) If (M, g) is a complete Riemannian manifold
with Ric > (n — 1)k > 0 and diam = 7 /Vk, then (M, g) is isometric to S}.
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Figure 9.1

PROOF. Fix p,q € M such that d(p, q) = n/Vk. Define r(z) = d(x,p), 7(z) =

d(z,q). We will show that
(1) r+7 = d(p,2) + d(z,q) = d(p,q) = 7/VF, x € M.
( ) r,7 are smooth on M — {p, q}.

(3) Hessr = (snj,/sny) ds%2_, on M — {p, q}.
(4) g = dr® +snids?_,.
We know that (3) implies (4) and that (4) implies M must be S}.
Proof of (1): The triangle inequality shows that

d(p, ) +d(w,q) > 7/,

so if (1) does not hold, we can find € > 0 such that (see Figure 9.1)

T
dlp,x)+d(x,q) =2-c¢+ —==2-¢+d(p,q).
(p, ) +d(z,q) N (pq)
Then the metric balls B(p, 1), B(g,72), and B(z,¢) are pairwise disjoint, when
r1 < d(p,x), ry < d(q,z) and | + 75 = 7/k. Thus,

volM S volB(z, ) + volB(p,r1) + volB(q,12)
volM — volM
v(n, k,e) N v(n, k,ry) v(n, k,ra)

S (k) o(nkg) o (k)

= M+1’

v (ks )

which is a contradiction.

Proof of (2): If x € M — {q,p}, then x can be joined to both p and ¢ by
segments 01,02. The previous statement says that if we put these two segments
together, then we get a segment from p to ¢ through x. Such a segment must be
smooth, and thus o1 and o9 are both subsegments of a larger segment. This implies
from our characterization of when distance functions are smooth that both r and
7 are smooth at x € M — {p, q}.

1 =
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Proof of (3): We have r(z) + 7(z) = n/Vk, thus Ar = —A7. On the other
hand,

sny, (r(z))

(n—1) sng(r(z))

> Ar(x)
= —A7(x)

> —(n—-1)—/—/=

This implies,

and

L
N
!
—
S—
oy
I

Or(Ar) + %

Or(Ar) + |Hessr|?
—Ric(0y, 0r)
—(n—1)k.

IN A CIA

Hence, all inequalities are equalities, and in particular

(Ar)? = (n — 1)|Hessr|%.
Recall that this gives us equality in the Cauchy-Schwarz inequality |A|2 <k (trA)2 .
Thus A = %I k- In our case we have restricted Hessr to the (n — 1) dimensional

space orthogonal to 0, so on this space we obtain:
Ar
n—1
sn),

Gr-
S

Hessr =

9r

O

We have now proved that any complete manifold with Ric > (n —1) -k > 0
has diameter < 7/v/k, where equality holds only when the space is S¢. A natural
perturbation question is therefore: Do manifolds with Ric > (n — 1) -k > 0 and
diam ~ 7/v/k, have to be homeomorphic or diffeomorphic to a sphere?

For n = 2, 3 this is true, when n > 4, however, there are counterexamples. The
case n = 2 will be settled later, while n = 3 goes beyond the scope of this book
(see [85]). The examples for n > 4 are divided into two cases: n =4 and n > 5.

EXAMPLE 46. (Anderson, 1990) For n = 4 consider metrics on I x S3 of the
form

dr? + <p20% + w2(ag + a%).
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If we define

a

cysin(r+49) r>ro,

AS)
—~
=
N
I

{ sin(ar) r<ro
— )

br? +c r <o,
v(r) = { cosin(r+48) r > ro,
and then reflect these function in r = 7/2 — 8, we get a metric on CP?*4fCP2. For
any small rg > 0 we can now adjust the parameters so that o and v become C* and
generate a metric with Ric > (n —1). For smaller and smaller choices of ro we see
that & — 0, so the interval I — [0,7] as 1o — 0. This means that the diameters
converge to .

EXAMPLE 47. (Otsu, 1991) Forn > 5 we only need to consider standard doubly
warped products:
dr? + ¢? - dsg + desfhg
on I x S? x S"=3. Similar choices for ¢ and v will yield metrics on S% x S"~2
with Ric > n — 1 and diameter — .

In both of the above examples we actually only constructed C'* functions ¢, 1
and therefore only C'' metrics. The functions are, however, concave and can easily
be smoothed near the break points so as to stay concave. This will not change the
values or first derivatives much and only increase the second derivative in absolute
value. Thus the lower curvature bound still holds.

2. Fundamental Groups and Ricci Curvature

We shall now attempt to generalize the estimate on the first Betti number we
obtained using the Bochner technique to the situation where one has more general
Ricci curvature bounds. This requires some knowledge about how fundamental
groups are tied in with the geometry.

2.1. The First Betti Number. Suppose M is a compact Riemannian man-
ifold of dimension n and M its universal covering space. The fundamental group
w1 (M) acts by isometries on M. Recall from algebraic topology that

Hy (M, Z) = my (M) /[ [ry (M), m (M)],
where [m1 (M), 71 (M)] is the commutator subgroup. Thus, Hy (M, Z) acts by deck
transformations on the covering space
M/ [ry (M), 71 (M)]
with quotient M. Since H; (M,Z) is a finitely generated Abelian group, we know

that the set of torsion elements 7T is a finite normal subgroup. We can then consider
I'=H; (M,Z) /T as acting by deck transformations on

NE = 51/ [my (M), m (M)] /T
Thus, we have a covering 7 : M — M with a torsion free and Abelian Galois group
of deck transformations. The rank of the torsion-free group I' is clearly equal to
by (M) = dimH, (M,R).

Next recall that any finite-index subgroup of I' has the same rank as I'. So if we can
find a finite-index subgroup that is generated by elements that can be geometrically
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controlled, then we might be able to bound b;. To this end we have a very interesting
result.

LEMMA 37. (M. Gromov, 1980) For fived x € M there exists a finite-index
subgroup T C T that is generated by elements vq,...,7,, such that

d(z,7y; (z)) <2-diam (M).
Furthermore, for all v € T" — {1} we have
d(z,v(x)) > diam (M) .

PROOF. First we find a finite-index subgroup that can be generated by elements
satisfying the first condition. Then we modify this group so that it also satisfies
the second condition.

For each € > 0 let I'. be the group generated by

{yeTl:d(z,v(z)) < 2diam (M) + ¢},

and let 7. : M — M/T. denote the covering projection. We claim that for each
z € M we have

d(me (2),me (x)) < diam (M) + €.
Otherwise, we could find z € M such that
d(z,2) =d(r. (2),7 (x)) = diam (M) + ¢.
Now, we can find v € T" such that d (v (z), z) < diam (M), but then we would have
d(me (v (2), 7= (2)) = d(7e(2),7e (7)) — d(7e (2) 7 (v (2))) = ¢,
d(z,y(x)) < d(z,2)+d(z,v(z)) <2diam (M) + «.

Here we have a contradiction, as the first line says that v ¢ T'., while the second
line says v € I'..

Note that compactness of M /T. shows that I'. C I has finite index.

Now observe that there are at most finitely many elements in the set

{7 €T d(z,y(x)) < 3diam (M)},
as I" acts discretely on M. Hence, there must be a sufficiently small € > 0 such that
{yeTl:d(z,v(z)) <2diam (M) +e} ={y €T :d(z,v(z)) <2diam (M)}.

Then we have a finite-index subgroup I'c of ' generated by
{7 €D d(2,7(2)) < 2diam (M)} = {73, Y}

We shall now modify these generators until we get the desired group I".

First, observe that as the rank of I'. is by, we can assume that {71, . 7’Yb1}
are linearly independent and generate a subgroup IV C I'. of finite index. Next,
we recall that only finitely many elements v in T lie in

{yeT:d(z,v(x)) < 2diam (M)} .
We can therefore choose
(iseeAn} € {7 €D s d (7 (2) < 2diam (M)}

with the following properties (we use additive notation here, as it is easier to read):
(1) span{¥y,...,9} Cspan{7yq,...,7;} has finite index for all k =1,...,b;.
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(2) 4x = lig -1 + -+ + lgk - g, is chosen such that I is maximal in absolute
value among all elements in

I'"N{yel:d(z,v(x)) < 2diam (M)} .

The group I" generated by {7,,...,7,,} clearly has finite index in I'” and
hence also in I'. The generators lie in

{yeT:d(z,v(z)) < 2diam (M)},

as demanded by the first property. It only remains to show that the second property
is also satisfied. The see this, let

y=myc gy ey,
be chosen such that my # 0. If d (z,v (z)) < diam (M), then we also have that
d(z,7?(2)) < d(z,v () +d(v(x),7" (@)

= 2d(xz,v())
< 2diam (M).
Thus,
el n{yel:d(zv(x)) < 2diam (M)},
and also,
Vo= 2ma Ay 2,
k-1
= an -'yi—|—2mk-l;€k Vi
i=1
But this violates the maximality of Ik, as we assumed my, # 0. O

With this lemma we can now give Gromov’s proof of

THEOREM 63. (S. Gallot and M. Gromov, 1980) If M is a Riemannian manifold
of dimension n such that Ric > (n—1)k and diam (M) < D, then there is a
function C (n, k- D2) such that
bl (M) S C(TL,]{JDQ)
Moreover, lim._o C (n,e) = n.In particular, there is € (n) > 0 such that if k- D* >
—e(n), then by (M) < n.

PROOF. First observe that for £ > 0 there is nothing to prove, as we know that
b1 = 0 from Myers’ theorem.

Suppose we have chosen a covering M of M with torsion-free Abelian Galois
group of deck transformations I' = <'yl, e Y 1> such that for some 2 € M we have

A7, (2)) < 2diam (M),
d(z,v(z)) > diam(M),y# 1.
Then we clearly have that all of the balls B (7 (x), dldmf(M)) are disjoint. Now set

IT:{'yel—‘:’y:l1~’yl+“°+lbl"Yb1,|l1|+"'+|lb1|§7"}~
Note that for v € I,. we have

B(y(x),diw;(M)> CB(x,r-2diam(M)+diamz(]V[)).
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All of these balls are disjoint and have the same volume, as v acts isometrically.
We can therefore use the relative volume comparison theorem to conclude that the
cardinality of I, is bounded from above by

volB (x,r - 2diam (M) + d“"mf(M)) v (n, k,r - 2diam (M) + diaﬂ;(M)>
< .
volB (1?7 dlaH;(JV[)) v (Tl, k, dlarr;(M))

This shows that

by < |4
v (n, k,2diam (M) + d‘amf(M»
Ty

which gives us a general bound for b;. To get a more refined bound we have to use
I, for larger r. If r is an integer, then

| = (2r +1)" .

<

The upper bound for |I,.| can be reduced to

v (n,k7r~2diam(M)+ dlamf(M)) - v (n,k, (r-2+ 1) D)
o (o, ) S T kD)

f(r~2+%)D (Sinh(ﬂt) > n—1 "

0 VT

. n—1
7 (2SR

24 1) Dy
fo( 2+2)D\/;ksinh"_1 (t)dt

[PV R ginh 1 (¢) dt

1 n
= 2"(7’-2+2> SRR

where in the last step we assume that D+v/—k is very small relative to r. If by > n+1,
this cannot be larger than |I,| = (2r + 1) when r = 5". Thus select 7 = 5" and
the assume D+/—k is small enough that

SR G ) e B

fO%D\/jC sinh™ ! () dt

5% . ™

in order to force b; < n. 0

Gallot’s proof of the above theorem uses techniques that are sophisticated gen-
eralizations of the Bochner technique.

2.2. Finiteness of Fundamental Groups. One can get even more informa-
tion from these volume comparison techniques. Instead of considering just the first
homology group, we can actually get some information about fundamental groups
as well.
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For our next result we need a different kind of understanding of how funda-
mental groups can be represented.

LEmMA 38. (M. Gromov, 1980) For a Riemannian manifold M and & € M, we
can always find generators {1, ...7,,} for the fundamental group T = w1 (M) such
that d (x,v; (z)) < 2diam (M) and such that all relations for T' in these generators
are of the form vy, - 7y; ~'y,:1 =1.

PROOF. For any € € (0,inj (M)) choose a triangulation of M such that adja-
cent vertices in this triangulation are joined by a curve of length less that . Let

{z1,..., 21} denote the set of vertices and {e;;} the edges joining adjacent vertices
(thus, e;; is not necessarily defined for all 4, j). If = is the projection of & € M,
then join x and x; by a segment o; for all ¢ = 1,...,k and construct the loops

Oij = OieijU;1
for adjacent vertices. Now, any loop in M based at z is homotopic to a loop in the
1-skeleton of the triangulation, i.e., a loop that is constructed out of juxtaposing
edges e;;. Since e;jejr = eij(r;lajejk such loops are the product of loops of the
form o;;. Therefore I' is generated by o;.

Now observe that if three vertices x;,x;, x, are adjacent to each other, then
they span a 2-simplex A;;;. Thus, we have that the loop ;0,04 = aijajkai_kl is
homotopically trivial. We claim that these are the only relations needed to describe
T". To see this, let o be any loop in the 1-skeleton that is homotopically trivial. Now
use that o in fact contracts in the 2-skeleton. Thus, a homotopy corresponds to a
collection of 2-simplices A;jx. In this way we can represent the relation o =1 as a
product of elementary relations of the form o;;0;50;," = 1.

Finally, use discreteness of I" to get rid of € as in the above case. d

A simple example might be instructive here.

EXAMPLE 48. Consider My = S®/Zy; the constant-curvature 3-sphere divided
out by the cyclic group of order k. As k — oo the volume of these manifolds goes
to zero, while the curvature is 1 and the diameter 5. Thus, the fundamental groups
can only get bigger at the expense of having small volume. If we insist on writing
the cyclic group Zy, in the above manner, then the number of generators needed goes
to infinity as k — oo. This is also justified by the next theorem.

For numbers n € N, k € R, and v,D € (0,00), let M (n,k,v, D) denote the
class of compact Riemannian n-manifolds with

Ric > (n—1)k,
vol > w,
diam < D.

We can now prove:

THEOREM 64. (M. Anderson, 1990) There are only finitely many fundamental
groups amonyg the manifolds in M (n, k,v, D) for fived n,k,v,D.

PRrROOF. Choose generators {7y, ...,7,,} as in the lemma. Since the number of

possible relations is bounded by 2’”3, we have reduced the problem to showing that
m is bounded. We have that d (x,v, (z)) < 2D. Fix a fundamental domain F' C M
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that contains z, i.e., a closed set such that = : F¥ — M is onto and volF' = volM.
One could, for example, choose the Dirichlet domain

F= {ze]\;[:d(agz) <d(y(x),z) for all y € m; (M)}

Then we have that the sets 7, (F') are disjoint up to sets of measure 0, all have the
same volume, and all lie in the ball B (z,4D). Thus,

volB (x,4D) _ v (n,k,4D)
< <
- volF' - v

In other words, we have bounded the number of generators in terms of n, D, v, k
alone. O

Another related result shows that groups generated by short loops must in fact
be finite.

LEMMA 39. (M. Anderson, 1990) For fized numbers n € N, k € R, and v, D €
(0,00) we can find L = L(n,k,v,D) and N = N (n,k,v,D) such that if M €
M (n, k,v, D), then any subgroup of w1 (M) that is generated by loops of length
< L must have order < N.

PROOF. Let I' C 71 (M) be a group generated by loops {74,...,7;} of length
< L. Consider the universal covering 7 : M — M and let z € M be chosen such
that the loops are based at 7 (z). Then select a fundamental domain F' C M as
above with « € F. Thus for any 7;,7, € m1 (M), either v; = 4 or 71 (F) Ny, (F)
has measure 0.

Now define U (r) as the set of v € T" such that  can be written as a product of at
most r elements from {~v,,...,7,}. We assumed that d (z,v, (z)) < L for all 4, and
thus d (z,7v (x)) <r- L for all v € U (r) . This means that v (F') C B (z,r- L+ D).
As the sets v (F') are disjoint up to sets of measure zero, we obtain

volB (z,r - L + D)

vl < volF’
v(n,k,r- L+ D)
_— U .
Now define
2D
v veuk2D)
v
D
L = —.
N

If I has more than IV elements we get a contradiction by using r = N as we would
have

v(n,k,?D)+1 _ N
v
< |[UNN)
< v(n,k,ZD).
v
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3. Manifolds of Nonnegative Ricci Curvature

In this section we shall prove the splitting theorem of Cheeger-Gromoll. This
theorem is analogous to the maximal diameter theorem in many ways. It also has
far-reaching consequences for compact manifolds with nonnegative Ricci curvature.
For instance, we shall see that S3x S does not admit any complete metrics with zero
Ricci curvature. One of the critical ingredients in the proof of the splitting theorem
is the maximum principle for continuous functions. These analytical matters will
be taken care of in the first subsection.

3.1. The Maximum Principle. We shall try to understand how one can
assign second derivatives to (distance) functions at points where the function is not
smooth. In chapter 11 we shall also discuss generalized gradients, but this theory
is completely different and works only for Lipschitz functions.

The key observation for our development of generalized Hessians and Laplacians
is

LEMMA 40. If f,h : (M,g) — R are C? functions such that f(p) = h(p) and
f(x) > h(x) for all x near p, then

Vi) = Vhp),
Hessf|, > Hessh|,,
Af(p) = Ah(p).

ProOF. If (M, g) C (R,can), then the theorem is simple calculus. In general,
We can take v : (—e,6) — M to be a geodesic with v(0) = p, then use this
observation on f o+, h o~ to see that

df(¥(0)) = dh(¥(0)),
Hessf (7 (0),7(0)) = Hessh(¥(0),7(0)).
This clearly implies the lemma if we let v = 4(0) run over all v € T, M. O

This lemma implies that a C? function f : M — R has Hessf|, > B, where B
is a symmetric bilinear map on T,M (or Af(p) > a € R), iff for every € > 0 there
exists a function f.(x) defined in a neighborhood of p such that

(1) fe(p) = f(p).
(2) f(x)> fe(x) in some neighborhood of p.
(3) Hessfelp > B —¢c-glp (or Afe(p) > a—¢).

Such functions f. are called support functions from below. One can analogously
use support functions from above to find upper bounds for Hessf and Af. Support
functions are also known as barrier functions in PDE theory.

For a continuous function f : (M,g) — R we say that: Hessf|, > B (or
Af(p) > a) iff there exist smooth support functions f. satisfying (1)-(3). One also
says that Hessf|, > B (or Af(p) > a) hold in the support or barrier sense. In PDE
theory there are other important ways of defining weak derivatives. The notion
used here is guided by what we can obtain from geometry.

One can easily check that if (M, g) C (R,can), then f is convex if Hessf > 0
everywhere. Thus, f : (M,g) — R is convex if Hessf > 0 everywhere. Using this,
one can easily prove



280 9. RICCI CURVATURE COMPARISON

THEOREM 65. If f : (M,g) — R is continuous with Hessf > 0 everywhere,
then f is constant near any local mazimum. In particular, f cannot have a global
mazximum unless f is constant.

We shall need a more general version of this theorem called the maximum
principle. As stated below, it was first proved for smooth functions by E. Hopf in
1927 and then later for continuous functions by Calabi in 1958 using the idea of
support functions. A continuous function f : (M, g) — R with Af > 0 everywhere
is said to be subharmonic. If Af <0, then f is superharmonic.

THEOREM 66. (The Strong Maximum Principle) If f : (M, g) — R is continu-
ous and subharmonic, then f is constant in a neighborhood of every local maximum.
In particular, if f has a global maximum, then f is constant.

PRrROOF. First, suppose that Af > 0 everywhere. Then f can’t have any local
maxima at all. For if f has a local maximum at p € M, then there would exist a
smooth support function f.(z) with

(1) fe(p) = f(p),
(2) fe(z) < f(x) for all x near p,
(3) Afe(p) > 0.

Here (1) and (2) imply that f. must also have a local maximum at p. But this
implies that Hessf.(p) < 0, which contradicts (3).

Next just assume that Af > 0 and let p € M be a local maximum for f. For
sufficiently small r < inj(p) we therefore have a function f : (B(p,r),g) — R with
Af >0 and a global maximum at p. If f is constant on B(p, ), then we are done,
otherwise, we can assume (by possibly decreasing r) that f () # f(p) for some

x € Sp,r)={zxeM:dp,x)=r}.
Then define
V={xeSpr):flz)=f(p}
Our goal is to construct a smooth function h = e*¥ — 1 such that
h < OonV,
hip) = 0,
Ah > O0on B(p,r).

This function is found by first selecting an open disc U C S (p,r) that contains V.
We can then find ¢ such that

e = 0,
p < 0OonU,
Vo # 0on B(p,r).
In an appropriate coordinate system (xl, . ,sc”) we can simply assume that

U lies in the lower half-plane: z' < 0 and then let ¢ = 2! (see also Figure 9.2).
Lastly, choose « so big that

Ah = ae™(a|V|? + Ap) > 0 on B(p,r).

Now consider the function f = f +6h on B(p,r). Provided 4 is very small, this
function has a local maximum in the interior B(p, ), since

flo) = f(»
> max {f (z)+ 6h(z) = f(z): 2 €dB(p,r)}.
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On the other hand, we can also show that f has positive Laplacian, thus giving a
contradiction with the first part of the proof. To see that the Laplacian is positive,
select f. as a support function from below for f at ¢ € B (p,r). Then f. + dh is a
support function from below for f at g. The Laplacian of this support function is
estimated by

A(fe +0h)(p) = —e + 6AR(p),

which for given § must become positive as € — 0. d

A continuous function f : (M,g) — R is said to be linear if Hessf = 0 (i.e.,
both of the inequalities Hessf > 0, Hessf < 0 hold everywhere). One can easily
prove that this implies that

(foy) (@) =f(v(0)+at
for each geodesic . This implies that

foexp,(z) = f(p) + g(vp, )

for each p € M and some v, € T, M. In particular f is C* with V f|, = v,,.

More generally, we have the concept of a harmonic function. This is a continu-
ous function f : (M, g) — R with Af = 0. The maximum principle shows that if M
is closed, then all harmonic functions are constant. On incomplete or complete open
manifolds, however, there are often many harmonic functions. This is in contrast
to the existence of linear functions, where V f is necessary parallel and therefore
splits the manifold locally into a product where one factor is an interval. It is an
important fact that any harmonic function is C'*° if the metric is C*°. Using the
above maximum principle we can reduce this to a standard result in PDE theory
(see also chapter 10).

THEOREM 67. (Regularity of harmonic functions) If f : (M, g) — R is contin-
uous and harmonic in the weak sense, then f is smooth.

ProOOF. We fix p € M and a neighborhood 2 around p with smooth boundary.
We can in addition assume that €2 is contained in a coordinate neighborhood. It is
now a standard fact from PDE theory that the following Dirichlet boundary value
problem has a solution:

Au = 0,
ulaa = floq-

Moreover, such a solution u is smooth on the interior of 2. Now consider the two
functions v — f and f — u on Q. If they are both nonpositive, then they must
vanish and hence f = u is smooth near p. Otherwise one of these functions must be
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positive somewhere. However, as it vanishes on the boundary and is subharmonic
this implies that it has an interior global maximum. The maximum principle then
shows that the function is constant, but this is only possible if it vanishes. O

3.2. Rays and Lines. We will work only with complete and noncompact
manifolds in this section. A ray r(t) : [0,00) — (M, g) is a unit speed geodesic such
that

d(r(t), r(s)) =t —s| for all t,s > 0.

One can think of a ray as a semi-infinite segment or as a segment from r(0) to
infinity. A line £(t) : R — (M, g) is a unit speed geodesic such that

d(v(t),v(s)) = |t — s| for all t, s € R.

LEMMA 41. If p € (M, g), then there is always a ray emanating from p. If M
is disconnected at infinity then (M, g) contains a line.

PRrROOF. Let p € M and consider a sequence g¢; — oo. Find unit vectors
v; € T, M such that:

oi(t) = exp,(tv;), t € [0,d(p, )]

is a segment from p to ¢g;. By possibly passing to a subsequence, we can assume
that v; = v € T,M (see Figure 9.3). Now

o(t) = exp,(tv), t € [0,00),

becomes a segment. This is because o; converges pointwise to o by continuity of
exp,,, and thus

d(o(s), a(t)) =limd(o;(s), o:(t)) =|s—t|.

A complete manifold is connected at infinity if for every compact set K C M
there is a compact set C' O K such that any two points in M — C' can be joined by
a curve in M — K. If M is not connected at infinity, we say that M is disconnected
at infinity.

If M is disconnected at infinity, we can obviously find a compact set K and
sequences of points p; — 00, ¢; — oo such that any curve from p; to ¢; must pass
through K. If we join these points by segments o; : (—a;,b;) — M such that
a;,b; — o0, 0;(0) € K, then the sequence will subconverge to a line (see Figure
9.4). O
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EXAMPLE 49. Surfaces of revolution dr® + ¢*(r)ds%_,, where ¢ : [0,00) —
[0,00) and p(t) < 1, ¢(t) <0, t > 0, cannot contain any lines. These manifolds
look like paraboloids.

EXAMPLE 50. Any complete metric on S~ x R must contain a line, since the
manifold is disconnected at infinity.

EXAMPLE 51. The Schwarzschild metric on S% x R? does not contain any lines.
This will also follow from our main result in this section.

THEOREM 68. (The Splitting Theorem, Cheeger-Gromoll, 1971): If (M,g)
contains a line and has Ric > 0, then (M, g) is isometric to a product (H x R, go +
dt?).

The proof is quite involved and will require several constructions. The main
idea is to find a distance function r : M — R (i.e. |Vr| = 1) that is linear (i.e.
Hessr = 0). Having found such a function, one can easily see that M = Uy x R,
where Uy = {r =0} and g = dt?> + gop. The maximum principle will play a key
role in showing that r, when it has been constructed, is both smooth and linear.
Recall that in the proof of the maximal diameter theorem we used two distance
functions r, 7 placed at maximal distance from each other and then proceeded to
show that r + 7 = constant. This implied that r,7 were smooth, except at the
two chosen points, and that Ar is exactly what it is in constant curvature. We
then used the rigidity part of the Cauchy-Schwarz inequality to compute Hessr.
In the construction of our linear distance function we shall do something similar.
In this situation the two ends of the line play the role of the points at maximal
distance. Using this line we will construct two distance functions by from infinity
that are continuous, satisfy by +b_ > 0 (from the triangle inequality), Aby < 0, and
by +b_ = 0 on the line. Thus, by +b_ is superharmonic and has a global minimum.
The minimum principle will therefore show that b, +b_ = 0. Thus, by = —b_ and

0> Aby = —Ab_ >0,
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which shows that both of by are harmonic and therefore C'°°. We then show that
they are actually distance functions (i.e., |Vby| = 1). Finally we can conclude that

0 = Vbi(Aby)+ M
n—1
< Vby(Aby) + [Hessby|?
= |Hessby |?
< —Ric(Vby, Vby) <0.

This establishes that [Hessb.|? = 0, so that we have two linear distance functions
by as desired.
The proof proceeds through several results some of which we will need later.

3.3. Laplacian Comparison.

LEMMA 42. (E. Calabi, 1958) Let r(x) = d(z,p), p € (M,g). If Ric(M,g) > 0,
then
n—1
r(x)

PRrROOF. We know that the result is true whenever r is smooth. For any other
q € M, choose a unit speed segment o : [0, ] — M with ¢(0) = p, o({) = q. Then
the triangle inequality implies that r.(x) = e+d(o(¢), z) is a support function from
above for r at ¢. If all these support functions are smooth at ¢, then

Ar(z) <

for all x € M.

Mrfe) €
n—1
- r(q) —e

< n—1 2(n—1)

+e-
r(q) (r(q))?
for small ¢, and hence Ar(q) < :}(—TI; in the support sense.

Now for the smoothness. Fix ¢ > 0 and suppose 7. is not smooth at g. Then

we know that either
(1) there are two segments from o () to ¢, or

(2) g is a critical value for exp, . : seg (o (¢)) — M.

Case (1) would give us a nonsmooth curve of length ¢ from p to ¢, which we
know is impossible. Thus, case (2) must hold. To get a contradiction out of this,
we show that this implies that exp, has o (¢) as a critical value.

Using that g is critical for exp,.), we find a Jacobi field J (?) : [e, (] — T'M
along ol such that J(¢) = 0, J () # 0 and J(¢) = 0 (see chapter 6). Then
also J (£) # 0 as it solves a linear second order equation. Running backwards from
q to o (¢) then shows that exp, is critical at o (¢). This however contradicts that
o :[0,£] — M is a segment. O

By a similar analysis, we can prove

LEMMA 43. If (M, g) is complete and Ric(M, g) > (n— 1)k, then any distance
function r(x) = d(x,p) satisfies:

(@)
Ar(z) <(n-—1) e (r(2))
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This lemma together with the maximum principle allows us to eliminate the
use of relative volume comparison in the proof of Cheng’s diameter theorem.

As in the other proof, consider 7(z) = d(z,q), r(x) = d(z,p), where d(p,q) =
7/Vk. Then we have r + 7 > «/v/k, and equality will hold for any = € M — {p, ¢}
that lies on a segment joining p and ¢q. On the other hand, the above lemma tells
us that

Alr+7) < Ar+ A7
< (n—1)WVkcot(VEkr(z)) + (n — )Wk - (VEF(z))
< (n—1)Vkeot(Vkr(z)) + (n —1)Vkcot (\/% (\;E — r(x)))

(n — 1)VE(cot(VEr(x)) 4 cot(r — VEr(x))) = 0.

So r + 7 is superharmonic on M — {p, ¢} and has a global minimum on this set.
Thus, the minimum principle tells us that r +7 = 7/ vk on M. The proof can now
be completed as before.

3.4. Busemann Functions. For the rest of this section we fix a complete
noncompact Riemannian manifold (M, g) with nonnegative Ricci curvature. Let
v :[0,00) — (M, g) be a unit speed ray, and define

bi(x) = d(, /(1) — t.

PROPOSITION 40. (1) For fized x, the function t — by(xz) is decreasing and
bounded in absolute value by d(x,v(0)).

(2) |be(x) = be(y)| < d(z,y).
(3) Ab(z) < ﬁ everywhere.

PROOF. (2) and (3) are obvious, since by(x)+1t is a distance function from ~(¢).
For (1), first observe that the triangle inequality implies

b ()] = [d(@, () — t| = [d(z,~(t)) — d((0), 7(£))| < d(z,~(0)).
Second, if s < t then
be(x) —bs(x) = d(xz,y(t)) —t—d(z,7(s)) + s
= d(z,y(t) — d(x,7(s)) — d(y(t),7(s))
< d(y(1),7(s)) —d(v(t),7(s)) = 0.
O
This proposition shows that the family of functions {b;};>o forms a pointwise

bounded equicontinuous family that is also pointwise decreasing. Thus, b; must
converge to a distance-decreasing function b, satisfying

by (z) =by(y)l < d(z,y),
lby(z)| < d(z,7(0)),
and
by (y(r)) = limby(v(r)) = lim(d(~(r), ¥(t)) — 1) = —r-

This function b, is called the Busemann function for v and should be interpreted
as a distance function from “y(c0).”
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ExaMPLE 52. If M = (R", can), then all Busemann functions are of the form

by(z) =~(0) =4(0) - =
(see Figure 9.5).

The level sets by ' (t) are called horospheres. In (R™,can) these are obviously
hyperplanes.

Given our ray -, as before, and p € M, consider a family of unit speed segments
oy :[0,4;] — (M, g) from p to v(¢). As when we constructed rays, this family must
subconverge to some ray 4 : [0,00) — M, with (0) = p. A ray coming from such a
construction is called an asymptote for v from p (see Figure 9.6). Such asymptotes
from p need not be unique.

PROPOSITION 41 (1) b L (x) < by(p) + by ().

(2) by(7(t)) = by(p) + b5(3(2)) = b (P)*t

PROOF. Let o; : [0,4;] — (M,g) be the segments converging to 5. To check
(1), observe that

d(z,v(s)) —s < d(z,75(t)) +d(5(t),7(s)) — s
= d(z,5(t)) —t+d(p,7(t)) +d(F(t),7(s)) — s
= d(z,5(t) =t +d(p, (1)) + b,(Y(t)) as s — oc.
Thus, we see that (1) is true provided that (2) is true. To establish (2), we notice
that

d(p,y(t:)) = d(p, 0i(s)) + d(oi(s),v(t:))
for some sequence t; — co. Now, o;(s) — 7(s), so we obtain
by(p) = lim(d(p,~(t:)) - ti)
lim(d(p,¥(s)) + d((s),7(t:)) — t:)
= d(p,7(s)) + lim(d(5(s),v(t:)) — t:)
+0,(%(s))
—b5(3(s)) + b, (7(s))-
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We have now shown that b, has b,(p) + b5 as support function from above at
peM.

LEMMA 44. If Ric(M,g) > 0, then Ab, <0 everywhere.

PROOF. Since b, (p) + b5 is a support function from above at p, we only need
to check that Abs(p) < 0. To see this, observe that the functions

b(x) = d(z,5(t)) — ¢
are actually support functions from above for b5 at p. Furthermore, these functions
are smooth at p with

Aby(p) < “—

— 0 ast — oo.

O

Now suppose (M, g) has Ric > 0 and contains a line v(t) : R — M. Let b"

be the Busemann function for v : [0,00) — M, and b~ the Busemann function for
v :(—00,0] = M. Thus,

bH@) = Tim (d( (1) - 0),
bo@) = T (dz(-1) — 1)

Clearly,
b¥(2) + b7 (2) = lim_(d(x,(t)) + d(w, (1)) = 20),
so by the triangle inequality
(b" +b7) (z) = 0 for all z.

Moreover,
(bt +b7) (v(t) =0
since v is a line (see Figure 9.7).

This gives us a function b+ + b~ with A(b™ +b7) < 0 and a global minimum
at y(t). The minimum principle then shows that b + b~ = 0 everywhere. In
particular, b© = —b~ and AbT = Ab~ = 0 everywhere.

To finish the proof of the splitting theorem, we still need to show that b* are
distance functions, i.e. |Vb¥| = 1. To see this, let p € M and construct asymptotes
7% for v* from p. Then consider

by (x) = d(z, 55 (1) — t,
and observe:
b (z) > b (2) = bF (p) = =b~ (x) + b7 (p) > —b; (x)
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with equality holding for = p. Since both b;t are smooth at p with unit gradient,
we must therefore have that Vb, (p) = —Vb; (p). Then also, b* must be differen-
tiable at p with unit gradient. We have therefore shown (without using that b* are
smooth from AbT = 0) that b are everywhere differentiable with unit gradient.
The result that harmonic functions are smooth can now be invoked and the proof
is finished as explained in the beginning of the section.

3.5. Structure Results in Nonnegative Ricci Curvature. The splitting
theorem gives several nice structure results for compact manifolds with nonnegative
Ricci curvature.

COROLLARY 26. SP x S does not admit any Ricci flat metrics when p = 2, 3.

PROOF. The universal covering is SP x R, As this space is disconnected at
infinity any metric with nonnegative Ricci curvature must split. If the original
metric is Ricci flat, then after the splitting, we will get a Ricci flat metric on SP.
If p < 3, such a metric must also be flat. But we know that SP, p = 2,3 do not
admit any flat metrics. 0

When p > 4 it is not known whether SP admits a Ricci flat metric.

THEOREM 69. (Structure Theorem for Nonnegative Ricci Curvature, Cheeger-
Gromoll, 1971) Suppose (M, g) is a compact Riemannian manifold with Ric > 0.
Then the universal cover (]T/.f, g) splits isometrically as a product N x RP, where N
18 a compact manifold.

PRrROOF. By the splitting theorem, we can write M = N x RP where N does
not contain any lines. Observe that if

7(@t) = (1 (8),72(8) € N X RP

is a geodesic, then both ~; are geodesics, and if 7y is a line, then both ~, are also lines
unless they are constant. Thus, all lines in M must be of the form v(t) = (z,0(t)),
where z € N and o is a line in RP. .

If N is not compact, then it must contain a ray v(¢) : [0,00) — N. If 7 : M —
M is the covering map, then we can consider ¢(t) = 7o (7y(¢),0) in M. This is of
course a geodesic in M, and since M is compact, there must be a sequence t; — 00
such that ¢(t;) — v € T, M for some z € M, v € T,,M. Choose & € M such that
7(Z) = x, and consider lifts v, (t) : [—t;,00) — M of c(t + t;), where Dm(%,(0)) =
¢(t;) and «,(0) — Z. On the one hand, these geodesics converge to a geodesic
4 (—00,00) — M with 4(0) = Z. On the other hand, since Dr(%(¢;)) = ¢(t;),
there must be deck transformations g; € w1 (M) such that g; o y(t + t;) = 7,(¢).
Thus, the ~;s are rays and must converge to a line. From our earlier observations,
this line must be in RP. The deck transformations g; therefore map (¢t +t;), which
are tangent to N, to vectors that are almost perpendicular to N. This, however,
contradicts the followmg property for isometries on M. .

Let F : M — M be an isometry, e.g., F "= g;. I £(t) is aline in M, then F o/
must also be a line in M. Since all lines in M lie in RP and every vector tangent to
R? is the velocity of some line, we see that for each ¢ € N we can find F} (¢) € N
such that

F:{c} xR — {F;(c)} x RP.
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This implies that F' must be of the form F' = (Fy, Fy), where F; : N — N is an
isometry and Fs : N x RP — RP. In particular, the tangent bundles TN and TIRP
are preserved by DF. O

This theorem also gives a strong structure for 71 (M). Consider the group G of
isometries on N that are split off by the action of 71 (M) on M = N x RP. Since
N is compact and G acts discretely on N we see that it is finite. The kernel of the
homomorphism 7y (M) — G is then a finite index subgroup that acts discretely
and cocompactly on RP. Such groups are known as crystallographic groups and are
fairly well understood. It is a theorem of Bieberbach that any group of isometries
I’ C Iso (RP) that is discrete and cocompact must contain a rank p Abelian group
ZP of finite index. This structure comes from the exact sequence

1 —-RP - TIso(RP) — O (p) — 1,

where the map Iso (R?) — O (p) is the assignment that takes the isometry Oz + v
to O. If we restrict this short exact sequence to I' we see that the kernel is an
Abelian subgroup of RP which acts discretely. This shows that it must be of the
form Z9 where ¢ < p. If ¢ < p, then the action of Z9 leaves the ¢-dimensional
subspace V' = span {Z?} invariant and therefore fixes the orthogonal complement.
This shows that the action can’t be cocompact. Finally we also note that the image
in O (p) is discrete and hence finite. (For more details see also [34], [96]). Note
that there are non-discrete actions of Z"™ on R for any n > 1. To see this simply
take real numbers aq, ..., o, that are linearly independent over QQ and use these as
a basis for the action. Note, however, that all orbits of this action are dense so it
is not a discrete action.

We can now prove some further results about the structure of compact mani-
folds with nonnegative Ricci curvature.

COROLLARY 27. Suppose (M, g) is a complete, compact Riemannian manifold
with Ric > 0. If M is K(m, 1), i.e., the universal cover is contractible, then the
universal covering is Euclidean space and (M, g) is a flat manifold.

PROOF. We know that M = RP x C, where C is compact. The only way in
which this space can be contractible is if C' is contractible. But the only compact
manifold that is contractible is the one-point space. O

COROLLARY 28. If (M, g) is compact with Ric > 0 and has Ric > 0 on some
tangent space Tp,M, then w1 (M) is finite.

PROOF. Since Ric > 0 on an entire tangent space, the universal cover cannot
split into a product RP x C, where p > 1. Thus, the universal covering is compact.
O

COROLLARY 29. If (M, g) is compact and has Ric > 0, then by (M) < dimM =
n, with equality holding iff (M, g) is a flat torus.
PROOF. We always have a surjection
h:m(M)— Hy (M,Z),
that maps loops to cycles. The above mentioned structure result for the fundamen-

tal groups shows that we have a finite index subgroup Z? C 71 (M) with p < n. The
image h (ZP) C Hy (M,Z) is therefore also of finite index. This shows that the rank
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of the torsion free part of Hy (M,Z) must be < p. In case by = n, we must have
that p = n as h(Z?) otherwise couldn’t have finite index. This shows in addition
that

hlgn : 2" — Hy (M, Z)

has trivial kernel as the image otherwise couldn’t have finite index. Thus M=R"
as p was the dimension of the Euclidean factor. Consequently M is flat. We now
observe that the kernel of

h:m(M)— Hy (M,Z)

has to be a finite subgroup as it does not intersect the finite index subgroup Z"™ C
71 (M). Since all isometries on R™ of finite order have a fixed point we have shown
that the inclusion Z" C 71 (M) is an isomorphism. This shows that M is a torus. O

The penultimate result is a bit stronger than simply showing that H* (M,R) =
0 as we did using the Bochner technique. The last result is equivalent to Bochner’s
theorem, but the proof is quite a bit different.

4. Further Study

The adventurous reader could consult [47] for further discussions. Anderson’s
article [2] contains the finiteness results for fundamental groups mentioned here
and also some interesting examples of manifolds with nonnegative Ricci curvature.
For the examples with almost maximal diameter we refer the reader to [3] and [74].
Tt is also worthwhile to consult the original paper on the splitting theorem [27]
and the elementary proof of it in [37]. We already mentioned in chapter 7 Gallot’s
contributions to Betti number bounds, and the reference [40] works here as well.
The reader should also consult the articles by Colding, Perel’'man, and Zhu in [50]
to get an idea of how rapidly this subject has grown in the past few years.

5. Exercises

(1) With notation as in the first section:
dvol = Adr A dvol,,_1.

Show that p = ATT satisfies
2y < —%Ric(@h&,L

1 (0,0) = 0,
lin%)aru(rﬁ) =

This can be used to show the desired estimates for the volume form as
well.

(2) Assume the distance function r = d (-, p) is smooth on B (p, R) . If in our
usual polar coordinates

sn, (r
k)
ng (r)
then all sectional curvatures on B (p, R) are equal to k.
(3) Show that if (M,g) has Ric > (n—1)k and for some p € M we have

volB (p,R) = v(n,k,R), then the metric has constant curvature k on
B(p,R).

Hessr =
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(4) Let X be a vector field on a Riemannian manifold and consider F; (p) =
exp,, (tX|p) -
(a) For v € T, M show that J (t) = DF; (v) is a Jacobi field along t —
~ (t) = exp (tX) with the initial conditions J (0) = v, J (0) = V, X.
(b) Select an orthonormal basis e; for T,M and let J; (t) = DF; (e;).
Show that

(det (DFy))* = det (g (i (£) , J; (1)) -
(¢) Show that as long as det (DFy) # 0 it satisfies
d2(det (DF,))w __ (det (DF,))w

Hint: Use that any n X n matrix satisfies (tr (4))> < ntr (A*A).
(5) Show that a complete manifold (M, g) with the property that

Ric > 0,
1B
lim oo (P, 7) = 1

n )
r—00 Wnt

for some p € M, must be isometric to Euclidean space.

(6) (Cheeger) The relative volume comparison estimate can be generalized as
follows: Suppose (M, g) has Ric > (n — 1) k and dimension n.
(a) Select points py,...,px € M. Then the function

vol (Ule B (pi, 7"))
v(n,k,r)

is nonincreasing and converges to k as r — 0.

(b) If A C M, then

T —

vol (UpEA B (p, r))
v(n,k,r)
is nonincreasing. To prove this, use the above with the finite collec-
tion of points taken to be very dense in A.
(7) The absolute volume comparison can also be slightly generalized. Namely,
for p € M and a subset I' C T, M of unit vectors, consider the cones
defined in polar coordinates:

B (p,r)={(t,0) e M :t <r and 0 €T}.
If RicM > (n — 1) k, show that

r—

vol B (p,r) < voll - / (sny (8))" " dt.
0

(8) Let G be a compact connected Lie group with a bi-invariant metric. Use
the results from this chapter to prove
(a) If G has finite center, then G has finite fundamental group.
(b) A finite covering of G looks like G’ x T*, where G’ is compact simply
connected, and T% is a torus.
(¢) If G has finite fundamental group, then the center is finite.
(9) Show that a compact Riemannian manifold with irreducible restricted
holonomy and Ric > 0 has finite fundamental group.
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(10) Let (M,g) be an n-dimensional Riemannian manifold that is isometric
to Euclidean space outside some compact subset K C M, i.e., M — K is
isometric to R™ — C' for some compact set C' C R™. If Ric, > 0, show that
M =R". (In chapter 7 we gave two different hints for this problem, here
is a third. Use the splitting theorem.)

(11) Show that if Ric > n — 1, then diam < 7, by showing that if d (p, q) > =,
then

epq () =d(p,z) +d(x,q) —d(p,q)
has negative Laplacian at a local minimum.





