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Introduction

We will cover the following topics:

e First few lectures will be a quick review of tensor calculus and Riemannian
geometry: metrics, connections, curvature tensor, Bianchi identities, commuting
covariant derivatives, etc.

e Bochner-Weitzenbock formulas: various curvature conditions yield topological
restrictions on a manifold.

e Decomposition of curvature tensor into irreducible summands.

Some basic references are [Bes87|, [CLNO6], [Lee97], [Pet06], [Poo81].

1 Lecture 1

1.1 Metrics, vectors, and one-forms
Let (M, g) be a Riemannian manifold, with metric g € T'(S*(T*M)). In coordinates,
9= Z gij(z)dz' @ da?, gi; = gij, (1.1)
ij=1

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

g(X,Y)=g(Y, X). (1.2)

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

X=X, X'eC™M), (1.3)
where
)
== 1.4
o oxt’ (1.4)

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 = widz', w; € C(M). (1.5)

Remark 1.1. Note that components of vector fields have upper indices, while com-
ponents of 1-forms have lower indices. However, a collection of vector fields will be
indexed by lower indices, {Y1,...,Y,}, and a collection of 1-forms will be indexed by
upper indices {dz',..., dz"}. This is one reason why we write the coordinates with
upper indices.



1.2 The musical isomorphisms
The metric gives an isomorphism between T'M and T% M,
b:TM —T*M (1.6)
defined by
(X)(Y) =g(X,Y). (1.7)

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

(w1, w2) = g(fwr, fws). (1.8)

Note that if g has components g;;, then (-,-) has components g%/, the inverse matrix
If X e T'(TM), then

h(X) = X;da', (1.9)
where
X, = gy X7, (1.10)
so the flat operator “lowers” an index. If w € I'(T*M), then
f(w) = W', (1.11)
where
w' = g"w;, (1.12)

thus the sharp operator “raises” an index.

1.3 Exterior algebra and wedge product

For a real vector space V, a differential form is an element of A?(V*). The wedge
product of & € AP(V*) and 8 € A%(V*) is a form in APT2(V*) defined as follows. The
exterior algebra A(V*) is the tensor algebra

A(VF) = {@v@’“}/z: P A (1.13)

k>0 k>0

where Z is the two-sided ideal generated by elements of the form a ® a € V* @ V*.
The wedge product of a € AP(V*) and § € AY(V*) is just the multiplication induced
by the tensor product in this algebra.

The space A¥(V*) satisfies the universal mapping property as follows. Let W be
any vector space, and F' : (V*)®k — W an alternating multilinear mapping. That
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is, F(al,...,a*) = 0if o' = o for some i,j. Then there is a unique linear map F
which makes the following diagram

(V)% — ARV

commutative, where 7 is the projection
(o', . .,af)=a' Ao AP (1.14)

We could just stick with this definition and try and prove all results using only this
definition. However, for calculational purposes, it is convenient to think of differential
forms as alternating linear maps from Ve - R. For this, one has to choose a pairing

AF(V*) 22 (AR(V)*. (1.15)

The pairing we will choose is as follows. If a = a'! A---Aa¥ and v = v, A -+ A vy,
then

a(v) = det(a'(v;)). (1.16)
For example,
o' A a?(vr Avg) = at(v1)a?(vs) — at(vy)a?(vy). (1.17)

Then to view as a mapping from V& — R, we specify that if o € (A*(V))*, then

a(vy, ..., vg) = alvp A Auvg). (1.18)
For example
ol A a? (v, v) = at(v)a? (vy) — at(v)a? (vy). (1.19)
With this convention, if &« € A?(V*) and 5 € A%(V*) then
1 :
aAB(vr,..., 04 = ol Z sign(o)a(Ve1y, - - - Vo(p)) B(Vo(ps1)s - - - 5 Vo(ptq))-
1 0€Spiq

(1.20)

This then agrees with the definition of the wedge product given in [Spi79, Chapter 7].
Some important properties of the wedge product

e The wedge product is bilinear (o' +a?) A B =a' AB+a? A B, and (ca) A =
c(a A pB) for c € R.

o If a € AP(V*) and g € AY(V*), then a A = (—=1)P15 A .
e The wedge product is associative (a A B) Ay =a A (B A 7).

It is convenient to have our 2 definitions of the wedge product because the proofs
of these properties can be easier using one of the definitions, but harder using the
other.



1.4 Differential forms and the d operator

A differential form is a section of AP(T*M). le., a differential form is a smooth
mapping w : M — AP(T*M) such that nw = Idy;, where m : AP(T*M) — M is the
bundle projection map. We will write w € I'(AP(T*M)), or w € QP(M).

Given a coordinate system z' : U — R, i = 1...n, a local basis of T*M is given
by dz',... dx™. Then o € QF(V*) can be written as

a= Z iy iy dT™ A A da (1.21)
1<i1 <ig < <ip<n
Then we also have
1 i i
o= H Z Qi dx™ N A dat?, (1.22)
1<iy jig,.yip<n

where the sum is over ALL indices.

However, if we want to think of o as a multilinear mapping from TM®" — R,
then we extend the coefficients «y, . ;,, which are only defined for strictly increasing
sequences %1 < --- < i, to ALL indices by skew-symmetry. Then we have

a= > . dit @ @dah (1.23)
1<iy,i2,...,ip<n

This convention is slightly annoying because then the projection to the exterior al-
gebra of this is p! times the original «, but has the positive feature that coefficients
depending upon p do not enter into various formulas.

The exterior derivative operator [War83, Theorem 2.20],

d: QP(T*M) — QP (T*M) (1.24)
is the unique anti-derivation satisfying
e Fora e QP(M), d(a A B) =da AP+ (—1)PaAdf.
o I’ =0.

o If f € C°(M) then df is the differential of f. (Le., f. : TM — R is a element
of Hom(T M, R) which is unambiguously an element of T'(T*M) = Q(M).)

Next, letting Alt?(T'M) denote the alernating multilinear maps from TM®" — R,
then d can be considered as a mapping

d: Alt'(TM) — A" (T M) (1.25)
given by the formula
p
du(Xo,. ... Xp) = S (~1)X; (w(XO, X ,Xp))
7=0 (1.26)
+ Z(—1>i+jW([Xi,Xj],X0, NP ,Xi, NP ,Xj, NP ,Xp),
i<j



which agrees with the formula for d given in [Spi79, Chapter 7].
Note that in a coordinate system, d is given by

p
(d)i...i, = Z<_1)jaijai0.“i;...ip' (1.27)
=0

J

(Note this is indeed skew-symmetric in all indices.)
When we bring a Riemannian metric g into the picture, there will be an issue that
comes up. If e’ is an ONB of T*M then we would like

e N Nelr (1.28)

to be a unit norm element in A?(7*M). However, when we view this as an alternating
tensor, the tensor norm is given by p!. We will discuss this next.

1.5 Inner product on tensor bundles

The metric induces a metric on A*(T*M). We give 3 definitions, all of which are
equivalent:

e Definition 1: If
wr=alA---AaF (1.29)
W= B A A SR
then
(W', w?) = det({a’, 7)), (1.30)

and extend linearly. This is well-defined.

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

ETNNER 1<y <ip <o <<, (1.31)
is an ONB of A*(T; M).

e Definition 3: If w € A*(T*M), then in coordinates

W= Z Wiy dT™ A - A datE (1.32)
1< < <ipg<n
Then
lwllfe = (w,wy = Y ww g, (1.33)
1<i1 << <n
where

w’Lle — gilligi212 . giklkwll...lk‘ (].34)



To define an inner product on the full tensor bundle, we let
0 e F((TM)®p ® (T*M)®q). (1.35)

We call such Q a (p, q)-tensor field. As above, we can define a metric by declaring
that

€, ® Qe @ ®- el (1.36)

to be an ONB. If in coordinates,

Q= Qj.llj_;”qail ® Q0 @dr ® - @dx, (1.37)
then
1Q? = (Q, Q) = Qi (1.38)

fs is obtained by raising all of the lower indices and lowering all
i

where the term Qfll:.'.'
of the upper indices of Q!
is given by

using the metric. By polarization, the inner product

1
(S0, ) = 5 (1192 + Qa2 = 1912 = 19212). (1:39)

Remark 1.2. Recall we are using (1.16) to identify forms and alternating tensors. If
w € AP(T*M), then if we view w as an alternating p-tensor, then

lwollz-anyer = v/Plllw]las- (1.40)

For example, as an element of A%(T*M), e! A e? has norm 1 if !, e? are orthonormal

in 7*M. But under our identification with tensors, e' A €? is identified with e! ®
e? —e? ® €', which has norm v/2 with respect to the tensor inner product. Thus our
identification in (1.16) is not an isometry, but is a constant multiple of an isometry.

We remark that one may reduce a (p, ¢)-tensor field into a (p — 1,¢ — 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, (141)
and in coordinates is given by
65119;;; - Qzé...f;- (1.42)



2 Lecture 2

2.1 Connections on vector bundles

A connection is a mapping I'(T'M) x ['(E) — ['(E), with the properties
o VxseI'(F),
® Vixithx:S8 = [iVx s+ [2Vx,s,
e Vx(fs)=(Xf)s+ fVxs.

In coordinates, letting s;,2 = 1...p, be a local basis of sections of E,

VaiSj = Fk

i Sk- (2.1)
If E carries an inner product, then V is compatible if

X (s1,82) = (Vxs1,82) + (s1, VxSa). (2.2)
For a connection in T'M, V is called symmetric if

ViY — Vy X = [X,Y], VX,Y € T(TM). (2.3)

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

Invariantly, the connection is defined by

(VxY, Z) = %(X(Y, Z)+Y(Z,X) — Z(X,Y)

2.4
~(,[X, Z)) = {Z, [V, X]) + (X, [2,Y]) ). -
Letting X = 0;,Y = 0;, Z = Oy, we obtain
Tl = (D400, Ok) = (V6,05 0k)
= %(@'gjk + 0,9k — 3kgz'j>, (25)
which yields the formula
F?j = %gkl (&‘gﬂ + 09 — algij> (2.6)

for the Riemannian Christoffel symbols.
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2.2 Curvature in the tangent bundle

The curvature tensor is defined by
R(X,Y)Z =VxVyZ —=VyVxZ =V xyZ, (2.7)
for vector fields X, Y, and Z. We define
Rm(X,)Y,Z, W)= —(R(X,Y)Z, W). (2.8)

We will refer to R as the curvature tensor of type (1,3) and to Rm as the curvature
tensor of type (0,4).
The algebraic symmetries are:

R(X,Y)Z = —-R(Y,X)Z (2.9)
0=R(X,Y)Z+R(Y,Z)X +R(Z, X)Y (2.10)
Rm(X,Y,Z,W) = —Rm(X,Y,W, Z) (2.11)
Rm(X,Y,W,Z) = Rm(W, Z, X, Y). (2.12)

In a coordinate system we define quantities Rijkl by

R(0:,0;)0r = R0, (2.13)
or equivalently,
R = Ry;lda’ @ da? @ da* @ ). (2.14)
Define quantities R;;x by
Rijr = Rm(0;, 0;, 0k, 0), (2.15)
or equivalently,
Rm = Rijkldxi ® dr? @ da* @ da'. (2.16)
Then
Rij = —(R(0;,0;)0k, O) = — (R3O, O1) = — R0 Gt (2.17)
Equivalently,
Riji. = R gy (2.18)

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

Remark 2.2. 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!
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In coordinates, the algebraic symmetries of the curvature tensor are

Ryl = —Ryy (2.19)
Riji = — Rijuk (2.21)
Rijii = Ryij- (2.22)
Of course, we can write the first 2 symmetries as a (0,4) tensor,

Rijii = —Rjin (2.23)
0 = Riji + Rjrit + Ryiji. (2.24)

Note that using (2.22), the algebraic Bianchi identity (2.24) may be written as
0 = Rijm + Rirgj + Raj- (2.25)

We next compute the curvature tensor in coordinates.
R(0;,0;)0k = R0,
= V.V, 0k — Vo, V5,0
= Va,([5%01) — Vo, (T 0) (2.26)
= ai(ré‘k)al + Fé‘kryll i — 0;(Ciy)0; — Fékrﬁ m
= (%) + T, — 05(Th) = DRI, )0,

J

which is the formula

Rijkl = 81’@5’1@) — 8;(Ty) + %, T — T4, T (2.27)

im= jk jm~ ik

Fix a point p. Exponential coordinates around p form a normal coordinate system
at p. That is ¢;;(p) = d;j, and Jkg;;(p) = 0, which is equivalent to Ffj (p) = 0. The
Christoffel symbols are

1 m
Ml = 54 (akgjm + 0 Ghom — amgjk). (2.28)
In normal coordinates at the point p,
1
o, = 5o (aiakgjm + 00, Gm — aiamgjk). (2.29)
We then have at p
1
Rz’jkl = §5lm <3i3k9jm — 0i0mjk — 00k Gim + 8j8mgik)- (2.30)

Lowering an index, we have at p

1
Rijr = ~5 <8z‘akgjl — 0;019;1 — 0;0kgu + @algik)

B _%@2 . g). (2.31)
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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

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: the first term is A(X, Z)B(Y, W), skew symmetrize in X and Y to get
the second term. Then skew-symmetrize both of these in Z and W.

2.3 Covariant derivatives of tensor fields

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

Vx(s®s)=(Vxs)®@s +s® (Vs (2.32)
(VxL)(s) = Vi (L(s)) = L(Vxs), (2.33)

for s € I'(E),s € T'(F'), and L € I'(Hom(E, E’)). Note also that the covariant
derivative operator in A(F) is given by

T

VX(51A~~'/\8T)2251/\'--/\(sz¢)/\~-/\5,., (2.34)

=1

for s, € I'(E).
These rules imply that if 7" is an (r, s) tensor, then the covariant derivative VT
is an (r, s + 1) tensor given by

VT(X.Yi,....Y,) =Vx(T(V1,...Ys) = Y T(W,...,VxYi,....Y.).  (2.35)
=1

We next consider the above definitions in components for (r, s)-tensors. For the case
of a vector field X € I'(TM), VX is a (1,1) tensor field. By the definition of a
connection, we have

VX =V, X =V, (X0;) = (0, X7)0; + X'TL,,00 = (Vi X' + X'T,)0;. (2.36)
In other words,
VX =V, X (d2™ ® 0;), (2.37)
where
VX' =0, X"+ X'TE . (2.38)
However, for a 1-form w, (2.33) implies that

Vw = (V,w;)de™ @ d’, (2.39)
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with
Vmwi = 8mwi — wll“ﬁm. (240)

The definition (2.32) then implies that for a general (r, s)-tensor field S,

1.0 — 1.y lio... 001 . i1 0r—1l iy
vajl-njs - amSjlu-js + Sj1...js le + + Sjl...js le

ljo..jsmmgr — 77 1 ds—1lt mis

Remark 2.3. Some authors instead write covariant derivatives with a semi-colon

J1---Js Ji--Jsym’

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

Notice the following calculation,
(Vo) (X, Y. Z) = Xg(Y. Z) — g(VxY,Z) — g(Y,VxZ) = 0, (2.43)
so the metric is parallel. Note that in coordinates, this says that
0= Vinbij = Ongij — Ui — Ui Gins (2.44)
which yield the formula
iy = Uhidpj + ThiGip- (2.45)
This is sometimes written as
Orgij = ki, j] + (k3. 1], (2.46)

where [ij; k] are called the Christoffel symbols of the first kind defined by

lij, k] = %(@'Qﬂc + 0;9i — ak!h‘j)- (2.47)

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

(VI)(X,Y) = Vx(I(Y)) = [(VxY) = ViV — VY =0, (2.48)

so the identity map is also parallel.
Note that the following statements are equivalent

e bc Hom(TM,T*M) is parallel
e h commutes with covariant differentiation.

) Vm(gZ]XJ) = gijvaj.

14



Similarly, the induced metric on T*M is parallel, and the following are equivalent.
o 1€ Hom(T*M,TM) is parallel
e { commutes with covariant differentiation.
e V,u(9w;) = gV nw;.
Finally, note that the following are equivalent
e T'r mapping from (p, ¢)-tensors to (p — 1,¢ — 1) tensors is parallel.
e T'r commutes with covariant differentiation.

Jij2.. Jijz...”

3 Lecture 3

3.1 Double covariant derivatives
For an (r,s) tensor field T', we will write the double covariant derivative as

V*T = VVT, (3.1)
which is an (7, s + 2) tensor.

Proposition 3.1. If T is an (r, s)-tensor field, then the double covariant derivative
satisfies

V(XY Zy, ..., 2) = Vx(NyT)Zy, ..., Zs) — (Voo T)(Z1,... Z)).  (3.2)
Proof. The left hand side of (3.2) is

VAT(X,Y, Zy,...,2) = V(NT)X,Y, Zi,..., Zy)
= VX(VT(Yv Zlv ) Zs)) - VT(VXK Zla ce Zs)

— N VT(Y,...,VxZi,... Z,).
i=1

The right hand side of (3.2) is
Vi (VyT) (2, Zs) — (Vo T) 2, ... Zs)

= Vx(VWT(Z,...,2,)) — Z(VYT)(Zl, O VxZi . Z) 5.4

—VT(VxY, Zi,.... Z).
The first term on the right hand side of (3.4) is the same as first term on the right
hand side of (3.3). The second term on the right hand side of (3.4) is the same as

third term on the right hand side of (3.3). Finally, the last term on the right hand
side of (3.4) is the same as the second term on the right hand side of (3.3). O

15



Remark 3.2. When we write

ViV, T (3.5)

Zi.‘.is

we mean the components of the double covariant derivative of T" as a (r, s+ 2) tensor.
This does NOT mean to take one covariant derivative VT, plug in 0; to get an (r, s)
tensor, and then take a covariant derivative in the 0; direction; this would yield only
the first term on the right hand side of (3.2).

For illustration, let’s compute an example in coordinates. If w € Q(M), then

Vivjwk = ﬁz(ijk) - Ffjvak - kaijp

(3.6)
= 0;(0jwi — Fékwl) — FZ(ﬁpwk — F]lokwl) — I (05w, — Fé.pwk).
Expanding everything out, we can write this formally as
V2w = 0w +T# 0w+ (O + T+ ') * w, (3.7)

where * denotes various tensor contractions. Notice that the coefficient of w on the
right looks similar to the curvature tensor in coordinates (2.27). This is closely related
to Weitzenbock formulas which we will discuss later.

3.2 Commuting covariant derivatives

Let X,Y,Z € I'(T'M), and compute using Proposition 3.1

V2Z(X,)Y)-V?Z(Y,X) =Vx(VyZ) = Vv,wZ — Vy(VxZ) — Vv, xZ
= V)((VYZ) — Vy(VXZ) — vay_vyxz (3 8)
=Vx(VyZ) = Vy(VxZ) = VixyZ '
=R(X,Y)Z,
which is just the definition of the curvature tensor. In coordinates,
ViV;ZF =V;V,Z" + R, F 7. (3.9)
We extend this to (p, 0)-tensor fields:
VI Z @ ®Z)X,Y) - V(2@ @ Z,) (Y, X)
=Vx(Vy(Z1®--® Z,)) = Vyw(Z1® - ® Z)
- VY(VX(Zl R R Zp)) - Vvyx(zl R... & Zp
(3.10)

p P
ZVX<Zzl®"'vYZi®"'®Zp>_ZZl®"'vVXYZi®"'®Zp
=1 i=1

p p
_VY<221®"'VXZZ'®"'®ZZ)>+ZZ1®"'VVyXZi®"'®Zp-
i=1

=1
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With a slight abuse of notation, this may be rewritten as

VA2 @@ Z)(X,Y) - VA2 ®- - 8 Z,)(Y, X)

p p
:Z Z Zl®VXZj®"'vYZi®"'®ZP

j=1 i=1,i#j
p p
-3 Y zewze  ViZieow7
j=1i= 1z‘¢j (3'11>
+ZZl @ (VxVy = VyVx — Vixy)Zi 0+ & 2,

_Zzl CRRX,YVZi® - @ 2,

In coordinates, this is

p
ViV, Z0 i = VN 20 4 Y R, 70 ik, (3.12)
k=1

Proposition 3.3. For a 1-form w, we have
V2w(X,Y,Z) = V(Y. X, Z) = w(R(Y,X)Z). (3.13)
Proof. Using Proposition 3.1, we compute
V2w(X,Y,Z) - VY, X, Z)
= Vx(Vyw)(Z) = (Vyyyw)(Z) = Vy(Vxw)(Z) = (Vy,xw)(Z)
= X(Vyw(Z)) = Vyw(VxZ) = VxY(w(Z)) + w(Vy.vZ)
—Y(Vxw(Z)) + Vxw(VyZ) + Vy X (w(Z)) — w(Vv,xZ)
= X(Vyw(Z)) =Y (w(VxZ))+w(VyVxZ) = VxY(w(Z)) + w(VeyyZ)
—Y(Vxw(Z))+ X(w(VyZ2)) —w(VxVyZ)+ VyX(w(Z)) —w(Vy,xZ)
_ w(vyvxz —VxVyZ + v[mz) X (Vyw(2)) - Y(w(VxZ)) — ViY (w(Z))

— Y (Vxw(Z)) + X (w(Vy2)) + Vy X (w(Z)).
(3.14)

The last six terms are
X(Vyw(2)) =Y (w(VxZ)) - VxY(w(Z2))
—Y(Vxw(Z2))+ X (w(VyZ)) + VyX(w(Z))

(
= X(Y(@(2) - w(Vy2)) = Y(@(Vx2) - (X, Y]@(2))  (3.15)
( )

Y (X((2) — w(Vx2)) + X(@(VyZ
=0.

17



Remark 3.4. It would have been a lot easier to assume we were in normal coordi-
nates, and ignore terms involving first covariant derivatives of the vector fields, but
we did the above for illustration.

In coordinates, this formula becomes

Vivjwk = Vjviwk — Rijkpwp' (316)

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 analogous formula in coordinates for a general (7, s)-tensor T is

J1---Js J1---Js J1---Js J1eeJk—1MJk+1---Js "

T S
T il YT X7 gl U= 1Mk 10 M ..ir
ViV Tl = VTt + Y Ry, T, > Ry, "
k=1 k=1

(3.17)

3.3 Gradient, Hessian, and Laplacian

As an example of the above, we consider the Hessian of a function. For f € C*(M,R),
the gradient is defined as

V[ =1t(df), (3.18)

which is a vector field. This is standard notation, although in our notation above,
V f = df, where this V denotes the covariant derivative. The Hessian is the (0,2)-
tensor defined by the double covariant derivative of a function, which by Proposi-
tion 3.1 is given by

VAA(XY) = Vx(Vyf) = Vo f = XY f) = (VxY)/. (3.19)

In components, this formula is
V2[(0;,0;) = ViV, f = 0,0, f — 5 (0 f). (3.20)

The symmetry of the Hessian
V2F(X,Y) = V2f(Y, X), (3.21)

then follows easily from the symmetry of the Riemannian connection. Notice that no
curvature terms appear in this formula, which happens only in this special case.

The Laplacian of a function is the trace of the Hessian when considered as an
endomorphism,

Af =tr(X = 8(Vf(X,)), (3.22)
so in coordinates is given by
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This turns out to be equal to

Af = L 0,(470,1/det(g)). (3.24)
det(g)

In a local orthonormal frame {e;},7 = 1...n, the formula for the Hessian looks like

(V2f)(eie5) = Ve (Ve f) = Ve, f

(3.25)
=ei(e;f) — (Ve)/f,
and the Laplacian is given by the expression
Af=> Vflene) = eleif) =D (Veenf. (3.26)
i=1 i=1 i=1

3.4 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

Rm(X,Y,X,Y) B g(R(X, Y)Y, X)

B = SR 309V, 7) — g(X. Y ~ 5(X, X)g(¥,¥) — (X, V2

(3.27)

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

Proposition 3.5. Let Rm and Rm' be two curvature tensors of type (0,4) which
satisfy K(I1) = K'(IT) for all 2-planes I1, 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(Y, 2)g(X, W), (328)
That is
ko
Rm = 5909 (3.29)

In coordinates, this is
Rijri = ko(gikgji — 9ix9i1)- (3.30)
We define the Ricci tensor as the (0, 2)-tensor
Ric(X,Y) =tr(U - R(U,X)Y). (3.31)
We clearly have

Ric(X,Y) = Ric(Y, X), (3.32)
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so Ric € T'(S*(T*M)). We let R;; denote the components of the Ricci tensor,
Ric = Rydz' ® da? (3.33)
where R;; = Rj;. From the definition,
Rij = Ry;' = ¢"" Riimj.- (3.34)
Notice for a space of constant curvature, we have
Ry = 9" Rijin = kog"™ (gir951 — gjx9a) = (n — Dkogju, (3.35)
or invariantly
Ric = (n — 1)kog. (3.36)
The Ricci endomorphism is defined by
Re(X) = ﬁ(ch(X, -)). (3.37)
The scalar curvature is defined as the trace of the Ricci endomorphism
R=1tr(X — Re(X)). (3.38)
In coordinates,
R = g"Ry, = g"¢" Ripmy- (3.39)
Note for a space of constant curvature kg,

R =n(n—1)k. (3.40)

3.5 Differential Bianchi Identity

Higher covariant derivatives of the curvature tensor must satisfy certain identities,
the first of which is the following, which is known as the differential Bianchi identity.

Proposition 3.6. The covariant derivative of the curvature tensor VRm satisfies
the relation

VERm(X,Y, Z,V,W) +VEm(Y,Z,X,V,W) + VRm(Z,X,Y,V,W) =0. (3.41)

Proof. Since the equation is tensorial, we can compute in a normal coordinate system
near a point p, letting the vector fields be the coordinate partials. This means we
can ignore terms involving only first covariant derivatives of the vector fields. Also,
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Lie brackets can be ignored since they vanish identically in a neighborhood of p. We

compute

VEmM(X,Y,Z,V,W)+VRm(Y, Z,X,V,W) + VRm(Z,X,Y,V,W)

= X(Rm(Y, Z,V,W)) + Y(Rm(Z,X,V,W)) + Z(Rm(X,Y,V,W))

= —X(R(Y, Z)V,W) — Y(R(Z, X)V,W) — Z(R(X,Y)V, W)

= —(VxR(Y, Z2)V,W) — (VyR(Z, X)V,W) — (V,R(X,Y)V, W)

= —(VxVy ViV = ViV Vy V, W) — (VyVVxV — Vy ViV V, W)
— (VzVxVyV = YV Vy ViV, W)

= —(VxVy ViV = VyVx VLV, W) — (VyV2VxV — V4 Vy ViV, W)
— (VzVxVyV = ViV, Yy V, W)

= Rm(X,Y,V,V,W) + Rm(Y, Z,V xV,W) + Rm(Z, X, VyV,W) = 0.

In coordinates, this is equivalent to

ViRjkim + Vj Riitm + Vi Rijim = 0.

Let us raise an index,

ViR

jkm

"V VR, + ViR, = 0.

ijm
Contract on the indices ¢ and [,

0=VR.

jkm

'+ ViR + ViR, = ViR,

'~V Rim + ViRjm.

This yields the Bianchi identity

lejkm

"= V,Rpm — ViRjm.

In invariant notation, this is sometimes written as
6R = dY Ric,
where dv : S?*(T*M) — A*(T*M) @ T*M, is defined by
dYh(X,Y,Z) =Vh(X,Y,Z) - VhY,Z X),

and 0 is the divergence operator.
Next, trace (3.46) on the indices k and m,

gkmlejkml = gkva'ka - gkakij.
Since the metric is parallel, we can move the ¢*™ terms inside,

Vlgkajkml = V0" R — Vg™ Ry
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The left hand side is

Vlgkajkml = vlgkmglpRjkpm
= V;glpgkajkpm (3.51)
= Vlglpij = leé

So we have the Bianchi identity

2V R, = V,R. (3.52)

Invariantly, this can be written
1
ORc = §dR. (3.53)

Corollary 3.7. 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 ko
18 a constant.

Proof. Taking a trace, we find that R = nf. Using (3.52), we have

! R 2
2ViR) =2V, (8) = SViR = ViR (3.54)
n n

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

A metric satisfying Ric = Ag for a constant A is called an Einstein metric.

4 Lecture 4

4.1 The divergence of a tensor

If T is an (r, s)-tensor, we define the divergence of T, div T to be the (r, s — 1) tensor
(div T)(Yi, ..., Y ) = tr(X S H(VT)(X, Y ,Y;_l)), (4.1)

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

(div T3 = g"V Tk (4.2)

JiJs—1 JieJs—1"
Using an local orthonormal frame {e;},i = 1...n, the divergence can also be written
as

n

(div T)(Ya,.. . Yerr) = Y (Ve T)(es Vi, -, Vo). (4.3)

i=1
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If X is a vector field, define
(div X) =tr(VX), (4.4)
which is in coordinates
div X = 5ZV X =vV,;X. (4.5)
For vector fields and 1-forms, these two are of course closely related:
Proposition 4.1. For a vector field X,
div X =div (bX). (4.6)
Proof. We compute
div X = 6V, X7 = §iV,g"' X, = 659"V, X, = ¢"V. X, = div (0 X).  (4.7)
O

In a local orthonormal frame {e;},i = 1...n, the divergence of a 1-form is given

by

divw = Z(Veiw)<€i)
i=1 (4.8)

—Zez w(e;)) —w(ZVezez),

whereas the divergence of a vector field is given by

div X = iwelx, e;). (4.9)

4.2 Volume element and Hodge star

If M is oriented, we define the Riemannian volume element dV to be the oriented

unit norm element of A"(T*M,). Equivalently, if w!,... w™ is a positively oriented

ONB of T*M,, then
dV =wh A AW™ (4.10)

In coordinates,

dV = y/det(g;;)dx* A -+ A da". (4.11)

Recall the Hodge star operator * : AP — AP defined by
aAxf = {a, B)dV,, (4.12)

where a, 5 € AP.
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Remark 4.2. The inner product in (4.12) is the inner product on p-forms, not the
tensor inner product.

The folowing proposition summarizes the main properties of the Hodge star op-
erator that we will require.

Proposition 4.3. The Hodge star operator satisfies the following.
1. The Hodge star is an isometry from AP to A"7P.

2. (WA AwWP) = wPTEA AW WL W™ s a positively oriented ONB of
T*M,. In particular, ¥x1 = dV, and xdV = 1.

3. On AP, 2 = (—1)p(n=p),
4. For a, B € AP,
{a, B) = *#(a A %) = *(8 A *«). (4.13)

5. If {e;} and {w'} are dual ONB of T,M, and T;M, respectively, and o € AP,
then

# (W A o) = (=1)Pi, (xa), (4.14)

where ix : AP — AP~! is interior multiplication defined by

ix()é(Xl,...,Xp_l) :O{(X,Xl,...,Xp_l). (415)
6. For a € QP(M), in a coordinate system,
1 Ji.-.J
(*&)il-uin—p = HCK P det(g)ejljpllln—zﬂ (416)
where the € symbol is equal to 1 if (j1,. .., Jp, 01, -, in—p) 1S an even permutation
of (1,...,n), equal to —1 if it is an odd permutation, and zero otherwise.
Proof. The proof is left to the reader. n

Remark 4.4. Note that interior multiplication is not canonically defined — it depends
upon our identification of p-forms with alternating tensors of type (0, p).

Remark 4.5. 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.
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4.3 Exterior derivative and covariant differentiation
We next give a formula relating the exterior derivative and covariant differentiation.

Proposition 4.6. The exterior derivative d : QP — QP! s given by

p

dw(Xo, ..., Xp) =Y (1) (Vx,w)(Xo,..., X, ..., Xp), (4.17)

j=0

(recall the notation means that the X; term is omitted). If {e;} and {w'} are dual
ONB of T,M, and Ty M, then this may be written

dw = Zwi A Ve,w. (4.18)

i=1

In coordinates, this is

JVw

15 lo...ZJ...Zp

(4.19)

M@

10 dp —
J=0

Proof. Recall the formula for the exterior derivative [War83, Proposition 2.25],
p . A
dw(Xo,- .., X,) :Z(—nﬂx( (XO,...,Xj,...,Xp))
+Z D) (X5, X5), Xoy o Xy Xy, X)),
1<J

Since both sides of the equation (4.17) 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, ... Xp) (@) = S (~1)X; (w(XO, X ,Xp))(x)
j:“ (4.21)

= (—1)j(vxjw)(X0,...,Xj,...,Xp)(x),

using the definition of the covariant derivative. This proves the first formula (4.17).
The formula (4.19) is just (4.17) in a coordinate system.
For (4.18), note that

Vx,w = oW = Zw - (Vew), (4.22)
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so we have

dw(Xo, ..., X,) =Y (~1) Zwio{j) A(Vew)(Xoy s Xy, X))

j=0 (4.23)
=) (W' AVew)(Xo, ..., Xp),
where we used (1.20) to obtain the last equality. O

4.4 The divergence theorem for a Riemannian manifold

We begin with a useful formula for the divergence of a vector field.
Proposition 4.7. For a vector field X,
x(div X) = (div X)dV = d(ixdV) = Lx(dV). (4.24)

In a coordinate system, we have

div X = d—)@- (X \/det(g)>. (4.25)

et(g

Proof. Fix a point € M, and let {e;} be an orthonormal basis of T, M. In a small
neighborhood of z, parallel translate this frame along radial geodesics. For such a
frame, we have Ve;(x) = 0. Such a frame is called an adapted moving frame field
at z. Let {w'} denote the dual frame field. We have

ﬁx(dV) = (dZX + sz)dV = d(lde)
= Zwi AV (ix(@ A+ Aw™)

=S WAV ()W (Xt A A A )
i ! (4.26)
= E (=17 e (W (X)W Aw A AT A A"

i,J

= WV, X)dV

= (div X)dV = x(div X).
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Applying * to this formula, we have
div X = *d(ixdV)
= xd(ix/det(g)dz' A --- A dz™)

= *d( (=171 X7 /det(g)dax" /\...d&cj---/\da:")
0

3

Jj=1

(X7 /det(g))dz' A A dx") (4.27)
i 1
9,(X \/det<g))—\/mdv)
1 7
VTIoR (x'v/det(9)).

= x

I
*
/N /N

O

Corollary 4.8. Let (M, g) be compact, orientable and with boundary OM. If X is a
vector field of class C*, and f is a function of class C*t, then

/(div X)fdv = —/ df(X)dV+/ (X,n)fdS, (4.28)
M M oM
where 7 is the outer unit normal. If w is a one-form of class C', then
/ (div w) fdV = —/ (w,df)dV +/ w(n)fds. (4.29)
M M oM
If u and v are functions of class C?, then
/(Au)vdV:—/ <Vu,Vv>dV+/ (Vu,n)vdS, (4.30)
M M oM
and
/ (Au)vdV — / u(Av)dV = / (Vu,nyvdS — v(Vu,n)dS. (4.31)
M M oM oM

Consequently, if M is compact without boundary, then A is a self-adjoint operator.

Proof. We compute
d(fixdV) =df N (ixdV) + fd(ixdV). (4.32)

Using Stokes” Theorem and Proposition 4.7,

/ F(div X)dV + / df A (ixdV) = | fixdV. (4.33)
M M oM

A computation like above shows that

df A (ixdV) = df(X)dV. (4.34)
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Next, on OM, decompose X = X7 + Xy into its tangential and normal components.
Then

Zde - dV(XT +XN7- . )
= dV((X, )7, ...) (4.35)
= (X, A)dS,

since the volume element on the boundary is dS = i,dV. The proof for 1-forms is the
dual argument. Green’s first formula (4.30) follows using Au = div(Vu), and Green’s
second formula (4.31) follows from (4.30). O

We point out the following. The formula (4.28), gives a nice way to derive the
coordinate formula for the divergence as follows. Fix a coordinate system, and assume
that X and f have compact support in these coordinates. Then

/Mf(div X)dv = —/Mdf(X)dV

—/M@Z-fdmi(Xjﬁj)\/det(g)dx
= /n Oif X'\/det(g)dx (4.36)

/ 0, (Xl det(g ))dx
/f det(g))dV.

Since this is true for any f, we must have

. 1 i
div X = mai (X det(g)>. (4.37)

This formula yields a slightly non-obvious formula for the contraction of the Christoffel
symbols on the upper and one lower index.

Corollary 4.9. The Christoffel symbols satisfy

1 1
Z I g 10;0p; = —=—==0;+/det(g) = =0, log det(g). (4.38)
Vv det(g) 2
Proof. The first equality follows easily from the coordinate formula for the Christoffel
symbols (2.6). Next, on one hand, we have the formula
div X = V; X' = ;X" + T} X”. (4.39)
On the other hand we have

div X = 9,.X' + m(a Vdet(g )Xp (4.40)

Since this is true for an arbitrary vector field X, the coefficient of X? must be the
same. [l
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Exercise 4.10. Prove the middle equality in (4.38) directly. (Hint: use Jacobi’s
formula for the derivative of a determinant.)

This also yields a useful formula for the Laplacian of a function.

Corollary 4.11. In a coordinate system, the Laplacian of a function is given by

1 .
Af = \/T@& (gjﬁjf\/det(g)). (4.41)
Proof. Since Af = div(Vf), just let X" = ¢ 9, f in (4.37). O

5 Lecture 5

5.1 Integration and adjoints

We begin with an integration-by-parts formula for (r, s)-tensor fields.

Proposition 5.1. Let (M, g) be compact and without boundary, T be an (r, s)-tensor
field, and S be a (r,s+ 1) tensor field. Then

/ (VT S)dV = — / (T, div S)dV. (5.1)

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

w = (T, 8) = TIJsGirir i, (5.2)

1.0 Y JJ1.Ts

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

i1.br Mg Ts

i1...8r /G510 1.0y JJ1-Js

=(VT,S) + (T, div S).
The result then follows from Proposition 4.1 and Corollary 4.8. O]

Remark 5.2. Some authors define V* = —div. Then

/ (VT,S)dV = / (T, V*S)dV, (5.4)

M

so that V* is the formal L?-adjoint of V, for example [Pet06].

Recall the adjoint of d, § : QP — QP~1 is defined by

dw = (—1)"PHDFL g4 o, (5.5)
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Proposition 5.3. For (M,g) compact without boundary, the operator § is the L*
adjoint of d,

/M (6a, B)dV = / (v, dB)AV, (5.6)

M
where o € QP(M), and B € QP~1(M).

Proof. We compute

/M<a,d6)dV:/Mdﬂ/\*a
:/M<d(ﬁA*a)+(—1)pB/\d*a>

= / (=1)PF=PEDE-DZ A x5 d % o (5.7)
M

= / (B, (=1)"PHDH 4 d % a)dV
M

= /M<B,5a>dV.

O

We note the following. If o € QP(T*M), then we can define the divergence
operator div : QP(M) — QP (M) as follows.

n

diva = Z ie; Ve, 0. (5.8)

=1

This is a well-defined global operator div : QP(M) — QP~1(M), and agrees with our
previous definition of div under our identification of p-forms with alternating tensors.
To see this, fix a point x € M, and let {e;} and {w'} denote an adapted orthonormal
frame field at x. Recall that p-form is written as

1 i i
o= Z Qi iy N AW (5.9)

1<i1 iz,eonyip<n
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So then (5.8), evaluated at x, is

1 n . 4
diva = — Z Z ej (. )ie; (W Ao Aw'™)

|
Py iy igip<n =1

1 - - - .
ol Yo D en) D (D@ A AWk A A W)

" 1<y ig,ip<n j=1 k=1

1 P . — ,
=Y Yl D A AR A A )

" 1< iz,enip<n k=1

1 n | |
= (p—1)! Z Z ek(Oékil,,.ipil)(wll A Aw'h).

" 1<t igyensip—1<n k=1

(5.10)

So the components of div « at = are

3

(le O-/)i1...7lp_1 = ek(O[/m'l__Z‘p_l). (511)
k=1

On the other hand, the alternating (0, p)-tensor corresponding to « is
a= Y e @ ®w, (5.12)
1<i1 g, onrip<n

and the definition of div & from (4.2), evaluated at x, is

n

(diV a 11...0p—1 Zveya]h dp—1 T Zej(ajil---ipfl)' (513)
j=1
Consequently, our definitions agree. The next proposition says that our divergence

operator agrees with the Hodge § operator, up to a sign, a fact which is not at all
obvious.

Proposition 5.4. On 7, § = —div.
Proof. Let w € QP. Choose locally defined dual ONB {e;} and {w'}. We compute

(div w) g le; Ve,w

— Z (—1)P(n=p) (iej( * *(Vejw)))

= (1PN (1) (W) A xVew) (5.14)
= (_1)(p+1)(nfp) Z *(wj A vej(*w))
= (_1)n(p+1)(*d * w).
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An alternative proof of the proposition is as follows. Assume that a € QP~1(M)
and § € QP(M) are supported in a coordinate system. Then using Proposition 5.3,
formula (4.19), and Proposition 5.1, we have

/M (o, 53)dV = / (da, B)dV
1

p' (dOZ)zo dp— 1/810 +tp— rdV

p—1
/ Z szJOém ey ﬁlo =1y

1 o
B (p ].)' / vioah...ipfl620“‘%716“/ (515)
_ V' u
1

= m&(vaﬁ%mdv

1
= 5= /M (o, —div B)sendV

:/ (a, —div p)dV.
M

where (-, -)se,, denotes the tensor inner product. Thus both ¢ and —div are L? adjoints
of d. The result then follows from uniqueness of the L? adjoint.

Exercise 5.5. Try and prove Proposition 5.4 directly in coordinates, using the coor-
dinate formulas (4.2), (4.16), and (4.19).

5.2 The Hodge Laplacian and the rough Laplacian

For T an (r, s)-tensor, the rough Laplacian is an (r, s) tensor given by

AT =div VT, (5.16)
and is given in coordinates by
(AT)?l ’J’" = ¢'V,V; ]’11 ;T (5.17)

If we QP(M), the rough Laplacian is defined by
Aw=) V.V w, (5.18)

Jj=1

and this agrees with the rough Laplacian above under our identification of p-forms
with alternating tensors.
For w € QO we define the Hodge laplacian Ay : QP — QP by

Apgw = (dd + dd)w. (5.19)

We say a p-form is harmonic if it is in the kernel of Ay.
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Proposition 5.6. If M is compact without boundary, then for T and S both (r,s)-
tensors,

/ (AT, S)dV = — / (VT, VS)dV = / (T, AS)dV. (5.20)

For o, 8 € QP,

/M<AHQ,5>dvz/M<da,d5>dv+/M<5a,5ﬁ>dvz/M<a,AH5>dV. (5.21)

Consequently, a p-form is harmonic (Aga = 0) if and only if it is both closed and
co-closed (da =0 and dae = 0).

Proof. Formula (5.20) is an application of (5.16) and Proposition 5.1. For the second,
from Proposition 5.3,

/M<AHoz,6>dv /((d5+5d)a,5>dv

(doav, dV+/ (0da, B)dV
M

I
EE s

(6a, 5B)dV + / (dov, dB)dV (5.22)

M

/M o, dsp)dV + /M (o, 5dB)dV

~ [ @ dupyav

The last statement follows easily by letting o = § in (5.21). O

Note that A maps alternating (0, p) tensors to alternating (0, p) tensors, therefore
it induces a map A : QP — QP (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? Next, we will look at the simplest case of 1-forms.

5.3 Harmonic 1-forms
Counsider the case of 1-forms.

Proposition 5.7. Let w € Q'(M).
Aw = —Ag(w) + Ric(fw, ). (5.23)
Proof. We compute

((SdW)j = (5(Viwj — iji)
= —g"V,V w5 + 4"V, Vw0, (5.24)
= —ij —+ gquijwq.
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Next,
(dow); = d(—=g"Vpw,);
= —V,(¢"IV w,) (5.25)
= —gquijwq.
Adding these together,
(Apgw); = —Aw; + g"(V,V; = V;V, )w,
— —ij -+ gpq(—Rqu"wi)
= —Awj — g"(Rpjigw’)
= —ij' -+ Rijwi,

(5.26)

recalling that our convention is to lower the upper index of the (1,3) curvature tensor
to the third position. O

Theorem 5.8 (Bochner). If (M, g) has non-negative Ricci curvature, then any har-
monic 1-form is parallel. In this case by(M) < n. If, in addition, Ric is positive
definite at some point, then any harmonic 1-form is trivial. In this case by (M) = 0.

Proof. If w satisfies Agw = 0, then formula (5.23) is
Aw = Ric(fw, -). (5.27)

Take the inner product with w, and integrate

/M<Aw,w)dV:—/M|Vw|2dV:/MRz'c(jjw,jjw)dV (5.28)

This clearly implies that Vw = 0, thus w is parallel, so is determined everywhere
by its value at any point. If in addition Ric is strictly positive somewhere, w must
vanish identically. The conclusion on the first Betti number follows from the Hodge
Theorem. O

6 Lecture 6

6.1 Eigenvalue estimates
The above argument actually proves slightly more than was stated.

Proposition 6.1. If (M", g) is compact and satisfies
Ric> (n—1)a-g, (6.1)

where a > 0 is a constant. Then the first eigenvalue of the Hodge Laplacian on
1-forms satisfies

Furthermore, equality in (6.2) is never attained.
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Proof. An eigenform is a nontrivial solution of

Apgw = Mw, (6.3)
so using (5.23), we have
—Aw ~+ Ric(fw, -) = \w. (6.4)
Pairing with w and integrating,
—/ (Aw,w)dV + / Ric(fw, fw)dV = A\ / |w|2dV. (6.5)
M M M

Integrating by parts, and using the inequality (6.7), we obtain

/M Veo2dV < (M — (n — 1)a) /M w2dV. (6.6)

If w is non-trivial, then the L? norm on the right hand side is non-zero, and inequality
(6.2) follows. If we have equality in (6.2), then (6.6) implies that w is parallel.
Propositions 4.6 and 5.4 then imply that Agw = 0, which contradicts (6.3). ]

The inequality (6.2) is not sharp, so we have to work a little harder. Next, we
have a theorem about the lowest eigenvalue of the Laplacian on functions.

Theorem 6.2 (Lichnerowicz-Obata). If (M™, g) is compact and satisfies
Ric > (n —1)a, (6.7)

where a > 0 is a constant. Then the first non-zero eigenvalue of the Hodge Laplacian
on functions satisfies

Ao > na. (6.8)

Furthermore, equality is attained in (6.8) if and only if (M,g) is isometric to the
sphere of radius \/La in R+

Proof. Assuming that

Auf = o, (6.9)
then since d commutes with the Hodge Laplacian, we have

Agw = Aw (6.10)

where w is the 1-form df. From the proof of Proposition 6.1, we have

/M |VwPdV < (Ao — (n — 1)a) /M |w|?dV. (6.11)
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Using the matrix inequality
1
|A]? > —(trA)?, (6.12)
n

the left hand side of (6.11) is estimated

2 11 2 (2 l 2
/M|Vw| dV—/M|V F2dV > n/M(AHf) dv. (6.13)

The integral on the right hand side of (6.11) is

2 v, 2 v, - i 2
[ webav = [ yareav = [ p@aupav =5 [ @uprav. @)

Combining the above, we obtain the inequality

+ [ @uppav < 2= (o ppav (6.15)

n

The integral is a multiple of the L?-norm of f, so is strictly positive if f is non-trivial.
Consequently,

I X—(m-1a
-l 6.16
s N (6.16)

which simplifies to (6.8).

Next, if we have equality in this inequality, we must have equality in all of the
inequalities we used so far. In particular, equality in (6.12) implies that we have a
non-trivial solution of

Vif = %Af-g. (6.17)

with Ric = (n — 1)ag whenever df # 0. Since f is an eigenfunction, this is rewritten
as

Vif =—af-g. (6.18)
This implies that along any unit-speed geodesic,

f(s) = Acos(vas) + Bsin(y/as), (6.19)

where s is the arc-length from a fixed point P,. If we choose the point P, to be a
maximum of f, then f(s) = Acos(y/as) along any geodesic through P,. This then
implies that level sets of f must have constant curvature, and then one can construct
an isometry with a round sphere, but we will omit the details. For more details, see
[?] and also [?] for an excellent exposition. O

Let us return to 1-forms. We have the following decomposition.
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Proposition 6.3. For (M,g) compact, the space of 1-forms admits the orthogonal
decomposition

QY (M) = d{Q(M)} & {Ker(5)}, (6.20)
where QY(M) denotes the space of functions with mean value zero.

Proof. Given a 1-form «, we can find a function f solving
da=Agf. (6.21)

This is true because the left hand side has zero mean value from the divergence
theorem. So then

dav = odf, (6.22)
which says that
da—df) =0, (6.23)
which proves the decomposition
QN M) = d{Q5(M)} + {Ker(5)}. (6.24)

These spaces have trivial intersection since if df is divergence-free, then ddf = Ay f =
0, which implies that f is constant, and (6.20) follows. By Proposition (5.3), this is
clearly an orthogonal decomposition. O]

Let a be an eigenform of Ay, with Aga = \a. If a = df, with f € Q)(M), then

Ay (df) = M\df (6.25)
implies that
d(Agf—XMf)=0, (6.26)
so if M is connected,
Apf—Mf=c (6.27)

for some constant c. Integrating this, from the divergence theorem, and the condition
on f, we conclude that ¢ = 0.

Consequently, f is an eigenfunction of Ay with eigenvalue Ay, so if Ric > (n—1)a,
by Theorem 6.2, we conclude that

A > na. (6.28)

What about co-closed 1-forms? Assume that Aga = A\« and da = 0. Consider
the 2-form da. If da = 0, then « is a harmonic 1-form. If a > 0, then o = 0 by
Theorem 5.8. So then we have that da is a non-trivial solution of

Apda = \da. (6.29)

So to get anywhere, it looks like we would need to estimate the least eigenvalue of
the Hodge Laplacian on closed 2-forms. We will return to this later, but next we will
show how to estimate this eigenvalue without having to go to 2-forms.
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6.2 Killing 1-forms
We next define an operator on 1-forms mapping
L:ONM) = T(S*(T*M)) (6.30)
by
(L(w))ij = Viwj + Vw;. (6.31)

Definition 6.4. We say that w is Killing if Lw = 0. 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 6.5. A wvector field is a Killing field if and only if Lxg = 0, which is
equivalent to the skew-symmetry of VX, viewed as an endomorphism.
A one-form is w Killing if and only if the vector field fw is Killing.

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

d . d . .
(19| = T-(6La9)|,

t
* d *
= 6i=(629)|
= ¢, Lxg.
It follows that ¢;g = g for every t if and only if Lxg = 0.
For a vector field X, the covariant derivative VX is a (1,1) tensor. Equivlently,

VX e I'(End(TM)). Any endomorphism 7" of an inner product space can be decom-
posed into its symmetric and skew-symmetric parts via

(6.32)

<TU7U> = % ((TU,, U> + <u7 TU>) + (<TU,U> - <u7 TU>) (633)
= (Toymu, v) + (Tspu, v).

Next, recalling the formula for the Lie derivative of a (0, 2) tensor,
=9(VxY,Z)+g(Y,VxZ) = g(VxY = VyX,Z) — g(Y,VxZ - V;X)
=29((VX)symY, 2),

(6.34)

so Lxg = 0 if and only if VX is skew-symmetric. Finally, since g is parallel, Lw = 0
if and only if Ly,9 = 0. O

Next, define another Laplacian (I : QY(M) — QY(M) by
O = div £ (6.35)

The Weitzenbock formula for O is
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Proposition 6.6. Let w € Q'(M). Then
Ow = Aw — ddw + Ric(fw, ). (6.36)
This may also be written as
Ow = —2d0 — dd + 2Ric(fw, -). (6.37)
Proof. We compute
(le ,CW)j = div (Vzwj + iji)
= g7V Vawi + g"V,Vjw,
= Aw; + ¢""V,Vw, (6.38)
= Aw; + ¢"(V;Vyw, — R w)
= ij' — dow + Ré-wl.

Finally, (6.37) follows from this and (5.23). O

We recall that for (M, g) compact, the isometry group Iso(M, g) is a compact Lie
group, with Lie algebra the space of Killing vector fields. Furthermore,
n(n+1)

dim(Iso(M, g)) < — (6.39)

See [Kob95] for a proof of these facts. We have the following corollary of the above.

Theorem 6.7 (Bochner). Let (M, g) be compact. If (M, g) has negative semi-definite
Ricci tensor, then dim(Iso(M,g)) < n. If, in addition, the Ricci tensor is negative
definite at some point, then Iso(M, g) is finite.

Proof. First, note that taking the trace of Lw = 0 implies that dw = 0. Given a
Killing form, from Proposition 6.6 it follows that

0 = Aw + Ric(fw, -). (6.40)

Pairing with w and integrating by parts,

0= —/ |Vw|2dV+/ Ric(w,w)dV. (6.41)
M M

This implies that any Killing form is parallel. If the isometry group is not finite,
then there exists a non-trivial 1-parameter group {¢;} of isometries. By Proposition
6.5, this generates a non-trivial Killing vector field X which is parallel and satisfies
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, since the space of Killing fields is the Lie algebra of Lie group
Iso(M,g). If Ric is negative definite at some point x, then Ric(X,, X,) = 0 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, since it is compact. [
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Note that a flat metric on an n-dimensional torus S* x - - - x S1 attains equality in
the above inequality. Note also that by the Gauss-Bonnet Theorem, 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.

Let us return the the problem at the end of the previous section. Recall from
Proposition (6.3), that

QY (M) = d{Q5(M)} @ {Ker(d)}. (6.42)
We can now prove the following.
Proposition 6.8. If (M", g) is compact and satisfies
Ric > (n — 1)a, (6.43)

where a > 0 1s a constant.
The first eigenvalue of Ay restricted to the first factor in the decomposition (6.42)
satisfies

A > na, (6.44)

with equality if and only if (M, g) is isometric to the sphere of radius \/La in RV,
The first eigenvalue of the Hodge Laplacian on divergence-free 1-forms satisfies

A1 > 2(n—1)a, (6.45)
with equality if and only if the corresponding eigenspace consists of Killing 1-forms.

Proof. The first part has already been proved above. For the second part, let a be a
1-form satisfying Aga = Ao, and dae = 0. Then (6.37) says

Oo = —dda + 2Ric(fa, -)
—Apga + 2Ric(fa, -) (6.46)
= -\ + 2Ric(fa, ).

Pairing with a and integrating,

/ (Oa, a)dV > (=A\ +2(n — 1)a)/ la2dV. (6.47)
M M
The left hand side is
/ (Oa, a)dV = / (—0Lo, a)dV
M

f‘{ (6.48)
= ——/ (La, La)dV.
2 Ju
So we have the inequality
1
—-/ Lal2dV > (<A +2(n — 1)a)/ la2dV, (6.49)
2 M M

which clearly yields the inequality (6.45), with equality if and only if La = 0. O
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7 Lecture 7

7.1 Conformal Killing 1-forms
We next define an operator on 1-forms mapping

K QN M) — T(S3T*M)) (7.1)
by

2
(IC(W))Z] = Viw]‘ + ijl‘ - ﬁ(le Ld)gij‘ (72)

Definition 7.1. We say that w is conformal Killing if Kw = 0. A vector field X is a
conformal Killing field if the 1-parameter group of local diffeomorphisms generated
by X consists of local conformal transformations of g.

The analogue of Proposition 6.5 is the following.

Proposition 7.2. A wvector field is a conformal Killing field if and only if Lxg =
2(6X)g, which is equivalent to the skew-symmetry of the trace-free part of VX, viewed
as an endomorphism.

A one-form is w conformal Killing if and only if the vector field fw is conformal
Killing.

Proof. The proof is similar to the proof of Proposition 6.5 and is omitted. m
Next, define another Laplacian Uy : QY (M) — QY (M) by
O =div € (7.3)
The Weitzenbock formula for Ui is

Proposition 7.3. Let w € Q'(M). Then

n—1

Ciew = —2( >d5 — 6d + 2Ric(fw, ). (7.4)

n
Proof. We have that

2
Oxw = div (Ew + —(&u)g
n
2
D;Cw = Hw + ﬁd&u,

and (7.4) then follows from (6.37). O

We recall that for (M, g) compact, the conformal automorphism group Conf(M, g)
is a Lie group, with Lie algebra the space of conformal Killing vector fields. Further-
more,

(n+1)(n+2)

dim(Conf(M, g)) < 5 . (7.6)
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Theorem 7.4. Let (M,g) be compact. If (M,g) has negative semi-definite Ricci
tensor, then Conf(M,g) = Iso(M,g). Furthermore, dim(Conf(M,g)) < n. If, in
addition, the Ricci tensor is negative definite at some point, then Conf(M, g) is finite.

Proof. Given a conformal Killing form w, from Proposition 7.3 it follows that

0=-2(" 1>d5w — Sdw + 2Ric(fw, ). (7.7)

Pairing with w and integrating by parts,

1
0:_2(” )/ yéw\QdV—/ ]dw|2dV+2/ Ric(w,w)dV. (7.8)
n M M M

This implies that any conformal Killing form is both closed and co-closed. In partic-
ular, it is a Killing form. Since the Lie algebras agree, we must have Conf(M, g) =
Iso(M, g), and the result follows from Theorem (6.7). O

Using the formula (7.4), we can also give an alternative proof of Theorem 6.2.

Proof of Theorem 6.2. If f satisfies Ay f = Ao f, then plug w = df into (7.4) to obtain

div Kw = —2(”—_1)d5df + 2Ric(tw, )
n (7.9)

— _2<n ; 1))\0w + 2Ric(fw, -).

Pairing with w and integrating,

n—1

/M<div le,w)dV:—2< )AO/M|w|2dV+/MQRz’c(ﬂw,ﬁw)dV. (7.10)

n

Integrating by parts, and using Ric > (n — 1)a - g, we obtain

—%/M wpav > { - 2" D)o+ 2a(n — 1)} /M WPV, (7.11)

If f is non-constant, then w = df is nontrivial, and we obtain the inequality
Ao > na. (7.12)
Furthermore, we have equality if and only if there is a non-trivial conformal Killing

form w of the form w = df. This implies that f satisfies (6.17), and the rest of the
proof is the same as above. n
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7.2 Conformal Killing forms on 5"

On the sphere, we can completely describe the conformal Killing 1-forms.

Proposition 7.5. On S™ with the round metric, any conformal Killing form may be
decomposed as

w = df + wo, (7.13)

where f is a first order spherical harmonic, and wy is a Killing form.
Consequently, the eigenspace corresponding to the eigenvalue n of Ay is of di-
mension (n + 1), and eigenforms are conformal Killing Fields.
The eigenspace corresponding to the eigenvalue 2(n — 1) of Ay consists of Killing
n(n+1)

1-forms, and is therefore of dimension —=5—.

Proof. From Proposition 6.3, we know that
w = df + wy, (7.14)

where f is a function with mean value zero, and wy is divergence-free. Since w is
conformal Killing, we have

0=Kw=Kdf +Kw
‘7; ’ (7.15)
= QV f + ICW().
which is
o 1
Vif = — 5K, (7.16)

where V2 denotes the traceless Hessian operator. Pair both sides with of (7.16) with
V2f, and integrate by parts

o 1 -
(V2 f|2dV = _5/ (V2f, Kwo)dV
Sn Sn

1 ) (7.17)
=5 [T v,
Since the L? adjoint of K is 24, this is
IV2fPdV = —/ (OV2f, wo)dV. (7.18)
Next, let us compute the fiivergence of the tiace—free Hessian of f,
(6921); = 9"V, (V,V5f =~ (Af)ay)
= —g"VpV;V,f = %Vj(ﬁf)
= —g"(V;VyVof = Ry /Vif) = %Vj(Af) (7.19)

= V,(Af) P Ric, ¥, f ~ -V(Af)

:—(n—l)Vj(%Af—irf).
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Plugging this into (7.18),

5 V22V = (n— 1) / <V<%Af + f),w0>dV

1 (7.20)
— (n— 1)/ (A7 + 7). 0)av = 0.
n \\1
We conclude that V2f = 0. Then (7.19) implies that
Af=-nf+c, (7.21)
where c is a constant. Integrating, implies that ¢ = 0. O

8 Lecture 8

8.1 Eigenvalues of elliptic operators

Let P:T'(E) — I'(E) be self-ajoint elliptic operator for a Riemannian vector bundle
E over a compact Riemannian manifold. Then the following holds.

e There exists a countable sequence of real numbers
Ao <A\ <A <... (8.1)
with no accumulation points such that the space
Vi, ={oc €T'(F) | Po = \o} (8.2)
is finite-dimensional, and consists entirely of smooth sections.

o If A € R\ {Xg, A1,...} then the operator P — Al is invertible with bounded
inverse.

e Furthermore L?(E) admits the orthogonal decompostion
L*(E) =PV (8.3)
i=0

That is, the space of all eigenfunctions is dense in L*(E).

The proof was outlined in the lecture, to be completed later.

9 Lecture 9

9.1 Eigenfunctions of Ay on functions on S" !

Proposition 9.1. Consider S™ ' C R™ with the round metric gs. The eigenvalues
of Ay acting on functions are

Mo =k(k+n—2), k>0. (9.1)
Furthermore, the correponding eigenspace V), is exactly the space of homogeneous

harmonic polynomials of degree k on R", restricted to S™™1,
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The proof was given in the lecture, to be added here later.

10 Lecture 10

10.1 Some computations

In the following, we will consider metrics of the form

g =dt* + gs(t, x),

(10.1)

where gg(t, ) is a time-dependent metric on S3. The index 0 will correspond to the
t coordinate, while the indices 1,2, 3 will correspond to a coordinate system on S3.

The Christoffel symbols are given by

1 . .
FZ’ = 59“(31‘9]'1 + 094 — 019i5) = Ffj(gs), 1,5,k >1

1 1 . .

I = 59" (g0 + 03910 — Oogig) = —5(9)ij» 1,3 > 1
1 .

F?o = 5900(81900 — 0ogio — Qogio) =0, 1 >1

1
I = égpl(ﬁogm + 00910 — O1goo) =0, p >0

1

1 1 . ,
%, = =" (Oogi; + ;910 — 1905) = =" (ogi) = 9% (9s)iy, p-J > 1.

2 2
We will write @ = fdr + w, where w € Q(S?).

2

10.2 Divergence operator on 1-forms
We compute the divergence on 1-forms.
60 = ¢"V,@;, i,5 > 0,
= ¢"Vowo + ¢'Vi@;, 1,5 > 1,
= [+ 9" (Ow; —T5@,), 1,5 >1,p>0
= f+ g7 (Ow; = T3 f = Thiwn), i,k > 1
= f 45w+ %ftrgs(gg).

Using this, the Laplacian on functions is:

1 .
Agdp=—9¢ — 5757“95 (9s)¢ + dsdsd

Special case of g = dt* + a(t)gs, where gg is the round metric:
L1 a. 1
Ap¢=—¢—5n—1)-0+ Ay
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10.3 The cylindrical metric
This is g = dt* + gg, so a = 1. Therefore
Apd=—¢+ Dy b, (10.14)

Let ¢ = f(t)B(#), where B is an eigenfunction, then

ApfB=(—f+k(k+n—2)f)B. (10.15)
Solutions are given by
[=ca+at, (10.16)
if k=0, or
f = ¢y cosh(t\/k(k +n —2)) 4+ cosinh(t/k(k +n — 2)), (10.17)
if £ > 0.

Properties of harmonic functions on the cylinder:
e Any bounded harmonic function is constant.

e (Liouville Theorem) If A;¢ = 0 and ¢ = O(e“?I*) as t — 400, then ¢ is a finite
linear combination of harmonic functions of the above form.

10.4 Euclidean space
This is g = dr* +r%gg, r > 0, so a = r?. Therefore

n—1

I

.1
b+ 5050 (10.18)

r

Let ¢ = f(t)B(#), where B is an eigenfunction, then

AHfB:(—f'—n;1f+k(k+g_2>f)B. (10.19)

r

For n =2, and k = 0, the solution is f(r) = ¢; + calogr. Otherwise, for each k, there
are 2 solutions given by

f=rP (10.20)

forp=k,2—n—k.
Properties of harmonic functions on Euclidean space:

e The two solutions above are related by the Kelvin transform.
e Any bounded harmonic function on R™ is constant.

e (Liouville Theorem) If Ay¢ = 0 and ¢ = O(r"V) as r — oo, then ¢ is a harmonic
polynomial.
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10.5 The sphere

This is g = dr*+sin®(r)gs, 0 < r < 7, s0 a = sin?(r). This is a compact manifold, and
the only global harmonic functions are constant. But let us consider eigenfunctions.
This is an n-dimensional sphere, so the eigenvalues are k(k +mn —1). So let 15 be an
eigenfunction such that

Agnthy, = k(k+n — 1)y. (10.21)
Let us separate variables so that
Vg = fi(r)Bi (10.22)
where B, is an eigenfunction on S"~! satisfying
Agn1B =1(l+n —2)B,. (10.23)

Then the eigenvalue equation is

Aptbey = (—fu — (n — 1) cot(r) fi. + %,@B, = k(k+n—1)fB. (10.24)
This yields an ODE
—fio = (0 — 1) cot(r) fi + (% — k(k+n— 1)>fk ~0. (10.25)
For n = 2, this is
—fi, = cot(r) fiu + (Sm(i)Q — k(k + 1)>fk —0. (10.26)

For each k, there 2 solutions for each 0 < [ < k, which are Legendre polynomials in
sin(r), cos(r). So each k gives 2k + 1 solutions.

What we have done here is follows. The space of harmonic polynomials of degree
k on R3, call it Hy, is of dimension 2k + 1. This is a irreducible representation space
of SO(3). However, if we restrict the action to SO(2) C SO(3), by rotations fixing
the north and south poles, then the representation H; decomposes a 1-dimensional
representations (which is the zonal harmonic), and k 2-dimensional representations.

11 Lecture 11

11.1 Mapping properties of the Laplacian

Let us define the set

Z =2
7= n=23 (11.1)
Z\N{3—n,...,—1} n>4
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Proposition 11.1. In R", consider
A rRHA (S R L2 (5. (11.2)
o [fk € Z\Z, then this mapping is an isomorphism.
o Ifk € Zs, unless k =0 and n = 2, then
A :log(r)r*Vi @ rPH?(S"7Y) — P 2L (ST, (11.3)
is surjective, where Vj, is the kth eigenspace of the Laplacian on S™ 1.
o [fk=0 andn =2, then
A {log(r)*} @ H*(SY) — r2L*(S"). (11.4)
is surjective, where Vy. is the kth eigenspace of the Laplacian on S™!.
o IfkeZ and k <2 —mn, unless k =0 and n = 2, then
A log(r)yr*Vy g @ rFHA(S™Y) — 7R L2 (S, (11.5)
18 surjective.
Proof. TO BE COMPLETED. m
We can actually prove a stronger result

Proposition 11.2. In R", for ¢ > 1, consider
Az Py(log(r))r"H*(S™™") — P,(log(r))r*L*(S™ "), (11.6)
where P, is a polynomial of degree ¢ > 1.
o [fk € Z\Z, then this mapping is an isomorphism.
o Ifk € Z>g, then
A log(r)" RV @ P,(log(r))r* H?(S™ 1) — P,(log(r))r*2L2(S™7Y). (11.7)
is surjective, where Vj, is the kth eigenspace of the Laplacian on S™!.
o IfkeZ and k <2 —n, then

A :log(r) ™ r*Vy @ Py(log(r))r* H?*(S™™1) — P,(log(r))r*2L*(S™71).
(11.8)

18 surjective.

Proof. TO BE COMPLETED. [l
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12 Lecture 12

12.1 Harmonic functions blowing up at a point

Using the above result, we will prove the following.

Theorem 12.1. Let (M, g) be a compact manifold and let hy be any homogeneous
harmonic polynomaial hy of degree k in R™. For k > 1, and any p € M there exists a
harmonic function ¢y : M\ {p} — R such that

Or = r2_”_k(7“_khk) + O(r3_"_k), (12.1)

as r — 0, where r is the distance from p.
If n > 2, then there does not exist a harmonic function on M \ {p}, satisfying

G=r""40(@*"), (12.2)

asr — 0.
If n = 2, then there does not exists a harmonic function on M?\ {p}, satisfying

G =log(r) + O(1), (12.3)
asr — 0.

Proof. TO BE COMPLETED. 0

Let us return to the case of harmonic functions on S™, for which the ODE is

I(l+n—2)

—f—= (=1 cot(r)f + ()2 f=0. (12.4)
For n = 2, this is
. . 12
—f—cot(r)f—l—mf:& (12.5)
The general solution of this is for [ > 1 is
e cot(r/2)" + ey cot(r/2) 7. (12.6)

We see that for each [ > 0, there are harmonic functions h; which are smooth on
S2\ {N} (N is the north pole) satisfying h; = c;r~! + O(r=%*1) as r — 0, which
illustrates the previous theorem.

However, for [ = 0, the solution is

c1 + co log (1;2—2222). (12.7)
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Of course, we do not find any solution which is asymptotic to log(r) near N, but
which is smooth on S?\ { N}, since the second solution in (12.7) also has a singularity
at the south pole. Note that

log (;E—Z:’EZ;) ~ 2log(r) (12.8)
as r — 0, but
log (1;2—28) ~ —2log(m — 1), (12.9)

as r — m. This is a special case of the following.

Theorem 12.2. Consider N distinct points {p1,...pn} C M. If n > 3, then there
exists a harmonic function on M\ {p1,...,pn} satisfying

G=crl " +00™), (12.10)

as r; — 0 where ri(x) = d(p;, ) and ¢; are constant, for each i =1...N, if and only
iof the “balancing condition”

d a=0 (12.11)
=1

18 satisfied.
A similar statement holds for n =2 if r>™" is replaced by log(r;).

Proof. TO BE COMPLETED. n
For a smooth function f : M — R, consider the operator
¢ = Ago + fo. (12.12)

Note that if f > 0, and M is compact, then Ker(d) = {0}. To see this, if O¢ = 0,
then

O:/MQSqu:/M|V¢]2dV+/Mf¢2dV, (12.13)

which implies that ¢ = 0.

Theorem 12.3. Let (M, g) be a compact manifold, and let hy be any homogeneous
harmonic polynomial hy, of degree k in R™. Assume that Ker(Od) = {0}. For k >0,
and any p € M there exists a function ¢ : M \ {p} — R satisfying O, = 0, and
such that

o = >R (r 7 ) + O, (12.14)

as r — 0, where r s the distance from p.

20



If n > 2, then there exists a function on M \ {p} satisfying OG = 0, and such
that

G=r*"+0(@*"), (12.15)

as r — 0.
If n = 2, then there exists a function on M?*\ {p} satisfying OG = 0, and such
that

G =log(r) + O(1), (12.16)
asr — 0.

Proof. TO BE COMPLETED. [l

What if there is some nontrivial kernel of 17 In this case, the answer for which
leading terms extend is quite complicated. It depends upon the order of vanishing
of the kernel elements at the point. The relative index theorem will say something
about this, but this will be discussed much later.

12.2 Remarks

For construction the Green’s function of [J, we have an expansion like
O@* " 4+ Gsop+ -+ G_1 + Go) =0(r™). (12.17)

Note that all of these terms are completely determined, but when we get to the zeroth
order term (G, we are free to add a constant to the expansion. However, the actual
Green’s function is unique, so this constant should be determined! This is true, but
for global reasons. In our construction, we need to apply the inverse operator to our
“approximate” Green’s function, and this will then give the correct constant. It is
really a globally determined quantity, and simply cannot be determined from local
considerations alone.

12.3 Polyhomogeneous expansions

For a harmonic function near a point, we have an expansion

B~ i rk<icjk(log(r))j)¢k, (12.18)

where ¢y, : S"t — R.
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13 Lecture 13

13.1 The conformal Laplacian

Let’s consider a different operator on S™. The following operator is known as the
conformal Laplacian:

D=4Z:;AH+R:4Z:;AH+n(n—1):42:;(AH+W) (13.1)
Let’s try and find a solution which only depends on r. The resulting ODE is
—f—(n-1) cot(r)f+@f—0. (13.2)
Let’s try n = 4, the general solution is
fr) = —5 cos(r) (13.3)

et
sin?(r) 2sir12(7")

It is not hard to see that when ¢; = ¢,, this function is smooth at the south pole, so
let

1
a(r) = L eostr) (13.4)
sin®(r)
Here is a trick: consider the metric
1 2
G(r)?gs: = wuﬂ + sin®(r)ggs). (13.5)
sin®(r)
If we make the change of variables s = cot(r) + csc(r), then
1 2
Gr)gs = ds? + LS g2 2g (13.6)
sin”(r)
which is the flat metric!
13.2 Conformal geometry
Let w: M — R. Then § = e ?“g, is said to be conformal to g.
Proposition 13.1. The Christoffel symbols transform as
f‘;’.k - gil( — (Ou) g1k — (Oku)gij + (8lu)gjk) + F;k (13.7)
Invariantly,
VxY = VxY — du(X)Y — du(Y)X + g(X,Y)Vu. (13.8)
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Proof. Using (2.6), we compute
f;k = %Q” (ankl + Okgj1 — az%%)

—e2ug (3 (72" gr1) + O(e " gy) — 81(6_2u9jk)>

~e*g" ( 2”2 (Oju)gr — 2e~ 2" (Opu)e” > gjy + 2e7 > (D) gjn (13.9)
+e720,(gr) + e O(gj1) — e "0, (9jk)>

_ 9ﬂ< — (Oju)gr — (Opu)gj + (51“)gjk> + D

1
T2
1
T2

This is easily seen to be equivalent to the invariant expression. O

Proposition 13.2. Let g = e 2%g. The scalar curvature transforms as
R= 62“<2(n— DA — (n — 1)(n — 2)|Va? +R). (13.10)
Proof. TBC. O
By a little more computation, we have the following:
Proposition 13.3. The (0,4)-curvature tensor transforms as
Rm = e % [Rm+ <V2u+du®du— %|Vu|zg) @g} (13.11)

Proof. TBC. [

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

Proposition 13.4. Ifn # 2, and § = vﬁg, then

1 ~ n42
4= SAv+ Ru = Rois (13.12)
Ifn =2, and § = e~ *"g, the conformal Gauss curvature equation is
Au+ K = Ke ", (13.13)
Proof. We have e2* = v~z which is
2 (13.14)
u=— no. .
n—2
Using the chain rule,
2 Vo
Vou— — Y 13.15
U= (13.15)
2 2
Vi = — (v . vv@v”). (13.16)
n—2\ v v?

93



Substituting these into (13.10), we obtain

~ 4 —1/A 2 -1 2
R G e o e PR S Y

n—2Lv v n-2 v (13.17)
:vnmf(—lln_lAv—i-Rv).

n—2

Finally, (13.13) follows from (13.10), and the fact that in dimension 2, R = 2K. [

13.3 Uniformization on S2

Since the conformal group of (52, gs), where gg is the round metric, is noncompact,
we cannot hope to prove existence of a constant curvature metric by a compactness
argument as in the £ > 1 case. However, there is a trick to solve this case using only
linear theory.

Theorem 13.5. If (M, g) is a Riemann surface of genus 0, then g is conformal to
(52795)’

Proof. We remove a point p from M, and consider the manifold (M \ {p},g). We
want to find a conformal factor u : M \ {p} — R such that § = e ?g is flat. The
equation for this is

Au=—K. (13.18)

However, by the Gauss-Bonnet theorem, the right hand side has integral 47, so this
equation has no smooth solution. But we will find a solution w on M \ {p} so that
u = O(log(r)) and r — 0, where r(z) = d(p,x). Let ¢ be a smooth cutoff function
satisfying

¢ = {1 rETo (13.19)

0 r>2ry

and 0 < ¢ < 1, for rg very small. Consider the function f = A(¢log(r)). Computing
in normal coordinates, near p we have

! Uy in/de :; U e
Af = m@'(g ivd t(g)) det(g)aT( v/ det(g))
oy (V)

= (log(r))" + (lo .

og(r)" + o) TE
Expanding the volume element in radial coordinates, \/det(g) = r + O(r3) as r — 0,
so we have

Af = 1 1(1+O(r2)>: 1 1(1+O(r2)

r+ O(r3) 72 1+—0(r2)> =0(1) (13.20)

rZ2 r2 2
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as r — 0.
Next, we compute

/ fdV = lim A(¢plog(r))dV = —lim Oy (log(r))do = —2m.
M

<=0 Ja\B(p,r) =0 Js(p,r)

Note the minus sign is due to using the outward normal of the domain M \ B(p,r).
Consequently, we can solve the equation

A(u) = —2A(plog(r)) — K, (13.21)
by the Gauss-Bonnet Theorem and Fredholm Theory in L?. Rewriting this as
At = Au+2¢log(r)) = —K. (13.22)

The space (M \ {p}, e %%g) is therefore isometric to Euclidean space, since it is clearly
complete and simply connected. Using stereographic projection, the spherical metric
is conformal to the flat metric, and we can therefore write

4 —24 —2
= —— ¢ Mg=¢e""g. 13.23
gs (1 |x’2)26 g € g ( )

It is easy to see that v is a bounded solution of
Av+ K =e? (13.24)
on M\ {p} and extends to a smooth solution on all of M by elliptic regularity. [

Corollary 13.6. If (M,J) is a Riemann surface homeomorphic to S? then it is
biholomorphic to the Riemann sphere (S, Js).

14 Lecture 14

14.1 The Green’s function metric

Let (M, g) be compact, and assume that R > 0, of dimension n > 3 Given p € M,
by Theorem 12.3, there exists a unique Green’s function satisfying

—1
DG:(—4” A+R>G:O, (14.1)
n—2
and admiting an expansion of the form
G=r"+Gs p+ - +G_1+ Alogr + Gy +o(1) (14.2)

in normal coordinates around p as r — 0, where G; is homogeneous of degree j for
3—n <7 <0. Since G — 400 as r — 0, there exists a point x € M at which G
obtains its minimum. At this point, we have

n—1

5 (AG)(z) + R(z)G(z). (14.3)

0=—4
n_
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If G(z) < 0, then the second term is strictly negative, which implies that (AG)(x) < 0.
However, in any coordindate system around z, the Laplacian of G at x is just the
Euclidean Laplacian at x, and this contradicts the fact that x is a minimum of G.
If G(z) = 0, then this argument does not lead to a contradiction. In this case, we
can appeal to the Hopf strong maximum principle to say this cannot happen [GTO01,
Section 3.2].

Since G > 0, we can consider the metric (X, § = Gﬁg), where X = M \ {p}. By
(13.12), Rz = 0. Consider the coordinate system defined on R" \ B(0, R) for some
R > 0 large defined by

y' =522 i=1...n, (14.4)

and s? = (y')? + - + (y™)% Let us expand the metric ¢ in these coordinates. First,
since the coordinates 2! are normal, for any N, we can write

9= (6 + (Ha)ij + -+ (Hn) + O(|z|¥))da’ © da’ (14.5)

as |z| — 0, where H; is homogeneous of degree j for 2 < j < N. Let ® denote the
mapping defined by z¢ = s723*. Then

Prg = (%‘ + (H_g)ij + -+ (H_n)ij + O(|y|‘N‘1))<I>*dxi ® ®*dx?, (14.6)
where H; is now homogeneous of degree —j in the y coordinates. We compute
d*dat = d(s7%y") = (=25 "Y'yt + s726,)dy! (14.7)
This implies that
Prg=s" <5z‘j + (Hoz)ij + -+ (Hon)i + 0(|y|_N_1)>dyi ® dy, (14.8)

where we have re-defined the H;.
Next, expanding the Green’s function in the y* coordinates,

P*G=s"2+G, 4+ - +G — Alogs+ Gy + o(1) (14.9)
as s — 0o, where the G; are homogeneous of degree j. So then
(P*G)i? = s* + Go+ G1+ Go+ ..., (14.10)

where again we have redefined the Gj.

We then have
G = (OG0 = (5" + G+ Gi + Go+ ...
5 (G ()i o+ (Hox)y + Oy V) ) dy' @ dy?
_ <5ij + ()i + - .)dyi ® dy’.
(14.11)

So the Green’s function metric in inverted normal coordinates looks like the Fuclidean
metric plus decaying terms. This is a special case of an asymptotically flat metric,
which we will define more generally later.
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14.2 Transformation law for the conformal Laplacian
The following is a transformation formula for the conformal Laplacian.

Proposition 14.1. Ifn # 2, and § = vﬁg, and

0,0 = —%Agd) + Ry, (14.12)
then
O (07" ¢) = v w20, . (14.13)
Forn =2, if § = €*Vg, then
Ay = e "Ny (14.14)
Proof. First compute that
Ay = U_ﬁAg(b + 21)_%5(Vv, Vo). (14.15)
From this, it follows that
Aglv716) = v (g0 %d))- (14.16)

O

14.3 Harmonic functions on the Green’s function metric

Since the Green’s function metric is scalar-flat, the transformation formula (14.13)
says that

4n—1 _ _n+2

—%Ag(a Lp) = G20, (14.17)

So if ¢ is a function which is Oj-harmonic, then G™'¢ is a harmonic function for g.
Therefore, from Theorem 12.3, we have the following.

Theorem 14.2. Let (X, g) be a Green’s function metric, n > 3, and let hy be any
homogeneous harmonic polynomial hy of degree k in R™. For k > 0, there exists a
harmonic function ¢ : X — R such that

&k = y*(lyl*he) + O(|yl* ), (14.18)
as |y| — oo.
Proof. This follows directly from Theorem 12.3. O

The same result is true for any asymptotically flat metric, but this will be more
difficult to prove, since we cannot use the same trick in general. This trick converted
the difficult step of inverting the Laplacian on the ALE metric to the much easier
step of inverting the conformal Laplacian on the conformal compactification.
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15 Lecture 15

15.1 Analysis on the cylinder
For § € R, define L%(C) = ¢**L?(C), with norm
lull 2oy = e~ ull 2(e- (15.1)
More generally, for any integer k > 0, defined W;*(C') = ®*W*2(C), with norm
||U||W§*2(c) = ||€_6tu||wka2(0)' (15.2)
The Laplacian on the cylinder is given by
Au = i + Agn-1u. (15.3)
Then
AW = WE?? (15.4)

is a bounded linear mapping.
Another imporant operator on the cylinder is the following. In R™ \ {0} consider

|z|2Ag, where Ag is the Euclidean Laplacian. Recall that

n—1

Nof =f+

.1
f+ ﬁAS’nflf. (155)

r

Let us make the change of variable r = €', or t = logr. Writing f(r) = h(logr), we
have

f'(r) = e 'h'(t) (15.6)
f'(r) = e (0 () = B(2)), (15.7)
so that
[ZPAof = h+ (n — 2)h + Aga-1h. (15.8)
Clearly then
220 s WP — W22 (15.9)

is a bounded linear mapping.

15.2 Basic elliptic estimate

We have the following.

Proposition 15.1. Let L be either A or |x|*Ag, and fix any § € R. Then there exists
a constant C so that

fullyseiey < ClLulygp-saiey + Nullyp-2ec) (15.10)

Proof. Use the usual elliptic estimate for ' € €, where ' = (1 —1,7+1) x S"! and
Q=(i—2,i+2) x S"! to get a constant C so that

[ulliyr iy < CUKLullyi2ai) + lulliyr-aq). (15.11)
Multiply this by e=2% and then sum over i € Z. O
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15.3 Indicial roots
Let u = a(t)¢(0) then

Au = id + algi-16. (15.12)
If ¢ is an eigenfunction, so that
Agn-1¢p = —k(k+n —2)¢, (15.13)
then
Au = (i —k(k+n—2)a)o. (15.14)
The solutions are
a(t) = etV/kkin=2) (15.15)
it k#0, or
a(t) = co+ it (15.16)
if k=0.

Definition 15.2. The set of indicial roots of A on the cylinder is the set of real

numbers £4/k(k +n — 2) for k € Zx.

For the operator |z|2Ag, we have
lz|*Aou = (i@ + (n — 2)a — k(k +n — 2)a)é. (15.17)
The solutions are
a(t) = ekt ekt (15.18)
unless n = 2 and k£ = 0, in which case the solutions are
a(t) = co + a1t (15.19)

Definition 15.3. If n > 3, the set of indicial roots of |z|*Aq on the cylinder is the
set of real numbers Z\ {3 —n,...,—1}. If n = 2,3, then the set of indicial roots is Z.

15.4 The key estimate

The main result is the following.

Theorem 15.4. Let L = A or |z|*Aq on the cylinder, and assume that § is not an
indicial root. Then there exists a constant C such that

[ullzziey < CllLullrzc)- (15.20)

29



which tmplies that there exists C, so that
lullyyrziey < Crll Lullyr-z2 - (15.21)
Moreover, the mapping
L:WH(C) — W% (0) (15.22)
s an isomorphism.

Proof. The basic idea is the following. Consider the equation Au = f. Rewrite this
as

BsU = (e " Ae®)U = F, (15.23)

6

where U = e %y and F = 7% f are in L2. The operator

Bs(u) = ii + 201 + (Agn-1 + 6%)u. (15.24)

Taking the Fourier transform in the ¢ variable yields

A

(Agn-1 + (8 +i6)HU = F. (15.25)

If § is not an incidial root, then (§ + i€)? is not an eigenvalue, so the operator Bs
has an inverse R; : L*(S™') — L?*(S™'), which is bounded. Furthermore, using
Plancheral’s formula, it is easy to see that the bound of the inverse depends only on
0 and not on £. To complete the proof, take the inverse Fourier transform, and use
that the Fourier transform is an isometry in L2 O]

15.5 Analysis of Ay on R"\ {0}
Letting R” denote R™ \ {0}, define L(R") by the following

1
lull L2gey = {/ |u|27’_25_"dx}2. (15.26)
Ry
Also, define Wf ’2(Rfj) by
k
”“HWQQ(R@ = Z ||DJU||L§7].(R;L)- (15.27)
=0

Proposition 15.5. Under the change of variables r = €t, the Wf’Q(RZ}) norm s
equivalent to the norm Wy?(C).

Proof. This is done by direct calculation. O]

Using the results from the previous lecture, we have the following corollaries.
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Corollary 15.6. Fix any 6 € R. Then there exists a constant C so that
Hu”Wgc,z(Rg) < C(||AOUHW§:22,2(R;,}) + HUHW§72,2(R:})) (15.28)

Proof. This can be proved directly by a scaling argument in dyadic annuli. However,
it follows directly from the previous lecture, noting that the weight is shifted in the
first term on the right hand side. This is because we apply the result on the cylinder
to the operator |z|?A,. O

The key result is then the following.

Theorem 15.7. Consider Ay on RY, and assume that § is not an indicial root of
|z|?Ag. Then there exists a constant C' such that

lull 2wy < CllAULz @), (15.29)
which implies that there exists Cy so that
ol gy < Coll Ao (15.30)
Moreover, the mapping
Ao : W2 (RY) — Wi P2(RY) (15.31)
18 an isomorphism.

A great reference for this section is Frank Pacard’s lecture notes.

16 Lecture 16

16.1 Asymptotically flat metrics

The Green’s function metric introduced above is a special case of the following class
of metrics.

Definition 16.1. A complete Riemannian manifold (X", g) is called asymptotically

flat or AF of order 7 > 0 if there exists a diffeomorphism ¢ : X \ K — (R™\ B(0, R))
where K is a compact subset of X, and such that under this identification,

(Yg)ij = 055+ O(p™7), (16.1)

M(,g)i; =0 F), (16.2)

for any partial derivative of order k, as r — oo, where p is the distance to some fixed
basepoint.
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Let w > 0 be a smooth positive weight function w : X — R defined as follows

lz| oW |z|o¥ >R
w =
1 p<1

and 1 < w < R otherwise. Define L}(X) by the following

1
Y 2
sz = { [ o av; )

Also, define W}*(X) by
k
lullyreoe, = 3 1Dl -
=0

16.2 Fredholm Properties of A
Next, we have the following expansion of the Laplacian of g.
Proposition 16.2. In the AF coordinate system,
Au = a"” (x)9;0;u + b'()d;u,
where
a’ =6+ 0(r ),
V=01
as r — oo.
Proof. We compute
Au = ¢V, V,u
= ¢"(9;0;u — I';0pu)

= (6" 4+ O(r ")) (:0;u + O(T’T’l)fj@ku)
= (07 + O(r 7)")0:0;u + O(r~ ™)X Oku.

This has the following corollary.

Corollary 16.3. For any 0 € R, the Laplacian is a bounded linear mapping

A WEHX) = WX,

Furthermore, there exists a constant Cy such that

||u||W§,2(X) < Ck:(HAu”W‘f_*;v?(X) + ||u||wf*272(x))'
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The “key result” from above is crucial to proving the following.

Theorem 16.4. If ¢ is not an indicial root, then the mapping
A WEAHX) = W22 (X) (16.12)
is semi-Fredholm (has finite-dimensional kernel and closed range)

Proof. We claim that there exists an R > 0 and a constant C' such that any u €
2,2 .
W5 (X)) satisfies

||u||W52’2(X) < C(HAUHL;Q(X) + |ull 2(R)) (16.13)

where By is a ball of radius R centered at the basepoint.
Let xr be a smooth cutoff function defined by

1 p<R
_ , 16.14
R {o p>2R (16.14)

and 0 < xr < 1. Write u = ug + us Where ug = xgu, and uy = (1 — xg)u. Then

[ully22xy < lluolly22 ) + oo lly22x,)
< [luollw=2(Br) + lltsollyy22
Win) MORSY (16.15)
< Ol AuollL2(Byr) + luoll L2(Bar)) + lltool 22 x)
< Ol Auollrz By + 1ol L2(Bom) + llucollw22x):
Next, since u,, is supported near infinity, and 0 is not an indicial root, we can use
Theorem 15.7 to estimate
HuOOHW;a(X) < CHUOOHW52’2(R’,})
< CllAoucollr2_, mn)
< Cll(A0 = A+ A)ucollrz_, mn)
< C|l(Ao — A)UOO||L§72(RQ) + C||Au00||L§72(Rf)
< CO(r™ ") D*us + O(r™ ") Duge|| 12

6—2

(16.16)

x) + CllAusellzz_(x)
< 0(1)Hu00||w62’2(x) + C”AUOOHL?S?Q(XM

as R — oo. Therefore, for R sufficiently large, we can absorb the first term on the
right hand side into the left, and obtain

[ully22x) < CUlAuollzz_,x) + [[uollrz(Bam) + CllAU| 12, x)- (16.17)

6—2

Finally, the terms involving derivatives of the cutoff function only contain derivatives
of uw up to order 1, so they can be absorbed into the left hand side using interpolation,
which completes the proof of the claimed estimate (16.13).
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The Fredholm property then follows from this using the standard argument in-
volving the Rellich Lemma, similar to what we did in the compact case. For any
sequence of kernel elements u; € Wg 2 of unit norm, then by the Rellich Lemma,
some subsequence converges strongly in L*(Bg). The above estimate (16.13) then
shows that u; is a Cauchy sequence in VV(;2 ’2, so has a convergent subsequence. This
implies that the kernel is finite-dimensional.

To get closed range, first there exists a closed subspace Z so that Wf 2= 7@
Ker(A). We claim there exists a constant C' so that

”uHW(?’Q(X) < CllAullgz_x) (16.18)

for all w € Z. If not, then there exists a sequence wu; with \|ui||W§,2(X) = 1 and
[Augl|rz (x) — 0 as i — oo. The above estimate and the Rellich Lemma show
that there is a subsequence of the u; which is Cauchy in Z. But the limit of such a
sequence is non-zero element in Z N Ker(A), which is a contradiction. Finally, let
fi € Lg_Q(X ) be a Cauchy sequence with Au; = f; and f; — fo. We can assume that
u; € Z. The estimate (16.18) then shows that u; is Cauchy in W;*(X), so converges
strongly to us,, which then satisfies Auy = foo.

O

Remark 16.5. If ¢ is an indicial root, the kernel is still finite-dimensional. The

problem is that the mapping does not have closed range. Example involving log(r)
TO BE ADDED.

17 Lecture 17

17.1 Existence of expansions at infinity

We will prove the following Liouville-type theorem.

Theorem 17.1. Let (X, g) be AF, u € L3(X) satisfy Au =0, and let k = k™ (5) (the
largest indicial root less than or equal to 0 ).

o Ifk <0, then u=0.

o Ifk >0 then u admits an expansion u = hy, + O(r*=1) as r — oo, where hy, is
a harmonic polynomial in the AF coordinates.

o If (X,g9) = (R", go), then u is exactly a harmonic polynomial, in the standard
coordinate system.

Proof. TBC. m
Definition 17.2. Let H; = {u € L3(X) | Au = 0}.

A corollary of the above expansion is the following.
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Corollary 17.3. Let 6 € R. If k= (0) <0, then dim(Hs) = 0. If k= (5) > 0, then

dim(H;) < Z Ni, (17.1)

where Ny is the dimension of the space of homogeneous harmonic polynomials of
degree k in R™, which is given by

n+k—1 n+k—3
N, = — . 17.2
F ( n—1 ) < n—1 ) (17:2)
For any integer k > 0, and 0 < e < 1 then

dim(Hyse) — dim(Hy_e) < Ng. (17.3)

Proof. TBC. O

17.2 Existence of harmonic functions

First, we have the dual of weighted L? spaces.
Proposition 17.4. Let (X, g) be AE. The dual space of L3(X) is L?, 4(X).
Proof. It u € L}(X), and v € L?,_(X), then

/uvdV /uw o= ”/20w5+”/2dV
X

/|u|2 —26— ndv /|v|2w25+”dVg}2
X (17.4)

1 1
/ \u]Qw’Q‘S’"dVg {/ ’U‘2w2(6+n)fndvg}2
X X

= ||u||L§(X)||v||L2_n_6(X)-

Next we have the following, which is the generalization of Theorem 14.2.

Proposition 17.5. Let (X, g) be AF, and let hy be a homogeneous harmonic poly-
nomial of degree k. Then there exists a harmonic function ¢ : X — R admitting the
eTpansion

ok = hp + O(r*h) (17.5)
as r — oQ.

Proof. TBC. [

As a corollary of this, we have
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Corollary 17.6. For any integer k > 0,

dim(Hye) — dim(Hy—e) = Ny. (17.6)
For § € R,
k= ()
dim(Hs) = Y N, (17.7)
=0
Proof. TBC. m

A great reference for this section is Bartnik’s article on the mass of an ALE space

7).

18 Lecture 18

18.1 Operators asymptotic to A,

We next consider a more general class of operators.

Definition 18.1. A self-adjoint second order elliptic differential operator P is asymp-
totic to Ag at rate o > 0 if in AF coordinates, we have

Pu = a"(2)0;0;u + b'(x)du + c(z)u, (18.1)

where the coefficients admit expansions

a’ =57 +0(r ) (18.2)
V=00 (18.3)
c=0(r"77), (18.4)

as r — 00.
The same argument given above to prove Theorem 16.4 proves the following.
Proposition 18.2. If ) is not an indicial root then
P W2 (X) - W (X) (18.5)
1s Fredholm.
We also have the analogue of existence of harmonic expansions.

Theorem 18.3. Let (X, g) be AF, u € LX) satisfy Pu= 0. If u is not identically
zero, then there ezists an exceptional value k < k~(8) such that u admits an expansion
u = hy, +O@* 1Y) as r — oo, where hy is harmonic and homogeneous of degree k in
the AF coordinates.
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Proof. The proof is almost the same as the proof of Theorem 17.1 above, with the
following extra step. If u = O(r=*) as r — oo, for any k, then consider the step in
the proof using the Kelvin transform. In this step, we find a harmonic function with
derivative of any order vanishing at the origin. By a unique continutation theorem
for harmonic functions, this harmonic function must vanish. This implies that u
vanishes in a neighborhood of infinity, and must be identically zero again by local
unique continuation for elliptic operators. O

Analogous to above, define the following.
Definition 18.4. Let Hs; = {u € L3(X) | Pu = 0}.

Since we are allowing a zero order term in P, we can no longer say that there is
no decaying kernel of P. But we can say the following.

Proposition 18.5. There exists N > 0 such that if § < —N then dim(Hs) = 0.

Proof. Note that for 0’ < d, we have Hgs C Hs. Since the operator is Fredholm, these
spaces are finite-dimensional. From Theorem 18.3, we are done. O]

Using this, we can only conclude the following.

Proposition 18.6. Let (X, g) be AF, and P as above. The there exists N > 0 so
that if kK > N and hy is a homogeneous harmonic polynomial of degree k. Then there
exists a harmonic function ¢ : X — R admitting the expansion

Or = hy, + O(r* ) (18.6)
as r — oo.
Consequently, for k > N,
dim(Hyye) — dim(Hy—c) = Ny. (18.7)
Proof. TBC. O

Another useful result is the following.

Proposition 18.7. Let § be a non-indicial root, and u € W;*(X) satisfy Pu = f,
where f € L3 (X) where k=(8) < & < 8. Then u € Wr*(X).

Proof. TBC. m
18.2 The relative index theorem
Definition 18.8. The index of P at a non-indicial root § € R is

]5 = dim H(S — dim Hg_n_g. (188)

The main theorem is the following.
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Theorem 18.9. The index satisfies the following properties.

o [f6 <, are nonindicial and there is no indicial root in between 6 and &' then
L; = Lg/.

e /[fO<e< 1, and k is an indicial root, then

N, k>0
Lve — Lo =4 " - . (18.9)
Ng_n_k k S 2—n

Proof. This is proved by a duality argument, integration-by-parts, etc. TBC. O]

18.3 The case of M \ {p}, M compact

We next consider the following class of operators.

Definition 18.10. A self-adjoint second order elliptic differential operator is asymp-
totic to Ag at rate o > 0 if in coordinates near p, we have

Pu = a"(2)0;0;u + b'(x)0yu + c(z)u, (18.10)

where the coefficients admit expansions

a”’ =67 + O(r) (18.11)
b =001 (18.12)
c=0(r""?%), (18.13)

as r — 0.

In this setting, the relative index theorem takes the following form (there is a sign
change from the AF version).

Theorem 18.11. The index satisfies the following properties.

o [fd < ¢, are nonindicial and there is no indicial root in between § and &' then
Is = I .

o I[f0<e<1, and k is an indicial root, then

—N, k>0
Tive — Iioe = g - . (18.14)
—NQ_n_k- k S 2—n

Proof. TBC. O
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19 Lection 19

19.1 Zonal harmonics

Recall that on the sphere S™ !, in normal coordinates, based at the north pole,
g = dr*+sin*(r)gs, 0 < r < 7, We already know that the eigenvalues are k(k-+n—2).
So let 1, be an eigenfunction such that

Let us consider eigenfunctions depending only upon r, so that ¥;, = fi(r). Then the
eigenvalue equation is

Apty = —fo — (n = 2) cot(r) fr, = k(k +n — 2) fi. (19.2)
This yields an ODE
—fx — (n—2) cot(r) fr — k(k +n —2) f, = 0. (19.3)
Making the change of variable fi(r) = Pg(cosr), this becomes the differential equation
(1—2)P,—(n—1)aP, +k(k+n—-2)P, =0 (19.4)
For n = 3, this is
(1 —2?)P, — 22P, + k(k +1)P, = 0, (19.5)

a solution of which is a Legendre Polynomial of degree k.

The solution space of the ODE (19.4) is 2-dimensional, and the solutions are
not necessarily polynomial. However, it turns out that there is always a polynomial
solution, which is not so easy to see directly from the ODE. We will prove this shortly.

Define the following. Given x € S™!, then the mapping

Qp: Hy — R, (19.6)

given by @ék)(hk) = hi(z) is a linear functional on Hy. By the Riesz representation
theorem, there exists a unique element Z”(y) € Hy, so that

[ )20 e = ) (197

Clearly, if Zék)(y) satisfies this property, then any rotation of Z;E’“)(y) around an axis
containing x also satisfies this property, so by uniqueness, Z;k) (y) is an eigenfunction
which is invariant under rotations around z-axis. Therefore, it must be a solution of
the ODE above, where the north pole is replaced by the point . These eigenfunctions
are called zonal harmonics, and have the following special properties.

Proposition 19.1. The zonal harmonics Zék)(y) satisfy the following.
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e Letey,...en, be an L? ONB for Hy. Then
Ng
ZO(y) = eilr)eiy). (19.8)
=1

28 (y) = 2y (@).

Z\ () = 2 dim(Hy) = LNV

128 ()] < LN,

o FExtending to R™\ {0} by homogeneity, there exists a constant C' such that
1ZE ()| < CR"2Jyl* (19.9)
Proof. This is left as an exercise. ]

There is a nice corollary of the above.

Corollary 19.2. If u is harmonic in a ball B(p,r) in R", then u is real analytic in
B(p,r), and the Taylor series at p converges in any compact subset of the ball.

Proof. Recall the Poisson kernel of the ball B(0, R) is given by
1 R*—|z|?

P = 19.10
so that any harmonic u satisfies
u(z) = / u(y)P(z,y)do. (19.11)
Snfl(R)

Consider the case that u is harmonic on B(0,1). Proposition 19.1 implies that the
sum

> 20 (x) (19.12)

k

oo
=0

converges absolutely and uniformly on any compact subset of B(0,1). Fix any point
r € B(0,1), f € L>(S™'). Then

o0

JW)Pr.y)do = | fy) Y 2 (x)do (19.13)
Sn—1 Sn—1 k=0
holds since it is clearly true if f is a harmonic polynomial, and such polynomials are
dense in L?(S™1). Therefore we have the pointwise formula

1-]z)? <
Pay) = L S 7wy, (19.14)
k=0

=y

which implies the corollary, after plugging this into (19.11). The general case follows
by translating and dilating B(0, r). ]
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19.2 Expansion of the Newton kernel

The above was to illustrate that the zonal harmonics are very important, since they
give an expansion of the Poission kernel. Next, we will see that they also give an
expansion of the Newton kernel.

First, consider

1 1 1

o —y["=? a2

&~ il
1 1
‘l"n 2|1_2‘ 4+ lylzlf
, (19.15)

1 1
[2|"2 (1 — 25t 4 s2)"2"

where s = |y|/|z| and t = (x - y)/(|z||y|). Now, if |y| < |z|, then

1 1
|z —y["? mn*Q (1 — 2st + 32)%2

|$|n zzpk

Then Py(t) are polynomials of degree k and are known as ultraspherical polynomials,
which are a special case of Gegenbauer polynomials.

(19.16)

Proposition 19.3. We have
k
Pi(t) = crnZ) (2 ]12]). (19.17)
where ¢y, is a constant given by

n—2
"n—2+42k"

Proof. These coefficients must be harmonic, and they are invariant by rotations in
the z-axis, so they must be a multiple of the zonal harmonic. For determination of
the constant, assume x lies along one axis, and then evaluate at another point along
the same axis. So assume that z/|z| = y/|y|, with |y| < |z|. Since t =1,

(19.18)

Chyn = NW

. 1
;Pk(t)s N (1—-2s+s%)z
=(1—s5)" "2 (19.19)



where ro =1, ry =n — 2, and for k£ > 1,
rr=m=-2)((n=2)+1)...(n=2)+k—1) (19.20)
Then from (19.16), we see that

Pe(1) = 4- (19.21)
Next, from Proposition 19.1, we have that
1
A N 19.22
P (p> nw, k> ( )
which implies that
NWy Tk
"= ) 19.23
e = RN, (19.23)
Some algebra shows that this simplifies to (19.18). O
Remark 19.4. For n = 3, we have
1
= 19.24
Con = s gy (19.24)

Also, in this case, Z;’;fyl(x/m]) = 21 p(k) (cos(f)) where 6 is the angle between x and

3ws
y, and P®) is the Legendre polynomial of degree k, normalized so that P*)(1) = 1.
In other words, Py(t) = P®(t) in dimension 3.

We have proved the following.
Proposition 19.5. The Newton kernel has the following expansions.

o Iflyl < lzl, then

|m— y|n—? - [ zz CknZ y/|y\ (/|2 |)<|| ||> (19.25)

o Iflyl > |z|, then

1 |z]
|z — y|2 - ly[* 2ZC’M y/|y| (@/|z |)<| |> (19.26)

Note the following. Using Proposition 19.1, we can rewrite for example the first
expansion as

1 1 00 Ny, k
o=yl ? a2 & Z% >~ ona(w/lel)ns (u/yl) % )
j_

(19.27)
—ZCMZW "Fon(w/ 12yl  on (y/ lyl)-
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where for k > 0, the functions ¢ ; for j = 1... N, are an L? orthonormal basis of H*
on S"71. The term |z|>~"*¢y. ;(x/|z]) is the Kelvin transform of a degree k harmonic
polynomial in z, and |y|"¢x ;(y/|y|) is a degree k harmonic polynomial in y. So from
this expansion, it is clearly harmonic in both x and y, although convergence is not
very clear from this expression.

Remark 19.6. Note that for n = 3, the constants work out so that if |y| < |z|, then

E ZP<k (;ﬂ)k (19.28)

where, as mentioned above, P®) is the usual Legendre polynomial of degree k.

Iw—yl

19.3 Weighted Holder spaces
20 Lecture 20

20.1 Weighted L? spaces

21 Lecture 21

21.1 Manifold with 2 ends
This is g = dr* + (r> + m)gs, m > 0, and t € R, so a = 2 + m. Therefore

(n—1)r. 1

I e RS (21.1)
Let ¢ = f(t)B(0), where B is an eigenfunction, then
s m=Dr; k(k+n-2)
AyfB=(-f T m f+ 2 m f)B. (21.2)

Note, if n = 3, and k = 0, this has the solution
t

f(t) =c1+ e arctan(ﬁ

\/—% ) (21.3)
Properties of harmonic functions on this manifold:
e There exists a nonconstant bounded harmonic function.
o If Ay =0and ¢ = O(|t|") as t — +o0, then ¢ admits an expansion
b= hy + O(t]"), (21.4)

as t — +o0o. where hy is a harmonic polynomial in R”.
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22 Lecture 22

22.1 Hyperbolic space
This is g = dr? + sinh®(r)gg, r > 0, so a = sinh?(r). Therefore

Ap¢=—¢— (n—1)coth(r)¢ + mAgsgb. (22.1)

Let ¢ = f(t)B(0), where B is an eigenfunction, then
ApfB=(—f—(n—1)coth(r)f + W;:h—g(;)”f)g (22.2)

Let’s look at this for n = 2. In this case, the ODE is

. . L2
—f — coth(r)f + sinhQ(r)f = 0. (22.3)
This has solutions

f = c1 cosh(klog(coth(r/2))) + co sinh(k log(coth(r/2))). (22.4)

Properties of harmonic functions on hyperbolic space:

e For any k > 0, there exist harmonic functions which satisfy ¢(r) = O(r?="7F)
as r — 0, but satisfy ¢(r) = e~V as — oo.

e For any k > 0, there exists harmonic functions which satisfy ¢(r) = O(r*) as
r — 0, but satisfy ¢(r) = O(1) as — 0.

e Any bounded harmonic function on R™ is constant.

e (Solvability of the Dirichlet problem) Given f € C°(S™™1), there exists a global
harmonic function ¢ : H" — r such that ¢|gn-1 = f.

23 Lecture 23

23.1 Weitzenbock formula for 2-forms
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