Chapter 1

A survey of sphere
theorems in geometry

1.1. Riemannian geometry background

Let M be a smooth manifold of dimension n, and let ¢ be a Riemannian
metric on M. The Levi-Civita connection is defined by

29(DxY, Z) = X(9(Y, 2)) + Y(9(X, 2)) — Z(9(X,Y))
+9([X,Y], 2) = g([X, Z],Y) — g([Y, Z], X)
for all vector fields X,Y, Z. The connection D is torsion-free and metric-
compatible; that is,
DxY — Dy X = [X,Y]
and
X(9(Y,2)) = g(DxY, Z) + g(Y,Dx Z)

for all vector fields X,Y,Z. The Riemann curvature tensor of (M,g) is
defined by

9(DxDyZ — DyDxZ — Dixy1Z,W) = —R(X,Y, Z,W).
Hence, if we write D%y Z = DxDyZ — Dpyy Z, then we obtain
D%yZ — Dy xZ =DxDyZ — DyDxZ — Dix y|Z
n
= Z R(X.Y, Z,e}) ep.
k=1

The Levi-Civita connection on (M, g) induces a connection on tensor
bundles. For example, if S is a (0, 4)-tensor, then the covariant derivative
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2 1. A survey of sphere theorems in geometry

Dx S is given by
(DxS)(U,V,W,Z) = X(S(U,V,W, 7))
- S(DxU,V,W,Z)— S(U,DxV,W, Z)
- S(va'aDvaz) - S(U7V7W7DXZ)

for all vector fields U, V, W, Z. Moreover, we denote by Dgf yS the second
covariant derivative of S

D%yS = DxDyS—Dp,yS.

Note that D;YS is tensorial in X and Y. The difference D;YS - D%,’ xS
can be expressed in terms of the Riemann curvature tensor of (M, g). For
example, if S is a (0, 4)-tensor, then we have

(DX yS)(U,V,W, Z) = (D3, xS)(U,V, W, Z)

= —S(D%yU — Dy xU,V,W, Z) = S(U, D%y V — Dy xV, W, Z)

— S(U,V,D%xyW — Dy xW, Z) = S(U,V,W,D% yZ — Dy x Z),
hence

(DX yS)(U,V,W, Z) — (D3 xS)(U,V,W, Z)

I
S

M= I

R(X,Y,U,ex) S(ex, V,;W, Z) + > R(X,Y,V,ex) S(U, ex, W, Z)
k=1

R(X,Y,W,ex) S(U,V,ex, Z) + > R(X,Y, Z,ex) S(U,V,W,ey).
1 k=1

+

=
Il

Finally, the Laplacian of a tensor field S is defined by
2
AS=)"D? .S
k=1

where {ei,..., ey} is a local orthonormal frame on M.

The Riemann curvature tensor satisfies certain algebraic identities. We
state these identities without proof:

Proposition 1.1. The curvature tensor satisfies

(1) R(X,Y,Z,W)=—-R(Y,X,Z,W)=R(Z,W,X,Y)
and
(2) RX, Y, Z W)+ R(Y,Z, X, W)+ R(Z,X,Y,W)=0

for all vector fields X,Y, Z,W.
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The identity (2) is known as the first Bianchi identity.

In light of (1), we may view R as a symmetric bilinear form on the
space of two-forms. For each point p € M, the curvature operator R :
A2T,M x N*T,M — R is defined by

RIXANY,ZANW)=R(X,Y,Z, W)
for all vectors X,Y,Z,W € T, M.

Definition 1.2. We say that (M, g) has nonnegative curvature operator if
R(p, ) > 0 for all points p € M and all two-forms ¢ € A?T, M.

Definition 1.3. We say that (M, g) has two-nonnegative curvature operator
if R(p,)+R (1, 1)) > 0 for all points p € M and all two-forms p, ¢ € AT, M

satisfying |¢|? = |[¢|? and (¢, ) = 0.

We next recall the notion of sectional curvature. To that end, we consider
a point p € M and a two-dimensional plane m C T,M. The sectional
curvature of 7 is defined by
_ RX,)Y,X)Y)  RXAY,XAY)
CXPYPE-(XY)2 T XAYR
where {X,Y} is a basis of 7. It is straightforward to verify that this defini-
tion is independent of the particular choice of the basis {X,Y}.

K(m)

Finally, we review the definition of the Ricci and scalar curvature. Let
{e1,...,en} be alocal orthonormal frame on M. The Ricci tensor of (M, g)
is defined by

n
Ric(X,Y) =Y R(X, e, Y, ep).
k=1
The scalar curvature of (M, g) is given by the trace of the Ricci tensor, i.e.

scal = Z Ric(eg, ex).
k=1

Finally, the trace-free Ricci tensor of (M, g) is defined by
0 1
Ric(X,Y) = Ric(X,Y) — - scal g(X,Y).

We now describe the second Bianchi identity. This identity relates the co-
variant derivatives of the Riemann curvature tensor:

Proposition 1.4. We have
(DxR)(Y,Z,V,W)+ (DyR)(Z,X,V,W)+ (DzR)(X,Y,V,W) =0
for all vector fields X,Y, Z,V,W.
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The second Bianchi identity implies the following identity for the covari-
ant derivatives of the Ricci tensor:

Proposition 1.5. We have

n

(3) S (Do Ric) (X, ex) = % X (scal)
k=1

and

(4) S (Do, Ric) (X, ex) = ”2;2 X (scal)

k=1

for every vector field X .

Proof. Using the second Bianchi identity, we obtain

X (scal) = Z (DxR)(ek, e, ek, er)
k=1
= Z (DekR)(Xv €1, €k, el) + Z (DezR)(ekv X, e, el)
k=1 k=1
= (Do, Ric)(X, ex) + Y _(De,Ric)(X, e).
k=1 =1

From this, the identity (3) follows. The identity (4) is an immediate conse-
quence of (3). O

As a consequence, we obtain the following result, which is known as
Schur’s lemma:

Corollary 1.6. Let (M, g) be a Riemannian manifold of dimension n > 3.
Suppose that the trace-free Ricci tensor of (M, g) vanishes. Then Ric = pg
for some constant p.

In the remainder of this section, we discuss the notion of curvature pinch-
ing. We distinguish between global pinching and pointwise pinching:

Definition 1.7. Let (M, g) be a Riemannian manifold, and let 6 € (0,1).
We say that (M, g) is strictly d-pinched in the global sense if the sectional
curvatures of (M, g) lie in the interval (9, 1]. Moreover, we say that (M, g)
is weakly d-pinched in the global sense if the sectional curvatures of (M, g)
lie in the interval [d, 1].
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Definition 1.8. Let (M, g) be a Riemannian manifold, and let 6 € (0,1).
We say that (M,g) is strictly o-pinched in the pointwise sense if
0 < 0 K(m1) < K(mg) for all points p € M and all two-dimensional planes
m,m2 C T,M. Moreover, we say that (M,g) is weakly J-pinched in the
pointwise sense if 0 < § K(m1) < K(mwq) for all points p € M and all two-
planes m,mo C T, M.

The following important inequality was established by M. Berger:

Proposition 1.9 (M. Berger [9]). Let (M,g) be a Riemannian manifold,
and let p be an arbitrary point in M. Moreover, suppose that k < K(m) <&
for all two-dimensional planes m C T,M. Then

2
R(ela €2, €3, 64) S g (E - ﬁ)

for all orthonormal four-frames {e1, ez, e3,e4} C T,M.

Proof. We shall express R(ej,e2,e3,e4) in terms of sectional curvatures.
To that end, we observe that

R(e1 +e3,ea+ eq,e1 +e3,e2 +e4) — R(e1 + e3,e2 — eq,e1 + €3,69 — €4)
— R(ey —e3,e2+eq,e1 —e3,e2 +eq) + R(e1 —e3,e2 —eq,e1 — €3,€2 — €4)
=8 R(e1,e2,e3,¢e4) + 8 R(e1, eq, €3,€2)

and

R(e1 + es,ea+e3,e1 +eq,e2+e3) — R(er + eq,e2 — €3,e1 + eq,e2 — €3)
— R(e1 —eq,ea + e3,61 —eq,ea+ €3) + R(e] — eq,e9 —e3,e1 — €4, 69 — €3)
- 8R(€17 €2, €4, 63) + 8R(€1, €3, €4, 62)'

We now subtract the second identity from the first one. Using the first
Bianchi identity, we obtain

R(61 +e3,e2 +e4,e1 + 3,62 + 64) — R(61 + e3,69 — €4,€1 + €3,€9 — 64)

— R(e; —e3,ea+eq,e1 —e3,ea+eq) + R(eg — e3,e2 — eq,e1 — €3,e2 — €4)
— R(€1 +eq4,e2+e€3,61+e4,62 + 63) + R(61 + e4,€9 — €3,€1 + €4,€69 — 63)
+ R(61 —ey4,e9+ €e3,e1 —eq,€9 + 63) — R(61 — €4,€9 —€3,€] — €4,€9 — 63)
=16 R(el, €2, €3, 64) + 8R(61, €y, €3, 62) - 8R(61, €3, e4, 62)

= 24 R(ey, €2, €3, €4).
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By assumption, the sectional curvatures of (M, g) all lie in the interval [k, K|.
Consequently, we have

R(e1 +e3,ea+eq,e1 +e3,ea+ ey

= =l

R(e1 +e3,e0 —eq,e1 +e€3,€2 — €4

=

€1 —e3,e2t+eq,e1 —e3,€2+ €4

i~y

€1+ e4,e2 +e3,e1 + e4,62 + €3

= oA =

)

€1+ eq,e2 —e3,e1 +e4,62 —e€3

)
( )
( )
(e1 —e3,e2 —eq,e1 — €3,e2 — ey4)
( )
( )
( )

R

R(e1 —eq,e0 —e3,e1 — €e4,€2 — €3)

€1 —e4,e3 +e3,e1 —eq,62 + €3

IV IA AN IV IAN IV IV IA
N e s T

EEY

Putting these facts together, we obtain 24 R(eq, ez, e3,e4) < 16 (R — k). This
completes the proof. O

1.2. The Topological Sphere Theorem

The Sphere Theorem in global differential geometry has a long history, going
back to a question of H. Hopf. In 1951, H.E. Rauch [71] showed that a
compact, simply connected manifold which is d-pinched in the global sense
is homeomorphic to a sphere (6 ~ 0.75). Furthermore, Rauch posed the
question of what the optimal pinching constant should be. This question
was answered around 1960 by the Topological Sphere Theorem of M. Berger
and W. Klingenberg:

Theorem 1.10 (M. Berger [8]; W. Klingenberg [56]). Let (M, g) be a com-
pact, simply connected Riemannian manifold which is strictly 1/4-pinched
in the global sense. Then M is homeomorphic to S™.

The pinching constant in Theorem 1.10 is optimal. To see this, consider
the manifolds CP™, HP™, and OP?, equipped with their standard metrics.
These spaces have sectional curvatures varying between 1/4 and 1, and are
referred to as the compact symmetric spaces of rank one (see [53]).

M. Berger has classified all compact, simply connected manifolds which
are weakly 1/4-pinched in the global sense.

Theorem 1.11 (M. Berger [8]). Let (M, g) be a compact, simply connected
Riemannian manifold which is weakly 1/4-pinched in the global sense. Then
M s either homeomorphic to S™ or isometric to a symmetric space.

The proof of Theorem 1.10 relies on comparison geometry techniques
(see e.g. [26], Chapter 6). An alternative argument, due to M. Gromov, can
be found in [34] (see also [3]).
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1.3. The Diameter Sphere Theorem

In this section, we discuss the Diameter Sphere Theorem of Grove and
Shiohama. The argument presented here relies on the variational theory
for geodesics, and is due to M. Berger (see [26], Theorem 6.13).

Lemma 1.12. Let (M, g) be a complete Riemannian manifold, and let q
be a point in M. Suppose that v : (—e,0] — M is a smooth path satisfying
d(v(s),q) > d(~(0),q)+ us for all s € (—e,0]. Then there exists a vector v €
Ty0)M such that expy)(v) = q, |[v] = d(7(0),q), and (v'(0),v) = —p[v].

Proof. Since (M, g) is complete, we can find a vector v € T, )M such
that exp,o)(v) = ¢ and [v] = d(7(0),q). If v = 0, the assertion is trivial.
Hence, it suffices to consider the case v # 0. We can find a smooth map
a:[0,1]x(—¢,0] — M such that «(0,s) = y(s) forall s € (—¢,0], a(1,s) = ¢
for all s € (—¢,0], and «a(t,0) = exp (g (tv) for all ¢ € [0,1]. Then

L(a(-,s)) = d(v(s),q) > d(7(0),q) + ps
for all s € (—¢,0], and the inequality is sharp for s = 0. Using the formula
for the first variation of arc length (cf. [26]), we obtain
1, d
- = L L(a( < .
= (00 = S| <

From this, the assertion follows. [l

Lemma 1.13. Let (M,g) be a complete Riemannian manifold, and let q
be a point in M. Suppose that v : [0,e) — M is a smooth path satisfying
d(v(s),q) < d(v(0),q) + ps for all s € [0,€). Then there exists a vector v €
Ty0yM such that exp. ) (v) = ¢, |[v| = d(v(0),q), and (v'(0),v) > —p|v].

Proof. Choose k sufficiently large, and define
. 1 1
s =inf {s € [0,¢) 1 d(1(5),4) < d(Y(0),0) + (+ ) 5= 15 }-

Clearly, sy € (0, %] Moreover, we have

A(s), @) = dir(52),0) + (i + 7 ) (5 50)

for all s € [0,s;]. By Lemma 1.12, we can find a vector v, € T, )M such

that exp. (s (vk) = ¢, [k = d(v(s1), @), and (v (sg),vx) > —(u+ 1) |vg]- If
we pass to the limit as & — oo, the assertion follows. O

Proposition 1.14. Let (M, g) be a compact Riemannian manifold of di-
mension n with sectional curvature K > 1. Suppose that p and q are two
points in M such that d(p,q) = diam(M, g) > 5. Moreover, suppose that
v :[0,1] = M is a geodesic satisfying v(0) = (1) = p. Then ~ has Morse
index at least n — 1.
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Proof. By assumption, we have d(y(s),q) < d(v(0),q) for all s € [0,1]
By Lemma 1.13, there exists a vector v € T, M such that exp,(v) = g,
|'U’ - d(p7 )7 and < (0)7 > 2 0.

We claim that L(v) > w. To prove this, we argue by contradiction. If
L(y) < 7, then the hinge version of Toponogov’s theorem (see e.g. [26],
Theorem 2.2B) implies that

cos(d(¥(1),q)) = cos(L(7)) cos(d(1(0),q))
+sin(L(7)) sin(d(1(0),9)) cos(+(v'(0), v)-

)
By assumption, we have L(v) € (0,7] and d(v(0), q) € (5, 7]. Moreover, the
inequality (7/(0),v) > 0 implies cos(<(7/(0),v)) > 0. Puttlng these facts
together, we obtain

cos(d(y(1), g)) = cos(L(7)) cos(d(7(0),q)) > cos(d(v(0), q))-
This contradicts the fact that v(0) = v(1). Consequently, we have L(v) > .

Let s be the space of all vector fields of the form V' (s) = sin(ws) X(s),
where X is a parallel vector field along v satisfying (7/(s), X (s)) = 0 for all
s €]0,1]. Then

1
1(V,V) = / (1D V() = RO/(3), V($).7/(). V(s))) ds

< / [V (s)|? ds

forall Ve 2. Since L(y) > m, the restriction of I to .# is negative definite.
This implies ind(vy) > dim.# =n — 1. O

Combining Proposition 1.14 with the variational theory for geodesics,
we can draw the following conclusion:

Theorem 1.15 (K. Grove, K. Shiohama [42]). Let (M,g) be a compact
Riemannian manifold of dimension n > 4 with sectional curvature K > 1
s

and diameter diam (M, g) > 5. Then M is homeomorphic to S™.

Proof. We claim that M is (n — 1)-connected. Suppose this false. Then
there exists an integer k € {1,...,n—1} such that m; (M) # 0. Let us fix two
points p, ¢ € M such that d(p, q) = diam(M, g) > 7. Since 71 (M) # 0, there
exists a geodesic 7 : [0,1] — M such that v(0) = v(1) = p and ind(y) < k.
On the other hand, we have ind(y) > n — 1 by Proposition 1.14. This is a
contradiction.

Therefore, M is (n — 1)-connected. This implies that M is a homotopy

sphere. Hence, it follows from results of Freedman and Smale that M is
homeomorphic to S™ (cf. [36], Theorem 1.6, and [81], Theorem A). O
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1.4. The Sphere Theorem of Micallef and Moore

In this section, we describe a generalization of Theorem 1.10 due to Micallef
and Moore. Let (M, g) be a Riemannian manifold of dimension n > 4, and
let f be a smooth map from S? into M. In the following, we identify S
with R? U {oco} via stereographic projection. Moreover, we denote by (z,y)
the standard Cartesian coordinates on R?. The energy of f is defined by

&(f) = %/52 (]g—i g ‘g—‘; 2) dz dy.

A map f:S% — M is called harmonic if D 2 f + D gg —

Throughout this section, we assume that f : S? — M is a nonconstant
harmonic map. This implies that f is a critical point of the functional &.
Moreover, the second variation of & is given by

(W, W) = /2 1Do W[*+ Do W|*| dudy
s - oy

_/ [R<a£ W, ai W) +R<g§ W, a_i Wﬂ du dy

for all vector fields W € I'(f*(T'M)). Here, R denotes the Riemann curva-
ture tensor of (M, g).

For each point p € M, we denote by T;CM = T,M ®gr C the com-
plexified tangent space to M at p. We may extend the inner product
g:T,M xT,M — R to a complex bilinear form g : TIEJM X T;;CM — C. Sim-
ilarly, the Riemann curvature tensor extends to a complex multilinear form
R:TSM x TEM x TEM x Ty M — C.

We next define

of 1,0f . Of .
a_§<%—7,8—y>€r(f (TCM))v

%‘2(895“@@) € T(f*(TCM)).

Moreover, for each section W € I'(f*(TCM)) we define

Dy W = (DQW—Z'D@W),
0z ox oy

|>—\[\:J|+—l

Do W = (DaW—i—zDaW)
oz

We may extend the index form [ : I'(f*(TM)) x I'(f*(TM)) — R to a com-
plex bilinear form I : T'(f*(TM)) x T'(f*(T®M)) — C. The complexified
index form can be rewritten as follows:
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Proposition 1.16. For each section W € T'(f*(T®M)), we have

I(W,W):4/ g(DaaW,D§W)dxdy—4/ R(af w, o1
S2 z z

0z’ 9z’ W>d dy.

Proof. By definition of I, we have

(W, W) = /SZ 9(Do W, D, W) +9(Da W, DQW)] dz dy
—/52 [R(%,W,a—i W) +R(g£ W,a—i W)} d dy.
This implies

(W, W) = 2/ 9(D2W.D W) +g(Do W, D, W)|dody
52 :
of ., 0f of ., 0f
_2/ {R<8z W5z 0z’ W) +R(8z W, "9z’ Wﬂ du dy.
Using the first Bianchi identity, we obtain

/52 [Q(D%WD%W) —g(D%W,D%W)} dzx dy

:/ 9(Dp Do W =D, D, W,W)dady
S2

Oz oz

:_/ R(Z‘ﬁ ngW>d dy

of 1, 0f = of ., of

= — W, = W) —-R W, =, W)|dxd
/52 [R(az’ "9z’ ) <8z 0z )] vay:

Putting these facts together, the assertion follows. O

Since f : S — M is a harmonic map, we have Diﬂ = 0. Hence, 9f
% 33 02 0z

is a holomorphic section of the bundle f*(TCM).

Proposition 1.17. Suppose that W € T(f*(TCM)) is holomorphic. Then
(‘gﬁ, W) = 0 at each point on S%. In particular, we have g(%, %) =0 at

each point on S2.

Proof. By assumption, we have D%% = Da%W = 0. Consequently, the
inner product g(%, W) is a holomorphic function on S2. This implies that
the function g(g—i, W) is constant. Since f is a smooth map from S? into
M, the section % vanishes at the north pole on S2. Therefore, the func-
tion g( of ,W) vanishes at the north pole on S?. Thus, we conclude that

(gﬁ,W) = 0 at each point on S2. O

Proposition 1.18. There exists a holomorphic subbundle E C f*(T“M)
such that rankcE >n — 2, ¢1(E) =0, and % ¢ I'(E).
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Proof. By a theorem of Grothendieck [40], there exist holomorphic line
bundles Lq,...,L, C f*(T(CM) such that f*(T(CM) =110 Ly®---D L,
We assume that the line bundles L1, ..., L, are chosen so that

Cl(Ll) Z Cl(Lg) Z N Z Cl(Ln).

The line bundles L1, ..., L, are not unique. However, the sequence of Chern
classes ¢1(L1),...,c1(Ly) is uniquely determined (i.e. it is independent of
the particular choice of Ly,..., Ly).

Recall that f*(T®M) is the complexification of a real vector bundle.
Hence, the bundle f*(TCM) is isomorphic to its dual bundle, which, in
turn, is isomorphic to Ly @ L} | @& --- @ L]. Since the sequence of Chern
classes is unique, we conclude that

c1(Ly) = c1(Lhy_ji1) = —c1(Ly—g+1)
fork=1,...,n.

We now write % =Wi+---+ Wy, where W; € I'(L;) for j =1,...,n.
Since f is nonconstant, we can find an integer k € {1,...,n} such that
W}, does not vanish identically. We then define £ = EBJ-E g Lj, where J =
{1,...,n}\ {k,n — k4 1}. It is straightforward to verify that E has all the
required properties. O

Theorem 1.19 (M. Micallef, J.D. Moore [60]). Let (M, g) be a Riemannian
manifold of dimension n > 4. Let us assume that R(C,n,(,n) > 0 for all
points p € M and all linearly independent vectors (,n € TI()CM satisfying
g(¢,¢) = g(¢,n) = g(n,n) = 0. Finally, let f : S*> — M be a nonconstant
harmonic map. Then f has Morse index at least [252].

Proof. Let E C f*(T®M) be the holomorphic subbundle constructed in
Proposition 1.18, and let s be the space of holomorphic sections of F.
Given two sections Wi, Wy € J#, the inner product g(Wy, W) is a holo-
morphic function on 2. Consequently, the function g(W7, Ws) is constant.
This gives a complex bilinear form

I X I — (C, (Wl,Wg) — g(Wl,WQ).

By the Riemann-Roch theorem, we have dim¢ .2 > n — 2. Hence, there
exists a subspace %) C ¢ such that dimc 4 > ["%52] and g(W,W) = 0
for all W € 4.

We now consider an arbitrary section W € J#). Since W is holomorphic,
it follows from Proposition 1.17 that g(%, %) = g(%, W) = 0 at each point
on S2. Moreover, we have g(W, W) = 0 at each point on S2. Using the
curvature assumption, we obtain



12 1. A survey of sphere theorems in geometry

with equality if and only if g—]; and W are linearly dependent. Since W is
holomorphic, we conclude that

_ of  of —
— L ow, 2L <
(W, W) 4/52R(8Z,W, 82,W)dxdy_0

by Proposition 1.16. We next analyze the case of equality. If I(W, W) =0,
then W = ¢ % for some meromorphic function v : $? — C. Since W €
I'(E) and % ¢ I'(E), the function ¢ vanishes identically. Thus, we conclude
that I(W, W) < 0 for every nonvanishing section W € J#4.

We now complete the proof of Theorem 1.19. Suppose that f has Morse
index m < [252]. Then dimc 74 > [252] > m. Consequently, there ex-
ists a nonvanishing section W € 4 which is orthogonal to the first m
eigenfunctions of the second variation operator. Since W € J#), we have
I(W,W) < 0. On the other hand, we have I(W, W) > 0 since W is orthog-
onal to the first m eigenfunctions of the second variation operator. This is

a contradiction. O

Combining Theorem 1.19 with the variational theory for harmonic maps
(see e.g. [75]) yields the following result:

Theorem 1.20 (M. Micallef, J.D. Moore [60]). Let (M,g) be a compact,
simply connected Riemannian manifold of dimension n > 4. Suppose that
R(¢,m,¢,m) > 0 for all points p € M and all linearly independent vectors
(,n € T;,CM satisfying g(¢,¢) = g((,n) = g(n,n) = 0. Then M is homeo-
morphic to S™.

Proof. We claim that M is (n — 1)-connected. Suppose this is false. Then
there exists an integer k € {2,...,n—1} such that (M) # 0 and 7;(M) =
0 for j = 1,...,k — 1. Using the Hurewicz theorem (cf. [16], Chapter
VII, Corollary 10.8), we obtain Hy(M,Z) # 0 and H;(M,Z) = 0 for j =
1,...,k—1. Hence, the universal coefficient theorem for cohomology implies
that H/(M,Z) = 0 for j = 1,...,k — 1 (see [16], Chapter V, Corollary
7.3). Using Poincaré duality (see e.g. [16], Chapter VI, Corollary 8.4), we
conclude that H,_;(M,Z) =0 for j =1,...,k — 1. Since Hy(M,Z) # 0, it
follows that k < [3].

We now apply an existence theorem for harmonic two-spheres. Since
k > 2 and 7, (M) # 0, there exists a nonconstant harmonic map f : $? — M
with Morse index less than k& — 1 (see [75], Chapter VII, Theorem 2). On
the other hand, it follows from Theorem 1.19 that f has Morse index at
least [252]. Putting these facts together, we conclude that k& > [2]. This is
a contradiction.



1.5. Exotic Spheres and the Differentiable Sphere Theorem 13

Therefore, M is (n — 1)-connected. Consequently, M is a homotopy
sphere. It now follows from work of Freedman [36] and Smale [81] that M
is homeomorphic to S™. O

1.5. Exotic Spheres and the Differentiable Sphere Theorem

It is known that there exist smooth manifolds which are homeomorphic, but
not diffeomorphic, to S™. The first examples of such exotic spheres were
constructed by J. Milnor in 1956:

Theorem 1.21 (J. Milnor [62]). There exists a smooth manifold M which
is homeomorphic, but not diffeomorphic, to S”.

In light of Theorem 1.21, it is natural to ask whether a compact, sim-
ply connected manifold which is strictly 1/4-pinched in the global sense is
diffeomorphic to S™. This question is known as the Differentiable Sphere
Theorem and has been studied extensively. The first results in this direc-
tion were established in 1966 by D. Gromoll [38] and E. Calabi. Gromoll
showed that a compact, simply connected Riemannian manifold which is
d(n)-pinched in the global sense is diffeomorphic to S™. The pinching con-
stant d(n) depends only on the dimension and converges to 1 as n — 0.
In 1977, M. Sugimoto, K. Shiohama, and H. Karcher [83] proved an anal-
ogous result with a pinching constant independent of n (§ = 0.87). The
pinching constant was later improved by E. Ruh [72] (6 = 0.80), and by
K. Grove, H. Karcher, and E. Ruh [41] (6 = 0.76). E. Ruh [73] proved the
Differentiable Sphere Theorem under a pointwise pinching condition, with
a pinching constant converging to 1 as n — oo.

Using the Ricci flow, R. Hamilton proved the following fundamental
result:

Theorem 1.22 (R. Hamilton [44]). Let (M, g) be a compact three-manifold
with positive Ricci curvature. Then M is diffeomorphic to a spherical space
form.

The proof of Theorem 1.22 will be presented in Section 6.1. The key idea
is to evolve the metric g by the Ricci low and to show that the evolving met-
rics approach a metric of constant sectional curvature after rescaling. The
proof relies on suitable pointwise curvature estimates, which are obtained
using the maximum principle.

Various authors have obtained convergence results for the Ricci flow in
higher dimensions. These results are all based on the general framework
developed by R. Hamilton in [44] and [45]. G. Huisken [54] showed that
the Ricci flow evolves metrics with sufficiently pinched curvature to constant
curvature metrics. Similar results were obtained by C. Margerin [57] and
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S. Nishikawa [65]. In dimension 4, R. Hamilton [45] proved a convergence
theorem for initial metrics with positive curvature operator. This result
was extended to arbitrary dimensions by C. Béhm and B. Wilking [14].
Other important results in this direction were established by B. Andrews
and H. Nguyen [5], H. Chen [28], and C. Margerin [58].

A. Chang, M. Gursky, and P. Yang [25] proved a conformally invariant
sphere theorem in dimension 4. This result only requires an integral pinching
condition; furthermore, the pinching constant is sharp. The proof relies on a
combination of conformal techniques and the Ricci flow. The key idea is to
deform the given metric to a conformally equivalent metric which satisfies
the assumptions of Margerin’s theorem [58]. The Ricci flow then provides
a deformation to a metric of constant sectional curvature.

In 2007, the author and R. Schoen proved the Differentiable Sphere
Theorem with the optimal pinching constant (§ = 1/4). This result is a
special case of a more general theorem:

Theorem 1.23 (S. Brendle [17]). Let (M,g) be a compact Riemannian
manifold of dimensionn > 4. Suppose that R(¢,n,(, 1) > 0 for all points p €
M and all linearly independent vectors ,n € TEM satisfying g(¢, ) g(n,n)—
g(¢,m)? =0. Then M is diffeomorphic to a spherical space form.

Using Proposition 1.9, one can show that any manifold (M, g) which is
strictly 1/4-pinched in the pointwise sense satisfies the curvature assumption
in Theorem 1.23. Hence, we obtain the following result, which was first
proved in [20]:

Corollary 1.24 (S. Brendle, R. Schoen [20]). Let (M,g) be a compact
Riemannian manifold of dimension n > 4 which is strictly 1/4-pinched in
the pointwise sense. Then M is diffeomorphic to a spherical space form.

Finally, we have the following rigidity result:

Theorem 1.25 (S. Brendle, R. Schoen [21]). Let M be a compact Rie-
mannian manifold of dimension n > 4 which is weakly 1/4-pinched in the
pointwise sense. Then M is either diffeomorphic to a spherical space form
or isometric to a locally symmetric space.

Using results from [21], P. Petersen and T. Tao [70] obtained a classifi-
cation of manifolds with almost 1/4-pinched curvature.

The proof of Theorem 1.23 uses the Ricci flow and will be presented in
Section 8.4. The proof of Theorem 1.25 will be described in Section 9.8.



Chapter 2

Hamilton’s Ricci flow

2.1. Definition and special solutions

In this section, we state the definition of the Ricci flow, and discuss some
basic examples.

Definition 2.1. Let M be a manifold, and let g(¢), t € [0,7T), be a one-
parameter family of Riemannian metrics on M. We say that g(t) is a solution
to the Ricci flow if
ag(t) = -2 Rng(t).
In the remainder of this section, we describe various special solutions to
the Ricci flow.

2.1.1. Einstein manifolds. Let (M, go) be a Riemannian manifold. We
say that go is an Einstein metric if Ricgy, = p go for some constant p. In that
case, the metrics

g(t) = (1 —2pt) go
form a solution to the Ricci flow.

2.1.2. Ricci solitons. Let (M, gp) be a Riemannian manifold. We say that
(M, go) is a Ricci soliton if there exists a constant p and a vector field £ such
that

) 1
Ricg, + 5 Zego = p 9o,
where Z¢go denotes the Lie derivative of go along the vector field . De-
pending on the sign of p, a Ricci soliton is called shrinking (p > 0), steady
(p = 0), or expanding (p < 0). If the vector field £ is the gradient of a
function, we say that (M, go) is a gradient Ricci soliton.

15
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Suppose that (M, go) is a Ricci soliton. For each point p € M, we denote
by ¢¢(p) the unique solution of the ordinary differential equation (ODE)

0 1

&%(p) = 1

T8l

»t(p)

with initial condition ¢¢(p) = p. This defines a one-parameter family of
diffeomorphisms ¢, : M — M. Then the metrics

g(t) = (1 —2pt) ¢ (g0)

form a solution to the Ricci flow.

2.1.3. The cigar soliton. The simplest example of a Ricci soliton is the
cigar soliton on R?. For each t € (—o0,c0), we define a metric g(¢) on R? by
4
()= — 5
gl]( ) et+ ’:L‘|2 )
for 2 € R2. The scalar curvature of g(t) is given by

et

Scalg(t) = m
This implies
d .
Eg(t) = —scaly) g(t) = —2Ricy(y).
Consequently, the metrics g(t), t € (—o0,00), form a solution to the Ricci
flow. Moreover, we have g(t) = ¢} (g(0)), where ¢; : R? — R? is defined by

oi(z) = e~% 2. Thus, g(0) is a steady Ricci soliton.

2.1.4. The Rosenau solution. There is an interesting closed-form solu-
tion to the Ricci flow on S2. For each t € (—00,0), we define a metric g(t)
on R? by

B 8 sinh(—t)

1+ 2cosh(—t) |z|2 + |z|*

9ij(t) Oij

for x € R%. Note that g(t) extends to a smooth metric on S2. The scalar

curvature of g(t) is given by

cosh(—t) 2 sinh(—t) |z|?
sinh(—t) 1+ 2cosh(—t) |z|% + |z|*

scalgy) =

This implies

0 .

Eg(t) = —scaly(y) g(t) = —2Ricgy(y).
Consequently, the metrics g(t), ¢ € (—00,0), form a solution to the Ricci
flow.
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2.2. Short-time existence and uniqueness

In this section, we describe a short-time existence and uniqueness theo-
rem for the Ricci flow. This theorem was first proved by R. Hamilton in
1982. The proof of this result is subtle, as the Ricci flow fails to be strictly
parabolic. In order to overcome this obstacle, Hamilton employed the Nash-
Moser inverse function theorem. DeTurck [32] subsequently gave an alterna-
tive proof of Theorem 2.8, which avoids the use of the Nash-Moser theorem.
In the remainder of this section, we outline the main ideas in DeTurck’s
argument (see also [49], Section 6). We begin with a definition:

Definition 2.2. Let f be a smooth map from a Riemannian manifold (M, g)
into a Riemannian manifold (N, h). The harmonic map Laplacian of f is
defined by

ANgnf = (Deydf)(er),
k=1

where {ej,..., ey} is a local orthonormal frame on (M, g). Here, the differ-
ential df is viewed as a section of the vector bundle TM* @ f*(T'N), and
D denotes the induced connection on that bundle. Note that A, f is a
section of the vector bundle f*(T'N).

Clearly, the harmonic map Laplacian is invariant under the action of the
diffeomorphism group of M.

Lemma 2.3. Let f be a smooth map from a Riemannian manifold (M, g)
into a Riemannian manifold (N, h), and let ¢ be a diffeomorphism from M
to itself. Then

(Agr(g)n (fo 90))‘19 = (Bgh f)Lp(p) € TyoonN
for all points p € M.

In order to show that the Ricci flow has a unique solution on a short time
interval, we replace the Ricci flow by an equivalent evolution equation which
is strictly parabolic. This evolution equation is known as the Ricci-DeTurck
flow.

Definition 2.4. Let M be a compact manifold, and let i be a fixed back-
ground metric on M. Moreover, suppose that g(t), t € [0,T), is a one-
parameter family of Riemannian metrics on M. We say that g(¢) is a solu-
tion of the Ricci-DeTurck flow if
0 . . -
579(1) = —2Ricg) —Z,9(1),
where § = Ag(y) pid.
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While the Ricci flow is only weakly parabolic, the Ricci-DeTurck flow
turns out to be strictly parabolic. As a consequence, we obtain an existence
and uniqueness result for the Ricci-DeTurck flow:

Proposition 2.5. Let M be a compact manifold, and let h be a fixed back-
ground metric on M. Given any initial metric go, there exist a real number
T > 0 and a smooth one-parameter family of metrics g(t), t € [0,T), such
that g(t) is a solution of the Ricci-DeTurck flow and §(0) = go. Moreover,
the solution §(t) is unique.

Proof. In local coordinates, the Ricci tensor of g is given by
1 <& . .
Ricg = —3 Z G* (000351 — 0i01Gj5 — 0;0kGi + 0j01Gix;) da? @ dx’
ig.k,l=1
+ lower order terms.

Moreover, the vector field { = Ag 4 id can be written in the form

E= Y §" (MM — T9)i) o,

ik,l=1

where I'? and I denote the Christoffel symbols associated with the metrics
g and h, respectively. This implies

1 <~ ~ ~ R
§=-5 > %5 %Gk + Okdiy — 0din) O
i3,k l=1
+ lower order terms.

From this, we deduce that
n
Leg = — Z 3" (8:019,1. + 0;01Gi — 0;019i) dx? @ da!
i3k, 1=1
+ lower order terms.

Putting these facts together, we obtain

n
—2Ricg — ZLeg = Z ng 0;Okgji da? ® da!
i,k 1=1
+ lower order terms.
This shows that the Ricci-DeTurck flow is strictly parabolic. Hence, the

assertion follows from standard existence and uniqueness theorems for par-
abolic systems. ([l
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There is a one-to-one correspondence between solutions to the Ricci flow
and solutions to the Ricci-DeTurck flow. In the first step, we show that any
solution of the Ricci-DeTurck flow gives rise to a solution of the Ricci flow.

Proposition 2.6. Fix a compact manifold M and a background metric h
on M. Assume that g(t), t € [0,T), is a one-parameter family of metrics
on M satisfying

0 . . ~

59(t) = —2Ricgr) — Z6,9(1),
where & = Ay pid. Moreover, let ¢, t € [0,T), be a one-parameter family
of diffeomorphisms satisfying

0
E%@) - éh'f‘wt(zu)

for all points p € M and all t € [0,T). Then the metrics g(t) = ©i(g(t)),
t €10,T), form a solution to the Ricci flow.
Proof. Using the identity g(t) = ¢;(g(t)), we obtain

%g(t) = ¢} (%Q(t) + fsté(t))

hence

0 _ «f 0. : -

Eg(t) + 2 Ricyy) = oy Eg(t) + 2 Ricgy) + L, g(t) ) = 0.
Therefore, the metrics ¢g(t) form a solution to the Ricci flow. O

In the second step, we assume that a solution to the Ricci flow is given
and construct a solution to the Ricci-DeTurck flow.

Proposition 2.7. Fiz a compact manifold M and a background metric h
on M. Assume that g(t), t € [0,T), is a solution to the Ricci flow on
M. Moreover, we assume that @i, t € [0,T), is a one-parameter family of
diffeomorphisms on M evolving under the harmonic map heat flow

0
Fridhe Age),n Pt

For each t € [0,T), we define a metric g(t) by ¢i(g(t)) = g(t). Then

0 . . -
&9(75) = -2 Rlcg(t) - ggtg<t)7
where §& = Ay pid. Furthermore, we have

0
E%(p) - gt‘«pt(p)

for all points p € M and all t € [0,T).



20 2. Hamilton’s Ricci flow

Proof. Using Lemma 2.3, we obtain

)
5721 (P) = (Agv.n 20l = (B @y .n 20|, = Qgnn i), ) = &l

(
for all points p € M and all ¢t € [0,T'). Since ¢;(g(t)) = g(t), it follows that

i (00 + L)) = a0

By assumption, the metrics g(t) form a solution to the Ricci flow. Thus, we
conclude that

0 0
o (7900 + 2Ricy + Zadt)) = 9(0) + 2Ricy =0

This implies
59(t) = —2Ricgr) — Z6,9(1),

as claimed. O
Theorem 2.8 (R. Hamilton [44]). Let M be a compact manifold and let
go be a smooth metric on M. Then there exist a real number T > 0 and
a smooth one-parameter family of metrics g(t), t € [0,T), such that g(t) is
a solution of the Ricci flow and g(0) = go. Moreover, the solution g(t) is
UnIqUe.

Proof. We first prove the existence statement. By Proposition 2.5, there
exists a solution §(t) of the Ricci-DeTurck flow which is defined on some
time interval [0,7") and satisfies §(0) = go. Consequently, we have

&Q(t) = -2 Ricg(t) - g&ﬁ(t%
where § = Ay 5 id. For each point p € M, we denote by ¢;(p) the solution
of the ODE 9

ES‘%( ) ét‘% (»)

with initial condition ¢g(p) = p. By Proposition 2.6, the metrics g(t) =
©i(g(t)), t € 10,T), form a solution of the Ricci flow with ¢g(0) = go.

We now describe the proof of the uniqueness statement. Suppose that
g*(t) and g?(t) are two solutions to the Ricci flow which are defined on some
time interval [0, T) and satisfy g'(0) = g?(0). We claim that g'(t) = g*(¢) for
allt € [0,T). In order to prove this, we argue by contradiction. Suppose that
that g'(t) # g%(t) for some t € [0,T). We define a real number 7 € [0,T) by

r=inf{t € 0,T) : 6" (t) # 62(1)}.
Clearly, ¢*(7) = g*(7). Let ¢} be the solution of the harmonic map heat
flow

0
5%} = Ay n ¥t
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with initial condition ¢! = id. Similarly, we denote by ¢? the solution of
the harmonic map heat flow

0
&90? = AgQ(t),h ()0?

with initial condition ¢? = id. It follows from standard parabolic theory
that ¢} and ¢? are defined on some time interval [7,7 + ), where ¢ is a
positive real number. Moreover, if we choose £ > 0 small enough, then
ot M — M and ¢? : M — M are diffeomorphisms for all ¢ € [7,7 + ¢).

For each t € [r,7 + ¢), we define two Riemannian metrics g'(t) and
G(t) on M by (1) (5(+)) = g1 (1) and (93)"(32(t)) = g*(). It follows from
Proposition 2.7 that §'(t) and g%(¢) are solutions of the Ricci-DeTurck flow.
Since g'(7) = §*(7), the uniqueness statement in Proposition 2.5 implies
that g(t) = g%(t) for all t € [r,7 + ). For each t € [r,7 +¢), we define a
vector field & on M by

gt g L(t), hld A 2(t),h id.
By Proposition 2.7, we have

0
5%1( p) = gt‘w 1)

and 5
2
E@t( p) = gt‘w 2(p)
for all points p € M and all t € [7,7 +¢). Since pl = ¢? = id, it follows
that ¢} = 7 for all t € [r, 7 +¢). Putting these facts together, we conclude
that
g' () = ()" (3" (1) = (D) (3 () = 5*(1)

for all ¢ € [7,7 4 ¢). This contradicts the definition of 7. 0

2.3. Evolution of the Riemann curvature tensor

In this section, we derive evolution equations for the Levi-Civita connection
and the curvature tensor along the Ricci flow. These evolution equations
were first derived in [44].

Let X,Y be fixed vector fields on M (that is, X,Y are independent of

t). We define
0
AX,Y) = ﬁ(DXY).

Observe that the difference of two connections is always a tensor; conse-
quently, A is a tensor.

Proposition 2.9. Let X,Y, Z be fized vector fields on M. Then
9(A(X,Y),Z) = —(DxRic)(Y, Z) — (DyRic)(X, Z) + (DzRic)(X,Y).
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Proof. By definition of the Levi-Civita connection, we have

29(DxY,2) = X(9(Y,2)) + Y (9(X, 2)) = Z(9(X,Y))
+9([X, Y], 2) = 9([X, 2], Y) — 9([Y, 2], X)
(cf. Section 1.1). We now differentiate this identity with respect to t. This
yields
g(A(X,Y),Z) = %(Q(DXY, Z)) 4+ 2Ric(DxY, Z)

= —X(Ric(Y, Z)) — Y (Ric(X, Z)) + Z(Ric(X, Y))
— Ric([X,Y], Z) 4+ Ric([X, Z],Y) + Ric([Y, Z], X)
+2Ric(DxY, Z).

Since A is a tensor, we conclude that
9(A(X,Y),Z) = —(DxRic)(Y, Z) — (DyRic)(X, Z) + (DzRic)(X,Y),

as claimed. O

We next compute the evolution equation for the curvature tensor:

Proposition 2.10. Let X,Y, Z, W be fized vector fields on M. Then

o

S RX.Y.Z,W)

= (D% zRic) (Y, W) — (D% wRic)(Y, 2)
— (Dy, zRic) (X, W) + (D Ric) (X, Z)

— Y "Ric(Z,ex) R(X,Y, e, W) = > _Ric(W,e) R(X,Y, Z, ey).
k=1 k=1

Proof. We have
0

57(DxDyZ = DyDxZ — Dixy)Z)

= Dx(A(Y, Z)) - Dy(A(X, Z))
+ A(X,DyZ) — A(Y,DxZ) — A([X,Y], 2)
= (DxA)Y, Z2) — (Dy A)(X, Z).
This implies
%R(X, Y,Z,W)=—g((DxA)(Y,2),W) + g((DyA)(X,Z),W)

—2) R(X,Y, Z,e) Ric(eg, W).
k=1
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Using Proposition 2.9, we obtain

9((DxA)(Y, Z), W)

= —(D% yRic)(Z, W) — (D% zRic)(Y, W) + (DX wRic)(Y, Z).
Interchanging the roles of X and Y yields

9((Dy A)(X, 2), W)

= —(Dy,xRic)(Z, W) — (D§, zRic)(X, W) + (DY, Ric) (X, 2).
Moreover, we have

(D% yRic)(Z, W) — (Dy, xRic)(Z, W)

n

n
=Y R(X,Y,Z e) Ric(er, W) + > _ R(X,Y,W, ;) Ric(Z, ex).
k=1 k=1
Putting these facts together, we obtain

9
—R(X,Y,Z
atR( Y Y ’W)

= (D% yRic)(Z, W) + (D% zRic)(Y, W) — (D% wRic)(Y, Z)
— (D3 xRic)(Z, W) — (DY, zRic)(X, W) + (D3, Ric) (X, Z)

—2) R(X,Y, Z,e) Ric(er, W)
k=1
= (D% zRic)(Y, W) — (D% wRic)(Y, Z)
- (D%/,ZRiC)(Xa W) + (D)QcWRiC)(Xa Z)
+ D R(X.Y,W,ex)Rie(Z, ex) — > R(X,Y, Z, ex) Ric(ex, W),
k=1 k=1

as claimed. O

We claim that the right-hand side in the evolution equation for the
curvature tensor equals the Laplacian of the curvature tensor, up to lower
order terms. To show this, we define a tensor Q(R) by

QR)(X,Y,Z, W)= > R(X,Y,ep,e;) R(Z,W,ep, )
p,q=1

(5) +2 ) R(X,ep, Z,eq) R(Y, ep, W, eg)
p,g=1

—2 ) R(X,ep, W,eg) R(Y,ep, Z, ).
p,q=1
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Then we have the following identity, which is independent of any evolution
equation:

Proposition 2.11. Let X,Y, Z, W be arbitrary vector fields on M. Then

(D% zRic)(Y, W) — (DX wRic)(Y, 2)
— (D, zRic)(X, W) + (Dy.yRic) (X, Z)
= (AR)(X,Y,Z, W)+ Q(R)(X,Y, Z,W)

— ) "Ric(X, ex) R(ex, Y, Z,W) = > _Ric(Y, ) R(X, ex, Z,W).
k=1 k=1

Proof. Note that

n n

Z(D§(7ekR)(ek7 Y’ Z’ W) - (Dzk,XR)(ek" Y7 Z? W)

k=1 k=1

=Y R(X,epene) Rle, Y, Z, W)+ Y R(X,ex,Y,e)) Rleg, e, Z, W)
kl=1 k=1

+ > R(X,ep, Z,e)) Rle, Yyer, W) + > R(X,ex,W,e)) R(ey, Y, Z, €)).
k=1 k=1

Interchanging the roles of X and Y yields

n n

S (D%, R)(er, X, Z,W) — Y (D2 yR)(ex, X, Z,W)
k=1 k=1

= > R(Y,ex,ex, ) R(er, X, Z,W) + > R(Y,ex, X, €)) R(ex, e1, Z, W)

k=1 kl=1
n n
+ > R(Y,ex, Z,e1) Rer, X, e, W) + > R(Y, e, W,e1) Rlex, X, Z, ).
k=1

k=1
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We now subtract the second identity from the first. This implies

n n

Z(DgfaekR)(ek’ Y’ Z’ W) - Z(D%’ek R)(ek" X’ Z’ W)
k=1 k=1

N (D2 (R)(e, Y, Z,W) + > (D2 yR)(e, X, Z,W)

k=1

k=1
= Y [R(X,e,Y,e) — R(Y, e, X, €1)] Rlex, e1, Z,W)
k=1

+2 R(X7 ek’aZa 6[) R(}/’ Ek,VV,Bl) -2 Z R(X7 ek,VV,EI) R(}/’ Ek-,Z, el)

k=1 k=1

— Y "Ric(X,e) R(e, Y, Z,W) + > _Ric(Y, e;) R(er, X, Z,W).
1 =1

It follows from the first Bianchi identity that
R(Xa €k, Y; 6l) - R(Y'a €k, X7 el) = R(X7 Y7 €k, el)‘

Hence, we obtain

n

3

Z(D.%QekR)(ek:Yv Z, W)_ (D%/,ekR)(ekvXa Z, W)

k=1 k=1

- Z(ng,XR)(eka Y7 Zv W) + Z(DzlwyR)((?k, X, Z, W)
k=1 k=1

=QR)(X,Y,Z, W)

— Y "Ric(X,e)) R(e, Y, Z,W) = > _Ric(Y, ) R(X, &1, Z,W).
=1 =1

Using the second Bianchi identity, we obtain

> (D% R)(en,Y, Z,W)

k=1
= (DX zR)(er, Y, er, W) = > (DX wR)(ex, Y, ex, Z)
k=1 k=1

= (D% zRic)(Y, W) — (D% wRic)(Y, Z).



26 2. Hamilton’s Ricci flow

Interchanging the roles of X and Y yields

n

> (D3, R)(ex, X, Z,W)

k=1
= Z(D%/,ZR)(GIC’ X, e, W) - Z(D%’,WR)(elm X, ey, Z)
k=1 k=1

= (D3 zRic)(X, W) — (Dy.Ric)(X, Z).

Moreover, the second Bianchi identity implies that
n n

ST(D? yR)(er, Y, Z,W) =Y (D2 yR)(ex. X, Z,W)
k=1 k=1

€k,€k

— f:(DQ R)(X,Y,Z,W) = (AR)(X,Y,Z,W).
k=1

Putting these facts together, the assertion follows. O

As a consequence, we obtain the following reaction-diffusion equation
for the curvature tensor:

Corollary 2.12. Let X,Y,Z W be fixed vector fields on M. Then

0
PO ALY

= (AR)(X,Y, Z, W) + Q(R)(X,Y, Z,W)

— D _Ric(X, e) R(er, Y, Z,W) = > Ric(Y, ex) R(X, ex, Z, W)
k=1 k=1

- Z RIC(Z, Ek) R(X7 Y, e, W) - Z RIC(VVv ek) R(X7 Y, Z, ek)‘
k=1 k=1

Let E be the pull-back of the tangent bundle T'M under the projection
M x (0,T) — M, (p,t) — p. In other words, the fiber of E over a point
(p,t) € M x (0,T) is given by E,y =T, M.

There is a natural connection D on FE, which extends the Levi-Civita
connection on 7M. In order to define this connection, we need to specify
the covariant time derivative D 2. Given any section X of the vector bundle

E, we define

0

Xza

(6) D

9
ot

n
X = "Ric(X, er) ek,
k=1

where {ej,...,e,} is an orthonormal frame with respect to the metric g(¢).
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Proposition 2.13. The connection D is compatible with the natural bundle
metric on E. More precisely, we have

(D 9)(X,¥) =0

for all vector fields X,Y .

Proof. Without loss of generality, we may assume that X,Y are constant
in time. In this case, we have

n n
Do X = =) Ric(X, ex) e, DY =~ > “Ric(Y, ex) ep.
k=1

ot
k=1

This implies

0
= %(g(X, Y)) 4+ 2Ric(X,Y)
=0,
as claimed. O

The evolution equation for the Riemann curvature tensor simplifies if
we replace the ordinary time derivative % by the covariant time derivative
D 5 . This is known as Uhlenbeck’s trick (cf. [45]).

ot

Proposition 2.14. We have
(Do R)(X,Y, Z,W) = (AR)(X,Y, Z,W) + Q(R)(X,Y, Z, W)

for all vector fields X,Y, Z,W.

Proof. Without loss of generality, we may assume that the vector fields
X,Y, Z,W are constant in time. In this case, we have

n n
DaatX:—;Rlc(X,ek)ek, DgtY:—;Rlc(Y,ek)ek,

ot

Do 7= —;RIC(Z, k) €k, D%W: —;RIC(VV, ex) ek.
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This implies

(Da RYX,Y, Z,W) ~ S R(X.Y,2,W)
ot
— —R(Ds X,Y,Z,W) - R(X,DoY,Z,W)
ot ot
~ R(X,Y,D 2,W) — R(X,Y,Z,D» W)
ot ot

= Z RIC(X, Ek) R(ek’a Y, Z, W) + Z RIC(K Ek) R(X’ ek, Z, W)
k=1 k=1

+ Z RIC(Z, Ek) R(X7 Y, e, W) + Z RIC(VVv ek) R(X7 Y, Z, ek)‘
k=1 k=1

Hence, the assertion follows from Corollary 2.12. U

2.4. Evolution of the Ricci and scalar curvature

We next compute the evolution equations for the Ricci and scalar curvature.
As above, we assume that M is a compact manifold, and g(t), t € [0,7T), is
a solution to the Ricci flow on M.

Proposition 2.15. The Ricci tensor of g(t) satisfies the evolution equation

(DGQR‘IC) (Xv Y) = (AR‘IC) (X’ Y) +2 Z R(Xa €ps Y’ eq) RiC(Gp, qf])
pg=l

Proof. Recall that Ddgg = 0. Hence, it follows from Proposition 2.14 that
ot

(D2 Ric)(X,Y) = (ARic)(X,Y) + ) | Q(R)(X, ex, Y, ex).
k=1
Moreover, we have

n

ZQ(R)(XvekaY>ek’): Z R(Xae/mepveq)R(Yaekyepaeq)
k=1 k,p,q=1

(7) +2 Z R(X, ep, Y, eq) R(ek, €p, €k, €q)
k,p,q=1

n
-2 Z R(X, ep, ex,eq) R(Y, eq, ek, €p)
k.p,q=1
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by definition of Q(R). Using the first Bianchi identity, we obtain

n

2 Z R(X,ep, ex,eq) R(Y, eq, ek, ep)
k,p,q=1
n

= Z R(X,ep, ex,eq) [R(Y, eq,ex,ep) — R(Y, e, eq,€p)]

k,p,g=1
n

= Z R(X, ep, ex,eq) R(Y, ep, ex, €q).
k,p,g=1

Hence, the identity (7) can be rewritten as

Z Q(R)(X7 ek, Y, ek) =2 Z R(Xa €p, Y, eq) R(eka €p; €k, eq)
k=1 k,p,q=1

n
=2 > R(X,ep,Y, eq) Ric(ep, eg).
P,q=1

Putting these facts together, the assertion follows. Il

Corollary 2.16. The scalar curvature of g(t) satisfies

%seal = Ascal + 2|Ric|>.

Proof. This follows from Proposition 2.15 by taking the trace over X and
Y. O

Corollary 2.17. The trace-free Ricci tensor of g(t) satisfies the evolution
equation

(DagRoic)(X, Y) = (ARiQ)(X,Y) +2 3 R(X, e, Y, ) Ric(ey, ;)
t
p,q=1

2 0 2 o
+ Zscal Ric(X,Y) — = |Ric|? g(X,Y).
n n

Proof. This is an immediate consequence of Proposition 2.15 and Corollary
2.16. O

In the remainder of this section, we discuss some implications of Corol-
lary 2.16. Note that the reaction term in the evolution equation for the
scalar curvature is always nonnegative. Consequently, the minimum of the
scalar curvature of g(t) is monotone increasing. In particular, we obtain:

Proposition 2.18. Suppose that (M, g(0)) has nonnegative scalar curva-
ture. Then (M,g(t)) has nonnegative scalar curvature for all t € [0,T).
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Moreover, if Scalg(to)(po) = 0 for some point pg € M and some time ty €
(0,T), then the metrics g(t) are Ricci flat for all t € [0,T).

Proof. The first statement follows immediately from the maximum princi-
ple. To prove the second statement, suppose that scalg(to)(po) = 0 for some
point pg € M and some time ¢y € (0,7"). The strict maximum principle im-
plies that scaly)(p) = 0 for all points p € M and all times ¢ x [0, o). Substi-
tuting this into the evolution equation for the scalar curvature, we conclude
that the metric g(t) is Ricci flat for all ¢ € [0,tp). Hence, the uniqueness
statement in Theorem 2.8 implies that g(t) = ¢(0) for all ¢ € [0,T). O

We can prove a stronger result if we take advantage of the reaction term:

Proposition 2. 19 Suppose that inf s scalygy = a > 0. Then T' < 5= and

inf s scalyy > forallt €[0,T).

= n— 2at

Proof. Let 7 = min{T, 5% }. We define a function i : M x [0,7) — R by
no

h = scal — .
n — 2at

Using Corollary 2.16, we obtain

0 2 no 2
—h =Ah+2|Ric]®> — =
ot +2|Ric n (n—2at>

2 2 2
zAh—i-—scalQ——( ne )
n n \n — 2at

=Ah+ % (scal + - iu;ozt) h

on M x [0,7). By definition of «, we have h(p,0) > 0 for all p € M.
Hence, the maximum principle implies that h(p, ) > 0 for all p € M and all

€ [0,7). Therefore, we have infys scalyyy > 25— for all t € [0,7). From
this, we deduce that T' < 5-. O



