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1 Introduction

The first part of this course will be a review of some basic concepts in Riemannian
geometry. We will then give a fairly basic introduction to the Ricci Flow. We will
also study some conformal geometry, and look at Riemannian 4-manifolds in greater
depth. If time permits, we will present some basics of hermitian geometry. Some
basic references are [Bes87], [CLN06], [Lee97], [Pet06], [Poo81].



2 Lecture 1: September 4, 2007

2.1 Metrics, vectors, and one-forms
Let (M, g) be a Riemannian manifold. The metric g € I'(S?*(T*M)). In coordinates,
g= Z gij(z)dz’' @ da?, gi; = gij, (2.1)
ij=1

and g;; >> 0 is a positive definite matrix. The symmetry condition is of course
invariantly

9(X,Y) = g(Y. X). (2.2)

A vector field is a section of the tangent bundle, X € I'(T'M). In coordinates,

X =X'0;, X'e€ ™M), (2.3)
where
0
0, = 5o (2.4)

is the coordinate partial. We will use the Einstein summation convention: repeated
upper and lower indices will automatically be summed unless otherwise noted.
A 1-form is a section of the cotangent bundle, X € I'(T*M). In coordinates,

w = wdr" w; € C*(M). (2.5)

Remark. Note that components of vector fields have upper indices, while components
of 1-forms have lower indices. However, a collection of vector fields will be indexed
by lower indices, {Y3,...,Y,}, and a collection of 1-forms will be indexed by upper
indices {dx!,... dz"}. This is one reason why we write the coordinates with upper
indices.

2.2 The musical isomorphisms

The metric gives an isomorphism between T'M and T*M,
p: TM —T*°M (2.6)
defined by
(X)(Y) =9g(X,Y). (2.7)

The inverse map is denoted by f : T*"M — TM. The cotangent bundle is endowed
with the metric

(w1, w2) = g(fwr, fwa). (2.8)



Note that if g has component g;;, then (-,-) has components ¢g*, the inverse matrix
of Gij-
If X e I'(T'M), then

(X)) = Xyda', (2.9)
where
X, = gy X7, 2.10)
so the flat operator “lowers” an index. If w € I'(T*M), then
fw) = w'0;, (2.11)
where
W' = gw;, (2.12)

thus the sharp operator “raises” an index.

2.3 Inner product on tensor bundles

The metric induces a metric on A*(T*M). We give 3 definitions, which are all equiv-
alent.
Definition 1: If

wr =ag N+ Nag

wy = B1 A A B, (2:13)

then

<w1,w2> = det((ai,ﬁj», (214)

and extend linearly. This is well-defined.
Definition 2: If {e;} is an ONB of T,,M, let {e'} denote the dual basis, defined by
¢'(e;) = 0%. Then declare that

A Ner, 1<y <dg <o < i <, (2.15)

is an ONB of AF(TxM).
Definition 3: If w € A¥(T*M), then in coordinates

w= Z Wiy i dT™ A - A datE (2.16)
i1 L=

Then

S 1 S
<w’w> = Z wzl...lkwilmik — E Z wu...zkwilmik’ (217)

11 < <ip 110k



where
witwie = ghligials | ginligy
To get an inner product on the full tensor bundle, we let
Qe F((TM)‘X’P ® (T*M)®q).
We call such Q a (p, q)-tensor field. Declare
ey ® Qe Qe Q- Qe
to be an ONB. If in coodinates,
Q=070 ® - ®0, ®d" @+ @ da'",
then
Q1 = (w,w) = Qi

By polarization,

1
(€, ) = 5 (19 + all? = 1] - 12]1).

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)

(2.23)

We remark that one may reduce a (p, ¢)-tensor field into a (p — 1,q — 1)-tensor
field for p > 1 and ¢ > 1. This is called a contraction, but one must specify which
indices are contracted. For example, the contraction of 2 in the first contrvariant

index and first covariant index is written invariantly as
TT(l,l)Q,
and in coordinates is given by

(5‘?'1 Q’ll’bp — QllQ’lP

11" "j1.-Jq lj2--Jq

2.4 Connections on vector bundles
A connection is a mapping I'(T'M) x I'(E) — I'(E), with the properties
o Vyse'(E),
* Vixi+fxa$ = Vx s+ [2Vx,s,
o Vx(fs)=(Xf)s+ fVxs.
In coordinates, letting s;,7 = 1...p, be a local basis of sections of F,
Vo8 = Ffjsk.
If E carries an inner product, then V is compatible if
X (s1,82) = (Vx$1,82) + (s1, Vxsa).
For a connection in T'M, V is called symmetric if

VxY — VyX = [X,Y], VX,Y € (T M).

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)



Theorem 2.1. (Fundamental Theorem of Riemannian Geometry) There exists a
unique symmetric, compatible connection in T M.

Invariantly, the connection is defined by

(VxY, Z) = %(X(Y, Z)+Y(Z,X) — Z(X,Y)

(2.29)
~(V,[X, Z]) = {Z, [V, X]) + (X, [2,Y])).
Letting X = 0;,Y = 0;, Z = Oy, we obtain
Thigie = (L4500, Ok) = (V6,05 0k)
= %(&‘Qﬂc + 0,9k — 3k9ij), (2:30)
which yields the formula
Ffj = %gkl (&Lgﬂ + 0;9u — algij) (2.31)

for the Riemannian Christoffel symbols.

2.5 Covariant derivatives of tensor fields

First consider X € I'(T'M), which is a (1,0) tensor field. We define a (1,1) tensor
field VX as follows

VX(Y)=VyX. (2.32)
If Sisa (1,1) tensor field, then we define a (1,2) tensor field V.S by
VS(X,Y) = (VxS)Y =Vx(S(Y)) — S(VxY). (2.33)
With this definition, we have the Leibniz rule
Vx(S(Y)) = (VxS)(Y) + S(VxY). (2.34)

This serves to define a connection on I'(T'M ® T*M).
In general, if S is a (1, r)-tensor field then define a (1,7 + 1)-tensor field VS by

=1

and this defines a connection on I'(TM ® (T*M)®").
Next, let S be a (0, r)-tensor field, then define a (0,7 + 1)-tensor field V.S by

i=1



This defines a connection on I'((T*M)®r).
We next consider the above definitions in components. For the case of a vector
field X € I'(TM), VX is a (1,1) tensor field. In coordinates, this is written as

VX =V, X'dz™ ® 0;, (2.37)
where
Vi X' =0, X"+ X'T . (2.38)

For a (0, r)-tensor field S, we have

VS = VS, idr" @ds" @ - @ da™, (2.39)
where
vmsil,...ir = amSil,...iT - Slig...irFflilm - Sil...irfllri,rm' (24())

Note for a 1-form w, we have
Vi = Opmw; — wlFém. (2.41)

Compare the signs with the covariant derivative of a vector field.
For a general (p, q)-tensor field, in coordinates,

VSl = g, 50y gliz=depin g gldeml i

J1.--J 717 J1...J m J1.--J ml
q q 0 Z.45{ l . qi l (242)
pR— A'.p . —_ . e e — . ...‘p .
Sljzn-jqrm]l S]l--~]q71lrm]q.

We leave it to the reader to write down an invariant definition.

Remark. Some authors instead write covariant derivatives with a semi-colon

VmSZjln-ip _ Silmip (243)

.71~~-jq jlu-jq?m'

However, the V notation fits nicer with our conventions, since the first index is the
direction of covariant differentiation.

Notice the following calculation,
(Vo) (XY, Z) = Xg(Y. Z) — g(VxY,Z) — g(Y,VxZ) = 0, (2.44)

so the metric is parallel. Also note that that covariant differentiation commutes with
contraction,

Vo (80X ) = 6 VX (2.45)

J1g2... m<Ejija...

Let I : TM — TM denote the identity map, which is naturally a (1,1) tensor. We
have

(VI)(X,Y) =Vx(I(Y)) = I[(VxY)=VyY — VyY =0, (2.46)

so the identity map is also parallel.



2.6 Gradient and Hessian
For f € C'(M,R), the gradient is defined as

V= 1(df) (2.47)
The Hessian operator is the endomorphism defined by
Hess(f)(X) = V(V)(X) = Vx(Vf) = Vx(8(df)). (2.48)
Since the metric is parallel,
Hess(f)(X) = 4V x(df). (2.49)
The Hessian is the (0,2)-tensor defined as
V2F(X,Y) = Vdf(X,Y) = X(df(Y)) = df(VxY) = X(Vf) = (VxY)f.  (250)

Note the Hessian operator is obtained from the Hessian simply by using the sharp
operator to convert the Hessian into an endomorphism.
In components, we have

The symmetry of the Hessian
VI(X,Y) = V2f(Y, X), (2.52)

then follows easily from the symmetry of the Riemannian connection.

3 Lecture 2: September 6, 2007

3.1 Curvature in vector bundles

Let X, Y €e I'(TM), s € I'(F), where 7 : E — M is a vector bundle with a connection
V, and define

'RV(X, Y)S = VvaS — VyVXS — V[X,Y]S. (3.1)
This is linear over C'*° functions, so defines a tensor,
Ry e (T"M @ T*M ® End(E)), (3.2)

called the curvature tensor of the bundle E. Clearly Ry is skew-symmetric in the
first 2 indices, so in fact

Ry € D(AX(T*M) ® End(E)). (3.3)



Let E has an inner product (-,-), and assume that V is compatible with this inner
product,

X (s1,82) = (Vxs1,82) + (51, Vx$a), (3.4)

for X € I'(T'M), and s, s2 € I'(E) (note that, by a partition of unity argument, any
vector bundle with inner product admits a compatible connection). In this case,

Ry € T(A*(T*M) ® so(E)), (3.5)
where s0(F) is the bundle of skew-symmetric endomorphisms of E. Equivalently,
<Rv(X, Y)Sl,SQ> + <Rv(X, Y)82,81> = 0, (36)

for X, Y € '(TM), and s;,s2 € ['(E).
Let f: N — M, and consider the pullback bundle

f"E=A{(p,v),peN,veE: f(p)=mr(v)} (3.7)

There are natural projections m : f*F — N, and my : f*E — T'M defined by
m1((p,v)) = p, and ma((p,v)) = v, respectively. A connection in E induces a connec-
tion in f*E. Take V € I'(f*E), and vectors X,,Y,, € T,N. Then

Rpv(Xp, V)V = Ry <<f*X)f(p)7 (f*Y)f(p)>7T2(vp)f(p)- (3.8)

Written out, this is

'V, (Vv V, = (f*V)y(fV)xV, =Ry ((f*X)f(p)> (f*Y)f(p))7T2(Vp)f(p)- (3.9)

This is easily verified in coordinates. This basically says that the curvature of the
pull-back connection is the pull-back of the curvature of the connection in T'M, and
is called the structure equation of the connection.

A fantastic reference for the strict calculus of connections in a vector bundle is
[Poo81, Chapters 2,3].

3.2 Curvature in the tangent bundle

We now restrict the discussion to the tangent bundle T'M, and let V be the Rieman-
nian connection. In this case, the curvature tensor will be denoted simply by R. The
algebraic symmetries are:

R(IX,Y)Z = -R(Y,X)Z (3.10)
0=R(X,Y)Z+R(Y,2)X +R(Z,X)Y (3.11)
Rm(X,Y,Z,W) = —Rm(X,Y, W, Z) (3.12)
Rm(X,Y,W,Z) = Rm(W, Z,X,Y), (3.13)

10



where Rm/(X,Y, Z, W) = —(R(X,Y)Z,W). In terms of the musical isomorphisms,
Rm(X,Y,Z,W) = —b (R(X, Y)Z) W, (3.14)

In a coordinate system we write

R(0;,0;)0k = R,/ 0. (3.15)
Then
Rm(@l, (9j, 8k, 81) = (R(@, 8j)8k, 8l>
= (R Om, O1) (3.16)
= Rijkmgml'
We now define
Rijik = —Rijin = Ry, G, (3.17)

that is, we lower the upper index to the third position.

Remark. Some authors choose to lower this index to a different position. One has to
be very careful with this, or you might end up proving that S™ has negative curvature!

Therefore as a (1, 3) tensor, the curvature tensor is

R =R,

e dr' @ da? @ da* ® 0, (3.18)
and as a (0,4) tensor,
Rm = Rijuda’ ® do’ @ da* @ da'. (3.19)

In coordinates, the algebraic symmetries of the curvature tensor are

Rijkl = _Rjz'kl (3.20)

0= Rz‘jkl + Rjkil + Rkijl (3.21)
Rijii = — Rijuk (3.22)
Rijr = Ryij- (3.23)

Of course, we can write the first 2 symmetries as a (0,4) tensor,

Rijii = —Rjin (3.24)
0 = Rijm + Rjri + Riiji. (3.25)

Note that using (3.23), the algebraic Bianchi identity (3.25) may be written as

0 = Riji + Riryj + Raji- (3.26)

11



We next compute the curvature tensor in coordinates.
= V5, Vo, 00 — Vo, Vi, 0

= Vy, (Pé'kal) — Vo, (3.0) (3.27)
= ai(ré'k)al + Fi-kFZL i — 05(T0) 01 — FikF;rZL m

= (9W(Th) + Y, - 95(h) — I, )0,

which is the formula

R,;! = 9,(T",) — 9;(T%,) + L, — 1! T (3.28)

ijk im— jk jm~ ik

Fix a point p. Exponential coordinates around p form a normal coordinate system
at p. That is g;;(p) = 055, and Orgi;(p) = 0, which is equivalent to I'};(p) = 0. The
Christoffel symbol is

1 m
Fé’k = le (akgjm + 0, Grm — am!]jk)- (3.29)

In normal coordinates at the point p,
1
&Fék = §5lm <8iakgjm + &-@gkm — Bﬁmgjk) (330)
We then have at p
1
Rijkl = §5lm (8iakgjm — 0i0mjk — 00k Gim + 8j8mgik>‘ (3.31)

Lowering an index, we have at p
1
Rijm = —5 (31‘(%9]'1 — 0;0,9jk — 0;0kga + aj@%k)

)

The @® symbol is the Kulkarni-Nomizu product, which takes 2 symmetric (0, 2) tensors
and gives a (0,4) tensor with the same algebraic symmetries of the curvature tensor,
and is defined by

(3.32)

A B(X,Y,Z,W) =A(X,Z)B(Y,W) — A(Y, Z)B(X, W)
— A(X,W)B(Y, Z) + A(Y,W)B(X, Z).

To remember, first term is A(X, Z)B(Y,W), skew symmetrize in X and Y. Then
skew-symmetrize both of these in Z and W.

12



3.3 Sectional curvature, Ricci tensor, and scalar curvature

Let IT C T, M be a 2-plane, and let X, Y, € T,M span II. Then

B Rm(X,Y,X,Y)
B g(X,X)g(KY) —g(X,Y)Q’

K(IT) (3.33)

is independent of the particular chosen basis for II, and is called the sectional curvature
of the 2-plane II. The sectional curvatures in fact determine the full curvature tensor:

Proposition 3.1. Let Rm and Rm' be two (0,4)-curvature tensors which satisfy
K(IT) = K'(IT) for all 2-planes 11, then Rm = Rm/.

From this proposition, if K (IT) = kg is constant for all 2-planes II, then we must
have

Rm(X,Y, 2,W) = ko (9(X, 2)g(Y, W) = g(¥, 2)g(X, W), (334)
That is
ko
Rm = 59 D g. (3.35)

In coordinates, this is
Rijii = ko(Gikgj1 — 9jkir)- (3.36)
We define the Ricci tensor as the (0, 2)-tensor
Rie(X,Y) = tr(U — R(U, X)Y). (3.37)
We clearly have
Ric(X,Y) = R(Y, X), (3.38)
so Ric € T'(S*(T*M)). We let R;; denote the components of the Ricci tensor,
Ric = R;dz' @ da', (3.39)
where R;; = Rj;. From the definition,
Rij = Ry;' = ¢ Riimj.- (3.40)
Notice for a space of constant curvature, we have

Ry = ¢ Rijir = kog™ (gixgji — 9ixi)

=(n— 1)k09jz, (3.41)

or invariantly

Ric = (n — 1)kog. (3.42)

13



The Ricci endomorphism is defined by
Re(X) = ﬁ(Rz’c(X, ))
The scalar curvature is defined as the trace of the Ricci endomorphism
R=tr(X — Re(X)).
In coordinates,
R = g¢"R,, = gpqgllepmq.
Note for a space of constant curvature ko,

R =n(n—1)k.

4 Lecture 3: September 11, 2007

4.1 Differential Bianchi Identity
The differential Bianchi identity is

VRm(X,Y,Z,V,W)+VRm(Y,Z,X,V,W) + VEm(Z,X,Y,V,W) = 0.

(3.43)

(3.44)

(3.45)

(3.46)

(4.1)

This can be easily verified using the definition of the covariant derivative of a (0,4)
tensor field which was given in the last lecture, and using normal coordinates to

simplify the computation. In coordinates, this is equivalent to

ViRjkim + VjRiiim + Vi Rijim = 0.

Let us raise an index,

ViR

jkm

VR VR, = 0.

Jm

Contract on the indices i and [,

0=ViRm + ViRun' + ViR = ViR — ViRim + ViRjm.
This yields the Bianchi identity
ViR = ViRim — ViRjm.

In invariant notation, this is sometimes written as
OR = dY Ric,
where dv : S?(T*M) — A*(T*M) ® T*M, is defined by
dVh(X,Y,Z) =Vh(X,Y,Z) - VhY, Z X),

14

(4.2)

(4.3)

(4.4)

(4.5)



and 0 is the divergence operator.
Next, trace (4.5) on the indices k and m,

gkmlejkm

b= ¢""VRim — " ViRjm. (4.8)
Since the metric is parallel, we can move the ¢g*™ terms inside,

Vig"" R’ = V9" Rk — Vg™ Rjmm. (4.9)
The left hand side is

Vlgkajkml = vlgkmglpRjkpm

= V;glpgkajkpm (4.10)
= Vlglpij = leé
So we have the Bianchi identity
2V,R. = V,R. (4.11)
Invariantly, this can be written
1
0Rc = —§dR. (4.12)

The minus appears due to the definition of the divergence operator.

Corollary 4.1. Let (M, g) be a connected Riemannian manifold. If n > 2, and there
exists a function f € C*°(M) satisfying Ric = fg, then Ric = (n — 1)kog, where kg
18 a constant.

Proof. Taking a trace, we find that R = nf. Using (4.11), we have

! Ry 2
ViR, =2V, (—8) = ViR = ViR (4.13)
n n

Since n > 2, we must have dR = 0, which implies that R, and therefore f, is
constant. [

4.2 Algebraic study of the curvature tensor

Recall that the curvature tensor Rm as a (0, 4)-tensor satisfies
Rm € S*(A°*T*M) C @*T*M. (4.14)

Define a map b : S?2A? — S?A2? by

1
me(LC, Y,z t) = g <Rm(x, Y, th) + Rm(y7 2 x7t> + Rm(z,x, y7t)>7 (415)

15



this is called the Bianchi symmetrization map. Then S?(A?) decomposes as
S%(A?) = Ker(b) @ Im(b). (4.16)
Note that

bla® B) = éa/\ﬁ, (4.17)

where a, 8 € A*2(T*M), and ® denotes the symmetric product, therefore
Im(b) = A*T* M. (4.18)

Note that this implies b = 0 if n = 2,3, and dim(Im(b)) =1 if n = 4.
Next, define

C = Ker(b) C S*(A?) (4.19)
to be the space of curvature-like tensors. Consider the decomposition
S%(A?) =C @ A* (4.20)
If V is a vector space of dimension p, then

pp+1)

dim(S*(V)) = 5 (4.21)
Since
-1
dim(A?) = ”(”2 ), (4.22)
we find that
dimS*(A?) = %n(n —1)(n* —n+2). (4.23)
Also,
. 4 n
dim(A%) = L (4.24)
which yields
. 1 9 1
dim(C) = <n(n—1)(n" —n+2) — —n(n—1)(n —2)(n — 3)
5 24 (4.25)
2/ 2
== —1).
(=1
Recall the Ricci contraction, ¢ : C — S*(T*M), defined by
(c(Rm))(X,Y) =tr(U — §Rm(U, X, -, Y)). (4.26)

16



In components, we have

c(Rm) = Ry;'dz' @ da’ = g" Rypjeda’ @ da. (4.27)

Recall the Kulkarni-Nomizu product @ : S?*(T*M) x S?*(T*M) — C defined by
ho k(X,Y,Z,W)=hX,2)k(Y,W)—h(Y, Z)k(X,W)

—MX, Wk, Z)+ h(Y,W)k(X, Z). (4.28)
Note that h® k =k @® h.
Proposition 4.1. The map ¢ : S*(T*M) — C defined by
Y(h)=hoy, (4.29)
1s injective for n > 2.
Proof. First note that
(f,ho g) =4(cf,h). (4.30)
To see this, we compute (in an orthonormal basis)
figra(hikgin — hixga — hagjs + hjgir)
= fijeihit — fijeilje — fijjiha + fijahi (4.31)
= 4 fijihik-
Also note that
c(h®g) = (n—2)h+ (tr(h))g. (4.32)
To see this
c(h®g)=> (h® g)im
4l
= jzl(hikzgjl — hjkgi — hagjx + hjgix (4.33)
= nhir = hjegij — hijgir + (tr(h))gin
= (n—2)h+ (tr(h))g.
To prove the proposition, assume that h ® g = 0. Then
0=(h®g,hdg)
=4(h,c(h® g))
— 4(h, (n — 2)h + (tr(h))g) (4.34)
= 4((tr(r)? + (n = 2)[f?),
which clearly implies that h = 0 if n > 2. O]

17



Corollary 4.2. Forn = 2, the scalar curvature determines the full curvature tensor.
Forn = 3, the Ricci curvature determines the full curvature tensor.

Proof. The n = 2 case is trivial, since the only non-zero component of R can be Ria15.
For any n, define the Schouten tensor

A= ! : (Ric - Q(n—R_l)g) | (4.35)

We claim that
c(Rm—A®g)=0. (4.36)

To see this, we first compute

1 nRk R
trid) =03 (R " 2(n— 1)) T 2n—1) (4.37)

Then
¢(Rm—A®g)=c(Rm)—c(AD®g) = Ric— ((n —2)A+ (tr(A))g)

:R@—(Rm— R B @

2(n—1) 2(n—1)
=0.

(4.38)

For n = 3, we have dim(C) = 6. From the proposition, we also have
Y SHT*M) — C. (4.39)

But dim(S?(T*)) = 6, so 1 is an isomorphism. This implies that

Rm=A0Dg. (4.40)
L]

Remark. The above argument of course implies that, in any dimension, the curvature
tensor can always be written as

Rm=W+A®yg, (4.41)

where W € Ker(c). The tensor W is called the Weyl tensor, which we will study in
depth a bit later.
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5 Lecture 4: September 13, 2007

5.1 Orthogonal decomposition of the curvature tensor
Last time we showed that the curvature tensor may be decomposed as

Rm=W+ADy, (5.1)

where W € Ker(c) is the Weyl tensor, and A is the Schouten tensor. We can rewrite
this as

1
= —F _ 2
Rm =W + — B9+ 900 (5.2)
where
R
E = Ric— —g (5.3)
n
is the traceless Ricci tensor. In general, we will have
SPHANX(T*M)) = A (T*M) & C
(H(TM)) = A (T°M) -

=AW P(SHTM)) @ h(Ry),

where W = Ker(c)N Ker(b). This turns out to be an irreducible decomposition as an
SO(n)-module, except in dimension 4. In this case, the W splits into two irreducible
pieces W = WT @ W~. We will discuss this in detail later.

Proposition 5.1. The decomposition (5.2) is orthogonal.

Proof. From above,
(W,h® g) = 4(cW, h) = 0, (5.5)
so the Weyl tensor is clearly orthogonal to the other 2 terms. Next,

(E®g,909) =(E,c(g®g)) =(E,2(n—1)g) =0. (5.6)

To compute these norms, note that for any tensor B,

IBOgl>=(BDg,BOg)

=4(B,«(B0Dg))
=4(B,(n—2)B +tr(B)g) (5.7)
= 4(n — 2)|B]* + 4(tr(B))>.
The decomposition (4.41) yields
|Rm|? = [W|* +4(n — 2)|A]* + 4(tr(A))?, (5.8)
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while the decomposition (5.2) yields

4 2
R 2 — W 2 _ E 2 —R2.
o™ = WE+ T B+
Note that
R R
2 1
= |Ric|* — =R*+ —R?
n n
1
n
so we obtain
4 2
R 2 — W 2 - R 2 —_ Rz.
|[Bm|” = [W[" + — | Ric| (n—1)(n —2)

5.2 The curvature operator

Consider the curvature
R € D(A*(T"M) ® so(TM)).
We know that

s0(TM) = A*(T*M).

(5.10)

(5.11)

(5.12)

(5.13)

An explicit isomorphism is given as follows. Take w € A*(T*M), and X € TM.
Then w(X,-) is a 1-form, so w maps to the endomorphisms O : TM — T'M defined

by X — #(w(X,-)). This is skew-symmetric:

H(W(X’ ))vY>
W(X,Y) = —w(Y, X) = —(O(Y), X).

(0(X),Y)

So for the Riemannian connection, we can view the curvature as
R e D(A*(T*M) @ A*(T*M)).
Using the metric, we can identify A?(T*M) = (A?(T*M))*, so we have
R e F(End(A2(T*M))).
This is called the curvature operator. The identity
Rm(X,Y,Z, W) =Rm(Z,W,X,Y)
implies furthermore that R is symmetric,

<Rw1, w2> = <W1, ng) .
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To see this, compute in an ONB

(Ra, B) = (Rijricvj, Br)
Ay, Rz’jklﬁm
Qij, lejﬁm
a,RS).

~
_ 2 (5.19)
~

Since any symmetric matrix can be diagonalized, R has n(n — 1)/2 eigenvalues.

5.3 Curvature in dimension three

For n = 3, the Weyl tensor vanishes, so the curvature decomposes as

R R
RmzA@g:(Ric—zg)QDg:Ric@g—Zg@g, (5.20)
in coordinates,
R
Rijii = Rirgji — Rjrga — Ragjr + Rjigir — E(gikgjl — 9jkYil)- (5.21)

The sectional curvature in the plane spanned by {e;, e;} is

R
Rijij = Riigj; — Rjigi; — Rijg5 + R — E(giigjj — GjiGij)
(5.22)

R
= Riigj; — 2Rij9i5 + Rjjgi — E(giigjj — Gij9ij)-

Note we do not sum repeated indices in the above equation! Choose an ONB so that
the Rc is diagonalized at a point p,

M 0 0
Re=[0 X 0. (5.23)
0 0 X

In this ONB, R;; = \;d;; (again we do not sum!). Then the sectional curvature is

M+ X+ A
Rijij = Xigj5 — 2XMi8i9i5 + AjGii — %(gn‘%ﬁ ~ 9935)
A+ X+ A (5.24)
We obtain
1
Ri212 = 5 (A1 + A2 — A3)
1
Riz13 = 3 (A1 — A2+ A3) (5.25)
1
Razo3 = B (=M + A+ A3).
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We can also express the Ricci eigenvalues in terms of the sectional curvatures

Ri212 + Riais 0 0
Re = 0 Ri212 + Ragas 0 . (5.26)
0 0 Ry313 + Rogos

We note the following, define

T1(A) = —-A+tr(A)g = —Ric+ gg. (5.27)

Since Re is diagonal, T} (A) takes the form

Raogoz 0 0
T =] 0 Rus 0 |. (5.28)
0 0 R

That is, the eigenvalue of T} (A) with eigenvector e; is equal to the sectional curvature
of the 2-plane orthogonal to e;.

Next, we consider the curvature operator R : A?(T*M) — A%*(T*M). We evaluate
in the basis e; A e, e1 A es, e A es. An easy computation shows that for i < 7,

R(Gi A Bj) = Rijklek N € = 2Rijijei A\ ej, (529)

so the curvature operator is also diagonal, and its eigenvalues are just twice the
corresponding sectional curvatures.

6 Lecture 5: September 18, 2007

6.1 Covariant derivatives redux

Let F and E’ be vector bundles over M, with covariant derivative operators V, and
V', respectively. The covariant derivative operators in F ® E’ and Hom(FE, E') are

Vx(s®s)=(Vxs)®@s +s2 (Vys) (6.1)
(VxL)(s) = Vi (L(s)) = L(Vxs), (6.2)

for s € I'(E),s" € I'(F'), and L € I'(Hom(E, E")). Note also that the covariant
derivative operator in A(F) is given by

Vst A As) =Y s1A-A(Vxsi) A Asy, (6.3)
i=1
for s; € I'(E).
These rules imply that if 7' is an (7, s) tensor, then the covariant derivative VT

is an (r, s + 1) tensor given by

VI(X,Yi,....Y,) = Vx(T(Y1,...Y)) = Y T(Vi,...,VxY;,...,Yo).  (64)
=1
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For notation, we will write a double covariant derivative as
VT = VVT, (6.5)
which is an (7, s + 2) tensor.
Proposition 6.1. ForT an (r, s)-tensor field, the double covariant derivative satisfies
VAT(X,Y, Zy,...,Z) = Vx(VNyT)(Z1,..., Zs) — (VuowT)(Z1, ... Z). (6.6)
Proof. We compute

V*T(X,Y, Zy,...,Z) =V (VT)X,Y, Zy, ..., Z,)
=Vx(VT(Y,Zy,...,2,)) —VNT(VxY,Zy,..., Zy)

=Y VI(Y.....VxZ,...Z)

=1

(6.7)

The right hand side of (6.6) is

Vx(VyT)(Zi,.... Z) — (VouyT) (24, ... Z)
=Vx(VWT(Z,...,2Z,)) — ;(VYT)(ZI, O VxZi . Z) 63

Voo (T(Zy,.... 2))+ Y T(Z1,....VvyyZi,.... Zy).
=1

Comparing terms, we see that both sides are equal. O

Remark. If we take a normal coordinate system, and X = 0,,Y = 0;, the above
proposition says the seemingly obvious fact that, at p,

ViV T =V (V T, (6.9)

since the Christoffel symbols vanish at p in normal coordinates.

Equivalently, we could take an ONB at a point p, and parallel translate this
frame to a neighborhood of p, to obtain an parallel orthonormal frame field in a
neighborhood of p. The above equation would hold for the components of T" with
respect to this frame.
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6.2 Commuting covariant derivatives

Let X,Y,Z € I'(T'M), and compute using the Proposition 6.1
V*Z(X,Y)-V?Z(Y,X)=Vx(VyZ) = VywZ —Vy(VxZ) = Vy,xZ

(6.10)

which is just the definition of the curvature tensor. In coordinates,

ViV;Z8 =V ;N Z" + Ry, v 2™ (6.11)

We extend this to (p, 0)-tensor fields:

VA2 @ ®Z,)(X,Y) = VA2 ® Z,)(Y, X)
=Vx(Vy(Z1®--®Z,)) = Voyv(Z1®--® Z,)
—Vy(Vx(Z1®--® Z,) = Vo,x(Z1®...® Z,

P P
V(Y te  Wahe ©2) -3 Lo VewZie o7,
=1 i=1
p p
_VY(221®VXZ’L®®Zp>+zzl®VVyXZZ®®Zp
i=1 i=1

p p
=3 Y 29VxZe - VWZio- 82 (6.12)

G=1 i=1,i#j
P p
_Z Z L QVyZ; @ VxZi Q- ® Zy
j=1 i=1,i#j
+Zzl®"'®(VXVY_VYVX_V[X,Y]>Zi®"‘®Zp

=Y 718 R(X,Y)Zi® & Z,

In coordinates, this is

p
Vzvjzzlzp _ VJV/LZ,LZ,LP + Z RijmikZil...ik,lmikJrl..‘ip. (613)

k=1

Proposition 6.2. For a 1-form w, we have

Vw(X,Y,Z) - V(Y. X, Z) = w(R(Y, X)Z). (6.14)
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Proof. Using Proposition 6.1, we compute
V2w(X,Y,Z) - VY, X, Z)
= Vx(Vyw)(Z) = (Vvyyw)(Z) = Vy(Vxw)(Z) = (Vv, xw)(Z)
= X(Vyw(Z)) = Vyw(VxZ) = VxY(w(Z)) + w(VvyvZ)
— Y(VX{U(Z)) + VXw(VyZ) + VYX(W(Z)) — W(VVY)(Z>
= X(Vyw(Z)) - Y(w(VXZ)) + W(VyVXZ) - VXY(w(Z)) + w(VvaZ)
—Y(Vxw(Z))+ X(w(VyZ2)) —w(VxVyZ)+ VyX(w(Z)) —w(Vy,xZ)
_ w(vyvxz —VxVyZ + v[mz) X (Vyw(Z2)) - Y((VxZ)) — ViY (w(Z))
—Y(Vxw(Z2))+ X(w(VyZ2)) + VyX(w(2)).
(6.15)

The last six terms are

X(Vyw(Z)) =Y (w(VxZ)) - VxY(w(Z))
—Y(Vxw(Z))+ X(w(VyZ2)) + VyX(w(2))

(
= X(Y(@(2) ~w(Vy2)) = Y(@(Vx2)) - (X, Y]@(2))  (6.16)
Y (X (@(2)) ~w(Vx2)) + X(@(Vy2))
=0.
]

Remark. It would have been a bit easier to assume we were in normal coordinates,
and assume terms with VxY vanished, but we did the above for illustration.

In coordinates, this formula becomes

Viijk = Vjviwk — Rijkpwp' (617)

As above, we can extend this to (0, s) tensors using the tensor product, in an almost
identical calculation to the (r,0) tensor case. Finally, putting everything together,
the formula in coordinates for a general (r, s)-tensor 7' is

\v2 V TZ1 A V \v2 Tll A _|_ZR Zlel A 1M1y

Ji.-Js Ji---Js Ji---Js
s (6.18)
_ZRmkaJZ; ]Zi: VMg 1 Js”
6.3 Rough Laplacian and gradient
For (p, q) tensor T, we let
AT = tr(X — #(V*T)(X, ). (6.19)
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This is called the rough Laplacian. In coordinates this is

AT = g9V VT (6.20)
Equivalently, in an ONB,
AT =) 6yViV T (6.21)
2%

Proposition 6.3. For a function f € C3(M),
Adf = dAf + R (df). (6.22)
Proof. We compute in coordinates
AV, f = g"V,V\V.f

- glpvpvz‘vlf

= g"(V;V,Vif — R, "V f (6.23)

= vz’glpvpvlf + Rquf
=V,Af+R}V,f.

O

Remark. In (6.22), the Laplacian on the left hand side is not the Hodge Laplacian on
1-forms. More on this next time.

7 Lecture 6: September 20, 2007

7.1 Commuting Laplacian and Hessian
We compute the commutator of the Laplacian and Hessian, acting on functions.

Proposition 7.1. Let f € C*(M). Then
AV?f =V2Af + Rm*V2f + VRm V. (7.1)
Proof. We compute
(AVQf)ij = gklvkvlviv]’f

= ¢"Vi(VIViV; f)

= ¢"Vi(ViVIV, f = R, "V, f)

= ' (ViViViVif ) = ¢V (B, "V, f )

=g" (Vkvivjvlf) — ¢"V, (Rlij pvpf)

=1+1I

(7.2)
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We have

kl

kl

9

— " (Vi Vi = ViR V)

Lowering some indices, we obtain

[ =g (vivjvkvl f = Vi(RiguVPf) — Ruip VPV, f — Rypy ViV f).

Since g is parallel,

[ =V V;g"ViVif = Vi(g" R VP )

= ViV,Af = Vi(=Rj, VP f) + Ry V'V, f — Ry

The second term 1is

"V,f)

= —g"V}, <Rlipjvpf>
= —gklvk <Rpjlivpf>
_ _vk( pﬂ’“vpf>

= —ViR

pji

(v ViV, Vif = R’V V,f — RyViV, f)
gkl< (ViV5Vif) = R"VoVif = Ry ViV,f )
< (ViViVif = Ryi"Vof) = By "V, Vi f — Rkijpvlvpf)

Ro"VyVif = Ry Vi f ).

— 0" Ry VPV f — Ryip; VEVP f
VEVP f

VP f— R, FVLVPT

Using the contracted differential Bianchi identity (4.5), we write

II = —(V,Rj; — V;R,)V'f — R,/ *V, V' f
= —(VpRji = V;Rp)VP [ — Ry VEVP f

Combining everything, we have

AV f=1+11

— VVAf + (ViRy))VP f + Ry VNP + RiyVPV i f — Ry VEVP f
— (VpRji)VPf + (ViRy) VP f —
= V.V,Af + Ry VNP f + RyVPY, f —

+ (ViRjp + V;Ry — V,Ri;) V.

We can rewrite the formula as

AV V., f v V; Af + ( jpJik + Rngjk

+ (ViRjp + ViR, —
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Ry VEVP f
2 Ryip; VIV f

2Ry ) VNP f

(7.6)

(7.7)

(7.8)



Proposition 7.2. If g has constant sectional curvature kg, then

Proof. Since g has constant sectional curvature, ¢ is in particular Einstein, so all
covariant derivatives of Ricci vanish. The formula becomes

AV, V,;f =V, V;Af
+ ((n — Dkogjpgir. + (n — Dkogipgsr. — 2ko(grpgis — gipgkj))v’fvp f(7.11)

7.2 An application to PDE

We next give a PDE application of this formula.

Proposition 7.3. Assume that (M, g) has constant sectional curvature ko > 0, and
let @ C M be a domain with smooth boundary. Let f € C*(Q) be a convex function
in §2 satisfying

Af = h, (7.12)

where 0 < h € C*(Q) is a positive concave function. Then either (i) f is strictly
convex in §2, or (i) f satisfies the Monge-Ampére equation

det(V?f) =0, (7.13)
everywhere in €.

Proof. Consider the function H = det*"(V2f). Since f is convex, H > 0. We

compute in normal coordinates

AH = Z V,V,H
l

_ ; Vi(FIV,V,V,f) (7.14)

< F’JA%V]f
= FY(V,V;Af 4 2nkoV;V,; f — 2koAfgi),

where F'J is the linearized operator of det'/™, and we have used the fact that det'/"
is a concave function of the eigenvalues, in the positive cone.
Using the equation (7.12), this is

AH < F9(V,Vh+2nkoV,V,; f — 2koAfgi;). (7.15)
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Since f is convex, F'¥ is positive semi-definite, and since H is concave, V2h is negative
semi-definite, so

AH < 2kyF7(nV;V;f — Afgi;)
< 2kenFIN,V, f (7.16)
= QkonH

Rewriting, we have shown that
AH — 2konH < 0. (7.17)

In other words, H is a non-negative super-solution of the operator A — 2kgnl in €. If
H is not strictly positive in 2, then it must be zero at an interior point. In this case,
the strong maximum principle says that H vanishes identically in Q [GTO01, Section
3.2]. This completes the proof. O

Remark. The above result is called a Caffarelli-Friedman type estimate. We also
cheated a bit — H is not differentiable at 0, we leave it to the reader to fix this.

8 Lecture 7: Tuesday, September 25.

8.1 Integration and adjoints

If T is an (r, s)-tensor, we define the divergence of T', div T' to be the (r, s — 1) tensor
(div T) Vi, ., Vo) = tr(X = (U)X, Vi, Vo)), (8.1)

that is, we trace the covariant derivative on the first two covariant indices. In coor-
dinates, this is

(div D)5, = ¢/ViTys, (8.2)
If X is a vector field, define
(div X) = tr(VX), (8.3)
which is in coordinates
div X = §'V, X7 = V,X7. (8.4)
For vector fields and 1-forms, these two are of course closely related:

Proposition 8.1. For a vector field X,

div X =div (bX). (8.5)
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Proof. We compute
div X = 0;V,; X/

= 6 Vig"' X,
SR PVAVED'S (8.6)
- jg 1<)
= ¢"'V; X, = div (.X).
[

If M is oriented, we define the Riemannian volume element dV to be the oriented
unit norm element of A"(T*M,). Equivalently, if wy,...w, is a positively oriented

ONB of T*M,, then
dV =w' A AW (8.7)
In coordinates,
dV = y/det(g;;)dx' A -+ A da". (8.8)
Recall the Hodge star operator * : AP — A"7P defined by
anxB = (a,B)dV,, (8.9)

where a, 3 € AP.

Proposition 8.2. (i) The Hodge star is an isometry from AP to A"7P,

(11) *(W* A - AwP) = WPTLA o AW if wy, .. wy is a positively oriented ONB of
T*M,. In particular, *x1 = dV, and xdV = 1.

(i4i) On AP, * = (—1)P(n=P),

(iv) For o, B € AP,

(a, B) = *#(a A\ x3) = *(8 A *«). (8.10)

(v) If {e;} and {w'} are dual ONB of T,M, and T} M, respectively, and o € AP, then
# (W A @) = (=1)Pi, (xa), (8.11)

where ix : AP — AP~1 is interior multiplication defined by
ixa(Xy, ..., X)) =a(X, Xq,..., X)). (8.12)
Proof. The proof is left to the reader. n

Remark. In general, locally there will be two different Hodge star operators, depending
upon the two different choices of local orientation. Each will extend to a global Hodge
star operator if and only if M is orientable. However, one can still construct global
operators using the Hodge star, even if M is non-orientable, an example of which will
be the Laplacian.

30



We next give a formula relating the exterior derivative and covariant differentia-
tion.

Proposition 8.3. The exterior derivative d : QP — QP is given by

p

dw(Xo, ..., Xp) =Y (1) (Vx,w)(Xo,..., X, ..., Xp), (8.13)

=0

(the notation means that the )E'j term is omitted). That is, the exterior derivative dw
is the skew-symmetrization of Vw, we write dw = Sk(Vw). If {e;} and {w'} are dual
ONB of T, M, and T M, then this may be written

dw = Zwi A Ve,w. (8.14)

Proof. Recall the formula for the exterior derivative [War83, Theorem ?],

p

dw(Xo,- .., X,) = Y (~1)X; <w(X0, X ,Xp))
i=0 (8.15)
+Y (D)X X, Koo X X X).
1<j

Since both sides of the equation (8.13) are tensors, we may assume that [X;, X;], =0,
at a fixed point x. Since the connection is Riemannian, we also have Vx, X;(z) = 0.
We then compute at the point z.

dw(Xo, ..., X,)(z) = (-1)J‘Xj(w<xo,...,Xj,...,xp))(x)

<.
=l M%
o

(8.16)
=2 (W (Vx)(Xo, - K5, ) (@),

using the definition of the covariant derivative. This proves the first formula. For the
second, note that

Vx,w = oW = Zw (Vew), (8.17)
so we have
dw(Xo, ..., Xp)(x) =D (1) > w'(X)) - (Vew)(Xo, ..., Xj, ..., X,)(2)
J=0 =1 (8.18)
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Remark. One has to choose an identification of A(T*M) with A(TM)*, in order
to view forms as multilinear alternating maps on the tangent space. We choose
the identification as in [War83, page 59]: if w = e' A--- AeP € AP(T*M), and
e=e N---Ne, € AP(TM), then

w(e) = det[e’ (e )]. (8.19)

This makes the wedge product defined as follows. If a € QP, and (§ € Q9, then
1
aB(Xi, ... 7XP+Q> = p'_q' ZQ(XJ(U? T 7XU(P)) ) 6<X0(p+1)7 e 7X<7(p+11))7 (8.20)

and the sum is over all permutations of length p + ¢.
Proposition 8.4. For a vector field X,
*(div X) = (div X)dV = d(ixdV) = Lx(dV). (8.21)

Proof. Fix a point € M, and let {e;} be an orthonormal basis of 7, M. In a small
neighborhood of x, parallel translate this frame along radial geodesics. For such a
frame, we have V,e;(z) = 0. Such a frame is called an adapted moving frame field
at z. Let {w'} denote the dual frame field. We have

Lx(dV) = (dix +ixd)dV = d(ixdV)
= Zwi AV (ix(@ A+ Aw™)

= Zw"/\vei«—l)j—lzn:wj(X)wl Ao AN /\---/\w”)
i j=1

(8.22)
= Z(_l)j_lei(wj(X))wi AWEA AT A AW
,J
= WiV, X)dV
= (div X)dV = *(div X).
O

Corollary 8.1. Let (M, g) be compact, orientable and without boundary. If X is a
C* wvector field, then

/(mvxmvzo. (8.23)
M
Proof. Using Stokes’ Theorem and Proposition 8.4,

(@mwxmvz/auqu/ iodV = 0. (8.24)

oM
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Using this, we have an integration formula for (r, s)-tensor fields.

Corollary 8.2. Let (M, g) be as above, T' be an (r, s)-tensor field, and S be a (r,s+1)
tensor field. Then

/ VT, S)dV = — / (T, div S)dV. (8.25)

M

Proof. Let us view the inner product (7, S) as a 1-form w. In coordinates

w=(T,8) = T} 7S dgi. (8.26)

1.8 Y JJ1.Ts

Note the indices on T" are reversed, since we are taking an inner product. Taking the
divergence, since ¢ is parallel we compute

div (T, S)) = VI (T{1 7Sk )

i1.de T g1 s

V() Siin e it (8.27)

1.0 JJ1.--Js 1. 2r JJ1--Js

=(VT,S) + (T, div S).
The result then follows from Proposition 8.1 and Corollary 8.1. O]

Remark. Some authors define V* = —div, for example [Pet06].
Recall the adjoint of d, 6 : QP — QP! defined by

dw = (=1)"PHDFL y d 5 . (8.28)

Proposition 8.5. The operator § is the L* adjoint of d,

/M (5, B)dV = /M (o, dR)dV. (8.29)

where o € QP(M), and 3 € QP~H(M).

Proof. We compute

/M<a,d5>dV:/Mdﬁ/\*a
:/M<d(ﬁ/\*a)—|—(—1)p6/\d*a)

(_1)p+(n_17+1)(17_1)5 A%k d* (830)

I,
/Mw, (=1)"@HDH y d % a)dV
I,

(B,0a)dV.
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Proposition 8.6. On (7, § = —div.
Proof. Let w € QF. Fix x € M, and dual ONB {e;} and {w'}. We compute at =,

(div w)(z) = Z le; Ve,w
= Z p(n p)( ( * *(Vejw))>

= p(n=p) Z )Pk (W A%V w) (8.31)

— (—1)<p+1><"—p> D (W AV, (kw))
= (—1)""H (xd x w) (2).
O

Remark. Formula (8.6) requires a bit of explanation. The divergence is defined on
tensors, while ¢ is defined on differential forms. What we mean is defined on the first
line of (8.31), where the covariant derivative is the induced covariant derivative on
forms.

An alternative proof of the proposition could go as follows.

/M (a0, 88)dV = /M (dav, B)dV
_ /M (Sk(Va), B)dV
_ /M (Va, B)dV
_ /M (o, —div B)dV.

Thus both § and —div are L? adjoints of d. The result then follows from uniqueness
of the L? adjoint.

(8.32)

9 Lecture 8: September 23, 2007

9.1 Bochner and Weitzenbock formulas
For T an (r, s)-tensor, the rough Laplacian is given by
AT = div VT. (9.1)
For w € QP we define the Hodge laplacian Ay : QP — QP by
Apw = (dd + dd)w. (9.2)

We say a p-form is harmonic if it is in the kernel of Ay.
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Proposition 9.1. For T and S both (r, s)-tensors,
/ (AT, SYdV = — / (VT, VS)dV = / (T, AS)dV. (9.3)
M M M
For a, 3 € QP,
/ (Ao, )V = / (o, AgB)dV. (9.4)
M M

Proof. Formula (9.3) is an application of (9.1) and Corollary (8.2). For the second,
from Proposition 8.5,

/M<AHa,5>dv /((d6+6d)a,ﬂ>dv

_ /M (doa, BV + /M (5da, B)dV

= | (5, 8B)dV + / (da, dB)dV (9.5)
M M

:/ o, ds ) dV+/ (o, 5dB)dV
M M

- / (0, A B)dV
M
]

Note that A maps alternating (0, p) tensors to alternating (0, p) tensors, therefore
it induces a map A : QP — QF (note that on [Poo81, page 159] it is stated that
the rough Laplacian of an r-form is in general not an r-form, but this seems to be
incorrect). On p-forms, A and Ay are two self-adjoint linear second order differential
operators. How are they related? Consider the case of 1-forms.

Proposition 9.2. Let w € Q'(M). If dw = 0, then
Aw = —Ay(w) + Rc' (w). (9.6)

Proof. In Proposition 6.3 above, we showed that on functions,

Adf = dAf + Rc"(df). (9.7)
But on functions, Af = —Agf. Clearly Ay commutes with d, so we have
A(df) = —An(df) + R (df). (90.8)

Given any closed 1-form w, by the Poincaré Lemma, we can locally write w = df for
some function f. This proves the formula. m

Corollary 9.1. If (M, g) has non-negative Ricci curvature, then any harmonic 1-
form is parallel. In this case by(M) < n. If, in addition, Rc is positive definite at
some point, then any harmonic 1-form is trivial. In this case by(M) = 0.
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Proof. Formula (9.6) is
Aw = Rc"(w). (9.9)

Take inner product with w, and integrate

/M<Aw,w) :—/M|Vw|2dV:/MRic(jjw, fw)dV (9.10)

This clearly implies that Vw = 0, thus w is parallel. If in addition Rc is strictly
positive somewhere, w must vanish identically. The conclusion on the first Betti
number follows from the Hodge Theorem. O]

We next generalize this to p-forms.

Definition 1. For w € QP, we define a (0, p)-tensor field p, by

n p
po(Xis X)) =30 (RAp(ei,Xj)w> (X1, Xy en Xjans o0 X)), (9.11)

i=1 j=1
where {e;} is an ONB at x € M.

Remark. Recall what this means. The Riemannian connection induces a metric con-
nection in the bundle AP(7T*M). The curvature of this connection therefore satisfies

Rav € F(AQ(T*M) ®5U(AP(T*M))). (9.12)

We leave it to the reader to show that (9.11) is well-defined.

The relation between the Laplacians is given by

Theorem 9.1. Let w € QP. Then
Apgw = —Aw + p,. (9.13)
We also have the formula
(Ao, ) = S Aulof? + Vol? + {pu, ). (9.14)
Proof. Take w € (¥, and vector fields X,Y3,...,Y,. We compute
(Vw —dw)(X, Y1,...,Y,) = (Vxw)(Y7,...,Y,) —dw(X,Y7,...,Y)) (9.15)

p
= (Vyw)(Yi,.. Yo, X, Y, Y), (9.16)
j=1
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using Proposition 8.3. Fix a point € M. Assume that (VY)), = 0, by parallel
translating the values of Y at x. Also take e; to be an adapted moving frame at p.
Using Proposition 8.6, we compute at x

(div Vw + 6dp) (Ys, ..., Y,) = div (Vw — dw) (Y1, ...,Y,)

0

/N

Ve,(Vw — dw))(ei,Yl, oY)

@
Il
=

@
I
—

ei(Vw — dw)) (€, Y1,...,Y})

€Z<(VYJW)<}/1, c. ,}G,l,ei,ﬁ/}+1, c. ,}/;,)

Mﬁ

s
I
—

1

J

NE

(VeiVij)(Yl, ce 7}/]’—17 e,»,YjH, ce ,}/p>

i=1 j=1
(9.17)
We also have
p . ~
dow(Y1,...,Y,) =Y (1T (Vydw)(V1,...,Y],...,Y,)
j=1
p . n ~
:Z<_1)]}G (Z(Vezw)(ew}/la7}/]77n>> (918)
j=1 i=1
n p
> (Vi Vew) Vi, Yoo e, Yiga, .., Y,).
=1 j5=1

The commutator [e;, Yj|(z) = 0, since V., Y;(x) = 0, and Vy,e;(x) = 0, by our choice.
Consequently,

(Agw + Aw)(Y7,...,Y,) = (Agw +div Vw)(Ys,....Y,) = po(Y1,....Y,).  (9.19)
This proves (9.13). For (9.14), we compute at x

div Vw(Yi,...,Y}) Zv (Vw)(er, Yi,...,Y,)

= Z ei(Ve,w)(Yr,...,Y,) (9.20)

=3 (Ve Vew)(Yi. . Yy).
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Next, again at x,

(—divVw,w) = — Z(Vaiveiw,w>

- _ Zei (Ve,w,w) — (Ve,w, Ve,w))
lz‘ (9.21)
=3 Z(eiei\wP) + |[Vw?

1
= §AH|¢U|2 + [Vl
]

Remark. The rough Laplacian is therefore “roughly” the Hodge Laplacian, up to
curvature terms. Note also in (9.14), the norms are tensor norms, since the right
hand side has the term |Vw|? and Vw is not a differential form. We are using (8.19)
to identify forms and alternating tensors. This is an important point. For example,
as an element of A>(T*M), e! A €? has norm 1 if ¢!, e are orthonormal in T*M. But
under our identification with tensors, e! A e? is identified with e! ® €2 — e? ® e!, which
has norm /2 with respect to the tensor inner product. Thus our identification in
(8.19) is not an isometry, but is a constant multiple of an isometry.

10 Lecture 9: October 2, 2007

10.1 Manifolds with positive curvature operator

We begin with a general property of curvature in exterior bundles.

Proposition 10.1. Let V be a connection in a vector bundle m : E — M. As before,
extend V to a connection in AP(E) by defining it on decomposable elements
P
Vx(si A Asy) =) stA--AVxsi A As,. (10.1)
i=1

For vector fields X,Y, Rar(g)(X,Y) € End(AP(E)) acts as a derivation
p
Rar(p)(X,Y)(s1 A Asp) =D s A ARu(X,Y)(s) A--- A sy (10.2)
i=1

Proof. We prove for p = 2, the case of general p is left to the reader. Since this is a
tensor equation, we may assume that [X,Y] = 0. We compute

RA2(E)<X, Y)(Sl A 82) = vay(sl A\ 82) — VYVX(Sl A 82)
=Vyx ((Vysl) N Sy + 81 A\ (VySg)) — Vy<(VX81) N S+ 81 A (VX52)>

= (Vva)Sl NSy + Vysi AVxss+Vxsi AVyss + s A (Vva)Sg (103)
— (Vva>51 A So — VX51 A\ VYSQ — VySl A VXSQ — 51 A (VYVX)SQ

- (RV(X, Y)(51)> A sy + 81 A (Rv(X, Y)(Sz))-
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We apply this to the bundle £ = AP(T*M). Recall for a 1-form w,
ViVjw =V;Viw — R, . (10.4)
In other words,
(R(8;, 0j)w)i = =Ry "wr, (10.5)

where the left hand side means the curvature of the connection in 7% M, but the right
hand side is the Riemannian curvature tensor. For a p-form w € (P, with components
Wi ...i,, Proposition 10.1 says that

p
(RA;D (ea, 66)(&)) - — Z Raﬁzk lwil...ikfllikJrl...ip? (106>

i1 —

where the left hand side now means the curvature of the connection in AP(T*M).
Next, we look at p, in coordinates. It is written

(P)iveiy = 9™ (R (0 0y )w),

21...ij_1lij+1...ip' (107)
j=1
Using (10.6), we may write p,, as
1
(Pw)is.. iy =—9" Z Z R, ik P Wi iy Ui ik i
7=1 k=1,k#j
) (10.8)
!
ga Z Raiﬁnwil...ij_lmi]-+1...ip
j=1
Let us rewrite the above formula in an orthonormal basis,
)Ow Giodp Z Z Z Rlzjmzszl i1l i 1M1 0p
Lm=1 j=1 k=1 k#j
0 (10.9)
+ Z Z RiimWiy . ij_ymijr..ip-
m=1 j=1
Using the algebraic Bianchi identity (3.25), this is
Rli]'mik + leiki]' + Rlikijm = 07 (1010)
which yields
Rlijmik - Rmijlik = leijik' (1011>
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Substituting into (10.9) and using skew-symmetry,

1 n p p
(pw)ii...ip = D) g g g (Rlijmik - Rmz‘jlik)wil...z‘j_llijﬂ...z‘k_lmz‘k+1...z‘p

Im=1 j=1 k=1,k+#j

mp
+E E Ry mWiy .65 ymijyn iy

m=1 j=1

n p p
1 Z Z Z
- _5 lei]‘ikwil..A’L.j_llij+1A..ikflmik+1...ip

Im=1 j=1 k=1,k#£j

m p
+§ E Ry mWiy . ij_ymijyr..ip-

m=1 j=1

(10.12)

Theorem 10.1. If (M™,g) is closed and has non-negative curvature operator, then
any harmonic form is parallel. In this case, by (M) < (Z) If in addition, the curvature
operator is positive definite at some point, then any harmonic p-form is trivial for
p=1...n—1. In this case, b,(M) =0 forp=1...n—1.

Proof. Let w be a harmonic p-form. Integrating the Weitzenbock formula (9.14), we
obtain

0:/ |Vw|2dV+/ (P, w)dV. (10.13)
M M

It turns out the the second term is positive if the manifold has positive curvature
operator [Poo81, Chapter 4], [Pet06, Chapter 7]. Thus |Vw| = 0 everywhere, so w
is parallel. A parallel form is determined by its value at a single point, so using the
Hodge Theorem, we obtain the first Betti number estimate. If the curvature operator
is positive definite at some point, then we see that w must vanish at that point, which
implies the second Betti number estimate. Note this only works for p=1...n —1,
since p,, is zero in these cases. U

This says that all of the real cohomology of a manifold with positive curvature
operator vanishes except for H" and H°. We say that M is a rational homology
sphere (which necessarily has x(M) = 2). If M is simply-connected and has positive
curvature operator, then is M diffeomorphic to a sphere? In dimension 3 this was
answered affirmatively by Hamilton in [Ham82]. Hamilton also proved the answer is
yes in dimension 4 [Ham86]. Very recently, Bohm and Wilking have shown that the
answer is yes in all dimensions [BW06]. The technique is using the Ricci flow, which
we will discuss shortly.

We also mention that recently, Brendle and Schoen have shown that manifolds
with 1/4-pinched curvature are diffeomorphic to space forms, again using the Ricci
flow. If time permits, we will also discuss this later [BS07].

Remark. On 2-forms, the Weitzenbock formula is

(AHu))ij = —(Aw)ij — Z leijwlm + Z Rimwmj + Z ijwim. (1014)
I,m m m
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Through a careful analysis of the curvature terms, M. Berger was able to prove a
vanishing theorem for H?(M,R) provided that the sectional curvature is pinched
between 1 and 2(n — 1)/(8n — 5) [Ber60].

11 Lecture 10: October 4, 2007

11.1 Killing vector fields

For a vector field X, the covariant derivative VX is a (1,1) tensor. Equivlently, VX €
['(End(TM)). Any endomorphism 7" of an inner product space can be decomposed
into its symmetric and skew-symmetric parts via

(Tu,v) = = ((Tu,v) + (u, Tv)) + ((Tu,v) — (u, Tv))

1
2 (11.1)
=(T

sym, V) + (Tspu, v).

Furthermore, the symmetric part may be decomposed into its pure trace and traceless
components

Typm = EH%_ EH (T—#I). (11.2)
The decomposition
T — ﬂJJFJC’UFTS,C, (11.3)
is irreducible under the action of the orthogonal group O(n).
Proposition 11.1. For a vector field X,
S(VX )oY, 7) = L9V, 2) (11.4)
o((VX)Y, Z) = 5dX)(Y, 2), (115)
and the diagonal part is
div X, (11.6)

n

Proof. Recalling the formula for the Lie derivative of a (0, 2) tensor,

Lxg(Y.Z)=X(g(Y,2)) — g([X,Y], Z) — g(Y, [X, Z])
=X(9(Y,2)) —g(VxY = VyX,Z) - g(Y,VxZ - VzX)
=9(Vy X, 2) +g(Y,V2X) + X(9(Y, 2)) — 9(VxY, Z) — g(Y,Vx Z)
= 29<<VX)sym Z)
(11.7)
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which proves (11.4). Using the formula for d,

dbX)(Y,Z) =Y ((0X)(Z2)) — Z(0bX)Y) — 0X)([Y, Z])
=Y (9(X,Z2)) - Z(g(X,Y)) — 9(X,[Y, Z])
=9(Vy X, Z) + g(X,VyZ) — g(VzX,Y) — g(X,VzY) — g(X,[Y, Z])
=9(VyX,Z2) —g(VzX,Y)+9(X,VyZ = V7Y —[Y, Z])
=29((VX)aY, Z),
(11.8)

which proves (11.5). Formula (11.6) is just the definition of the divergence as the
trace of the covariant derivative. O

A vector field X is a Killing field if the 1-parameter group of local diffeomorphisms
generated by X consists of local isometries of g.

Proposition 11.2. A vector field is a Killing field if and only if Lxg = 0, which is
equivalent to the skew-symmetry of VX.

Proof. Let ¢, denote the 1-parameter group of X,
d d

—(019)] = —-(619)|,
oad (11.9)
— 61 (6%9)|
= ¢;Lxg.
It follows that ¢;g = ¢ for every t if and only if Lxg = 0. The skew-symmetry of
VX follows from Proposition 11.1 ]

Note that, in particular, a Killing field is divergence free. We next have a formula
due to Bochner

Proposition 11.3. Let X be a vector field. Then
29(AX, X) +2|VX]? + Al X|* = 0. (11.10)
Proof. Let e; be an adapted moving frame at x € M. We compute at x

29(AX, X) +2|VX]* + A|X|?

=23 (9(Ve, Ve X, X) [V, XPP) = div (VX))
=2 ((9(VeX, X)) = 9(VeX, Vo X) + [Ve X ) = 3 VoV (9(X, X))
= 2Z€l(g(V€1X7 X)) - QZvei(g(vez'X’ X)) = 0.

(11.11)
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We next have

Proposition 11.4. If X s a Killing field, then
AX + Re(X) = 0. (11.12)

If in addition M 1is compact and Rc is negative semidefinite, then X s parallel and

Ric(X,X) = 0.

Proof. Let e; be an adapted frame at x € M, and let Y be a vector field with
(VY), = 0. At the point z,

g(AX,Y) + Ric(X,Y)

= 9(Ve Ve X, Y) 4 g(Ve VyX = VyV. X, ;)
i=1 i=1

= 3 a0V X V) + Y ela(VyXe)) = SV (9(VeX.e) (11.13)

== eilglei, Vy X))+ Y ei(g(Vy X, &) = Y(div X),
i=1 i=1
=0.
This proves 11.12. Using (11.10), we have
—Ric(X, X) +2|VX |+ A|X|* = 0. (11.14)
If M is compact, using Corollary 8.1, we obtain
—/ Rz’c(X,X)dV+2/ |IVX|*dV = 0. (11.15)
M M
If Ric is negative semidefinite, then clearly VX = 0, so X is parallel. O

Corollary 11.1. Let (M, g) be compact, and let Iso(M, g) denote the isometry group
of (M,g). If (M, g) has negative semi-definite Ricci tensor, then dim(Iso(M,g)) < n.
If, in addition, the Ricci tensor the Ricci tensor is negative definite at some point,
then Iso(M, g) is finite.

Proof. 1f the isometry group is not finite, then there exists a non-trivial 1-parameter
group {¢;} of isometries. By Proposition 11.2, this generates a non-trivial Killing
vector field. From Proposition 11.4, X is parallel and Ric(X,X) = 0. Since X is
parallel, it is determined by its value at a single point, so the dimension of the space
of Killing vector fields is less than n, which implies that dim(Iso(M, g)) < n. If Ric is
negative definite at some point x, then Ric(X,, X,) = 0, which implies that X, = 0,
and thus X = 0 since it is parallel. Consequently, there are no nontrival 1-parameter
groups of isometries, so Iso(M, g) must be finite. ]

Note that an n-dimensional flat torus S! x --- x S! attains equality in the above
inequality. Note also that by Gauss-Bonnet, any metric on a surface of genus g > 2
must have a point of negative curvature, so any non-positively curved metric on a
surface of genus g > 2 must have finite isometry group.
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11.2 Isometries

Since there were a few non-trivial points about isometries used above, we present
here some standard facts about isometries. There are 2 notions of isometry. The first
definition is a map which is surjective and distance preserving, viewing a Riemannian
manifold as a length space. The other is a diffeomorphism ¢ : M — M which satisfies
¢*g = g. These two notions coincide [Hel78, Theorem I.11.1].

Theorem 11.1. The isometry group Iso(M, g) of a connected Riemannian manifold is
a Lie group with respect to the compact-open topology. Furthermore, If M is compact,
then Iso(M, g) is also compact.

Proof. Consider the bundle of orthonormal frames
O(n) — F(M) — M, (11.16)

which is a principal O(n) bundle over M. Fix a point x € M, and a frame V, =
{e1,...,e,} based at x. Any isometry ¢ of (M, g) lifts to a bundle automorphism
¢ : F(M) — F(M), which preserves the canonical R"-valued 1-form w, and the so(n)-
valued connection form «. The mapping ¢ — QE(V;) defines an embedding. This is
injective since any isometry which preserve a point, and induces the identity map in
the tangent space at that point, is globally the identity map [Hel78, Lemma 1.11.2].
Furthermore, the image of Iso(M, g) is a closed submanifold, this is proved in [Kob95,
Theorem 3.2]. If M is compact, then sois F/(M). A closed submanifold of a compact
space is itself compact. O

Note that as a corollary of the above proof, we obtain for any (M™, g),

dim(Iso(M, g)) < w

(11.17)
If equality is attained in the above inequality, then (M, g) must have constant sectional
curvature. To see this, by the above imbedding, we would have Iso(M,g) = F(M), or
one of the 2 connected components of F'(M). The isometry group must act transitively
on 2-planes in any tangent space (since SO(n) does), therefore (M, g) must have
constant sectional curvature. With a little more work, one can show that (M, g) is
isometric to one of the following spaces of constant curvature (a) R™, (b) S™, (c) RP",
(d) hyperbolic space H", see [Kob95, Theorem I1.3.1].

Remark. We remark that if (M, g) is complete, then every Killing vector field is com-
plete (that is, the local 1-parameter group is global, and the 1-parameter subgroups are
defined for all time) [Kob95, Theorem II.2.5]. Thus the Lie algebra of Iso(M, g) can
be identified with the space of Killing vector fields, even in the complete non-compact
case.
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12 Lecture 11: October 9, 2007

12.1 Linearization of Ricci tensor

We recall the formula for the Christoffel symbols in coordinates

1
Il = 59“ (aigjl + 091 — 8lgij>7 (12.1)
and the formula for the curvature tensor in terms of the Christoffel symbols,

We let h € T'(S*(T*M)) be a symmetric (0,2) tensor and linearize the Christoffel
symbols in the direction of h. We will let primes denote derivatives, for example

0
() = atr’“ (g +th). (12.3)
Recall the formula for the derivative of an inverse matrix
(g7 =—g'gg™". (12.4)

Proposition 12.1. The linearization of the Christoffel symbols is given by
1
(Ff}), = §gkl (Vihjl + vjhil - Vlhij> . (125)

Proof. Tt is easy to see that the difference of any two Riemannian connections V — V
is a tensor, satisfying

V-V =T(TM ® S*(T*M)). (12.6)
This clearly implies that T" € T(TM ® S?(T*M)) is also a tensor. Since (12.5) is a

tensor equation, we prove in a normal coordinate system centered at x € M,

1 1
(I5) = 5(9’“)’ (@-gﬂ + 09 — 9z9¢j> + 59’“ (&g}l + 0,95 — 3192]-). (12.7)

At the point z, we have

1
(T5) (@) = 59" (Oihst + Byha — iy ) ()
% (12.8)
= 59" (Vi + Vsha = Vih; ) @),
and we are done. O]
Proposition 12.2. The linearization of the Ricci tensor is given by
1
(Ric)i; = —( — Ahg; + Vi(div h); + V;(div h); — V,V;(trh)
2 (12.9)

— 2Riyjph" + RYhyy, + Rﬁ?hﬂ))'
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Proof. Tracing (12.2) on i and [, we find the formula
(Ric)j = 0y(T%) — 0;(T) + DT, — TRTY . (12.10)
In normal coordinates, at x we have
(Ric )i () = VilT) = VilTh) = 591 (6™ (Vi + Vi — Vo)
. %vi (glm(vlhjm VB — vmhlj))

gm (ViViljm — ViNihjm 4+ ViV jhim — ViV b — ViV i + ViV )

N =D —

1 1
glm( — Ry "hym — Ry hip) — §Vivj(t7’h) - §Ahij

+
N | —

9" (ViVhim + ViV hy;)

N | —

— Ry Pl Rohgy = ViV (trh) = Ah; )

lij "'p

+ =" (ViVihim — Ry "hpm — Ry Phip + ViV hy)

1ji Ijm

N | —

- R

N |

lij

P+ RPN, — W,V (trh) — Ah@)

1 , .
+5 (vj(dw h); — Ry, "hl + RPhy, + Vi(div h)j).

lji
(12.11)

Using the symmetry of h,
—R,."hl, — R

1ij 'p 1ji

Phy, = = Rigp; B — Ryjpih (12.12)
- —Rlipjhpl - Rpiljhlp - —2Riljphlp.
Collecting all the terms, we have proved (12.9). O

Remark. Equation (12.9) is often written as
(Ric')y; — %(AL% £V (div h), + V,(div b, — V.9, (rh) ). (12.13)
where Ay, is the Lichneriowicz Laplacian defined by
A = —Ahy; — 2Ryjph" + RPhj, + RPhy,. (12.14)
Proposition 12.3. The linearization of the scalar curvature is given by
R = —A(trh) + div’h — R,h'?. (12.15)
Proof. Using (12.4) and Proposition 12.2, we compute
R' = (¢"(Ric)y;)' = (9") Rij + g” (Ric);
= —(g7'hg )9 R;j — A(trh) + div’h (12.16)
= —A(trh) + div’h — Rj,h'?.
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12.2 The total scalar curvature functional

Let M denote the space of Riemannian metrics on M. We define the Einstein-Hilbert
functional £ : M — R

E(g) = /MRgdvg. (12.17)

This is a Riemannian functional in the sense that it is invariant under diffeomor-
phisms.

Proposition 12.4. If M is closed and n > 3, then a metric g € M is critical for E
if and only if g is Ricci-flat.

Proof. We compute the first variation of E. For the volume element,

(dV,) = (v/det(g)dz' A -+ A da™)

1 g
— §(det(g))_l/2T” Vhigdxt A A da”

n—

1/ 1 (12.18)
= (——19 Vh,d
Z(det(g) "*1> i@V

1
= Stry(R)Y,,

where T/7 | is the cofactor matrix of g;;. We then have

o) = [ (R4 gtmm)av,

— / ( — A(trh) + div’h — R%hy, + gtrg(h)>dvg (12.19)
M
lp R lp
= ((_R + 59 )hlp>dvg'
M
If this vanishes for all variations h, then
Ric = gg. (12.20)

Taking a trace, we find that R = 0, so (M, g) is Ricci-flat. O

Remark. 1f n = 2 the above proof shows that E has zero variation, thus is constant.
This is not surprising in view of the Gauss-Bonnet Theorem.

Remark. Notice that the Euler-Lagrange equations are the vanishing of the Einstein
tensor, which is divergence free. This is actually a consequence of the invariance of
E under the diffeomorphism group, so this property will hold for any Riemannian
functional.
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Lemma 12.1. Let A > 0, and let g(\) = Ag. Then

Ryix
Rm(g
Ric(g

R(g

Rg

(A)) = ARm(g)
(A) = Ri ( ) (12.21)
() 'R(g)

dVyn) = A"/Qqu.

)
)
)
)

Proof. This is clear directly from the definitions of the various curvatures and volume
element given above. O]

The functional E is not scale-invariant for n > 3. To fix this we define
E(g) = Vol(g) =" / R,dV,. (12.22)
M

To see that this is scale-invariant, replace g with g(\)

T(g(\) = Vol(g / Ry dVis
:(/\"/QVol(g))n/ AR AV, (12.23)
= E(9).

Proposition 12.5. If M is closed andn > 3, then a metric g € M is critical for E if
and only if g is Finstein. A metric g is critical for E under all conformal variations
if and only if g has constant scalar curvature.

Proof. We compute

— 2—n

E(g) =

Vollg) = (Vallg)) [ Ry,

2—n R
+ VOl(g)T / < — Rlp + Eglp)hlp> d‘/g
M

22n (2 —1 B 1
—Vallg)'+ (2 Vell) ™t [ Sy [ Rav,)

—n R
+V0[(g)2”/ (—Rlp—FEglp)hlpd‘/g.
M

(12.24)

Consider only conformal variations, that is g(t) = f(t)g, then h = ¢'(t) = f'(t)g =
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trqgh
n

g is diagonal. For these variations, we have

. R, tryh
—i—VOl(g)Zn/ (—Rlp+§glp) Lo
M n

glp) v,

2—n 2_ 1
:v01(9)7< nnVol(g)_l/Mg(trgh)dVg~/MRngg> (12.25)
2—n

2_
“Vol(g)= | Ry(tryh)dV,
2n M
n—2 2-n —
= 2valg) ([ (R, - Bav,).
M

n

where R denotes the average scalar curvature
R= Vol(g)_l/ R,dV,. (12.26)
M

If this is zero for an arbitrary function tryh, then R, must be constant. The full
variation then simplifies to

R — 2—n R
E'(g) = Vol(g) = /M ( - R” + Eglp) hipdV,. (12.27)

If this vanishes for all variations, then the traceless Ricci tensor must vanish, so (M, g)
is Einstein. N

Remark. Instead of looking at the scale invariant functional E, one could instead
restrict £/ to the space of unit volume metrics M;. This introduces a Lagrange
multiplier term, and the resulting Euler-Lagrange equations are equivalent to those
of the scale invariant functional.

13 Lecture 12: October 11, 2007.

13.1 Ricci flow: short-time existence

In the previous section, we saw that critical points of the Einstein-Hilbert functional
are Einstein. In order to find Einstein metrics, one would first think of looking at the
gradient flow on the space of Riemannian metric. This is

0 . R
579 = Bicg = ng, 9(0) = go. (13.1)

It turns out that this is not parabolic. Undeterred by this fact, Hamilton considered
the modified flow
0

ag = —2Ric,, ¢(0) = go. (13.2)
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This turns out to be almost strictly parabolic. The problem is with the action of
the diffeomorphism group. For example, consider a Ricci flat metric on a compact
manifold. If the Ricci flow were strictly parabolic, then the space of steady state
solutions would be finite dimensional. But the space of Ricci flat metrics is invariant
under the diffeomorphism group, so is infinite dimensional. Nevertheless, we have

Proposition 13.1. Let (M, g) be a compact Riemannian manifold. Then there exists
an € > 0 such that a solution of the Ricci flow exists on M x [0,€). Furthermore, the
solution is unique.

The remainder of this section will be devoted to the proof. First assume we have
a solution of the Ricci flow defined on some short time interval. For any nonlinear
system of PDEs, we say it is parabolic at a solution u; provided the linearized operator
at u; is parabolic. As mentioned above, the Ricci flow is degenerate parabolic. To
see this, recall the linearization of the Ricci tensor,

1
(Ric');; = 5( — Ahyj + Vi(div h); + V;(div h); — V;V; (trh)) + lower order terms.
(13.3)

Fix a point x € M, and consider normal coordinates at p. We may write the above
operator at x,

n

1 Z (_ thij X 82th 82hli 82hkl

(RZC )z‘j = 5 Ork oz Orior! O0xioxt - O0xt oI

) + lower order terms.
k=1
(13.4)

We would like the first term to be the Laplacian, so let £ = —2Ric, and we have

_ — + ) + lower order terms. (13.5)

"/ Ohy; D?hy; 0?hy; 0?hyy
E);: = *J — — —_——
(E)is Z (6:5’“83:1 oxriox!  Oxioxt  OxidxI

k=1
The linearization of E at g is a mapping
E'(g) : T(S*(T*M)) — T(S*(T*M)). (13.6)
The symbol of E’ at x is a mapping
o(E"(z) : T:M x S*(TFM) — S*(T:M), (13.7)

and is formed by replacing partial derivatives with the corresponding cotangent di-
rections in only the highest order terms. We obtain

o(E)(x)(&h) = (Sk&hij — &&hyy — &&hu; + @@-hkl) . (13.8)

k=1

20



Let us assume that £ = (1,0,...,0) satisfies § = 1, and § = 0 for ¢ > 1. A simple
computation shows that

(0(B) (@) (& h)),, = hy it i # 1,5 #1
((E)(@)(& h)),, = 0if j # 1,

n (13.9)
(c(EY@)(E ), = > b

The symbol in the direction £ has a zero eigenvalue, so the Ricci flow cannot possibly
be strictly parabolic. To remedy this, we will define a modified flow which s strictly
parabolic. Define the 1 form V' by

1
V =div h — QV(trh), (13.10)
and rewrite E' as
(E")ij = Ahy; — V;V; — V,;V; + lower order terms. (13.11)

We will next find another operator whose linearization is the negative the second two
terms on the right hand side, up to lower order terms. To this end, define a vector
field

Wk = gri(rh —TF ), (13.12)

where I are the Christoffel symbols of a reference connection. Since the difference
of two connections is a tensor, this defines a global vector field W. Consider the

operator P : M — T['(S*(T*M)), defined by
P(g) = Lwg. (13.13)

Recall from Proposition 11.1 that the Lie derivative of the metric with respect to a
vector field is the symmetric part of the covariant derivative. In coordinates, this is

(Lwg)ij = ViW,; + V; W, (13.14)

where W; are the components of the dual 1-form b1W. We linearize in the direction of
h, and use normal coordinates at x:

1
- (0:(Ophs + Ol = Dhpg) + Dy(Ophis + Dghyi = D))
p,q

= Vl(dlv h)J + Vj(dlv h)z - Vlvj(tTh)
(13.15)

This shows that

(P’(g)(h))ij = V,;V; +V,V; + lower order terms. (13.16)
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So we define the Ricci-DeTurck low by
9
ot

where §* : T'(T*M) — T'(S*(T*M)) is the operator defined by

— —2Ric, + 6*OGW), g(0) = go, (13.17)

(5*w)ij = V,wj + ij,‘, (13.18)

and W is the vector field defined in (13.12) above. The computations above show this
is now a strictly parabolic system, since the leading term is just the rough Laplacian,
which has diagonal symbol

o(A)(x) (€, h) = [¢[2h. (13.19)

Short time existence for the modified flow follows from [Eid69, Chapter ?] using an
iteration procedure, see also [Lie96, Theorem VIIL,8.2], by using the Schauder fixed
point theorem. We will discuss this next lecture.

We next show how to go from a solution of the Ricci-DeTurck flow back to a
solution of the Ricci flow. Define a 1-parameter family of maps ¢; : M — M by

9 bula) = ~W(61(a), 1), b = Tdas (13.20)

The maps ¢, exists and are diffeomorphisms as long as the solution g(t) exists, this
is proved in [CK04, Section 3.3.1].

We claim that g(t) = ¢;g(t) is a solution to the Ricci flow. First, §(0) = ¢(0)
since ¢g = Idy;. Then

O (919(1)) = o= (Giuaals +1)
= 01 (S0t)) + - (@%yante)|
= 67(~ 2Riclg(0) + Lo (1) + (67" 0 601 679(1))

= —2Ric(dig(t)) + o (Lw g () — Lig-1y,wa(019(t))
= —2Ric(d;g(1)),

s=

(13.21)

s=0

using the fact that

0 0
%(@_1 O Prys) (67 1)s <%¢t+s

=@, (13.22)

s=0 S=

We will discuss uniqueness next time.
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14 Lecture 13: October 16, 2007

14.1 Uniqueness

Last time we showed how go to Ricci-DeTurck flow back to a solution of Ricci flow.
The procedure was: given a solution ¢(t) to the Ricci-DeTurck flow defined on M x
0, €], define the vector field W by

Wk = gra(rk —T% ), (14.1)

and let ¢; be the 1-parameter family of diffeomorphisms solving

0
Seu(z) = =W (6u(2),1), 60 = Ldyr. (14.2)

Then §(t) = ¢;g(t) is a solution of the Ricci flow. To go in the other direction, we look
at harmonic maps. Let (M, g) and (IV,h) be Riemannian manifolds. For a smooth
map f: M — N, view the derivative of f as a section

f. e T(T*M ® f*TN). (14.3)

Since both T'M and T'N are equipped with their respective Riemannian connections,
the bundle on the right hand side also carries the induced connection. We then write

V(f) el'(T"M T*M & f*TN). (14.4)
We define the harmonic map Laplacian as
Agnf =1try(V(f.)) € D(f*TN). (14.5)
In coordinates, this is
o _ af Pf r Of° o af° of
(Agnf) =g J{m —(Ly)i; ok ((Th)g, o f)%%} (14.6)
We define the harmonic map flow
0
U~ nuf 10V =1 (14.7)

This strictly parabolic equation was first studied by Eells and Sampson. In the case
the target has non-positive sectional curvature, they proved that the flow exists for
all time and converges exponentially fast to a harmonic map [ES64].

Returning to the Ricci flow, assume we have a solution g(t) to the Ricci flow, both
defined on M x [0,¢). Let ¢; be the solution to the harmonic map heat flow

% = Ag1),59, 0(0) = Idys. (14.8)

where g is any reference metric. By direct computation, it can be shown that g(t) =
(¢4)+g(t) solves Ricci-DeTurck flow. To prove uniqueness, if you have 2 solutions g, (¢)
and g,(t) of Ricci flow with the same initial data. Using the harmonic map heat flow,
we obtain 2 solutions of Ricci-DeTurck flow with the same initial data. By uniqueness
of solution to Ricci-Deturck flow, they are the same. But the diffeomorphisms defined
in (14.2) must be the same, so g,(t) = g,(t). For more details, see [CK04, Section
3.4.4].
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14.2 Linear parabolic equations

We recall the definition of parabolic Holder norms. Let us endow M x R with the
distance function

d(21,Z2) = d(l‘l,l'g) + |t1 — t2|1/2, Zi = (l‘“tl) (149)
Let 0 <a <1, and let Q C M x R be a domain. For f:Q — R, define
f(z1) — f(z2)]

[f]a;Q - 21#82121,12)1‘69 d(Zla 22)04 (1410)
|f|a;Q = |f|0,Q + [f]oc;Q- (1411)

Remark. Roughly, the Holder exponent in ¢ is half of the spatial Holder exponent.
This is because a heat equation is u; = u,,, so we only require “half” of the regularity
in the time direction as we do in the spatial direction.

If this norm is finite, we say f is Holder continuous with exponent «, and write
f e C*(Q). We next define

[laae = e+ D [(D2)ij flas (14.12)

ij=1
| fl2as2 = [floe + [Dflo + | feloo + Z [(D2)ij flo + [fl2.as0- (14.13)
ij=1

If this norm is finite, we write f € C%%(Q2). The spaces C%(f2), and C?*(Q) are
Banach spaces under their corresponding norms | - |. Note that a C** norm can be
defined analogously for any integer k > 0.

We consider parabolic linear operators of the form

Lu = —u; + a"(z,t)Dyju + b'(x,t) Dyu + cu, (14.14)

as expressed in a coordinate system. The following is a fundamental theorem on
existence of solutions to lznear parabolic equations.

Theorem 14.1. (/Kry96]). Let Q = M x [0,t), for some t > 0. Assume that for
some 0 < o < 1, there exists a constant A such that

10| pey + 00 + |c]asn < A (14.15)
Also, assume that L is strictly parabolic, that is, for some constant X > 0,
@, 068 = Nel (14.16)
Given f € C%, and ¢ € C*, there exists a unique solution to
Lu=0, u(z,0) = ¢, (14.17)
on M x [0,t). Furthermore, there exists a constant C' = C(a, A\, A,n) such that

U210 < C(flaso + [8l34a0): (14.18)
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Proof. The idea of the proof is simple, although we do not have time to write down
a complete proof here. First prove (14.18) for an equation with constant coefficients.
Using the Holder condition on the coefficients, the equation is locally close to a con-
stant coefficient heat equation, so the estimate will hold locally. The global estimate
is then obtained by a patching argument. The existence follows from the estimate
(14.18) and the method of continuity. O

Note that the constant is independent of ¢. Thus if the coefficients are bounded
Holder for all time, then it is not hard to show the solution exists for all time.
Furthermore, the above theorem holds for linear parabolic systems, with the ellipticity
assumption meaning that the symbol is non-degenerate, see [Eid69, page 4]. An
important point: this theorem is true for linear systems, but NOT necessarily true
for nonlinear systems such as the Ricci flow.

Remark. For elliptic equations, to prove uniqueness it is usually necessary to assume
the zeroth order term has a sign ¢ < 0. For parabolic equations with bounded
coefficients, such an assumption is not necessary. To see this, if u solves a parabolic
equation u; = Lu + f, with bounded ¢ < A, then the function v(z,t) = u(x,t)e ™
satisfies the equation v; = Lv — Av + fe~*. The maximum principle can be applied
to this latter equation.

14.3 Quasilinear parabolic systems

We just saw that linear parabolic systems have long-time existence. This is NOT
true for nonlinear systems, but the above result for linear equations can actually
be applied to prove short-time existence for nonlinear systems. We will consider
quasilinear equations of the form

uy = Pu, u(z,0) = ¢, (14.19)
where P has the form
Pu = a"(x,t,u, Du)D}u+ h(z,t,u, Du). (14.20)
where a and h are smooth functions, and parabolicity assumption
aVe&; > NEP, t<e (14.21)
where A > 0 is a constant.

Proposition 14.1. Let M be compact, and assume (14.21) is satisfied. if ¢ € C**,
then there exists an € > 0 such that the equation (14.19) has a unique solution defined
on M x [0,€). If ¢ is smooth, then so is this solution.

Proof. Choose 6 so that 0 < § < 0 < 1, and define

S={veC (M x[0,6):|v]g < My}, (14.22)
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where My = 1 + |@|2,4, and € is to be chosen later. Define the map J : S — C?? by
u = Jv is the unique solution of the linear problem

uy = a"(z,t,v, Dv)Dizju + h(z,t,v, Dv)

w(.0) — 6 (14.23)
Such a solution exists by Theorem 14.1, and satisfies
|U|279 S C<|h<x7t7 v, DU)l@;Q + |¢|2,0;Q)
- o, (14.24)
on M x [0,¢€). In particular |ulp; < C'My, which says that
lu(z,t) — ¢(z)| = |u(x,t) — u(z,0)] < CMt"? < CMoe/?. (14.25)
Using interpolation, for any ¢ > 0,
lul1o < Slulag + Clulo < Mo + CMoe? = (5 4 Ce'/?) M, (14.26)

so by choosing € sufficiently small, we see that J : & — S. Finally, S is a convex,
compact subset of the Banach space C7, and J is continuous, so by the Schauder fixed
point theorem [Lie96, Theorem VIIL.8.1], J has a fixed point. Such a fixed point is
clearly a solution of the original nonlinear equation. If ¢ is smooth, the the solution
will also be smooth by parabolic regularity. O]

Remark. For simplicity, we just considered parabolic equations, but the above proof
is also valid in the case of parabolic systems [Eid69, Section 3.4].

15 Lecture 14

15.1 Maximum principle for scalar parabolic equations

We begin with the most basic parabolic maximum principle. Recall that a C? function
on a domain in space time is C? in space, but C! in time. The results in this section

can be found in [CKO04, Chapter 4].

Proposition 15.1. Let g; be a smooth 1-parameter family of metrics on M x [0,T).
Ifu(z,t) : M x [0,T) — R is a C? supersolution of the heat equation

ou

E = Ag(t)u, (15.1)
that s,

ou

o > Ay, (15.2)

satisfying C1 < u(z,0), for some constant Cy, then Cy < u(x,t) for allt € [0,T). If
uw(x,t) : M x [0,T) — R is a C* subsolution of (15.1),

ou
E < Ag(t)u, (153>

satisfying u(x,0) < Cy, for some constant Cy, then u(x,t) < Cy for allt € [0,T).
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Proof. We will prove the supersolution case, the other case is similar. Let F': M X
[0, T) be any C? function. Suppose that (z,%y) is a point satisfying

F(xg,tg) = MI>I<1[iontQ] F. (15.4)

That is (zg,%p) is a point at which F' attains its minimum, taken over all earlier
spacetime points. Then clearly

OF

Now F(z,t) = u(x,t) — Cy + et + ¢, for any € > 0. For t =0, we have FF > ¢ > 0. F
satisfies the inequality

oF  Ou

5 = g T2 Dot =Ryl te. (15.8)
If we prove that F' > 0 for all ¢ € [0,T), for any € > 0, then we will clearly be done.
To prove this, assume by contradiction that F' < 0 for some (z1,t) € M x [0,T).
Since M is compact, and F' > 0 at t = 0, then there is a first time ¢, € (0,¢;] such
that there exists a point g € M with F'(zg,%y) = 0. Note that

U(l’o,tg) =C) —etg— e < (. (159)
Using the above inequalities, we have
OF
0> Z-(w0,t0) = Dy F (2, t0) + € > € >0, (15.10)
which is a contradiction. O

Remark. Note from (15.9) we only needed to assume u is a subsolution whenever
u < C7. Also, the above theorem holds if the right hand side of the equation has a
gradient term, clearly this will not affect the argument since the gradient will vanish
at a minimum point.

We next consider the case that the equation has a zeroth order term.

Proposition 15.2. Let g; be a smooth 1-parameter family of metrics on M x [0,T),
and let 3 : M x [0,T) be bounded from above. If u(x,t) : M x [0,T) — R is a C*
supersolution

ou

5 > Agyu + Bz, t) - u, (15.11)
satisfying 0 < u(x,0), then 0 < u(x,t) for allt € [0,T). If u is a C* subsolution
0

satisfying u(x,0) <0, then u(x,t) <0 for allt € [0,T).
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Proof. Let v(z,t) = e~ “tu(x,t) where C is a lower bound for 3(z,t). We compute

v _ —Ct —ciOu
5 = Ce “'u(x,t) +e N

> —Ce “u(z,t) + e " (Agpyu + Bz, t) - u) (15.13)
= Agyv + (8 = C)o.

From the remark above, we need only verify that v is a subsolution whenever u < 0.
If we let C' be an upper bound for 3, then for v < 0,

ov
% > Agpyv + (B—C > Aypyv. (15.14)

Since 0 < v(¢,0), and v is a supersolution of the heat equation, applying Proposition
15.1 we are done. In the subsolution case, we need to verify that v is a supersolution
whenever v > 0. If C' again denotes an upper bound for 3, then for v > 0,

0
% < Ao+ (8- Cp <0, (15.15)

and the result again follows from Proposition 15.1. m

Remark. Proposition 15.2 implies uniqueness of solution to linear parabolic equations
with zeroth order term bounded from above. Furthermore, the method of proof can
be used to derive a priori estimates for linear equations, see [Lie96, Theorem 2.11].

Next, we consider the case of a nonlinear zeroth order term.

Proposition 15.3. Let g; be a smooth 1-parameter family of metrics on M x [0,T),
and F : R — R be a locally Lipschitz function. Let u(x,t) : M x [0,T) — R be a C*
supersolution

)
a_?; > Ayou+ F(u), (15.16)

satisfying C1 < u(x,0). Let ¢y be the solution to the ODE

Con=F(o1), 6:(0) =01, (15.17)

then ¢1(t) < wu(x,t) for allz € M and for all t € [0,T) such that ¢1(t) exists.
Let u(x,t) : M x [0,T) — R be a C* subsolution

Ou

ot

satisfying u(x,0) < Cy. Let ¢g be the solution to the ODE

< Ag(t)u + F(u), (15.18)

d
Eﬁbz = F(¢2), ¢2(0) = Cy, (15.19)
then u(z,t) < ¢o(t) for all x € M and for allt € [0,T) such that ¢o(t) exists.
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Proof. We just consider the supersolution case. We have

%(U = 01) 2 Agyu+ Fu) = F(¢1) = Ay (u — o) + Fu) = F¢r).  (15.20)

By assumption u > ¢ at t = 0. Take ¢y € (0,7). Since M is compact, there exists a
constant Cy, such that |u(x,t)| < Cy, and |¢p1(t)| < Cy, for all (z,t) € M x [0,t0]. By
the Lipschitz assumption on F', there exists a constant C” such that

|F(r)— F(s)] < C'ls —t| for all r, s € [—CY,, Cy,]- (15.21)
On M x [0,to],u — ¢, satisfies

D u = b) > Dy u— b1) + Flu) — F(6)

ot
> Agiy(u — ¢1) — C'sign(u — ¢1) - (u — ¢n).

This says that u — ¢; is a supersolution of an equation of the form in Proposition
15.2 with 8 = —C'"sign(u — ¢1), so we conclude that u — ¢; > 0 on M X [0, ty]. Since
to € (0,T) was arbitrary, we are done. ]

(15.22)

16 Lecture 15

16.1 Evolution of scalar curvature under the Ricci flow

Proposition 16.1. Under the Ricci flow, ¢ = —2Ric, the evolution of the scalar
curvature is given by

%R: AR + 2|Ric|*. (16.1)

Proof. From Proposition 12.3 the linearization of the scalar curvature is
R = —A(trh) + div*h — R,,h'?. (16.2)

We let h = —2Ric, and use the twice contracted differential Binachi identity

div Ric %dR, (16.3)

to obtain
%R = 2AR + div*(—2Ric) + 2R, R” = AR + 2|Ric|*. (16.4)
O

Corollary 16.1. If the solution the Ricci flow exists on a time interval [0,T), and
the scalar curvature of the metric g(0) satisfies Ry) > C1 for some constant Cy, then
Rywy > C1 for allt € [0,T). Furthermore, if Ry is nonnegative and strictly positive
at some point, then Ry is strictly positive t € (0,T").
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Proof. We clearly have the inequality

0
~— R > .
5 R = AR, (16.5)

which says that R is a supersolution of the scalar heat equation. So the first state-
ment follows from the maximum principle as stated in Proposition 15.1. The second
statement follows from the strong maximum principle, see [Lie96, Theorem 2.9]. [

We can furthermore obtain a more quantitative estimate on the scalar curvature
from below.

Proposition 16.2. If the solution the Ricci flow exists on a time interval [0,T), then

Ry > ‘
90 =1 (2/n)t - Runin(90)

Proof. Let E be the traceless Ricci tensor. From the obvious inequality |E|? > 0, we
obtain

(16.6)

|Ric|* — (2/n)R* + (1/n)R* > 0, (16.7)

which is the inequality
|Ric|* > (1/n)R*. (16.8)

From (16.1), we obtain
%R > AR+ (2/n)R%. (16.9)

Let ¢, be the solution to the ODE

d 2
Sor = 2/, (16.10)

with initial value ¢1(0) = Ryuin(go). The exact solution is

1

— , 16.11
= Rnlao) T = @) 610
if Ryuin(go0) # 0. From Proposition 15.3, we conclude that
1
R, > ) 16.12
102 Rolan) T e
O

Corollary 16.2. If If the solution the Ricci flow exists on a time interval [0,T), and
Ry(0) is strictly positive, then T' < (n/2) - Ryin(g0) -

Proof. Clearly (16.6) says that the scalar curvature would have to blow-up at time
To = (n/2) - Rinin(go) ™", so existence time of the Ricci flow must be less than Ty. [
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16.2 Einstein metrics

Assume we have a solution to the Ricci flow which is of the form

g(t) = f(t)g(0), (16.13)
where f(t) is a positive function. We compute
d10) = £(09(0) = %2 F)900) = log £ g0 (16.14)
For this to be a solution of Ricci Flow, we require
—2Ric(g(t)) = (log )/ (D)g(2), (16.15)

which says that ¢(¢) must be an Einstein metric. Letting Ric(g(0)) = Ag(0), since
Ricci is scale invariant, we have

~2Ric(g(t)) = —2Ric(g(0)) = —2Ag(0) = f(1)g(0), (16.16)
which has solution
F(t) = —2Xt + C. (16.17)
If £(0) = 1, then

g(t) = (1 — 2))g(0). (16.18)

We have the following trichotomy for the Ricci flow with initial data an Einstein
metric:

(i) If A < 0 then the solution to Ricci flow exists for all time, the solution eternally
expands.

(i) If A =0, then the solution is static.

(iii) If A > 0, then the solution to Ricci flow maximally exists on the time interval
[0, (2A)7Y], and the solution shrinks to a point in finite time.

We compare case (iii) to the conclusion of Corollary 16.2. The scalar curvature of
g is equal to nA, and we indeed have

(7/2) * Rinin(g0) ™" = (n/2)(nA) ™" = (2A) 7. (16.19)

Indeed, this had to be the same, since we used the inequality |E|*> > 0, which is an
equality for Einstein metrics.

16.3 Normalized versus unnormalized Ricci flow

There standard way to modify Ricci flow so that all Einstein metrics are static solu-
tions. Let
_ Jur RgdVy

— M99 (16.20)
Jur Vs

r
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denote the average scalar curvature. The flow is
0
ot

Indeed, an Einstein metric is a static solution since

2
= —2Ric+ ~r-g. (16.21)
n

0 2
59 = —2(R/n)g + ERg = 0. (16.22)

The main point is that the normalized Ricci flow preserves the volume. To see this,
from equation (12.24),

L Vol(g(t)) = / Lsrg( — 9Ric+ zrg)dvg _ 1/ (=2R +2r)dV, = 0. (16.23)
dt M2 n 2 Ju
The normalized Ricci flow and unnormalized Ricci flow are essentially the same flow,
they just differ by scaling factor in space, and a re-parametrization of time.
Assume we have a solution of Ricci flow on some time interval [0, 7T),

%g = —2Ric. (16.24)

The corresponding solution of normahzed Ricci flow is found as follows. First, choose
¥ (t) > 0 so that the metrics g(t) = 1 (t)g(t) have unit volume, and define

= / o(r (16.25)

We compute

95= 20 wing(n)
- 55 (v + 5 a0 o

B 1 dy\ _
= —2Ric+ (W dt)

Since the metrics g have unit volume, we have

1 1dy

n diy
= R ——)dV— 16.27
/ ( o ar ) (16.27)
_ n dy
BT
Substituting this into the above, we obtain
gt_ = —2Ric+ (2/n)rg, (16.28)

which is the normalized flow. To go from the normalized flow to unnormalized flow,
Use the ODE
_ 1ldy 1dy
2 =—=—=—— 16.29
/= 5% = 5 (16.20)

to define 1 as a function of ¢, and reverse the above computations.
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16.4 Evolution of scalar under normalized Ricci flow

Proposition 16.3. Under the normalized Ricci flow, ¢ = —2Ric + (2/n)rg, the
evolution of the scalar curvature is given by

%R = AR+ 2|Ric]* — (1/n)Rr. (16.30)

Proof. We just repeat the computation we did in the case of unnormalized flow. Again
the general linearization of the scalar curvature is

R = —A(trh) + div*h — R,,h'?. (16.31)

We let h = —2Ric + (2/n)rg, and again use the twice contracted differential Binachi
identity

0
—R = 2AR + div*(—2Ric) + 2R, (R" — (1/n)rg"”) = AR + 2|Ric|* — (1/n)Rr.

ot
(16.32)
O

17 Lecture 16

17.1 Parabolic maximum principles for tensors

In dealing with the Ricci flow, one requires the maximum principle for parabolic
tensor systems, rather than just on scalar functions. The following is the first version

Proposition 17.1. Let g; be a smooth 1-parameter family of metrics on M x [0,T).
Let a(t) be a symmetric (0,2) tensor which is a supersolution

0

aa > Ag(t)&+ﬁ(a7g7t)v (171)
where 3 is a symmetric (0,2) tensor which is locally Lipschitz in all of its arguments.
Furthermore, assume that 3 satisfies the null eigenvector assumption

BV, V)(x,t) >0, (17.2)

whenever V(x,t) satisfies a(V,-) = 0, that is V is a null eigenvector for a(x,t). If
a(x,0) is positive semidefinite, then a(x,t) is positive semidefinite for all (z,t) €

M x[0,T).

Proof. Suppose (g, tg) is a first spacetime point at which « acquires a zero eigenvector
V. Extend V to a vector field in a spacetime neighborhood so that

0
EV(‘IQ, to) =

VV(I(), to)

0 (17.3)
0.
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This can be done by parallel translating V(,, ., along radial geodesics in the g(ty)
metric, and then by extending to be independent of time. Then locally around (g, t),
we compute
0 0
—(a(V,V)) = — V.,V
3t (O[( ) )) 8t(a)< ) )
> (Aa+ B)(V, V).

(17.4)

By choice of V', we have a(V,V')(xo,to) = 0, and a(V, V)(z,ty) > 0 in a neighborhood
of xg, which implies that

A(a(V, V) (2o, to) > 0. (17.5)
We next compute
A(a(V,V)) = AfayV'V7)
— UV, Y, (V)
= 719, (Voo VIV + 2045(T, V)V )
— (V400 ) VIV 4 207 (Vy0055) (V, V) V7 + 207 (0 V, V'V, V)

+ 29" (V,V VOV,
(17.6)
Using the equations (17.3), since V' is a null eigenvector, we have at (o, to),
A(a(V,V)) = (Aa)(V, V). (17.7)
By the null eigenvector assumption on (3, we therefore have
9 (a(V,1)) 2 (A + BV, V)(awt0) 2 0, (7.

which shows that o on a null eigendirection cannot decrease. If we had assumed
that (3 is strictly positive definite, we would have strict inequality, which would imply
that any zero eigendirection immmediately becomes positive. For the full proof, one
argues as in the proof of Proposition 15.1, by considering the modified tensor

ac(z,t) = oz, t) + (et + €)g(z, 1), (17.9)

to make things strictly positive definite. This is the main idea, but there are some
extra details which we omit, see [CK04, Theorem 4.6]. O

17.2 Evolution of Ricci tensor under Ricci flow

Proposition 17.2. Under the Ricci flow, ¢ = —2Ric, the evolution of the Ricci
tensor is given by
0
&Rij - ALRij - ARZ] + 2R¢lijlp - 2Rf)R]p (1710)
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Proof. Recall from Proposition 12.2 the linearization of the Ricci tensor:

1
(Ric');; = 5( — Ahij + Vi(div h); + V;(div b); — V,V;(trh)

(17.11)
— 2Ryjph™ + Ry, + R] hz‘p)
For the Ricci flow, we have ¢ = —2Ric, and we have
0
+ 2Ry, R” — R'R;, — R'R;,.
From the Bianchi identity
. . 1
div Ric = §dR’ (17.13)
the terms containing derivatives cancel out, and we obtain
0
o iy = ARy + 2Ry, R” — R'Rj, — R'R;, = ALRy; (17.14)
]

Remark. Examining the above proof, it is easy to see that the exact same evolution
formula holds for the normalized Ricci flow.

We see that the evolution of the Ricci tensor contains terms which depend upon
the full curvature tensor. Expanding the curvature tensor, we obtain

Proposition 17.3. Under the Ricci flow, ¢ = —2Ric, the evolution of the Ricci
tensor is given by
0 2n

2n
—Ri:=AR:. +2W.. R?» — =" RPR. iy
tRZ] R” lepR 0 2Rz ij (n 1)(n 2) RR” (17 15)

+

1
2 L o\
n—2<|RZC| n—lR )g”
Proof. We use the decomposition of the curvature tensor given from Section (4.2),
Rm =W+ ADg, (17.16)

which written out is

Rijie = Wijn + Aiegit — Ajrga — Augjx + Ajgir- (17.17)

65



We substitue this into (17.11) and simplify:

0

aRi]’ — ARZ] —|— 2Rilijlp - QRfRJp

= ARy + 2(Wagp + Aiygip — Aijgip — Aipgij + Apgij) R — 2RI Ry,
2
— ARy + 2Waip R + —— (Risgip = Rijgip — Ripgrj + Fpgs ) B

n—2
T 1;?” gy (gz’jglp = 919ip — GipGij + gngij> R"” — 2RVR;, (17.18)
= AR;; + 2W;;, R + % (RRU- — 2Ry, R + |R¢c|29ij)
oo jzn 5 (2Rgi; — 2Ry;) — 2Ry
Collecting terms, we obtain (17.15). O

Specializing to dimension 3, we obtain

Corollary 17.1. In dimension 3, under the Ricci flow ¢ = —2Ric, the evolution of
the Ricci tensor is given by

0
o s = ARy — 6RYR;, + 3RR;; + (2|Ric|* — R*)g;;. (17.19)
Proof. From Corollary 4.2, the Weyl tensor is identically zero in dimension 3. O

Proposition 17.4. If the solution the Ricci flow exists on a time interval [0,T), and
the Ricci tensor of the metric g(0) is positive (semi-)definite, then the Ricci tensor of
g(t) remains positive (semi-)definite for for all t € [0,T"). Furthermore, if the Ricci
tensor of g(0) is nonnegative and has a strictly positive definite at some point, then
the Ricci tensor of g(t) is strictly positive for all t € (0,T).

Proof. To apply Proposition 17.1, we need to verify the null-eigenvector assumption
(17.2). So let V be a null eigenvector for the Ricci tensor. We look at

( — 6R'R;, + 3RR;; + (2| Ricl? — R2)gz-j) ViVI = (2|Ricl2 — RY)[V[2 >0, (17.20)

by the inequality (16.8) for n = 2 (since Ric has a zero eigenvalue), so we are done.
The last statement follows from the strong maximum principle. m

Proposition 17.5. If the solution the Ricci flow exists on a time interval [0,T), and
the metric g(0) has positive (nonnegative) sectional curvature, then g(t) has positive
(nonnegative) sectional curvature for for allt € [0,T). Furthermore, if the sectional
curvature of g(0) is nonnegative and is strictly positive at some point, then the sec-
tional curvature of g(t) is strictly positive for all t € (0,T).
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Proof. Recall from Section 5.3 that positivity (nonnegativity) of the sectional curva-
ture in dimension 3 is equivalent positivity (nonnegativity) of the tensor 7= T} (A),
which is

1
T = ~Ric+ 3Ry, (17.21)
We have
3, g . 170 :
ET = —ERZC + §(ER>9 — R - Ric. (17.22)
Using (17.19), and (16.1) we obtain
0

1
57T = —ARy; + 6RYR;, — 3RR;; — (2|Ric|> — R*)g;; + 5(AR + 2|Ric”)gi; — RR;

= —-AT + 6R:Zpij - 4RRU - (|RZC|2 - RQ)gij.
(17.23)

We rewrite the right hand side in terms of 7'

%)
7L = AT+ 6(=T7 + (1/2)Rg) (=T + (1/2)Rgjp) — 4R(=T;; + (1/2) Rgy;)
— (|- T+ (1/2)Rg|" - R?)g;
= AT + 6T7Tj, — 6RT;; + (3/2)R*g;j + ART;; — 2Rg;;
= (ITP? = (1/2)R*g + (3/4)R* — R*) g;;
= AT + 6T/'Tj, — 2RT;; + (1/4) R?gij — [T °gij.

(17.24)
Assuming 7' has a zero eigenvalue, we need to verify
(1/4)R* —|T|* > 0. (17.25)
Since tr(T) = R/2, we can rewrite this as
(tr T)* — |T|* > 0. (17.26)

This is obvious — since 7' is symmetric, assume it is diagonal. The last statement
again follows from the strong maximum principle. m

18 Lecture 17

18.1 Evolution of curvature tensor under Ricci flow

We begin with a general proposition about the linearization of the curvature tensor.
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Proposition 18.1. The linearization of the (1,3) curvature tensor in the direction
g = h is given by
1

—gim (VZ'thjm — ViV hje — ViVl + ViV b,

(R/)mk - 2

(18.1)
o Rzgk hpm - Rzgm hkp)

Proof. Recall from Proposition 12.1, the linearization of the Christoffel symbols:
1
(FZ)/ — §gkl (Vihj[ + vjhil — Vlhij) . (182)

Also recall the formula (3.28) for the curvature tensor in terms of the Christoffel
symbols:

R.

ijk

We compute in normal coordinates at a point z,
(R/) = Vi(ré'k)/ - Vj(Fék)/

- %glmvi(vjhkm + Vihjm = Vimhie) - %glmvj (it + Vihim = Vnhir)

’ij

1
= 59" (ViVihjm = ViVunhn = V;Vichin + V; Vb
ViV e — Vjvihkm>
|
= §glm (vivkhjm — ViVl — V;iVihim +V; Vi hig

— Ry Phym — Ry, hk,,)

ijk

(18.4)

Proposition 18.2. For any Riemannian metric, we have
AR = g™ <Vz'vakj = ViViRy;j — ViV Ry + vjkami) — RiR,,' — RjR,;

"R — R, quzk>.
(18.5)

pjk

+ gpq <Rijerqul + RkaT‘R]qu - Rp,”.lR qk —I— R

Proof. We compute

AR, = ¢V, VR,
= ¢V, (=ViR, ) — ViR, (Differential Bianchi)

- pq( - VivPquk + Ry Tqukl + Ry’ jrkl + Rpikerqu - Rm'rleqkr
- Vjvaqikl + RquTRrikl + RpjiTRqul + Rpjk:Tqurl - Rpjrquikr) :
(18.6)
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We simplify the covariant derivative terms using again the Differential Bianchi identity
< ViV quk V;V quk) = —g" (Vivp(glijqu) + Vjvp(QZMqumk)>
= _gpqglm (vivaquk + vjvaqimk)

= _gpqglm (Vivamqu + vjvamkqi>

g" 9 <V (VmRkqu + vk’Rpqu) + Vj(vakpqi + kapmqi))

V Rkj kam]) + Vj(—vakz + kamz)>

g (v VinBij = ViViRus = V5V Rgi + Vi Vel ).
(18.7)

Substituting into the above, and noticing that two of the quadratic curvature terms
simplify to have a Ricci, we have

AR, = g™ (vivakj — V'V R — ViV Ry + vjkami>
+ gpq (Rpierqul + RpikTqurl - Rpirleqkr (188>
Ry Byl + Ryl Ry = By Ry ) = BB, = iR,

pik

Using the first Bianchi identity, we combine two quadratic terms

Ry Rl + Ry Ryl = (=Ry" + Ry )Ry,
= (Ry;," + R, + Ry;i" )Ryt (18.9)
= Ry Ry
Using this, we are done. O

Proposition 18.3. Under the Ricci flow, ¢ = —2Ric, the evolution of the (1,3)
curvature tensor is given by

9 ! ! l ! !
ERW‘C = ARy + RiR, + Rngik + RpRka Rprp
r l r l r r l l r
- gpq <Rijp Rqu + Rpik qur - Rpir quk‘ + Rpjk qur - Rpjr quk >
(18.10)
Proof. Using Proposition 18.1 with h = —2Ric, we obtain
0
TR, = glm( — ViViRim + ViV Roto + V,;ViRim — V; Vo Rit
ot (18.11)
+ RzgkpRpm + Rzgm Rkp)
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Substituting the formula from Proposition 18.2,

a l l T l T l
aszk = AR + R Ry + RiR,

+R

r l l T r l l r
_ gpq <lep Rqu pik R Rpi?’ quk + Rp]k quT’ — Rpj?" quk )

+ g (R Ry + Ryl By
= AR,;,'+ RI'R,, + R'R,,' + R.R,,” — RLR,; '
= (B Ryl + Ry o' = Ry Ryl + Ryl By, = By 'Ry )
(18.12)
O

Proposition 18.4. Under the Ricci flow, ¢ = —2Ric, the evolution of the (0,4)
curvature tensor is given by

0
8_Rijkl = ARjju + 9" (RigRjpr + RjqRpirt — RipRijar — R Rijip)
¢ (18.13)
— gp(] (R,L'jerqul + 2RkaTqul " + 2Rp7,l " jqkr) N
Proof. We compute

0 0 0
aszmk 5 (OmiBige) = =2Rmi By + g B!

2RmpRij + ARjjmi + RP i Ripmk + R? szmk‘ + RmP‘Rz]k RiRijmp
- g (Ri]’erqrmk + R R jqmr Rpierjqk + Rpjk; qumr - RpjerqikT) .

(18.14)
Notice that
_RpimTqukr + RpjkTqumT — Rp’im’r‘quk;r + Rpj]gquimr (1815)
is symmetric in p and ¢. Since ¢P? is also symmetric, we can write
9" = Ryime Ry + By Baime ) = 26" (Ryins By ). (18.16)
Similarly,
gpq (sz‘kTqumr - Rpjerqz‘kT> = 29pq <Rpikerqu>- (18'17)
Collecting all terms, and renaming indices, we are done. O

To simplify this further, Hamilton defines the quadratic curvature quantity

Bijri = 9" 9" Ryigj Rokst = 6" 9% Ryjpi Rerst = Ryji" B’ (18.18)
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Proposition 18.5. The tensor B;ji has the symmetries
Bijii = Bjux = Bhuj- (18.19)
Proof. We compute

T S
Bijkl = g"g" Rpiqurksl

=g" 9" R ‘iRsr
g 9 ai ik (18.20)
=9 g RquiRslrk
= 97" Rpjqi Rrisk = Bk,
and
Blij = qukTRrijq
— R IR..T
S (18.21)
- quj erk
= Bjur = Biju.
Il

19 Lecture 18

19.1 Evolution of curvature tensor

Proposition 19.1. Under the Ricci flow, ¢ = —2Ric, the evolution of the (0,4)
curvature tensor is given by

0
_Rijkl - ARl]kl + gpq(Riqupkl + quRpikl — RkpRiqu — quRijkp)
ot

(19.1)

+ Q(Bijkz — Bijik + Bijki — Blikj)-

Proof. We need only express the last 3 quadratic curvature terms in Proposition 18.4
in terms of the tensor B. We compute

gpq <Rijerqul + 2Rpikqujlr + 2Rpil erqkr>
= 9" 9" RijmpRgrrt + 29" Rirpi B " + 29" Rirjg Ry "
= gpqgrmRijmqurkl + 2eriqqulT - QRijPRpil "
= gpqgrmRijmqurkl - Qer'qqulr + 2Rrkijpil "
= ¢"9"" RijmpRgrii — 2Bijii + 2Bk

(19.2)
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Apply the algebraic Bianchi identity twice to the first term
99" RijmpRorrs = 979" Runpig Rgrit = — 979" Rpmij Ryria
= —g" 9" (Rpijm + Rpjmi)(Rakir + Roirr.)
= — """ (RpijmRakir + RpijmBairk + RpjmiRakir + Rpjmi Rairk;)
= —g"9"" (= Rjmpi Rgert + Rjmpi Rgirk — Ronipj Rgert + Ronips Ryirk:)
=R/ R™ — Rji Ryp™ + Ry Ry™ — Ry Ryy™
=—R;'Ruy" +R;;"Ry” + R "Ry — R Ry,”
= —DBiji + Bijik + Bjiki — Bjak
= —2Bjju + 2By,
(19.3)
using the symmetry (18.19). Collecting all the terms, we are done. O

Remark. Notice that Bjjp; does not have the symmetries of a curvature tensor, but
the expression

Bijii — Bijik + Bijki — Blik; (19.4)

is an algebraic curvature tensor.

19.2 Uhlenbeck’s method

Given a solution to the Ricci flow g(¢) on [0,T), Let {e2},a = 1...n, be a locally
defined orthonormal frame field for the metric ¢(0). Evolve the frame by the equation

Eea(x,t) = Re(eq(z,1)), eq(x,0) = ed(z). (19.5)
This is a linear ODE; so the solution also exists on [0,7).

Proposition 19.2. The frame {e,(t)} is an orthonormal frame field for the metric
g(t).
Proof. We compute

g (o)) = (559) o0 + (e ) +(co 57 (196)
= —2Ric(eq, ep) + g(Re(eq), ep)) + g(eq, Re(ep)) = 0.

[]

In general, a manifold does not posess an globally defined frame field, so we do
the following. Let V' be a vector bundle over M which is bundle isomorphic to T'M,
and let ¢ : V — T'M be a fixed bundle isomorphism. Endow V' the pull-back metric
ho = t*(go). Evolve ¢ as follows

d
%L = Rc(1), ¢(0) = 1. (19.7)

The analogue of the above proposition is

72



Proposition 19.3. Let h(t) = (u(t))*g(t). Then h(t) is constant in time, so the
bundle maps

o(t) = (V, h0)) — (TM, g(t)) (19.8)
are bundle isometries of g(t) with the fixzed metric h(0) = ¢§g(0).

Proof. Let x € M, X,Y vectors in the fiber V,, then

0 0/,.
ShXY) = 2 (X))
9 (19.9)
~ ot (9 (X, LY))
= —2Rc(1X,Y) + g(Re(1X),Y) + g(X, Re(1Y)) = 0,
which says h is independent of time, so h = h(0) = ¢5g(0). O

We next let D(t) = «(t)*V(t) be the pull-backs of the Riemannian connections of
g(t) under ¢(t). We pull-back the curvature tensor of ¢(t): for X, Y, Z, W €V,

(*Rm)(X,Y, Z, W) = Rm(t. X, .Y, 1.2, 1, W). (19.10)

Let {z¥},k = 1...n, denote local coordinates in M, and let {e,},a = 1...n,, be a
local basis of sections of V. The components (¥ of ¢(t) are defined

Uea) = thoh (19.11)
k=1

The components Rgp.q of t*Rm are

n

Roped = (L"Rm)(eq, €y, €c, €q) = Z R (19.12)
g k=1

The connection D(t) induces a connection on any tensor bundle, and thus we get a
Laplacian on V' where we trace with respect to h(t) = h(0).

Proposition 19.4. Let g(t) be a solution to Ricci Flow, and 1(t) defined as in (19.7),
then the evolution equation for .* Rm is given by

0
aRabcd - ADfiabcd + 2 (Babcd - Babdc + Bdbca - Bdacb)a (1913)

where

Bapea = hpthsRaperchs- (19 14)
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The evolution equation for the components of ¢ are given by

gak = Rl

ot

l
at

Using this, we compute

%Rabcd: Z %(Lzbibl;LiiRijkl)

i,5,k,1=1

(19.15)

== (La> ik Ry + 0k (aL{J U R + (adf) i Rijh + thidik (ELZ) Rijn

gt [ARz‘jkz + 9" (Rig Rjpr + RjgRpirs — RipRijqt — R Rijyp)

+ 2<Bz‘jkzl — Biji, + Bijri — Blikj)]«

It turns out that all of the Ricci terms cancel, and we obtain

0 oy
ot

Since the maps ¢ are parallel, it follows that

((ARm)) , = ApRapea.

abed

Also, Bapea = (1*B)(eq, €p, €c, €4), 50 we are done.

19.3 Square of curvature operator

Recall the curvature operator
Rm : A — A?,
defined in an ONB by
(Rm(w))ij = Rijliwe.
The square of the curvature operator is given by
Rm? : A* = A2,

which in components is

(RmQ(w))ij = Rijpg Bm(w)pg = Rijpg Rpgrawni-

In components, we have

(Rmz)ijkl = "9"° Rijpr Ryshi-
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o Rapea = Lottty [ARijkl + 2<Bijkl — Bijir + Bijri — Blikj)] :

(19.16)

(19.17)

(19.18)

(19.19)

(19.20)

(19.21)

(19.22)

(19.23)



Proposition 19.5. The square of the curvature operator is
(Rm2)ijkl == 2(Bijkl — Bijlk)~ (1924)
Proof. This was proved above in 19.3. O]

This shows we can rewrite the curvature evolution using Uhlenbeck’s trick, as

0

ot
Next time we will relate the last two terms with an operation called the Lie algebra
square.

Rabcd = ARabcd + (RmQ)abcd + 2<Bdbca - Bdacb)- (1925)

20 Lecture 19

20.1 Lie algebra square

Let g be any Lie algebra, and let ¢ be a basis of g. The structure constants of g are
defined as

[0, "] = anﬁw (20.1)

If we let ¢, denote the dual basis, and symmetric bilinear form L on g* can be viewed
as an element of S?(g) with components given by

L(¢z, d5)- (20.2)
The Lie algebra square of L, is L# € 5?(g) is defined as
a,B - CV&CECLVGLM (203)

This operation is well-defined, i.e., it is independent of the basis chosen for g.
From (5.13) above, we know that A? is isomorphic to the Lie algebra so(n), thus
we can view the curvature operator as Rm € S%(so(n)).

Theorem 20.1. Let g(t) be a solution to Ricci Flow, and 1(t) defined as in (19.7),
then the evolution equation for v* Rm is given by

9
ot
Proof. From (19.25) we just need to show that

Rapea = ApRapea + Rm® + Rm*. (20.4)

Rngkl = 2<Bljki — Blz’kj)- (20.5)

This is a straightforward but tedious computation, we just give an outline. First, one
writes down the explicit formula for Rm#, which is

(Rm#)ijkl quuerswzC (pa), TS)C(:ZU wx) (206)

(25)
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where the structures constant are written with 2-form indices. Next, one explicitly
calculates the structure constants for so(n),

TS 1 T s s S( ST T
e = 2 (g7 (6085 — 5300 + g (5707 — 0155

(20.7)
g (570 — 8107 + 9" (319] — 3761 )
We then obtain
(Rm®)ijit = Roquo Rrswag™ (0765 — 6707) 9" (667 — 030
= Ry Ry, (0705 — 6707) (050 — 6;0)") (20.8)
= Ry Ry — R "Ry’ — R Ry " + Ry Rigs”
Using the definition of Byju = R, ;' R, we have
(Rm*)iji = Birji — Bujk — Bjra + Bjir = 2(Bijri — Buinj)- (20.9)
The proof is then finished as before using Uhlenbeck’s trick. O

Corollary 20.1. Let g(t) be a solution to the Ricci flow on M™ on [0,T"). If g(0) has
positive (non-negative) curvature operator, then g(t) also has positive (non-negative)
curvature operator for all t € (0,T). If g(0) has non-negative curvature operator and
the curvature operator is strictly positive at some point x € M, then then curvature
operator is strictly positive for t € (0,T).

Proof. First we show that if the curvature operator is non-negative, then Rm? is also
non-negative. This is a general property of the Lie algebra square operation. To see
this, choose a basis for which L is diagonal, L,g = dqpLaa (00 sum on «), and

L#(v,v) = (v*CL)(v*Cg ) LyeLsc = (v*CL°)? Loy Lss, (20.10)

which clearly shows that L? is non-negative provided that L is. Clearly Rm? is also
non-negative provided Rm is. The result then follows from the evolution equation
(20.4), and a generalization of the maximum principle, Proposition 17.1, to more
general systems of tensors. O]

20.2 Dimension 3

In dimension 3, let e;, e, e3 be an orthonormal frame, and e!,e?, e® be the dual
orthonormal co-frame. We define the orthonormal basis w! = €2 A €3, wy = —e! A €3,
and w® = e! A e? for A%. With the identification of A? with so0(3), we have

0 —1 0 1
0 0 |,wt=1]-10
0 0 0 0

0 0 0 0
whr=10 0 1], 0'=1{0 (20.11)
0 0 1

o O O
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The structure constants are given by (20.7), and a computation shows that in this
basis, we have

# df —e? ce—bf be—cd

a b c
b de|l =|ce—bf af—c* bc—ae (20.12)
c e f be —cd bc—ae ad—b?
Consider the associated ODE
d
—M = M? + M*. (20.13)

dt

As we saw in the maximum principle for nonlinear equations, Proposition 15.3, so-
lutions of Ricci flow can be compared to solution of this ODE. If we choose a basis
which diagonalizes the curvature operator, and label the eigenvalues

A0) > pu(0) > v(0), (20.14)

Then the ODE system becomes

g (A A2 ny
— I = 2 + v : (20.15)
dt 2
v v AL
Simple algebra shows that
d
A=A p)A+u—v) (20.16)
d
EW_V) =(u—v)(=A+p+v). (20.17)

So the difference of the eigenvalues has a nice evolution equation. Hamilton proves
that if the initial metric has positive Ricci tensor, then the Ricci eigenvalues become
more and more pinched as t — T,,,,., and in fact the metric, after rescaling, converges
to a constant sectional curvature metric. The main tool is the maximum principle,
and comparison with ODE solutions.

Theorem 20.2 (Hamilton [Ham82]). If (M3,g) is a compact three-manifold with
positive Ricci tensor, then the normalized Ricci flow convergences exponentially fast
to a constant positive curvature metric ast — 00.

The remaining details can be found in [CK04, Chapter 6].
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21 Lecture 20

21.1 Conformal geometry
Let u: M — R. Then § = e~ ?%g, is said to be conformal to g.
Proposition 21.1. The Christoffel symbols transform as

D = ¢" (= Gr)gie — (D) + (O)gin ) + iy
Invariantly,
VxY = VxY — du(X)Y — du(Y)X + g(X,Y)Vu.

Proof. Using (2.31), we compute

. 1 /.. . .
=59 : (ajgkl + Okgj1 — alek)

2

1 —2u —2u —2u

2€2u92l (8 (e72"g) + Op(e 2" g1) — Oy(e? 9jl<:)>

1 _ _ _ _
26%9”( e 2 (O5u) g — 2> (Opu)e > g5 + 2> (Ou) gji

+e70;(gm) + e Oh(gn) — e, (%k))
= ¢"( = @wgn — Ow)gi + (Dru)g ) + iy
This is easily seen to be equivalent to the invariant expression.
Proposition 21.2. The (0, 4)-curvature tensor transforms as
Rm = e [Rm + <V2u + du ® du — %|Vu|2g) O g} :
Proof. Recall the formula (3.28) for the (1,3) curvature tensor

Rzgk - a (ng) a (Fik) + F Pm Fl Fm

im= jk jm~— ik*

(21.1)

(21.2)

(21.3)

(21.4)

(21.5)

Take a normal coordinate system for the metric g at a point x € M. All computations
below will be evaluated at z. Let us first consider the terms with derivatives of

Christoffel symbols, we have

Ou(Tl) = 95(Th) = 0, | ( = Oyu)gn — (g + Gpw)g) + Tl

- a»[ v (= (G)gny — (Oku)gip + Oy)gae) + T
( (0:0;1) gk — (Ds0tt) gy + (aiapu)gjk> +oh(T)
glp< (0;0;u)grp — (0;0Ku)gip + (ajapu)gik:> - 83‘@21@)
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8 8ku gp] + ((Zapu)g]k + ((’3]6ku)glp — (8]8PU)911€> + Rijkl.

(21.6)



A simple computation shows this is
8i(f§k) - aj<fék> = glp(v2u @ g)ijpk + Rijkl' (21.7)
Next, we consider the terms that are quadratic Christoffel terms.

DT = T, = 67 (= (0)gmp = (Ont)gip + (Dp1)gin )

<9 (= Ou)gr = (Bw)gsr + (D)9
" (= (00)gmp — Ot gsp + (Gy0)gm )
Xgmr( — (Oiw) grr — (Oput) gir + (3ru)gz‘k>-

Terms in the first product which are symmetric in ¢ and j will cancel with the corre-
sponding terms of the second product, so this simplifies to

(21.8)

r, rm -1 T

im— jk jm~ ik
= glpgmr ((aiu>gmp<aju)gkr + (amu)gip(aku)gjr + (apu)gim(aru)gjk
+(0it1) Grmp (O ) g — (050) Gunp(Oru) g + (Omu) gip (O10) G
_(amu)gzp<aru)g]k - (apu)glm(aju)gkr - (apu>gzm<aku)gjr

—same 9 terms with i and j exchanged)

= 9" ((0) (@)gy + (D) (Gur) iy + (By0) (Or)g

+(9u) (k) gjp — (05u) (Opu) gjk + (Oku)(0ju)gip
—9"" (Omu) (0ru) gipgix — (Opu)(9u)gar. — (Opu) (Ou)gij

(21.9)

—same 9 terms with i and j exchanged)
The first and ninth terms are symmetric in ¢ and j. The fourth and sixth terms, taken
together, are symmetric in ¢ and j. The third and fifth terms cancel, so we have
Lo I = D5l = g ((@'U)(aku)gip — (3pu) (95w)gir. — [Vul*gipg;n
(21.10)
— same 3 terms with i and j exchanged).

Writing out the last term, we have

B — T = o (050 (Gkw) gy — (00)(Detw)gp — (By0) (D5)gin -+ (D) (Dr) g

— |Vul’gipgii + |VU|29jpgik>-
(21.11)

Another simple computation shows this is

o 1
I S L l”[(du@ du — 5|vu|2) @g} (21.12)

ijpk
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Adding together (21.7) and (21.12), we have

Rijkl = g7 [<V2u + du ® du — %]Vu|2> ) g} .

e T R, (21.13)

We lower the the index on the right using the metric g;,, to obtain

1
Rijpr. = € [(VQU + du ® du — §|Vu|2) W) g} = €2 Rijph, (21.14)

and we are done. O

Proposition 21.3. Let § = e *g. The (1,3) Weyl tensor is conformally invariant.
The (0,4) Weyl tensor transforms as

Wijkl = 672uWijkl. (2115)

The Schouten (0,2) tensor transforms as

A=Vu+du®du— %|Vu|29+A. (21.16)
The Ricci (0,2) tensor transforms as
Ric= (n —2) (V2u + ﬁ(Au)g + du ® du — \Vu\zg) + Ric. (21.17)
The scalar curvature transforms as
R:62“<2(n— DA — (n — 1)(n—2)|Vu|2—I—R>. (21.18)

Proof. We expand (21.13) in terms of Weyl,

1
Wi + (A §)i’ = 9" [(VQU +du® du — §qu|2) ® g} o+ W'+ (A® 9)i"-

(21.19)
Note that
/I@ l:~lp A®€_2u y
(A® )i gl (4 9)ijvk (21.20
=g p(A O g)z;pk
We can therefore rewrite (21.19) as
- . 1
Wi = Wi = g% [ (= A+ V2u+ du e du - S| Vuf +4) g (212
ijp

In dimension 2 and 3 the right hand side is zero, so the left hand side is also. In
any dimension, recall from Section 4.2, that the left hand side is in Ker(c), and the
right hand side is in Im(%) (with respect to either g or §). This implies that both
sides must vanish. To see this, assume R € Ker(c) N Im(y). Then R = h ® g, so
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¢(R) = (n —2)h + tr(h)g = 0, which implies that h = 0 for n # 2. This implies
conformal invariance of Weyl, and also the formula for the conformal transformation
of the Schouten tensor. We lower an index of the Weyl,

Wijkl = gpkﬁ/ijl b= 672u9pkWijl P=e ikl (21.22)
which proves (21.15). We have the formula
< 1
(—A+V2u+du®du—§]VU\2+A>@g:(). (21.23)
Recall that ¢(A® g) = (n —2)A +tr(A)g = Ric, so we obtain

- 1
—Ric+ (n = 2)(V?u+ du® du — 3| Vuf?) + (Au)g + (1 - g)\vuﬁ + Ric =0,

(21.24)
which implies (21.17). Finally,
R = §'Ric = e*¢ ' Ric
= (n—2)62“<Au+ nTQAu+(1—n)|Vu|2+R) (21.25)
— e <2(n “1)Au— (n—1)(n —2)|Vaul® + R),
which is (21.18). O

By writing the conformal factor differently, the scalar curvature equation takes a
nice semilinear form, which is the famous Yamabe equation:

Proposition 21.4. Ifn # 2, and § = vﬁg, then

- ]_ ~ n
"7 “Av+ Rv = Ruis. (21.26)
n—2

—4

A
Proof. We have e~2* = vn—2, which is

2
u = —n_21nv. (21.27)
Using the chain rule,
2 Vo
Vu = — — 21.28
U= (21.28)
2 Vv VveVu
Vi = - (= - ). 21.29
“ n—2\ v v? ( )
Substituting these into (21.18), we obtain
- —1/A 2 — 1|V
R:vaQ<_4n (_U_\Vv]>_4n |Vl +R>
n—2\ v v? n—2 v? (21.30)
—_n - ]_ '
:vnj22<—4n Av—i—Rv).
n—2
O

81



Proposition 21.5. Ifn = 2, and § = e~ g, the conformal Gauss curvature equation
18

Au+ K = Ke ™" (21.31)

Proof. This follows from (21.18), and the fact that in dimension 2, R = 2K. ]

21.2 Negative scalar curvature

Proposition 21.6. If (M,g) is compact, and R < 0, then there exists conformal

metric § = e~ 2“g with R = —1.
Proof. 1If n > 2, we would like to solve the equation

n — n+2

1
n_2A0+RU = —yn-2, (21.32)

—4

If n > 2, let p € M be a point where v attains a its global maximum. Then (21.26)
evaluated at p becomes

R(p)v(p) < —(v(p))~—=. (21.33)

Dividing, we obtain

(v(p))™= < —R(p), (21.34)

which gives an a priori upper bound on v. Similarly, by evaluating a a global minimum
point ¢, we obtain

(v(p))™= > —R(q), (21.35)

which gives an a priori strictly positive lower bound on v. We have shown there
exists a constant Cy so that ||v]|co < Cp. The standard elliptic estimate says that
there exists a constant C', depending only on the background metric, such that (see
[GTO01, Chapter 4])

[o]lcre < C([|Av]co + [v]leo)

o 21.36
< O(|Ro + 035 ]|oo + CCy < C1, (21.56)

where C; depends only upon the background metric. Applying elliptic estimates
again,

lv]|csa < C(||Av]|cre + ||v]|cre) < Cs, (21.37)

where C5 depends only upon the background metric.
In terms of u, the equation is

2(n — 1)Au — (n —1)(n — 2)|Vul|® + R = —e2“. (21.38)
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Let ¢t € [0, 1], and consider the family of equations
2(n—1)Au— (n—1)(n—2)|[Vul* + R= (1 —t)R — 1)e*". (21.39)
Define an operator F; : C** — C% by
F(u)=2(n—1)Au—(n—1)(n—2)|Vul’+ R— (1 —t)R—1)e . (21.40)

Let u; € C% satisfy Fy(u;) = 0. The linearized operator at uy, L; : C** — C?, is
given by

Li(h) =2(n — 1)Ah — (n — 1)(n — 2)2(Vu, Vh) + 2((1 — t)R — 1)e”*h. (21.41)

Notice that the coefficient h is strictly negative. The maximum principle and linear
theory imply that the linearized operator is invertible. Next, define

S = {t € [0,1] | there exists a solution u; € C** of F;(u;) = 0}. (21.42)

Since the linearized operator is invertible, the implicit function theorem implies that
S is open. Assume wuy, is a sequence of solutions with t; — ¢y as ¢ — oo. The
above elliptic estimates imply there exist a constant C}, independent of ¢, such that
|, ||cs.e < Cy. By Arzela-Ascoli, there exists uy, € C** and a subsequence {j} C {i}
such that uy; — wy, strongly in C?<. The limit Uy, 1s a solution at time ¢y. This shows
that S is closed. Since the interval [0, 1] is connected, this implies that S = [0, 1],
and consequently there must exist a solution at ¢ = 1. In the case n = 2, the same
arugment applied to (21.31) yields a similar a priori estimate, and the proof remains
valid. O

For n = 2, the Gauss-Bonnet formula says that
/ K,dV, =2mx(M). (21.43)
M

So the case of negative Gauss curvature in the above theorem can only occur in the
case of genus g > 2.

22 Lecture 21

22.1 The Yamabe Problem

We just saw that in the strictly negative scalar curvature case, it is easy to conformally
deform to constant negative scalar curvature. It turns out that on any compact
manifold, one can always deform to a constant scalar curvature metric, without any
conditions. For n = 2, this is implied by the uniformization theorem (however, this
can be proved directly using PDE alone). For n > 3, the Yamabe equation takes the
form

n—1

—4 2Av+R-v:A-v%i, (22.1)

n —
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where A is a constant. These are the Euler-Lagrange equations of the Yamabe func-
tional,

n—2

Y(g) = Vol(g)~

/ RgdUOlg, (222)
M

for g € [g], where [g] denotes the conformal class of g. An important related conformal
invariant is the Yamabe invariant of the conformal class [g]:

Y([g]) = inf ¥(g). (22.3)
gelgl

The Yamabe problem has been completely solved through the results of many math-
ematicians, over a period of approximately thirty years. Initially, Yamabe claimed
to have a proof in [Yam60]. The basic strategy was to prove the existence of a
minimizer of the Yamabe functional through a sub-critical regularization technique.
Subsequently, an error was found by N. Trudinger, who then gave a solution with a
smallness assumption on the Yamabe invariant [Tru68]. Later, Aubin showed that
the problem is solvable provided that

Y([9]) < Y([grounal), (22.4)

where [¢,ouna] denotes the conformal class of the round metric on the n-sphere, and
verified this inequality for n > 6 and g not locally conformally flat [Aub76b], [Aub76a],
[Aub98]. Schoen solved the remaining cases [Sch84|. It is remarkable that Schoen
employed the positive mass conjecture from general relativity to solve these remaining
most difficult cases. A great reference for the solution of the Yamabe problem is Lee
and Parker [LP8T7].

22.2 Constant curvature

Let g denote the Euclidean metric on R", n > 3, and consider conformal metrics

g =e 2ug.

Proposition 22.1. If g is Einstein, then there exists constant a,b;, c, such that
g = (alz]* + bz’ + ¢) _Qg. (22.5)

Proof. For the Schouten tensor, we must have

1
A=Vu+du® du— §|Vu|29. (22.6)

Let us rewrite the conformal factor as ¢ = v~2¢, that is v = Inv. The equation is
then written

~ 1
v’ A = vV — §|VU\29. (22.7)
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Let us assume that g is Einstein, which is equivalent to g having constant curvature.
In this case, we have

< tr(A) . R 9
A= = 22.8
P ey L (22.8)
so we obtain
K 1
—g=vV% — =|Voly, (22.9)
2 2
where R = n(n — 1)K. The off-diagonal equation is
vi; =0, i # 7, (22.10)

implies that we may write v; = h;(z;) for some function h;. The diagonal entries say
that

% = Vv — %|VQJ‘2. (22.11)
Differentiate this in the 27 direction,
0 = vvi; + VU; — YU (22.12)
If j =1, then we obtain
Vizi = 0. (22.13)
In terms of A,
(hi)i = 0. (22.14)
This implies that
h; = a;r; + b;, (22.15)

for some constants a;, b;. If 7 # i, then (22.12) is
0 = vj(vii — vjj)- (22.16)
This says that a; = a; for i # j. This forces v to be of the form
v =alz|® + bz’ +c. (22.17)
O

From conformal invariance of the Weyl, we know that W = 0, so § being Einstein
is equivalent to having constant sectional curvature. The sectional curvature of such
a metric is

K = 2uv;; — |Vv|?
= 2(alz|* + bz’ + ¢)2a — |2ax; + b;|? (22.18)
= 4ac — |b|*.
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If K > 0, then the discriminant is negative, so there are no real roots, and v is defined
on all of R". The metric

g (22.19)

represents the round metric with K = 1 on S™ under stereographic projection. If
K < 0 then the solution is defined on a ball, or the complement of a ball, or a half
space. The metric

4
= —-— 22.20
9= Py’ (22.20)
is the usual ball model of hyperbolic space, and
. 1
g= x—%g (22.21)

is the upper half space model of hyperbolic space. If K = 0 and |b| # 0, the solution
is defined on all of R™.

22.3 Conformal transformations

The case K = 0 of this proposition implies the follow theorem of Liouville.

Theorem 22.1 (Liouville). For n > 3, then group of conformal transformations of
R™ 1s generated by rotations, scalings, translations, and inversions.

Proof. Let T : R* — R" be a conformal transformation. Then T*¢g = v~2g for some
positive function v, which says v is a flat metric which is conformal to the Euclidean
metric. By above, we must have v = a|z|? + b;x’ + ¢, with |b]> = 4ac. If a = 0, then
v = ¢, so T is a scaling composed with an isometry. If a # 0, then

1 1,
= — + =b;)”. 22.22
v aZ(axZ + i) (22.22)

7
From this it follows that 7" is a scaling and inversion composed with an isometry. [J

We note the following fact: the group of conformal transformations of the round
S™ is isomorphic to the group of isometric of hyperbolic space H"*!. This is proved
by showing that in the ball model of hyperbolic space, isometries of H"*! restrict
to conformal automorphisms of the boundary n-sphere. By identifying H"™! with a
component of the unit sphere in R™!, one shows that Iso(H") = O(n,1). We have
some special isomorphisms in low dimensions. For n =1,

SO(3,1) = PSL(2,C) (22.23)



For the first case,

g= (‘CL Z) € PSL(2,R) (22.24)
acts upon H? in the upper half space model by fractional linear transformations
az+b
22.25
et d ( )

where 2z satisfies Im(z) > 0. The boundary of H? is S', which is identified with
1-dimensional real projective space RP'. The conformal transformations of S' are

[r1, 7] — [ary + bra, cry + drs). (22.26)

It is left as an exercise to find explicit maps from the groups on the right to the
isometries of hyperbolic space, and conformal transformations of the sphere in the
other two cases.

22.4 Obata Theorem

The metrics in the previous section with K = 1 are none other than the spherical
metric. We following characteriztion of the round metric on S™ due to Obata.

Theorem 22.2 (Obata [Oba72|). Let g be a constant scalar curvature metric on S™
conformal to the standard round metric g. Then (S™, ) is isometric to (S™, g), plus
a scaling.

Proof. We write g = v~2§. The transformation of the Schouten tensor is

e 1 = o
Ag = 1V2U — 2—/02’v1]’29 + Ag (2227)
Let E = Ric — (R/n)g denote the traceless Ricci tensor. In terms of E, we have
. 1 -
0=E,=(n—2)v" (v% - —(M)g) + B (22.28)
n

We integrate
/” v|Es2dVy = —(n — 2) 5 (B5, Vv — %(AU}§>dV§
= —(n— 2)/ (E;, V?0)dV; (22.29)
=(n— 2)/ (0B, Vv)dVy = 0,

since 6Re = %dﬁ’ = 0, by assumption the g has constant scalar curvature. We
conclude that g is Einstein. We have shown in (22.20) that the round metric on S
is conformal to the Euclidean metric. From conformal invariance of the Weyl, the
round metric therefore has vanishing Weyl tensor. Since ¢ in conformal to g, it also
has vanishing Weyl. This plus the Einstein condition implies g has constant sectional
curvature. Thus ¢ is isometric to the round metric by [Lee97, Theorem 7], and a
scaling fixes the curvature. m
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We have a further characterization:

Theorem 22.3 (Obata [Oba72]). Let g be a an Finstein metric. The g is the unique
constant scalar curvature metric in its conformal class, unless (M, g) is conformally
equivalent to (S™, ground), in which case there is a (n+1) parameter family of solutions,
all of which is isometric to the round metric, up to scaling.

Proof. From the preceeding proof, we know the any constant scalar metric conformal
to an Einstein metric is also Einstein. From (22.28) we thus have a non-zero solution
of the equation

1
Vi = ~(Av)g. (22.30)
n
This implies (M, g) is conformal to the round metric, as proved in [?]. O

22.5 Differential Bianchi for Weyl
Proposition 22.2. The divergence of the Weyl is given by

SW = (n — 3)dV A, (22.31)
where A is the Schouten tensor. In coordinates,
VWi = (n = 3)(V; A — VieAjm). (22.32)
Proof. The divergence of the curvature tensor was given in (4.5)
ViR, = V;Rim — ViRjm. (22.33)

Decomposing the curvature tensor,
ViWiom + §7(A® ) jipm) = Vi Riom — ViR, (22.34)
which yields the formula
leijWi = —g"Vi(AD® 9)jtpm + ViR — Vi.R;

== _glpvl (Ajpgkm - Akpgjm - Ajmgkp + Akmgjp)

R R
(22.35)
The Bianchi identity in terms of A is
; 1
iy [ —— v Y 22.
V;A; 2 =1) V.R (22.36)

Substituting this in the above expression, we find that all of the scalar curvature
terms vanish, and we are left with

VWt = (n—3)(VjAum — Vidn). (22.37)

Jjkm

]
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23 Lecture 22

23.1 Local conformal flatness

We define the Cotton tensor as
C =dvA, (23.1)
or in coordinates,
Ciji = ViAj — VA (23.2)

We say a manifold (M, g) is locally conformal flat if for each point p € M, there is a
function u : U — R defined in a neighborhood of p such the that metric § = e=2%g is
a flat metric.

Proposition 23.1. Let (M, g) be an n-dimensional Riemannian manifold. If n = 2,
then g is locally conformally flat. If n = 3, then g is locally conformally flat if and
only if the Cotton tensor vanishes. If n > 4, g s locally conformally flat if and only
if the Weyl tensor vanishes identically.

Proof. For n = 2, the equation for local conformal flatness is
Au+ K = 0. (23.3)

This is just Laplace’s equation, which can always be solved locally.

If (M, g) is locally conformally flat, then for n > 4, the Weyl tensor must vanish
from conformal invariance. For n = 3, local conformal flatness implies we have a
solution the equation

1
Vu + du @ du — §]Vu]29+Ag = 0. (23.4)

We apply dV to this equation,
(dV Ag)iji = Vidje — VA,
1
= Vi(Viju + V,uViu — §|Vu|2gjk> — skew in ¢ and j
= V,;V;Viu + (V,VJu) (Viu) + (Vju) (ViViu) — (VZU) (Vlvzu)g]k
— skew in ¢ and j
= V,V,;Viu+ (V;u)(V;Viu) — (Vi) (Vi Viu) g
— skew in ¢ and j
= —R;,"Vyu+ (Vju)(ViViu) — (V') (V,Viu)gjx
— (Vi) (V;Viu) + (V'u) (ViVju) gar
(23.5)
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The first term is

—R.

P — _plp
ik Vou = —g" R, Vyu

= —g"(Augjk — Ajgik — Airgjt + Ajrgi) Vpu (23.6)
= —AugixrV'u + AjuginV'iu + AV u — Aj V.

Substituting (23.4), we find that all term cancel, and thus
dvA, =0 (23.7)

is a necessary condition in dimension 3.
Finally, we deal with the sufficiency. By Proposition 22.2, the Cotton tensor
vanishes also in case n > 4. We must find a solution of the equation

1
Viu = —du ® du + §|Vu|29 — A, (23.8)

From classical tensor calculus, the integrability condition for this overdetermined
system is exactly the vanishing of the Cotton tensor [?].
Another way to see this is to think of du = a as a 1-form. The equation is then

Va = —oz®oz—|—%|a|2g—Ag. (23.9)
In local coordinates,
(Va)y = dia; — T, (23.10)
so this overdetermined system looks like
Oiaj = fij(on, ..., o) + hij. (23.11)

The vanishing of the Cotton tensor is exactly the integrability condition required in
the Frobenius Theorem [?, Chapter 6]. O

23.2 Examples

Besides constant sectional curvature metrics, there are two other commonly found ex-
amples of locally conformally flat metrics. First, the product of two constant sectional
curvature metrics, on manifolds M and N with K, = 1, and Ky = —1, respectively,
is locally conformally flat. To see this, note we can write the product metric

IgMxN = 9gMm + gN- (23.12)

Since the sectional curvatures are constant, we have

1

1
v = 59m O g, and gy = —59N O gn (23.13)
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SO

1
Ryxn = Ry + By = §<9M®9M_9N®9N>
1
= 5(9a +gn) © (921 — gn)
1 (23.14)
= 59MxN ® (9m1 — gv)
1
and therefore the Weyl tensor vanishes.
We can actually exhibit such metrics directly as follows. Topologically,
RPFT4\ RI™H = {RPF\ {0}} x RI™?
=57 x Rt x R7! (23.15)

=SP x HY,

Let us endow this space with the metric ¢ = 7~ 2ggp+a, where

r’=>Y a7, (23.16)
=1

and grp+q is the Euclidean metric on RP™2. This metric is conformal to the Euclidean
metric, so by definition is locally conformally flat. Let gs» denote the standard metric
on the unit sphere S? C RP™!. We can rewrite our metric as

p+q p+q

g= %(dr2+r295p i Z dmf) — ggr + r%(dr2+ Z d:p?)’ (23.17)

i=p+2 i=p+2

and we see the left hand side is the product metric of gs» with the hyperbolic upper
half space HY.

The second example is the product of a manifold of constant sectional curvature
with S* or R. To see that this is locally conformally flat, we again write

K
Ryrxr = EQM O gm
(23.18)

K
= 3(9M + d2*) ® (g — dz®),

since dz? @ dz? = 0, thus the Weyl tensor vanishes.

24 Lecture 23

24.1 Conformal invariants

Proposition 24.1. For n = 3, the Cotton tensor is conformally invariant. That is,

under the transformation § = e~ 2'g,

C=CcC. (24.1)
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Proof. This is a calculation, very similar to the calulation performed in the proof of
Proposition 23.1. In that proof we assumed that

V2u + du ® du — %|Vu|2g+Ag =0, (24.2)
but here we have that

V2u + du ® du — %|VU!29+A9 = A. (24.3)
That computation shows that

1
d% (V2 + du  du - 5| Vul’g + A, ) =
dvA, — Az‘lgjkvlu + Ajlgikvlu + Aikvju — Ajkviua

(24.4)

since W = 0 when n = 3. So we have that
(dvfi)ijk = (dVAg)ijk — /L-lgjkvlu + fljlgikvlu + Asz]u — fljkvzu (245)
Next, we compute
(dﬁﬁ)i]‘k = @Z-AA/]kJ - @]Azk‘
= 0; Ay, — %Ay, — T Ay, — skew in i and j (24.6)
= ﬁzfljk - Fh?kzzljp — skew in ¢ and ]

Recall the formula (21.1) for the conformal change of Christoffel symbol:

f;k = 9”( — (0u)gix — (Oru)gi; + (@zu)gjk> + sz (24.7)
Substituting this, we obtain
(d@fl)ijk = fl ( w) g — (Opu) g + (@u)gik)zzljp — skew in 7 and j
= ( fl)”k + (Ou)A L + (8ku)Aj,~ —(V u)gikfljl — skew in 7 and j
= (dV A)yr, + (Ou) Az — (V') gaAy — (O5u) A, + (V') gjrda.
(24.8)
Comparing terms, we are done. O
Proposition 24.2. Forn > 4, the quantity
[ we,2av, (24.9)
M

1s conformally invariant. For n = 3, the quantity

/M|Cg’dVg:/M \/ (Cyg, Cy)gdVy, (24.10)

1 a conformal invariant.
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Proof. We know that the (1,3) Weyl tensor is a conformal invariant. Let § = Ag, and
compute

/M W3 dV; = /M (57575 Ga W, Wi ) "V
/]V[ ()\—2gipgquk7‘gslwpqrsv[/ijkl)Z/\’n/2d‘/g (2411)

:/ W2 dV,.
M

For the second, we know that the (0,3) Cotton tensor is a conformal invariant. For
g = A\g, we compute

/A4|é|§d‘/;7:/A4<§ip§jq§krépqréijk)2d‘/§

1
:/ ()Fgg"pgquerpquijO2>\%dVg (24.12)
M

= / |Cg|gdvg‘
M

24.2 Weitzenbock formula revisited

Recall from Section 9.1 that for w € I'(A?),

Apgw = —Aw + p,, (24.13)

where

n p p
1
Pw = 5 E E E lez‘jikwil...z‘j_llml...z‘k_lmikﬂ...ip

Im=1 j=1 k=1,k#j

np
+E E RimWiy .. ij_1mij .. ip-

m=1 j=1

(24.14)

If (M, g) is locally conformally flat, for the first term, we have

n P p
1 Z Z Z
- § leijikwil.A.Z']'_llij_'.l...ik_lmik+1...ip

Lm=1 j=1 k=1k#j

n ) P

Im=1 j=1 k=1,k#j

+ Amikglij)wil...z‘j,llz’jﬂ...ik,lmikﬂ...i,,-
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It is easy to see that the four terms terms are the same, so we have

n p p
Po = —2 E E E AL Gmig Wiy i 1l 41 e 1M1

=1 j=1 k=1k#j

nop
+E E Ry mWiy a5 ymij gy iy

m=1 j=1

np
=-2(p—1) Z Z Al Wiy iy 1l iy (24.16)

=1 j=1

n p
+§ E Ry mWiy . ij_ymijyn.ip

m=1 j—l

_n—2p p(p—1)
T on-—2 ZZR“J“’“ gty (n—1)(n— 2)Rw'

=1 j=1

Remark. Note that if (M, g) has constant sectional curvature K, then this becomes

_n—%ﬂ plp—1)
e 53) LA - -2

=1 j=1

= Kp(n — p)w

(24.17)

Proposition 24.3. If (M, g) is compact, of dimension n = 2m, locally conformally
flat, and R > 0, then b,,(M) = 0.

Proof. Let w be a harmonic m-form. From the Bochner formula (9.14), we have

0= [ Vel + [ tpw)a
M M

_ 2, m 2
_/M|vw\ +2(2m_1)/MRg|w| av,

If R > 0, then clearly we must have w = 0. [

(24.18)

Proposition 24.4. If (M™, g) is compact, locally conformally flat, and Ric > 0, then
bi(M)=0 fori=1...n—1.

Proof. Again, this follows easily from the Bochner formula and Poincaré duality. [

Remark. This is not surprising, since Kuiper has shown that any compact simply
connected locally conformally flat manifold is conformally diffeomorphic to the round
n-sphere [?]. In this case, since Ric > 0, Myers’ Theorem implies that the universal
cover in compact, and is therefore conformally equivalent to the round S™. Then
(M, g) is a compact conformal quotient of S™. But any co-compact subgroup of the
conformal group SO(n + 1,1) is conjugate to a subgroup of isometries, so (M, g) is
conformal to a positive space form.
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We can also write p,, in terms of the Schouten tensor,
n P p
po=(n=2p) Y N Ay wiy i iy + STt (24.19)

=1 j=1 n—1)

Under various positivity assumptions on the Schouten tensor, some Betti number
vanishing theorems were shown in [?]. We mention also that Schoen and Yau have
shown vanishing theorems for certain homotopy groups in the locally conformally flat
positive scalar curvature case [?]. Chern and Simons, and Kulkarni have shown that
the Pontrjagin forms depend only upon the Weyl tensor. Therefore all the Pontryagin
classes of any compact locally conformally flat manifold vanish [?], [?].

We look again at the case of 2-forms. On 2-forms, the Weitzenbdck formula is

(Agw)ij = —(Aw);; — Z Rimijwim + Z Rimwmj + Z Rjmwim. (24.20)
Il,m m m

In dimension 4, the Ricci terms vanish, and we obtain

- 1
(pw)ij = — Z Wimijwim + ngij- (24.21)
l,m=1
Let A\ denote the minimum eigenvalue of this Weyl curvature operator.

Proposition 24.5. Let (M*, g) be a compact 4-manifold. If X < %, then by(M) = 0.

Proof. Again, an easy application of the Bochner formula. O

25 Lecture 24

25.1 Laplacian of Schouten

Let (M, g) be a Riemannian manifold, and recall the Schouten tensor

A= i 5 (Rz'c - Q(n—R—ng) : (25.1)

and the Cotton tensor
Cijk = ViAj — VA (25.2)
We differentiate the formula
Vil = VA + Cij, (25.3)
to get
(AA) 1, = V'V, Ay + V'Cijy.. (25.4)
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Commuting covariant derivatives,

ViV,Ay = ¢"ViV; Ay
= 9" (ViVidi = Ry " A — Ry Aim) (25.5)
=V, VA, — g% g™ (Rijpi Ami + RijpiAim)

Using the Bianchi identity (4.11), we compute

) 1 ) 1 )
ZAA — 12y > 2 1 .
1 1 1
T n-2 <§ka - 2(n— 1)V’“R> (25.6)
 WiR
2(n—1)
= Vk(tT(A))
Substituting into (25.5) we obtain
V'V;Aik = VVi(tr(A) + g™ RjpAmi — 9" 9™ Rijpk Aim
= V]Vk(tr(A)) —+ gm”((n — 2)Ajp + tT(A)gjp)Amk
—g'g™ (M/ljpk + Apgie — Ajpgie — Awgjp + Ajkglp) Aim (25.7)

= V]Vk(tr(A)) + (n — Q)ATAmk; + tT’(A)Ajk
— 9GP Wipk Aim — AP gji + 2A7 A — tr(A) Aji
= VJVk(tT<A)) - gilgmpvvljpkAim + n<A2)jk - |A|2gjk'

Substituting into the above, we arrive at the general formula
(AA)ju = V' Cigi, + V;Vi(tr(A)) — g g™ Wigpr Ai + 1(A%)ji — [AP gy (25.8)

Proposition 25.1. If (M, g) is locally conformally flat, and has constant scalar cur-
vature, then

AA =nA?—|Afg. (25.9)

Proof. From Proposition 23.1, the Weyl and Cotton tensor terms vanish, and also
the scalar term vanishes in (25.8). O

25.2 The Yamabe Flow

The Yamabe flow, introduced by Hamilton, is

d
%g — _(Rg _ rrg)g’ (2510)
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where

1
— RAV, 925.11
"7 Voal(g) /M 7 (25.11)

is the average scalar curvature. Note this flow remains in the conformal class of the
initial metric. Also, this flow preserves volume. To see this,

GVlla®) =3 [ mav,

: (25.12)
= Y /M(Rg —1y)dVy =0
We recall the formula for the linearization of the Ricci tensor
1
(Rid)y; = —( — Ahyj + Vi(div h); + V,(div h); — V;V;(trh)
2 (25.13)
— 2Ry;,h + RVh,, + R?hip> .
For the Yamabe flow, we have
d . 1
“H(Ric)y; =5 ((AR)gy + (n = 2) V.V, ). (25.14)

The evolution of the scalar curvature is given by
SR = 6(g ' Ric) = g~ '(dRic) + (g~ ) Ric
1 .
= ég_l ((AR)QU + (n — 2)V1V3R> + g_l(R — T)gg_lec (2515)
=(n—1AR+ R(R—r).

Proposition 25.2. The Yamabe flow preserves positive scalar curvature.

Proof. The change of scalar curvature for the unnormalized Yamabe flow is

d
= (n — 1)AR+ R?, (25.16)
so the maximum principle applies. O

We next restrict to the case that (M, g) is locally conformally flat. In this case,
(25.8) is

AA = V2(tr(A)) + nA? — |A]%g. (25.17)

Rewrite this in terms of the Ricel tensor

1 ‘ R B 1 2 2 2
n—QA (ch 2= 1)9) == 1)V R+nA” —|Al%g. (25.18)
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which is

ARic — ﬁ (ARG + (0~ 2DVR) + (0~ 2)(nd’ — |APg).  (25.19)

Substituting into (25.14) we obtain

%Ric — (n— 1)ARic — (n — 2)(n — 1) (nA2 - |A|Qg>. (25.20)

In an ONB, we compute that

n

1 R?
2 _ 12
nAimAjm — |AI"gi; = n_2y (nRiijm i 1RRij — |Ric|"gi; + mgij) :
(25.21)

We have show that in the locally conformally flat under the Yamabe flow the evolution
of the Ricci tensor is given by

d —1 ’
—Ric = (n — 1)ARic — 2= (nRic* — ——RRic - |Ric|’g + o q-
(n—2) n—1

dt n—1
(25.22)

Proposition 25.3. If (M, g) is locally conformally flat, then the Yamabe flow pre-
serves positive Ricci.

Proof. Asin the Ricci flow case, we just need to verify the null eigenvector assumption.
If Ricci in non-negative and has a zero eigenvector, then we require that

2

n—1’

| Ric|* < (25.23)

which is true, using (16.8) in dimension n — 1. O

As we discussed in the previous section, Kuiper’s Theorem implies that if (M, g)
is compact, locally conformally flat and has positive Ricci, then (M, g) is conformal
to a constant positive curvature metric. One may ask: if one starts the Yamambe
flow with such a metric, does the flow converge to the constant curvature metric.
Ben Chow showed that this is indeed the case with proof similar to that of Hamilton
[Cho92]. Subsequently, Rugang Ye proved the Yamabe flow converges on a locally
conformally flat manifold with any initial data [Ye94].

In the general case (not necessarily locally conformally flat), Hamilton proved
existence of the flow for all time and proved convergence in the case of negative
scalar curvature. The case of positive scalar curvature however is highly non-trivial.
Schwetlick and Struwe [SS03] proved convergence for 3 < n < 5 provided an certain
energy bound on the initial metric is satsified. In the beautiful paper [Bre05], Simon
Brendle proved convergence for 3 < n < 5 for arbitrary initial data.
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26 Lecture 25

26.1 Curvature in dimension 4

Recall the Hodge star operator on AP in dimension n satisfies
2 = (=1, (26.1)
In the case of A% in dimension 4, **> = I. The space of 2-form decomposes into
A=A @ A2, (26.2)

the +1 and —1 eigenspaces of the Hodge star operator, respectively. Note that
dimr(A?) = 6, whilst dimg(A%) = 3. Elements of A3 are called self-dual 2-forms,
and elements of A? are called anti-self-dual 2-forms

We fix an oriented orthonormal basis eq, s, €3, ¢4 and let

wi=e' N2 £eP net,
wi =e' ANttt Ae?
wi =e' Net e AP,
+

note that *w’ = +wF, and \%wi is an orthonormal basis of AZ.

Remark. In dimension 6, on A%, we have * = —1,s0 A3@C = A2 ®A3 | the +i and —i
eigenspaces of the Hodge star. That is, * gives a complex structure on A? in dimension
6. In general, in dimensions n = 4m, A*™ = AZ" & A?™, the £1 eigenspaces of Hodge

star, whilst in dimensions n = 4m + 2, the Hodge star gives a complex structure on
A2m1

In the remainder of this section, we will perform computations in a local oriented
ONB. For a 2-form w, the components of w are defined by

wij = w(ei, €j), (263)

so that the 2-form can be written
1 . .
w=g Z wije' Nel. (26.4)
7]
What are the components of e A e?? We write

1 , 4
P Nel = 3 Z(ep Nel)e' Ae
iJ

) - (26.5)
=52 e ne,

0]

so the components of e A e? are given by (e? Aef);; = (5%’]9, the generalized Kronecker
delta symbol, which is defined to be +1 if (p,q) = (¢,7), —1 if (p,q) = (j,i), and 0

otherwise.
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In Section 5.2, we defined the curvature operator
R e F(52 (AQ(T*M))). (26.6)

In an local ONB, we write
1
(Rw)ij = 3 ; Rijrwr. (26.7)

Notice we have changed previous convention, and introduced a factor of 1/2, the
reason for this will be seen below. Therefore the curvature operator is

1

Rw = 5 Z(Rw)ije’ A e’
L (26.8)
= Z Z Rijklwklel A\ €j.
i,k
Note that any tensor with components FP;j; satistying Pjju = —Pjim = —PFij, and

Pijiy = Pyyj yields a symmetric operator P : A? — A? defined by the same formula

1 L
Pw = Z Zk:l Bjklwkle A€l (269)
7/7.]7 )

Conversely, any symmetric operator P : A> — A? is equivalent to a (0, 4) tensor, by
Poyrs = (P(eP Nef), e" N e’). (26.10)
For the operator P, we have
Poyrs = (P(e? Ne?),e" A e®)

1 A ,
= <Z_L Z Piiri(e’ Nel)e Nel e Ne)

i7j7k7l

1 . .
Z<Z Pobiet Nel et Ae’)

,9,k,l
1 S (26.11)
= Z(Z(Piqu — Pjgp)e' Nee" Ned)
.3
1 % J T s
= §<ZP,;que Nele" A e’)
1,3
1

= _(Pmpq - Psrpq) =P

rs-
2 pq

This computation was just to verify that with our convention of 1/4 in (26.9), we get
back the same tensor we started with.
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In dimension 4 there is the special coincidence that the curvature operator acts
on 2-forms, and the space of 2-forms decomposes as above. Recall from Section 5.1,
the full curvature tensor decomposes as

1 R
Rm=W+-E®g+ —gD g, (26.12)
2 24
where
R
E = Ric — 79 (26.13)

is the traceless Ricci tensor.

Corresponding to this decomposition, we define the Weyl curvature operator, W :
A% — A? as

1
(Ww)ij = 3 ; Wiitawra. (26.14)

We also define W* : A2 — A2 as
WHw = W, (26.15)

where my : A> — A2 is the projection %(I + x). The operator W is a symmetric
operator, so by the above procedure, it corresponds to a curvature-like tensor W,
the components of which are defined by

Wt .= Wt (e Nel), e Ae®)

1 (26.16)
= §<W(ep Ae? + x(e? Ae?)), e Ae).
For example,
1
Wihay = §<W(el ANe*+ e’ net), e Aet)
1 (26.17)
= §(W1234 + Wayza).
Correspondingly, we can decompose the Weyl curvature tensor as
W=w"+w-, (26.18)

the self-dual and anti-self-dual components of the Weyl curvature, respectively. There-
fore in dimension 4 we have the further orthogonal decomposition of the curvature
tensor

1 R
Rm:W++W—+§E®g+ﬂg®g. (26.19)

The traceless Ricci curvature operator £ is the operator associated to the curvature-
like tensor F @® g, and the scalar curvature operator S is the operator associated to
RgDg.

101



Proposition 26.1. The Weyl curvature operator preserves the type of forms,
WAL — A2 (26.20)
and therefore
Wyt A2 — AL (26.21)
The scalar curvature operator acts as a multiple of the identity
Sw =2Rw. (26.22)
The traceless Ricci operator reverses types,
E: N — AL (26.23)
In block form corresponding to the decomposition (26.2), the full curvature operator
18
R
WH+ 51 £
R = . (26.24)
£ W+ &1

Proof. We first consider the traceless Ricci operator. We compute

(£ 0 g)w)i; = 1(E D 9)ijkiWki

2
1
2( kGjiWkt — EjrGuwi ikt + Engineon) (26.25)
1

= Eikwkj - Ejkwkiy

since w is skew-symmetric. Next assume that £;; is diagonal, so that Ej; = A;g;;, and
we have

1
§(E D 9)ijriwr = NibikWij — A\jOjkWri

26.26
= )\iwij — )\jwji ( )
= (>\z + )\j)wij.
Next compute
1 1
S(EO 9)ira (W ) = S(EO )it (015 + O3)
= () (01} + 03%) (26.27)

=\ + /\2)5% + (A3 + )\4)5@{1.
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Since FE is traceless, A\ + Ao = —A3 — A4, so we have
1 y ,
S(EO 9)igrt (W )k = (A1 + A2) (015 — 034, (26.28)

which equivalently is
(E®g)(w]) = (A1 + X2)wy . (26.29)
A similar computation shows that
(E®g): A} — Azc. (26.30)

The dimension of the space {M : A> — A% M symmetric, M* = — x M} is 9. The
dimension of the maps of the form F ® g, where is a traceless symmetric tensor is also
9, since the map ¥ — E @ g is injective for n > 2. We conclude that the remaining
part of the curvature tensor

1
W + S A2 — A2, (26.31)
The proposition follows, noting that ¢ ® g = 21, twice the identity. To see this, we
have

1
((9 @ g)w)ij = 5(9 D 9)ijkiWhi

1
= §(gik9jl = gik9it — Gugjk + gigik) Wi (26.32)
= (Gikgjt — GjkGit)Wki
= (wij — wji) = 2wij.

]

Of course, instead of appealing to the dimension argument, one can show directly
that (26.31) is true, using the fact that the Weyl is in the kernel of Ricci contraction,
that is, the Weyl tensor satisfies W;;;; = 0. For example,

1
Wi = Wi (04 + i)

2 (26.33)
= Wiji2 + Wijsa,
taking an inner product,
1
Wi ,wr) = §(Wz‘jl2 + Wijsa) (657 — 657)

= Wiz12 — Waaia + Wiazs — Waysy (26.34)

= Wig12 — Wayaa.
But we have

Wisto + Wisis + Wiga =0
1212 1313 1414 (26.35)

Wia12 + Waaga + Wiase = 0,

103



adding these,
2Wig12 = —Wigis — Wiaia — Wiaaza — Wiaao.

We also have

Wiara + Wasos + Wiyzs = 0
W31 + Waaga + Waazs = 0,

adding,
2Wau34 = —Whia1a — Wasos — Wiz — Wiaza = 2Wia1a,
which shows that
(Wuwi,wi) = 0.
Next

1 ,
Wuwi,wy) = §(Wij12 + Wijsa) (67 — 0;7)

= Wis1o — Wao1o + Wissy — Wiyass
= —Whaz1 — Wio12 — Wiagi3 — Wagas.

But from vanishing Ricci contraction, we have

W12 + Wiagi3 =0,
Wiazi + Wiaass =0,

which shows that
(Wwi,wy) = 0.

A similar computation can be done for the other components.

27 Lecture 26

27.1 Some representation theory
As SO(4) modules, we have the decomposition
S?(A?) = S?(A2 @ A?)
= S*(A%) @ (A2 @ A%) @ SP(A%),

which is just the “block form” decomposition in (26.24).

Proposition 27.1. We have the following isomorphisms of Lie groups

Spin(3) = Sp(1) = SU(2),
and

Spin(4) = Sp(1) x Sp(1) = SU(2) x SU(2).
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(26.39)

(26.40)

(26.41)

(27.1)

(27.2)
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Proof. Recall that Sp(1) is the group of unit quaternions,

Sp(1) ={qeH: qq=|q]* =1}, (27.4)

where for ¢ = x¢ + x1% + 22 + w3k, the conjugate is § = x¢g — x17 — x9j — x3k. The
first isomorphism is, for ¢; € Sp(1), and g € Im(H) = {x1i + z2j + z3k},

¢ — q1qq, € SO(Im(H)) = SO(3), (27.5)

is a double covering of SO(3). For the isomorphism Sp(1) = SU(2), we send

o -7
Q—a+Jﬁ'—>(5 a), (27.6)
where «, § € C.

To see that Sp(1) x Sp(1) = Spin(4), take (q1,92) € Sp(1) x Sp(1), and define
¢ :H — H by

¢(q) = 0147 (27.7)

This define a homomorpishm f : Sp(1) x Sp(1) — SO(4), with
ker(f) ={(1,1), (=1, 1)}, (27.8)
and f is a non-trivial double covering. O]

We let V' denote the standard 2-dimensional complex representation of SU(2),
which is just matrix multiplication of (27.6) on column vectors. Let S™(V') denote
the space of complex totally symmetric r-tensors. This is the same as homogeneous
polynomials of degree r in 2 variable, so dim¢(S"(V)) = r 4+ 1. The following propo-
sition can be found in [?].

Proposition 27.2. If W is an irreducible complex representation of Spin(3) = SU(2)
then W is equivalent to S™(V') for some r > 0. Such a representation descends to
SO(3) if and only if r is even, in which case are complezifications of real representa-
tions of SO(3). Furthermore,

min(p,q)
SV)@s81(V)= st (27.9)

r=0

For G| and G5 compact Lie groups, it is well-known that the irreducible represen-
tations of G; X (G5 are exactly those of the form Vi ® V5 for irreducible representations
V1 and V, of G and Go, respectively [?]. For Spin(4) = SU(2) x SU(2), let V. and
V_ denote the standard irreducible complex 2-dimensional representations of the first
and second factors, respectively.
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Proposition 27.3. If W is an irreducible complex representation of Spin(4) =
SU(2) x SU(2) then W is equivalent to

SPa = SP(V,) @ SUV.), (27.10)

for some non-negative integers p,q. Such a representation descends to SO(4) if and
only if p+ q s even, in which case these are complexifications of real representations

of SO(4).
Note that
dime(SP9) = (p+ 1)(q + 1), (27.11)

which yields that dimc(S™') = 4. Since p + ¢ = 2 is even, this corresponds to an
irreducible real representation of SO(4). It it not hard to show that the standard real
4-dimensional representation of SO(4), call it T', is irreducible. Therefore, we must
have

TRC=V,® V.. (27.12)
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