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1 Introduction

There is an interaction between geometry and topology. In other words, local geometric data is
related to global topological information. One of the local geometric data is curvature. Typically,
there are three curvatures: Sectional curvature, Ricci curvature, and Scalar curvature.

To calculate sectional curvature, we need to take two directions, then we get a number. Basically,
we take a two dimensional section of a space and the scalar curvature is the Gaussian curvature of
the section. On the other hand, for Ricci curvature, we fix one direction and then sum the sectional
curvatures for each Riemannian perpendicular direction. In this sense, sectional curvature is much
stronger than Ricci curvature. In the same way, Scalar curvature is obtained by the sum of Ricci
curvatures for each Riemannian perpendicular direction. This implies that scalar curvature is not
dependent on the direction of a vector, but dependent on only a point. So, Scalar curvature is
weaker condition than Ricci curvature.

For the global topological information side, we usually look at the compactness of a space,
Fundamental group 71, homology, cohomology H,. The below is the diagram for the interaction
between geometry and topology.

Geometry <— Topology
Local geometric data <— global topological information
curvatures Compactness, 71, H,
(Sectional > Ricci > Scalar)

Jacobi equation describes the variation of geodesics. Sectional curvature controls how geodesics
from a point spread:

K>0 K=0 K <0

“Philosophical Principle” Positively curved spaces tend to close up while non-positively curved
spaces tend to open up. Indeed, in 240B, we have Cartan-Hadamard Theorem

Theorem 1.1. Let (M™,g) be a complete simply connected manifold with K < 0. Then M™ is
diffeomorphic to R™.

Remark. Let (M, g) be a complete manifold with K < 0: Apply to (M, §).

In contrast, we have Bonnet - Myers Theorem:

Theorem 1.2. Let (M"™,g) be a complete manifold with Ric > (n — 1)k > 0. Then M is compact
and w1 (M) is finite. In particular, if M is compact and Ric > 0, then m (M) is finite.

Remark.
e.g. S% x S! cannot have a metric with Ric > 0.

How do we go about proving it? By Hopf-Rinow to show M is compact we just need to show
it’s bounded.

Claim: Diam(M) = sup,, ,enr d(p; q) < NG

More quantitative (and geometric) statement

How do we do that? Again by Hopf Rinow, any two points p,q € M can be connected by a
minimal geodesic.

Show that if a geodesic is too long (I > ﬁ), then it CANNOT be minimal.



Recall. 7 is a geodesic iff v is a critical point of the length functional
b
L(a) :/ |/ (t)|dt, (a:[a,b] = M is a C* curve.)

among variations fixing the endpoints.

Recall. In calculus, we know that

minimum > local minimum > L">0
(hard) - global (much easier)

Fact (2nd variation formula). Let v : [a,b] — M is a geodesic. Then a smooth map « : [a,b] X
(—€,¢) — M with «a(t,0) = ~(t), a(a,s) = y(a), and «a(b,s) = (b) is a variation of the given
geodesic. Let V() = %(t, 0) be a variational vector field. Assume that V'(¢)L~/(¢). Then
d2
L' = @L(a(-,s))

b
:/ (IVy V2 = (R(V,A ), V))dt
s=0 a

Remark. o +—V

Goal: If v is a geodesic, unit speed, { = L(vy) > %, then there is V' as above such that L < 0.

Proof of Bonnet-Myers. For the moment, assume in fact, K > k > 0. How to pick V so that
L" <07

(figure)

Let

V(t) = sin (%t) E(t).
Then
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For the general case, let e, -+, e,—1,7(0) be orthonormal basis of T (gyas and Ey (%), - - -, En_1(t)
are parallel along . Put

Vi(t) = sin Gt) Ei(t), i=1,---,n—1

Denote L = 2nd variation along V;. Then

n—1 1 2 n—1
; L = /o <(n -1 (%) cos? (%t) - Z:: K(FE;,~')sin? (72&)) <0
if I > Z=. Then, there is 7 such that L} < 0. Thus, v cannot be (even locally) minimal. O

\/E
Remark. For 71 (M) finite, apply to (M,g).



2 Variations of Area Functionals

Let M be a Riemannian manifold of dimension m and N be an n-dimensional submanifold with
n < m. Consider an one parameter family of deformation of N given by N, = ¢(N,t) for ¢t € (—¢,¢€)
with Ng = N.

Let {x1,---,2,} be a coordinate system around a point p € N. Then {x1, -+ ,2,,t} is a
coordinate system of N x (—e¢, €) near (p,0). Denote

ei:=d¢(ai_>, T:d(l)(gt).

2.1 First variational formula for area

Notation. dA;:= the area element of N;.

Proposition 2.1. In local coordinates {x1, -+ ,xn} of p € N,
dAy = \/g(z, t)dzy Adzy A --- A dzy,,
where g(x,t) = det(gi;)(z,1).
Proposition 2.2. For t sufficiently close to 0,
dA, = J(z,t)dA,.

In particular, if {1, -+ ,x,} is a normal coordinate system, then the function J(x,t) is given by
x,t
J(a ) = VA&
9(z,0)
Proof. Let {x1,--- ,z,} be anormal coordinate of N at p. Then, {z1,--- ,z,,t} is a local coordinate

for N x (—e,€) near (p,0). Then for ¢t € (—e,€), we have

dAy = /g(x,t)dey Adxo A - ANdxy,

and
dAg = \/g(z,0)dz; Adxgy A--- A d,.
Thus,
t
dA, = @dAo.

V9(,0)

O
Theorem 2.3. The first variation for the volume form at the point (p,0) is given by
d . n 7
%dAt‘(p,O) = (leTt —+ <T ,H>> dAO‘(p,O)~
Proof. Let {1, ,z,} be a normal coordinates at p € N. Define
t
J(x,t) = M
9(x,0)
Then
0 0 g(x,t 1 g (z,t g (p,0
Ojwn| =2 (vemd - Sl ()
- 0@0)| . Va0 2/ewn|,_, . 200.0)




because we chose normal coordinates. Note that

g(x,t) = det(gy;(x,1)) = znzgu(ibt)cu(%t),
i=1
where C;;(x,t) is a cofactor of a matrix (g;;(x,t)). Then
g'(z,t) = igii(%f)cu(ﬂf,t) + iglz‘(%t)cii(%f)-
i=1 i=1
Since ¢1;(p,0) = d1; and Cy;(p,0) = 614, we have
g'(p,0) = g1.1(p, 0) + C1, (p, 0).

We claim that ¢'(p,0) = >, g};(p,0). To show it, we use mathematical induction on the
dimension of N. For the base case n = 1, the equation

g (p,0) = g1, (p,0) + C11(p,0) = g1,(p,0)

holds because C11(x,t) = 0. Now, suppose

k
9'(p,0) = gii(p,0)
i=1

for any submanifold N of dimension k. Now assume that dimension of N is k + 1. Then we can

take a normal coordinates (U, ¢) at p € N with local variables {z1,- - ,zk11}. Since L = {¢(z)|x =
(0,29, ,xky1) € U} is k -dimensional submanifold of N, we have
k
gl(pa 0) - g;l(p7 O)a
i=1

where §;;(z,t) is a metric of L. Note that

k+1

k
Cl1(p,0) =3 (p,0) = 3;(p,0) = > gii(p,0).
=1 =2

Thus,
k+1
g'(p,0) = g41(p,0) + C1, (p,0) = g}, (p,0) + > _ gly(p, 0).
=2
Hence
2y, )
ot ’ t=0,z=p 2 i=1 o

On the other hand,
, 0
gii(@,t) = agn‘(fﬂ,t) =T(ei,e;) = 2(Vres, e;) = 2(Ve, T, e;)

because Vrye; — V., T = [T,e;] = 0.



I
M=

—J(z,1)

8t <V€z‘ T’ ei>

t=0,x=p

1

<
3

<V€i (Tt + Tn)v ei>

s
Il
-

n

(Ve,T' ey + > (Ve,T", €;)

i=1

=div(T") + ) e(T" e) = Y (T", Ve,e;)
=1

i=1

I

&
Il
_

= div(T*) + (T, H).

Hence d
— A oy = (A (T") + (T, H))dAo| 0.

O
Remark. The right hand side of the above equation is not dependent of the choice of coordinates.
Corollary 2.4. If T is a compactly supported variational vector field on N, then

d = / (T™, H).
t=0 N

AW

Proof.

d d d
dA :f:/dA:—:AN
[, ditdno = gyheo [ A= GleoA(N)
d

[ Gitdna= [ (@it + @ Aol = [ (27 H)ag
N, dt No N
O

Remark. Mean curvature of IV is identically 0 if and only if NV is a critical point of the area functional.

Definition 2.5. An immersed submanifold N — M is minimal if its mean curvature vector vanishes
identically, i.e., H = 0.

Corollary 2.6. Let N is a curve in M that is parametrized by arc-length with unit tangent vector
e. Then the first variational formula for length can be written as

(V) mo = (T )} — / (T, V,e).

dt [O,I]
Proof. Let ¢ : [0,1] = M be a curve parametrized by arc-length. Then N = ¢([0,1]) is a submanifold
of M. For each p = c¢(x), a map ¢ : [0,1] X (—€,€) = N x (—¢,¢) defined by (c(z),t) is a local
coordinate of N x (—e,€) at p. Let e = dqb(%) be a unit tangent vector of N;. From the equation

d . n 73
20 0) = (dth +(T ,H>> dAo|(p,0);

we have p
— L(Ny)|e=o :/ dith-i—/ (T, H).
dt [0,1] [0,1]



Note that
divTt = (V. T" e) = e(T" &) — (T", V.e).

Since e is a unit vector, (V.e, e) = 0, which implies that (V.e)! = 0. Thus, (T%,V.e) = 0 and so

/ divT® :/ e(Tt e) = (T, €]},
[0,7] [0,7]

Also,
/ (T@ﬁ) = _/ (T",Ve) = _/ (T, V.e).
[0,7] [0,7] [0,]
In all,
d
SLNmo = (T~ [ (1.0
dt [0.4]

2.2 Second Variational Formula for Area

General Setting Let (M, g) be a Riemannian manifold of dimension m and N be a submanifold
of dimension n < m. Let ¢ : N x (—¢,€) X (—€,€) — M be a two-parameter family of variations of
N. For fixed t and s, denote by

Nt,s = {QS(:C,t,S)‘.’E € N}

We assume that Ny o = N. Then NV ; is an n-dimensional manifold.

We can induce the metric on N, s from M. Take p € N and a normal coordinates (U, x) of
N at p. Let {z1,---,z,} be coordinate variables and {6%1, e ,%} be coordinate vector fields
around p. Then for fixed ¢ and s,

€T = (.1?1,"' axn) = (¢OX($),t,S)

is a coordinate chart of Ny s at ¢(p,t,s) with coordinate variables {x1,- -+, 2, }.
Denote 9 9 9
i i= d 5 T = d - 9 S = d a_ .
o5 () (3)
Then {es, - ,e,} is coordinate vector fields and we have a metric
9ij = (€i€j)-

Moreover, N x (—¢, €) X (—¢, €) has coordinate variables {1, - ,z,,t, s} and coordinate vector fields

{ela"' 76naTaS}'

Volume form and the first derivative Let’s denote dA; ; be a volume form of Ny s. Then

dAy s = mdﬂh A ANdxy,

where g(z,t,s) = det(g;;(x,t,s)). We denote dAgo = dA. Then,

t
dAs = mdaq A ANdxy, = Md/}.

Let



Then B
1 . 5:9(x,t, )

\/g(a:, 0,0) 2\/9(33, t,s) '

J
E(z,t,s) =

By the fact
%det(A(t)) = detA(t)tr(A(t) LA (1)),

we have
n n

%g(l‘, t, 5) = g(.’IJ, t, S)tr((g”)(g”)) = g(‘% t, S) Z Zgikg'kZV (2)

i1 k=1
Note that

gri = Tlex, ei) = (Vreg, ei) + (ex, Vre) = (Ve, T e) + (ex, Ve, T) (3)
because T and e; are coordinate vector fields. By eqgs. (1)) to (3)), eq. (2), and eq. (3), we have

Q(x t,s) = 9(x.t,8) 3011 Dy 9 i
ot e(@,0,0) - 2/g(w,,5)

n n

= J(x,t,5) Y g7(Ve,T,e;).

4,5=1

The second derivative Taking the derivative with respect to s, we have

80 0J <& . n o
Y _ 7 ij ) 9 4 4
ds ot 65”-:19 <V61T76J>+J(x,t,s)i;1(asg )(VCiT,eJ)
+ J(z,t,8) z": gijg<V6vT e;)
Y 1]21 88 i 5 €5
. %gii
gikgkj = 67;j.

= (Sgix)g™ + gin(Sg™) =0
= gik(Sgkj) = _(Sgik)gkj
= ¢"9ir(Sg") = —¢"(Sgir) g™
= 0(Sg™) = —g"(Sgir)g™
= SgY = —g"(Sgir)g™.

Then at p,

Sglj = _gli(SQik)gkj
= —6"(Sgik) 0"
= —Sq;
= —5{es, ¢5)
= —(Vsey, ;) — (e, Vse;)
= —(Ve, S, e5) — (Ve, S, €1).



° Zgij%<veiT7 ej>
At p,

Zg” VelT ej) = 0i;8(Ve, T, e;)
= S(V¢,T,e;)
=(VsVe, T e;)+(Ve,T,Vge;)
= (R(S,e)T + Vo, VsT + Vo, 5T €) + (Ve, T, Vges)
= (R(S,e;)T,e;) + (Ve,VsT,e;) + (V.,T,V.,S).

Then at (p,0,0),

0 oJ

a*a(p,o 0)

0~ . 50
= 5 gj<v81:T7 ej> +J Z (88.9]) <v5iT7 €j> + ngj%<veiT7ej>

Js ~
7,7=1

=J> g% (Ve Ser) > g7 (Ve,T,e))
+ Y (—(Ve,S.e) = (Ve, S ) (Ve, T, e5)
+JY ((R(S,e)T,e:) + (Ve, VT, e5) + (Ve,T, Ve, S))
= Z Ve S, el Z (Ve Toei) =Y (Ve S, e;) (Ve Toej) = Y (Ve S e)(Ve, T, ¢5)
1,5 ]

+Z (S, e)T, e;) +Z V., VsT, e +Z V.. T,V.,5S).

Second variational formula for a curve

Theorem 2.7. Let M be an m-dimensional manifold. Let N be a curve parametrized by arc length
i M with unit tangent vector given by e. Then the second variational formula for length is given

by

9’L !
= / —(VeS,e)(VeTe) + (R(S,e)T, e) + (Ve VT, e) + (VeT, VeS)
050t | (5 1)=(0,0) 0
Proof. Since N is one dimensional and e is the unit tangent vector of N, we have
0 0J
AT (VeS,e)(V T e) — (VS e)(V.T,e) — (V.S,e)(V.T,e)
+ (R(S,e)T,e) + (VeVisT,e) + (V.T,V.S).
Then
27, 2 L
0°L ’ 0 / dA,,
0sot —(0,0) ~ 9s0t (5,6)=(0,0) J0
82 /L
= — J(z,s,t)dA
950t | (5 1)=(0,0)

L 52
0°J
= /0 950t (z,s,t)dA

= /l —(VeS,e)(V.T,e) + (R(S,e)T,e) + (V. VsT,e) + (V.T,V.S)
0



If we assume that the given curve is geodesic, then V.e = 0, so we have

9L
0Js0t

l
= /0 —(e(S,e))(e(T' e)) + (R(S,e)T,e) + e(VsT,e) + (V.T, V.S)

(s,t)=(0,0)

l
= [(VsT, G%Jr/o —(e(5;e))(e(T'e)) + (R(S,e)T, e) + (V.T, VeS).

Second variational formula for a submanifold with the same direction

Theorem 2.8. Let M be an m-dimensional manifold. Let N be an n-dimensional submanifold of
M withn <m. AssumeT =S, TLN, and T is compactly supported. Then we have

/TH /ZTII@,,BJ /Z (e;, 1T, e;)
[t iy [33 (wame

Proof. Recall the following equation:

d2

ﬁA(Nt)

t=0

g 90J
%a = Z<v€l57 6[> Z<V6iT7 ei> - Z<V61‘Sa ej><v€iTa ej> - Z<Vejs7 ei><v€iT7 ej>
l

i 2% 2

+Z (S, e)T,e:) +Zv VsT,e;) +Zv T,V.,S).

Since S = T, we have

0 90J
&E = Z(vPlT el> Z<v€7‘,Ta ei> - Z<veq,Ta ej><v6iTa 6j> - Z(Veij €i><v€iTa 6j>

7 2,7 %]
+Z TezTelJrZV(,tVTTeZ +ZVQTV T).

° (Zz<v61Ta ei>)2 = (Zz ei<T7 €i> - <Tv v8i6i>)2 = <T7 ﬁ>2

b Zi7j<vCiT7 ej>2 = Zi7j<T’ 7V61‘,e]'>2 = Zi7j<T’ I_j(ei, ej)>2~
o (Ve T, e;) =ej(T,e;) — (I, Ve,ei) = —(T,Ve,e5) = (Ve, T, ¢j).
b <R(T7 ei)Ta ei> - 7<R(ei7 T)Ta ei>'

ZWQVTT’ €i) = Z(V (VeT)" + (VrT)* ) e
= Z (VT e) + ) (Ve (Vo) es)

= div(VeT)" + > el(VeT) ei) = > (VoT)*, Ve,e:)

= div(VeD)T + (VrT)*, H)

10



e Let {en41, -+, em} denotes an orthonormal set of vectors normal to N in M. Then

D AV T, Ve, T) =Y (V.,T, me ej)e;)

i .

Mﬁ“

(Ve.T, (Ve T,e;)e; +Z Z (Ve.T, (Ve T,e;)e;)

1 i=1 j=n+1

velTeJ2+zn: i V.. T, e;)

i=1 j=n+1

<.

J

“|| M:

In all,

2 —
%(l’,t S) <T H> Z<T7 II(Gi,ej)>2 — Z(VeiT, 6j>2
— > (R(ei, T)T, e5) + div(VeT) + (VoT)*, H)

+Z<veiT,eJ2+Z > (Ve Te;)?

i,j=1 i=1 j=n+1
dA;
]
= JdA
i |

2
/deA
dit? =0

— [ = ST e ) - (e T )

Thus, we now have

d2

az A)

t=0

n m

+/div(vTT)T+<(vTT)L,ﬁ> +Y ) (Ve The))?

1=1j=n+1 1—0

Divergence theorem implies

[ aw(@ry” = [ (@) <o,

where v is an outward unit normal vector of N. Thus we are done. O

Definition 2.9. A minimally immersed submanifold N of M is stable if the second variation for
area with respect to all compactly normal variations is non-negative.

Recall that N is minimal when H = 0. Thus, stablity inequality is

Og—/Z(T,[_j(ei,ej /Z (e, T)T, e;) + /Z Z Ve, T, e;)?

1=1 j=n+1

Codimension-1 minimal submanifold

11



Theorem 2.10. Let M be an m-dimensional orientable manifold and N be an orientable codimension-
1 minimal submanifold of M. Let T = e,,, where 1 is a differentiable function on N and e, is a
unit normal vector field to N. Then the second variational formula is

d2

AN

:/ ¢22h — P Ric(em, em) + [V 1,
N

t=0

where (e, I_j(ei, e;j)) = hij be the component of the second fundamental form. The stability inequal-

ity is
Jorwet = [ o [ oRicten.en)
N N N
Proof.
& ~ > ps - 2
AN = [ § ST i) - RieTT) 4 (9T )
= inj i=1
= /N —? Z(em,l_f(ei, e;))? — WP Ric(em, em) + Z<V€iT’ em)?
4,3 i=1
Note that

(Ve,Tyem) = (Ve,(Vem), em) = (WVe,m, em) + (€i(V)em, em) = ei(¥)

because e, is a unit vector and
1
(Ve,€m,em) = §ei<em,em> =0.

Then we have

= / —)? Zh — Y2 Ric(em, em) + |V |?
t=0 N
O

Geodesic balls of radius » Let M be an m-dimensional oriented manifold and N be the n-
dimensional geodesic balls of radius r in M. We want to control the growth of the volume of N.
Let T' = ey, and V., e, = 0. Denote H = He,,. Then the first variational formula is

t—OZ[V<TL7ﬁ> :/JVH

because divT'T term vanishes. The second variational formula is

;L; :/<T, H)? 7/Z<T, I1(e;,e))? 7/2<R(61,T)T, ei)
/((VTT /Z S (VeTie))?

=1 j=n+1

d
ﬁA(Nt)

A(N)

t=0

n

/em,Hem /Zh /ch em,em)+/z<veiem,em>2

:/H2 —/thj —/Ric(e,mem). )

12



3 Stable minimal submanifold and scalar curvature

3.1 Geometry of 2nd variation

Definition 3.1. We say a minimal submanifold N C M is stable if 2 g Area(Ny) > 0. Equivalently,
the minimal submanifold is a local minimum of area functional.

The scalar curvature has topological implications on stable minimal sub-manifolds, especially in
low dimension:

Theorem 3.2 (Schoen-Yau). Let M? be a 3 dimensional compact oriented manifold with positive
scalar curvature (PSC). Then M has no compact immersed stable minimal surface of positive genus.

Before we start the proof, we recall several tools that we are going to use:

Recall. Stability condition of minimal hypersurface N* C M"™*!: if e, is the unit normal vector
to N in M, T = e+ is the variational field with ¢» € CS°(N). Then N is stable iff

/ Vol? = (Riclenss) + [IT[2)0% > 0
N

And a lemma from Gauss’ equation for hypersurface:

Lemma 3.3. For a minimal hypersurface N C M, one has
. 1 2
Ric(ent1) = §(SM — Sy — |I1]7)

where Sy is the scalar curvature of M.
Proof. Let ey, ...,en,en4+1 be alocal orthonormal frame at p € N with e,,+1 normal to N. Then
n+1
Su = Z RM (e, e5,¢5,€:)

i,j=1

= 2RiC(€n+1) + Z R]VI(eia €45,€5, 61')

ij*l

= 2Ric(en+1) Z RN (ei,ej,ej,ei) — I(e;,ei)I1(ej,e) + (I1(e;,ef)?)
i,j=1
= 2Ric(ent1) + Sy — H? + |I1?

= 2Ric(enq1) + Sn|IT|?
where H = 0 is the mean curvature of V. Rearranging the equation, the lemma is proved. O

With the lemma, the stability condition becomes
/ |V — SM Sy —|II*)y* >0

With all these preparations, we are ready to prove Schoen-Yau’s theorem above:

Proof. For sake of contradiction, suppose there exists a stable minimal surface N2 C M3 with
positive genus. Stability condition implies

/|V1M2 —(Sp — Sy — [IT1*)9? > 0 for any ¢ € C°(N)

13



Take 9 = 1 to get
/(SM—SN—N—”Q) <0
N

Now with the PSC condition, S3; > 0. As for two dimensional surface, Sy = 2K where K is the
Gaussian curvature of N. Hence by Gauss-Bonnet, [, Sy = 2-27(2—2g) <0, since N has positive
genus g. Hence the second variation is negative, a contraction to the stability condition. O

Some question that one may ask:

1. What about higher dimensional case?

2. Existence of stable minimal hypersurface?
3. What if NV is not compact?

To answer Q2, we usually try to minimize area subject to some topological constraints. For example,
given a curve 7y, we want to minimize its arc length in a non-trivial free homotopy class a € [S*, M].
Existence results show that « can be represented by a closed geodesic (hence locally minimizing)
= stable.

We have the following theorem:

Theorem 3.4 (Schoen-Yau). Let M be a compact Riemannian manifold whose fundamental group
w1 (M) contains a free ablelian group of rank 2. Then there exists a branched minimal immersion
f:T? = M, whose image of w1 (T?) under the induced map f. is a free abelian group of rank 2.
Moreover, f minimizes area among all such maps (hence is stable).

Remark. In dim M = 3, Gullien-Ossermann: No branch point.

Corollary 3.5. Let M3 be a compact oriented manifold. If w1(M) contains a free ablelian group of
rank 2, then M cannot admit a metric of PSC.

Proof. Combine the two theorems by Schoen and Yau. O

As applications of the theorems above, we consider some examples here: T2 contains a a free
ablelian group of rank 2 in its fundamental group, so it cannot carry a metric with PSC. In fact this
is true for T™. This implies that R? cannot have a PSC metric which is Euclidean outside a ball of
large radius.

We now go back to Q1: What about higher dimensions? We start from the stability condition:

/ Vol — sM Sx — [IIP)2 > 0 for any & € C=(N)

1 1
[ 1902 = 58w = swyu? = 3 [ jirPe 20

Assume Sjp; > 0 and N is compact. Then

1 1
/ VY| + §Smp2 > 5/ Surp? > Co/ Y?
N N N

where ¢g = 1 5 miny Sy > 0. == the first eigenvalue of the elliptic operator Ay + S N is positive.
We have the following lemmas:

Lemma 3.6. Let L = Ay + 4(n 1)SN be the conformal laplacian. If N* C M™+! is a compact,
oriented stable minimal hypersurface and Sy; > 0. Then the first eigenvalue of L is positive.

14



Proof. As before we have
1
[0+ gsvut 2o [ 02
N N

Now

~2(n—1) n—2 9 n—2 9
LHS = | S IV + g S

n—2 (n 4(n—1)
2(n—1) 9 n—2 9
_— —S
S Tho2 /N|V¢| TG NY
2(n—1)
=2
n—2 ( 1[1, ¢)L2
And note that LHS > ¢|[¢||2., hence
n—2
L)y> —
/\1( )_2(n_1)00>0
This completes the proof of the lemma. O

Remark. Why do we call L in the lemma ”Conformal Laplacian”? Consider the conformal trans-
4
formation g = ¢»—2g,¢ € C*°(N). Then

n+2 n

Sg = _m(él

-1 _ 4<n — 1) nt2

by the conformal change formulae.

With this lemma in mind, we could prove that a compact orientable stable minimal hypersurface
of a PSC manifold has a metric (conformal to the induced metric) with positive scalar curvature:

Theorem 3.7. Let M"™*! be an oriented Riemannian manifold with PSC. Let N* C M™*! be a
compact oriented stable minimal hypersurface. Then N admits a PSC-metric.

Proof. Let 1 be the first eigenfunction of the conformal laplacian L. WLOG we could assume v > 0.
Let gy = wﬁ gn be a metric on N conformal to the induced metric. Then

4n—1) _nt2
uu, nsz/(/)
n—2

471—1 _n+t2
R
n—2

4(n—1 4
= Ali(n )w_"_Z > O

S:

n—2

3.2 GMT Approach to Stable Minimal Hypersurface

Now we turn to the question of existence of stable minimal hypersurface in a PSC manifold M.
The general idea is that we minimize some functional subject to some topological constraint. Two
common choices of the functional are area functional and energy functional. The first choice requires
some geometric measure theory (GMT) techniques and gives us minimal surface directly. The second
choice leads to harmonic maps. We now focus on the first choice. Here we need to borrow a big
result from GMT:
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Lemma 3.8. Let M™ be a closed oriented manifold with PSC, and o € H,,_1(M,7Z) a nontrivial
homology class. Suppose 3 < dim M < 7. Then

a = [Ni] + [No] + - [Ny]

where each N; is an embedded oriented stable minimal hypersurface and they are disjoint from each
other.

Remark. The dimensional restriction 3 < dim M < 7 is for obtaining regularity of N;. And « has
codimension 1 = nice regularity. If dimension is higher than 7, you may encounter singularities in
N;.

Here is an important example that we state as a lemma:
Lemma 3.9. There is no PSC metric on T?.

Proof. We know that
wy = dz,wy = dy,ws = dz € Hyp(T?)

are closed but not exact 1-forms on 7. By Poincaré duality, each w; is dual to some nontrivial
a; € Hy(M,Z). If, for simplicity, a1 = [IN7] represented by only a single minimal surface, we could
use lemma to get V7 is stable, and therefore by theorem admits a metric with PSC. Then
theorem tells us that Ny = S2. Moreover, o is the Poincaré dual of w; means

/ wl/\7]=/ 7, VUGHSR(T?’)
M N

In particular we take n = wa A ws:

12/ wl/\WQ/\W3=/OJ2/\W3
M N

So wa|n, # 0 € Hjp(Ny).(Otherwise, wa|n, = df) and

/Nw2/\w3=/Ndf/\w3=/Nd(fw3):0

as N7 = S? has no boundary. But H},(N1) = H}5(S?) = 0, contradiction. Conclusion: we cannot
have PSC on T3. O

Remark. If in the proof above a has multiple N;:
a =[N+ [Na] + - - [INi]
Then

k
1= /77

so there exists at least one N; with non zero integral of 7. The contradiction still follows.

We can now state the main theorem:

Theorem 3.10 (Schoen-Yau). Let M™" (3 < n+1 < 7) be a closed oriented manifold, wy - - wy41 €
H}p (M) nontrivial 1-forms such that wi A« -+ Awpi1 # 0 € HiE (M) Then M has no PSC-metric.
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Proof. The proof of theorem is basically an induction using lemma (3.9} Take ay,--- , @41 non
trivial homology class in H,, (M) with Poincaré duals wy, - - - w,41 nontrivial in H}p(M). Assume by
contradiction that M has a PSC-metric, By lemma [3.8] one of the components of a representative
of ay, say N7 has non zero integral:

/ w2w2/\"'/\wn+17é0
Ny

theorem [3.7] implies that N; has a PSC-metric. A similar argument as in lemma [3.9] shows that
walny, o+ waln, # 0 € Hyp(Ny). Since

/ wowg A+ Awpy1 # 0
N1
we can iterate the above argument on N; to reduce the dimension until theorem @ works and a
contradiction similar to lemma follows. O
Two corollaries are the following:
Corollary 3.11. T™(3 <n < 7) has no PSC-metric.
Proof. Take w; = dz;, then apply the above theorem. O
Corollary 3.12. If M™(3 < n <7) has a smooth map
F:M"—T"
of non-zero degree, then M cannot have a PSC-metric.

Proof. We pullback the 1-forms from 7T":

w; = F*(dz;)
then
/ Wi A Awy :/ F*(dxy A+ Ndxy)
M M
:deg(f)/ dxy A+ ANdxy,
#0
Now apply the main theorem above. O

In particular, ifn M{'(3 < n < 7) is any closed manifold, then there exists a degree 1 map
F:MJ#T" — 1"

that collapses My to a point in 7™ and maps T™ to itself. So MF#T™" cannot have PSC-metric,
which, as we will show in the future, implies Positive Mass Theorem (PMT).

4 Positive Scalar Curvature and General Relativity

Let (N, g) be a space-time, i. e. a Lorentzian manifold satisfying the following Einstein field equation

1
RiCN — §SNg =T.
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Here T is the stress-energy tensor.
Let M™ C N™*! be a (space-like) submanifold, eg, e1, ..., e, be a local frame on M, s.t. ey L. TM.
Then the Einstein field equation in the normal direction yields

1
55+ (trA)? = AP = . (4)

Here p = Too is the mass density (as observed by an observer traveling along eq direction).
Similarly, taking the (0j) components (and using the Codazzi equation), we have

div[A — (trA)g) = J, (5)

where J; = —Tp; is the observed momentum 1-form.

The equations and together are called the constraint equations. They consitute necessary
conditions for a Riemannian manifold to be spatial slice of a space-time (and is important in the
initial value formulation of GR, i.e, the dynamical viewpoint of the space-time).

A particular important case is the time-symmetric slices, i. e. A = 0(which means M is a total
geodesic submanifold). In this case, tells us that

1
=Sy =p>0.
9 M n =

Hence the nonnegativity is imposed by physical intuition.
Thus, a Riemannian manifold occuring as the time-symmetric slice of a space-time must have
nonnegative scalar curvature.

5 Positive Mass Theorem (PMT)

In physics, Space-time describing isolated physical system should approach Minkovski space at
oo. Correspondingly, its spatial slices are the so-called asymptotically flat (AF) or asymptotically
Euclidean (AE) manifold.

Definition 5.1. A complete noncompact Riemannian manifold (M™,g) is called AF if, outside a
compact subset K C M, M — K is diffeomorphic to R® — B;(0). Moreover, if x1,...,x, are the
pull-back of Euclidean coordinates via the diffeomorphism, then

n—2

gij = 6ij + O(|z|7°),6 > 5

dgi; = O(Jx|~°71),
0%gi; = O(|z|~°7?),
Sg=0(|z|7),q > n.
Example 5.2 (Schwarzschild). On R" —{0}, g;; = (1+ M%)ﬁéij,m >0, is AF with 0 = n—2.
Definition 5.3 (ADM mass). Let (M,g) be AF, then the ADM mass m4pys is defined by

1 .
=— i 0i9ij — 0j9i:)v"'dS.
mabm 4(n — 1)U}n_1 Rgnoo |$|:R( g 7 Jg )V

Here v is the outer normal of the sphere.

Remark. The limit above exists because of the asymptotic conditions.

Theorem 5.1 (Positive Mass Theorem). If (M™,g) is AF, then Sy > 0 implies mapar > 0. And
equality holds iff (M™,g) = (R™,4).
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Remark. Schoen and Yau proved PMT by minimal surface techniques in the case of n <7 (c.f. [?]).
For higher dimension, Schoen and Yau recently give a proof of PMT by dealing with singularities
of minimal surfaces (c.f. [?]). Witten also gives a proof of PMT for spin manifold (c.f. [?]).

Corollary 5.4 (Geroch Conjecture). R™ has no compact perturbation maintaining S > 0.
As we mensioned in Section ??, T% has no PSC. In fact,

Theorem 5.2. For any closed manifold M"™, M"#T™ has no PSC, if either M is spin orn < 7.
By the following theorem, we can see how Theorem and Theorem are related.

Theorem 5.3 (Compactification Theorem). Supposed that for all closed manifold M™, M"™H#T™
has no PSC, then PMT holds.

6 Dirac Operator, Spin Structures, Lichnerowicz Formula
and Its Application

6.1 Motivation

According to Einstein’s (special) relativity, a free particle of mass m in R® with momentum vector
p = (p1,p2,p3) has energy

E =cym?2c? +p2 = c\/m202 +p? +p3 +pi.

For simplicity, we assume that ¢ = 1. Passing to quantum mechanics, one replaces E by the operator
i%, and p; by fi%. Therefore the particle now is described by a state function U(t, z) satisfying
J

z%—\f =vm?2+ AU,

the equation

Here the Laplacian
82

N
- 8:3?

This motivates Dirac to look for a (Lorentz invariant) square root of A. In other words, Dirac looks
for a first order differential operator with constant coefficients

0
Dzvja—%—&—m%

such that D? = m? + A. It follows that
Yivi +77 =0 f0<i#j<3 ~i=land?=-1 fori=12,3.

Dirac realized that, to have solutions, the coefficients «; will have to be complex matrices.

6.2 Clifford Algebra
To generalized Dirac operator on higher dimensional manifolds, we introduce Clifford algebra.

Definition 6.1 (Clliford algebra). Let (V, (-, -)) be an n-dimensional Euclidean space with an or-
thonormal basis {e;}7_;. The Clifford algebra CI(V) (or denoted by Cl,,) is the real algebra gener-
ated by 1,e1,--- , e, subject only to the relations

€i€j + €€, = —25”
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It is clear that
1,61,"' ,€n161627"' 7€i1€i2"'eik (Zl <12 < “ e <Zk))7. 761"'6”

is a vector space basis for Cl,,. Hence Cl,, = A*V as vector spaces (they are actually isomorphic as
Clifford module).

Example 6.2. One can see esaily that Cl; = C, where e; corresponds to i. Cly = H, the quater-
nions, and the basis vectors eq, es, e1e5 correspond to I, J, K.

Definition 6.3 (Complexification of Clifford Algebra). We consider the complexification of the
Clifford algebra

Example 6.4. First, one can see essily that

Ch=CliegrC=CerC=CaC,
Cly = Cly ®RC=H®RCEEnd(C2).

In fact, one has

Theorem 6.5. One has the mod 2 periodicity

n/2 . .
End (C? if n is even;

Cl, = . )
End (C2" ”/2) ® End (CZ(’ ““) ifn is odd .

Definition 6.6. A Clifford module (M, ¢) consists of a C-vector space M and a morphism ¢ : Cl,, —
End(M). Then Cl,, acts on M as matrix multiplication via c.

Example 6.7. The exterior algebra A*V ®g C is a Clifford module, the Clifford action is given by
cle))w =e; ANw — te,w,
where ¢ is the interior product.

By the mod 2 periodicity, one can see that, when n is even, Cl,, has a canonical 2"/2-dimensional
module, denoted by (A, ¢), whose Clifford action ¢ is given by the matrix multiplication; when n
is odd, Cl,, has two canonical 2"/2-dimensional module, denoted by (A?,¢),i = 0,1, whose Clifford
action c is given by the matrix multiplication of i-th components.

6.2.1 Dirac operator on R"

Now, we are in a position to talk about Dirac operator on R™. Given a Clifford module (M, ¢), the
Dirac operator D := > ¢(e;); is a first order differential on M-valued function on R". Moreover,
one can check easily that D? = A.

6.3 Dirac operator

Let (X™,g) be a closed Riemannian manifold of dimension n, locally, for any Clifford module M,
the construction in Section could be done. The problem is that one can’t glue the locally
construction usually, and there are some topological obstruction. However, if (X, g) is spin, such
construction could be done.

Definition 6.8. We say a Riemannian manifold (X, g) is spin if wo(X) and wq(X) vanish, where
wo and wy are Stiefel-Whitney of tangent bundle.
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Remark. wg = 0 iff M is orientable.
If (X, g) is spin, then

Theorem 6.9. There exists a Hermitian vector bundle (S — X, (-,-)), called spinor bundle, such
that

1. S has a unitary connection V2.
2. together with a Clifford action ¢ : T(T*X) x T'(S) — T'(S) satisfying
o (Leibniz’s rule) VS (c(v)s) = c¢(VECv)s + c(v)VIs for all v € T(T*M),s € T(S), where

VLC is the Levi-Civita connection.

o If g(v,v) =1, then (c(v)s1,c(v)sa) = (s1,$2) for allv € T(T*M), s1,s2 € T'(S).

Moreover, suppose locally VFCe; = Zj wije;, then connection VS could be given by

Wi
VI=d+) 4” clei)c(e;). (6)
0,J
Remark. When M =R", S :=R" x A,.
Example 6.10. o 7™ R™ any Lie group G and any 3 dimensional orientable manifolds are

spin, since their tangent bundle are trivial.

e All orientable surfaces are spin.

A complex manifold X is spin iff ¢;(X) = 0(mod2).

e RP" is spin iff n = 3 mod 4; CP" is spin iff n odd (n = 1 mod 2); HP" is always spin.

Since {w;} are homotopy invariants, hence if X and Y are homotopic equivalent, then X is
spin iff Y is spin.
6.4 Lichnerowicz Formula

Definition 6.11. If (X, g) is spin, and let S — X be the spinor bundle, then the Dirac operator
D :T(S) = TI'(9) is defined by

D= Z c(ei)Vi,

where {e;}_, is a local orthonormal frame of T*X.

Theorem 6.12. D? = A + %, where k is the scalar curvature on X.
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Proof. Assume that at p € X, VX%, = 0, then by a straightforward computation,

D?: = Zc(ez)v c(e;) Ve

4.
= Z cle;) VS c(e;) VS —I—Z c(e;) VS (e])VS
i#]
= Z cle;)e(e;) VS VS Z clej) VS VS (By Leibniz’s rule and VZ%e; = 0)
i#]
=— Z VS VS + Z cleq)e(e;)( VS VS ij Vi) (Since c(e;)c(e;) + clej)c(e;) = —26;5)
1<J
=A+ Z clei)e(e;) RS (es, ¢5)

1<j

1
=A+ gRijle(ei)C(ea) c(ex)eler) By (@)

1 1
=A+ 3 Z 3 Z (Rijii + Rjrit + Rriji) ¢ (e5) ¢ (e5) ¢ (ex)
1 ik

+ Z Rijuc(es) e (ej) e (es) + Y Rigne (i) c(eg) e(eg) | e(er)

,J
1
= A+ 1Rijilc (ej) c(e;) (By Bianchi identity)
1
= A - Ric(eje)eleg)ela)

1
=A+ 1 Ric (e;,e1) 91

k
:A —_
+4

O

When (X, g) admits PSC, D? is a strictly positive operator, hence by Atiyah-Singer index the-
orem

Theorem 6.13. Let (X, g) be closed and spin, then if (X, g) admits PSC, then A-genus vanishes.
Here A-genus is given by
/ A(M
b's

Remark. The inverse is not ture. In fact, by a more refined argument (we introduce the notion of
enlargibility), one can show that T" can’t admit a metric of PSC, but its A-genus vanishes. Indeed,
one can prove that if X is closed and spin, X #7T™ cannot admit a metric of PSC (we prove this before
in the lower dimension using the minimal surface technique without assuming the spin condition).

7 Witten’s proof of positive mass theorem

Recall that we stated the positive mass theorem If (M™, g) is AF, then S, > 0 implies mapar >
0. And equality holds iff (M™, g) = (R™,0).
Assume that M is spin. We shall present Witten’s proof of the theorem. The strategy is to use

Lichnerowicz formula [[0.4] g
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If M is compact, we have seen that S > 0 implies A(M ) = 0, using integration by parts. Now for
asymptotically flat manifolds, we need to deal with boundary contribution, which turns out to be
the ADM mass.

Definition 7.1. A spinor ¢ is called harnomic if D¢ = 0. A spinor ¢ is called parallel if V¢ = 0.
Remark. A parallel spinor is harmonic since D = c(e;) V.

Example 7.2. Let M = R" and g = gguc. Then the spinor bundle over M is trivial and D = 72-%.
The parallel spinors are just constant spinors. /

Outline of the proof —

1. For any parallel spinor ¢y on R™, construct a harmonic spinor ¢ on M such that ¢ — ¢g at
infinity.

2. Apply the Lichnerowicz formula and integration by parts to get
s 112 S 2
mapm = | (V76" + —|¢]")dvol.
M

We first prove a weaker theorem to get familiarized with the ideas.

Theorem 7.3. Assume that (M™,g) is AF with n > 3, 7 > 252, If Ric(g) > 0 then mapy > 0.
The equality holds iff (M, g) is isometric to (R™, gpuc)-

Remark. The theorem is actually too weak. If Ric(g) > 0, then we can apply volume comparison

to see that % is decreasing and has limit 1 when r — 0. The asymptotic flatness implies that
it has limit 1 when r — oo as well. Hence, the rigidity of volume comparison implies that M is
isometric to (R™, ggyc), even without the ADM mass constraint.

Proof. In this case we use Bochner formula for 1-forms:
Aw = V*Vw + Ric(w).

If w is harmonic, then the left hand side vanishes. To this end, write x1,...,x, to be the stan-
dard coordinates on R™, and use the diffeomorphism R™ — B;(0) 2 M — K to get the asymptotic
coordinates on M, which will also be denoted as x1,...,x,. Let n be a cutoff function, and then
nz; € C°°(M). One can solve the Laplace’s equation

{Awi = A(nz;),

1 — 0 at oco.

Set y; = nxz; — ;. Then y; € C*°(M) is harmonic and y; — z; at infinity. Moreover, y1,...,y, are
coordinate functions near infinity.

Let w; = dy;. Then w; is harmonic since A commutes with d. Hence V*Vw; 4+ Ric(w;) = 0. To
use the divergence theorem, we must find a vector field X such that

(V*Vw,w) = (Vw, Vw) + div(X).
Fix p € M and let ey, ..., e, be an orthonormal frame near p such that V,,(p) = 0. Then at p,
(V' Vw,w) = —(V,Ve,w,w) = —€; (Ve,w,w) + (Ve,w, Ve, w) .

Hence, let X be the vector field such that (X,Y) = — (Vyw,w). Then X is the desired vector field.
For w = w;, denote the corresponding X = Xj;.
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Now integration by parts gives

/z|<R (V*Vw,w;) = /|I<R (Vw, Vw) + /|I_R (Xi,v) = /z|<R (Vw, Vw) — /zl—R (Vowi, wi) .

Hence, by Bochner formula and summation over 1,

Z/m R Vi, wi) Z/I (IVewil® + Ric(wi)).

z|<R

Claim: mapy = g5, — MR D, f‘w‘:R (Vywi,wi) .

Hence, mapy = Y; [3; |(Vwil®> + Ric(w;)) > 0. The rigidity part is proved as follows. If
mapy = 0, then w;’s are parallel. Since they are orthonormal at infinity, they are orthonormal
everywhere, which implies that Ric = 0. Consider the map M — R™, p — (y1(p), ..., yn(p). Since
w;’s are orthonormal, this is a local isometry. Since M is AF, the map has to be an actual isometry.

Proof of the claim: First note that we can ignore any O(r=27~1) part of the integrand, since

T > "T_Q Next, we compute

e = 59" (059mk + Okgmj — Omgse) (=0 ™7h)

(ajgik + 6k9ij — aigjk) + O(’]"_QT_l).

DN = N =

Hence,
(Vjws, w;) = <—F§»kdyk,dyi> = —F;kgik

—lajgii +O0(r—>77h).

_ i —27—1\ _
= I+ 0! = =

Write v = 179;. Then we have

I Vowi,wi) = 1 o) = 1
Rgnoozi:/z_R< Wiy wi) REHOOZA R Vjwi, wi) RLIgoZ/lﬂ r 2 ]g“

To complete the proof we observe that

1 —or_
§8igjj+0(r 2 1).

Combining this with the definition of ADM mass, we obtain the desired result. O

0=Ay; = g/* T}, = 9;9i5 —

Now we are ready to prove the positive mass theorem.

Proof. Step 1: Let ¢y be a constant spinor with |¢g] = 1. We can find a harmonic spinor ¢ such
that

Dip =0
Y=1o+& €—0at oo

In fact we have an estimate £ = O(r~7). We may come back to the analysis part later in this class.
Step 2: Apply Lichnerowicz:

0= D*)=V*Vi + ?w
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Hence, integration by parts gives

o= = vve e+ (59
/T<R /r<R <
[ e[ mw+ [ ).

(We pretend to work over R for simplicity.)
Claim: lim,_, g fT:R (Voh,¥) = wp_1mapnr-

Given this we have
1 S
mavs =5 — [ (1ol + 56y > 0.
4wn_1 M 4

Q

= o

The rigidity part will be proved next time.
Step 3: Proof of the claim. Apply Gram-Schmidt to 01, ..., d,, we can find an orthonormal basis
e1,...,en. Since g;; = 6;; + h;; where h;; = O(r™7), we can check that

1
e; = 0; — ihikak + O(’r‘i‘ril).

Denote w?® to be the connection 1-forms, i.e., Ve, = w®e;,. Then we have, by definition of the

spinor connection,

Vit = 0+ o @0elea)elen) = 0 — Ohgiile(es), el + OGN (3)
Since ¢ = g + & where £ = O(r~7), we have

(Vi &) = O(r=*771),

and thus
(Vi 90) = (Viro, o) + (Vi€ o) + O(r>771).
Apply the formula () to ¥y, we have

(Vitho, o) = _éakgij <[C(€j)7 cler)]wo, o) + O(T—2r—1)_

But || = 1 implies that
(c(ej)vo, o) = — (Yo, c(ej) o) -
From this we have
(c(ex)clej)bo, o) = — (c(ex)vo, clej) o) ,
and thus
(le(e), cler)]o, to) = 0.

Finally we have to deal with the term (V;£, ). Consider the operator
L;=V,;+c(e;)D == Z[c(ei), c(ej)]Ve;.

Then we have
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One can check that (¢, Lyig) = O(r=2771), and
1 o
{e(ei) Do, o) = —7 > (95955 — Digy) + O(r>™h),
J
(See Lee-Parker, The Yamabe Problem.)

Hence, we conclude that limpg o0 [ _ 5 (Vo1h, 1) = wp_1mapu. O

7.1 Lecture 11
Recall the PMT

Theorem 7.4. Let (M",g) be a manifold with spin which is AF of order 7 > (n—2)/2. If S(g) > 0
then we have that

mapym > 0

where equality holds if and only if (M™, g) = (R™, Jeuclid)

We already proved the inequality, given nonnegative scalar curvature. So let us proof the equality
case

Proof. Recall that we have shown

_ 1 2 S(g) 2
mavn = =y [ 196l + 2L jpla,, 7)

where ¢ is a harmonic spinor asymptotic to the constant spinor pg with || = 1.
Observe that gives us that from mapy = 0, we can infer that ¢ is a parallel spinor.

Claim: (M™, g) must be Ricci flat.

Indeed, since V¢ = 0, we get that
R*(X,Y)p =0,

so that
1 .
ZRklijC(ei)C(ej)(p =0 forall j k.
Hence
1
ZRklijC(el)C(ei)C(Bj)(p =0 for all k.

Then up to a sign, we get that

1
0= Z Riije(er)c(es)clej)p £ Z2R;ﬂ-c(ei)<p

l,i,5 all different

Now note that by the Bianchi identity, we get that

> Rygije(er)e(ei)c(ej)e =0,

l,i,j all different
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from which we may infer that

1

ZQRkic(ei)go = ¢(Ryiei)p =0 for all k,
and hence

Rypie; =0 forall k
Thus
Ry = 0.

We thus infer that (M™, g) is indeed Ricci flat. In order to conclude the claim one makes use of the
volume comparison together with the fact that M is AF, which implies the claim. O
8 Compactification

Let (M™, g) be AF and let M; denotes its one point compactification. The main theorem of this
chapter is the follwoing;:

Theorem 8.1. Let (M™,g) be AF of order 7 > (n —2)/2 and M; its one point compactification.
Then if M1#T™ does not have PSC then the PMT holds for (M™, g), that is, the follwoing implication
holds true

S(g) = mapy >0 with’ ="if and only if (M, g) = (R", Jouclid)-
Corollary 8.2. For 3 <n <7 one has that the PMT holds.

Idea of the proof for the above theorem: contraposition.
Assume that that the PMT does not hold, that is,

S(g)z() but mapy <0.

Show that M;#T"™ will have PSC. To get a PSC metric on M#T1"™ we deform g so that it still has
nonnegative scalarcurvature and equals the euclidean metric at co. We use a conformal deformation

g=vnzg, >0, eC®M)

Then we have that

n42

5(g) = Cup™ =2 L,

n—2

where L denotes the conformal Laplacian L = A + ms (g). We will divide the proof into two
steps.
Step 1. Solve the equation

Ly =0
i — 1 at oo.

5(9) =

This gives that

To do so, we have the following
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Proposition 8.3. Suppose that (M™,g) is AF. Then there exists a constant €9 = €o(g) such that

2

for any f € C®(M)NLI(M) N L2 (M) with q > 5 and ||f_||% < gg. Then the equation

Au+ fu =0
{u —1 at oo
has a unique positive solution.
Morever
u=14 iz T O(r~™™) asr — oo,
where

A= [ s

Remark. During lecture, we imposed the additional condition that f € L'(M) to make sense of A.

Proof. Let us consider the problem

Av+ fv =—f onQp
vloar =0,

where Qr = {r < R}. The idea is to show that there is a solution for each R > 0. This follows from
the Fredholm alternative. That is, we have to show that the problem

Av+ fv =0 on Qg
U|BQR :Ov

has only the trivial solution. Indeed, if v is a solution of this problem. Then we get that

0:/ vAv+fv2:/ |Vo|? fv?
QR QR

This gives that

/ Vo= [ 2
Qr Qr

<— [ [0

Qr
n—2

L ()

where the last inequality follows from the Holder inequality with

3o

IN

2 n—2
TS,

n n

Since we have that v = 0 on 912, we have that in view of the Sobolev inequality that

0?20 < Cs|IVvll3

n—2
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Choosing ¢p = ﬁ, we get that

Vv =0,
so that by the boundary condition, we have that

v =0.

We thus have that by the Fredholm alternative that

Av+ fv =—f onQpr
v]o0s =0,

has a unique solution, let us denote it by vg. The idea is now to pass to the limit as R — oco. To
do so, we want to make use of Arzela Ascoli Theorem. Observe that when integrating over Qp, we

get that
/ Vog|? = - / F(o2 + vp)

- [ 1k [ fon

< Col-ls [ 1VorP + 171 s, IVerl

IN

< SIVoRlE + I1f] 22, IV VRl

N | =

From which we get that

[ 190rl < 2011 2 90
and hence
IVorlle < 201£ll 2.,

where the bound on the RHS is independent of R(!). O
On top of that, we need the following
Lemma 8.4. Let (M™,g) be AF. Assume that u € C*°(M), such that u > 0 and

u=1+

+O(r~"th

rn—2

Then for the metric

one has that

mapm(g) = mapm(g) + (n—1)A.

Now we are in the position to continue the proof of the main theorem. In view of Proposition
3.3l we have that the solution of the equation

Lu =0 onM
Uu —1 at o
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satisfies

u=1—-— 40"

rn—2

with
A= / S(g)u > 0.
M

By definition of conformal Laplacian, we get that
/ _4
g = un—1 g

has zero scalarcurvature, being

and is still AF. Moreover, we get that

mapm(g) <mapm(g).

We write the metric ¢’ = d;; + a;;, where a;; = O(r~7). Then, let us introduce a cutoff function
p:]0,00) = R such that

p=1 on|[0,R] and p=0 on 2R, 00).
Then we define the metric g to be given by

~ {geuclid for r > 2R

9= g for r < R.
Then from
5(9) = O(R™7),
we can choose R large enough such that
15(9)]ly < eo-

We therefore have that the conditions for Proposition [8.3] are satisfied applied to the equation

Lyv =0 inM
v — 1 at oco.

and put g = vi2 g, which will have not scalarcurvature, being
S(@) = 0.
Moreover
Gij = vﬁéij for r > 2R.

By our assumption, mapa(g) < 0, we wonder wether this still holds for mapas(g). Let us make a
claim.
Claim: We get that

m(g) — m(g’) as R — oo,
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where we just wright m(h) = mapa(h) for any metric on M.
Form this we geth that

m(g) <0 for sufficiently large R.
Recall that our solution v satisfies
v=1+ r”% +O(r—")
While from Lemma 7?7, we get that
0 < m(g) = m(geuctia) + A(n — 1),
from which we get that
A <O.

The next step is to modify the metric one more time. Indeed, let us find R large enough and ¢ > 0
small enough such that
€0

supv <1—¢9 and inf v>1-—=—.
r:l% - 0 r>2R 2

Then we consider the super harmonic function

w = min{v, 1 —
The idea is now to smooth it out in such a way that it stays super harmonic, still denoted by w.

Then define the metric
_ g r<R
g =

4
wméij r>2R.

To summarize the development so far: we begin with an AF Riemannian manifold (M, g) with
S(g) > 0 and m(g) < 0. We first deform (M, g) to (M,q) with S(g) > 0 and § = gmuclia outside a
ball of radius 2R for some R. Then we compactify and take the connected sum M;#T™ to obtain
a PSC on Mi#T™. (Figure forthcoming.) We achieve this with the following sequence of metric
changes:

g—rg =uizg—j—g=viag.

The transition from ¢’ to § is accomplished via a cutoff function p with p =1 on [0, R] and p =0
on [2R,o0) where R is such that m(g) < 0. Then we will have S(§) = 0 and m(g§) < 0. Because
m(g) < 0 we can introduce a new function w by smoothing out min{v,1 — ¢} in such a manner
that w=vforr< Randw=1— %0 for r > 2R, and that w stays superharmonic, Aw > 0. Then
define s
g=wn=2g;
this will be the final (M,g) we wanted before compactification.
The new metric g has scalar curvature

$(g) = eaw™ 7 (Dgw + S(G)w) = cpw T Agw >0

since w > 0 and w is superharmonic. Also v is nonconstant so we get S(g) > 0 somewhere on r < R.
Hence by compactifying we can pass to M;#T™ with a metric, still denoted g, such that S(g) > 0
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and S(g) > 0 somewhere. Indeed, this is good enough to get PSC on M;#T™: the first eigenvalue

)\10f
n—2

4(n—1)

is positive, A\; > 0, and we can take the first eigenfunction ¢ of L to be positive. So if

L=»A;+ S(9)

g =727
then }
S(9") = ecnhrp” 72 >0,

which shows that the metric ¢"” on M1#T™ has PSC.

So far we have shown that if M;#7T™ has no PSC metric, then any metric g on M with non-
negative scalar curvature must have nonnegative ADM mass. To finish proving that PMT holds for
M, we still need the rigidity result: if m(g) = 0, then (M, g) is isometric to (R™, gguclid)-

Suppose that g is a metric on M with m(g) = 0. We assert that S(g) = 0. Suppose on the
contrary that S(g) does not uniformly vanish. Solve

A
— u = 1 + 2 + O(T_n+1).
r

Ngu+ 4(7:17121)5(9)1; =0
u — 1 at oo

Then § := u7 7 g has scalar curvature S (9) = 0 and mass

m(@) =mlg) + (1= A= ~(n=De, [ Slgu<o. ®)
M
But this contradicts the PMT.
Now we show that in fact Ric(g) = 0. Let h be a compactly supported symmetric 2-tensor and
set gy := g + th. For each t, solve

Agtut—Fﬁut:O
ur — 1 at oo

n—

and let g = u;~?; these metrics each have S(g:) = 0. And, each metric has mass, denoted m(t),
given by
m(t) =m(g:) = (n — 1)Ar, Ar:=—cy S(g¢ ).
M
We claim that

' (0) = 1 () / (Ric(g). h).

M
To prove the claim we refer to the following formula:

d

%S(Qt) = Ay, (trg,(gr)) + divg, (divg, g¢) — (Ric(gr), i) -

Remark. Let A, B be 2-tensors, with components A;;, B;; with respect to a local frame {E;}. Then
<A, B> = gikgleijBkl.
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9 A Closer Look at Scalar Curvature
Recall that for the different notions of curvature,
Sectional > Ricci > Scalar;

equality holds for n = 2 where they are all the same. For n > 3, “manifolds prefer negative Ricci or
scalar curvature.”

Theorem 9.1 (Aubin). Every closed manifold M™, n > 3, has a metric of constant negative scalar
curvature.

Theorem 9.2 (Lohkamp). FEvery manifold M™, n > 3 has a complete metric of negative Ricci
curvature.

So negative Ricci or scalar curvature does not impose any topological restriction. Of course we
know the same is not true for positive (and bounded above 0) Ricci curvature by the Bonnet-Myers
theorem. For scalar curvature we have:

Question: What manifolds have PSC?

Theorem 9.3 (Licnherowicz). M™ closed, spin, and PSC = A(M) = 0.

Here A(M) =*“roof genus” is a topological invariant of M.
For simply connected manifolds with n > 5 the question is completely answered.

Theorem 9.4 (Gromov-Lawson, Stolz). M™ simply connected and n > 5. Then M has PSC metric
if and only if either M is not spin, or M is spin and the a-invariant vanishes.

Remark. The a-invariant is related to the index of the Dirac operator. In fact if n =0 mod 4 then
the a-invariant is the same as A(M).
Remark. There is an exotic SY with a # 0; this exotic S° has no PSC,

Ounly 2 cases remain: low dimension (n = 3, 4) and not simply connected (e.g., T™). For
n = 3 there is a complete solution (thanks to Perelman’s solution of Poincaré conjecture and Agol’s
solution of Virtual Haken conjecture).

Theorem 9.5. A closed orientable 3-manifold has PSC if and only if it is the connected sum of the
spherical space form and S? x S*.

Remark. The spherical space forms are S3/T" for T' a free action on S3, e.g. the Lens spaces.

The case n = 4 is quite open.

10 Enlargeability

Last time: Let (M,g) AF with nonnegative scalar curvature. Then M;#T"™ has no PSC implies
that the PMT holds on M.

We proved earlier in the term that if 3 < n < 7 and M™ is closed then M"™#T" has no PSC. So
for 3 <n <7 we get PMT without needing M to be spin. Our current goal is to show that if M is
closed and spin then M"#T™ has no PSC, which gives a proof of PMT for the spin case.

Definition 10.1. Suppose f : X™ — Y™ is C! and € > 0. We say f is e-contractible if for all p € X,
fe 1 TY — Ty,)Y is e-contractible; that is, for all v € T, X, || fav|ly < €ljv]x.

Example 10.2. For any ¢ > 0 there is an e-contractible map f;R™ — S™(1).
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Definition 10.3. A compact riemannian n-manifold is said to be enlargeable if for every ¢ > 0
there exists an orientable riemannian covering space which admits an e-contracting map onto S™(1)
which is constant at infinity and of non-zero degree. If for each ¢ > 0, there is a finite covering space
with these properties, we call the manifold compactly enlargeable.

Remark. A map is constant at infinity if it is constant outside a compact set. The degree of such a
map f: X — S™ is defined as
N
Jx I'w

Jonw

where w is an n-form on S™ with non-zero integral. The degree can also be defined as usual in terms
of signed counting of pre-images of of f at regular values.

deg(f) =

f

S

I

™ SN (1)

The square flat torus T" = R™/Z™ is certainly enlargeable since the universal covering space has
the required mappings for all € > 0. This torus is, in fact, compactly enlargeable. We see this as
follows. For each k € Z*, the lattice (k- Z)® C Z" gives a k™-fold covering torus 7" = R"/(k - Z)",
which admits the (7/k)-contracting map to S™(1) of degree 1 pictured above.

Theorem 10.1. The following statements hold in the category of compact manifolds:

(A) Enlargeability is independent of the riemannian metric.

(B) Enlargeability depends only on the homotopy-type of the manifold.

(C) The product of enlargeable manifolds is enlargeable.

(D) The connected sum of any manifold with an enlargeable manifold is again enlargeable.

(E) Any manifold which admits a map of non-zero degree onto an enlargeable manifold is itself
enlargeable.

Proof. Tt is evident that (E) = (B) = (A4) and that (E) = (D). To prove (E) we consider two
compact oriented riemannian n-manifolds X and Y, and a map F : X — Y of non-zero degree. By
compactness there exists a ¢ > 0 so that ||dF|| < con X (i.e., F is c-contracting). Given e > 0, there
is a riemannian covering space p : Y — Y which admits a (e/c)-contracting map f : Y - S™(1)
which is constant outside a Compact set K C Y and of nonzero degree. Taking the fibre product of
p and F gives a covering space p’ : X — X and a proper mapping F : X — Y so that the diagram

]

—F 5
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commutes. Since F is a lifting of F, we have IVE|| £ ¢ on X; Hence, the composition f o F' :
X — S™(1) is e-contracting. Since F' is proper, we see that f o F' is constant outside the compact

set F71(K). Tt is easy to see that: deg(f o F) = deg(f)deg(F) # 0. Hence, X is enlargeable as
claimed.

To prove (C), we fix a degree-1 map ¢ : S*(1) x S™(1) — S"*™(1) (Recall that S*+™m =
S x S™ /8™ S™) and let ¢ = sup ||d¢||. This map is chosen to be constant on the set (S™(1) x {*})U
({#} x 8™(1)), where each ”*” denotes a distinguished point in the sphere. Suppose now that we
are given (g/c)-contracting maps, f : X™ — S™(1) and g : X™ — S™(1), which are constant (= )
at infinity and of non-zero degree. Then the map ¢o(fxg) : X" xY™ — S"+t™(1) is e-contracting,
constant at infinity and of non-zero degree. From here the argument is straightforward. O

Theorem 10.2. An enlargeable spin manifold X cannot carry a metric of positive scalar curvature.

10.1 Review on index Theorem and Lichnerowicz Formula

Theorem 10.3. Let M be a closed Spin manifold, S — M be the spinor bundle with spinor
connection V°. Let E — M be a complex vector bundle with a unitary connection V. On S ® E,
one has connection V3®F := V¥ @ 1+ 1@ V¥, ie., for any s € T'(s),e € ['(E), V°®Fs@e =
Vis@e+s@VFe. Also, S® E admits a clifford acction, such that for any X € T(TM), ¢(X)s®e =
(c(X)s) @ e. Let DS®F := 3" c(e;)VE®E be the Dirac operator (where {e;} is a local orthonormal
frame), then

ind(D3®F) = | A(M)ch(E).
M

Theorem 10.4 (Lichnerowicz formula).
(D%®F)? = A+ k/4+ RF,
where k is the scalar curvature of M, A is the connection Laplacian with respect to VS®F  RE .=
D c(ei)c(ej)R¥ (e;,e;), RE is the curvature on E.
10.2 Quick introduction to Chern-Weil theory

Let E — M be a smooth complex vector bundle over a smooth compact manifold M. We denote by
O*(M; E) the space of smooth sections of the tensor product vector bundle A* (T*M) ® E obtained
from A* (T*M) and F :

QO (M;E) =T (A" (T"M) @ E).

Definition 10.4. A connection VE on E is a C-linear operator VE : T'(E) — Q'(M; E) such that
for any f € C*(M),X € I'(E), the following Leibniz rule holds,

VE(fX) = (df)X + fVEX.

Just like the exterior differential operator d, a connection V¥ can be extended canonically to a
map, which we still denote by V¥,

VP Q" (M;E) — Q*TY(M; E)
such that for any w € Q*(M), X € I'(E),
VE WX = (dw)X + (—1)48*wu A VEX
Definition 10.5. The curvature R” of a connection V¥ is defined by
RE =VPoVP.T(E) = Q*(M;E),

which, for brevity, we will write RF = (VE )2.
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One can see that RY may be thought of as an element of I'(End(E)) with coefficients in Q?(M).
In other words,
RE € Q*(M;End(E))

To give a more precise formula, if X,Y € I'(T'M) are two smooth sections of TM, then R¥(X,Y)
is an element in T'(End(E)) given by

RP(X,Y) = VEVY - VEVE = Vi y).

Finally, in view of the composition of the endomorphisms, one sees that for any integer k£ > 0,

(RE)" =RF...... RP . T(E) — Q*(M;E)

is a well-defined element lying in Q%*(M; End(FE)).
For any smooth section A of the bundle of endomorphisms, End (E), the fiberwise trace of A
forms a smooth function on M. We denote this function by tr[A]. This further induces the map

tr: Q°(M;End(E)) — Q" (M)
such that for any w € Q*(M) and A € T'(End(F)),
tr: wA — wtr[A].

We still call it the function of trace.
Let

f@)=ao+ a1z +---+apz" +---

be a power series in one variable. Let R¥ be the curvature of a connection V¥ on E. The trace of
f(RE) :a0+a1RE+.+an (RE)n+.
is an element in Q*(M). We can now state a form of the Chern-Weil theorem as follows.

Theorem 10.5. (i) The form tr [f (RF)] is closed. That is,
dtr [f (R")] = 0.

(i) If VE s another connection on E and RF its curvature, then there is a differential form

w € Q*(M) such that
tr [f (RF)] = tr [ (RF)] = d.

det (I + \éfRE) = exp (tr [log (I + \éfREﬂ)

in view of the following power series expansion formulas for log(1 + x) and exp(z)

Since

.’E2 _1n+1xn
2 n
and
@ =1+c+S 4 r g
ex xr) = x J— P _ e
P 2 n!

By Theorem the Chern class

¢(E) = {det (l+ QREH € H*(M,C)
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is some summation of even cohomologies, i.e., one has
c(E)=1+c(E)+ - +cp(E)+---
with each i-th Chern class '
ci (E) € H*(M).

(Here for a closed differential form w, [w] denotes the cohomology represented by w.)
Similarly, the Chern character and A-class are defined by

ch(E,) = [tr (exp (?RE>>} € HeV (M),

™

1/2
R V-1 pRE

A(E) = |det — dm
sinh (%RE>

It follows from the definition that Ay(E) =1.
Moreover, A(M) := A(TM ® C).

Definition 10.6. For [w] € H*(M), we define the pairing

(ul. ) = ([ w=) [

where w, is the top degree components of w.

10.3 Proof of Theorem [10.2]

For clarity’s sake we only present here a proof for the case of compactly enlargeable manifolds.
Let X be a compactly enlargeable n-manifold, and suppose X carries a metric with k = kg for
a constant kg > 0. We may assume that X has even dimension 2n. (If not, replace X by X x S1.)
Choose a complex vector bundle Ey over the sphere S2"(1) with the property that the top Chern
class ¢, (Eg) # 0. (This is certainly possible, cf. [1]). We now fix a unitary connection V¥ on E,
and we let R0 denote the curvature 2-form. Moreover,

1
(n—1)!

ch(Ep) = rank(Ey) + cn(Ep).

Let € > 0 be given and choose a finite orientable covering X — X which admits an e-contracting
map f: X — S27(1) of non-zero degree. Using f, we pull back the bundle Ey, with its connection,
to X. This gives us a bundle E = f*E, with connection V¥ = f*VFo. We then consider the
complex spinor bundle S of X with its canonical riemannian connection, and consider the Dirac
operator D3®F on the tensor product S ® E. We know from Theorem that

where R¥ depends universally and linearly on the components of the curvature tensor R” of E,

Moreover
|RE|| < C|f.]?|RP?| < '€

for some C > 0.
Hence if € is small, by Theorem m DS®F ig invertible, hence ind(D%®F) = 0.
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However, let m = rank(Ep) this index is given by

ind (DS®F) = (ch B - A(X), [X])

/X<m+(ni1)!cn(E)>~fl(X)

P 1
= /~ %cn (f*Ep) (By Theorem [6.13)
x (n—1)!

1 *
= /)"( mf (cn (Ep))
= n; deg(f) /Szn cn (Eo)

which is a contradiction.

10.4 Positive Scalar Curvature and Enlargeability

Recall that in the proof of Theorem [I0.2] the story of the index of the Dirac operator contains two
parts:

1. Geometric part: Positive scalar curvature + enlargeability

= By the BLW (Bochner - Lichnerowicz - Weitzenbock) formula: D% = V*V + £ + RE,
we have ker Dg =0

= ind D}, = 0.
2. Topological part: Index formula = ind DE #0.

And we have seen that this argument works very well on compactly enlargeable manifolds, i.e.
the covering space in the definition of enlargeability can be chosen to be finite-sheeted.

Question: Consider M™ to be a compact Riemannian manifold with K < 0. Can M have a
metric with positive scalar curvatire?

Answer: Before we give an answer to this question, let us first examine some examples.

e The n-dimensional torus 7™ with K = 0: One can choose a finite cover. So our argument
above works for this situation.

e Any hyperbolic manifold M: Its universal cover is M = R", which is noncompact. And as we
will see later, it is precisely this noncompactness that brings us the difficulties.

1. Index ? On compact manifolds, elliptic operators, such as Laplacian and Dirac operators,
give us Fredholm operators. And thus the index of such operators can be defined to be

ind P := dim ker P — dim coker P.

But we are no longer that lucky when it comes to noncompact manifolds, since the dimensions
involved might be infinite. However, in the situation that M is a closed spin enlargeable manifolds,
then we can overcome this problem as follows:

Since M itself is compact, the scalar curvature on M has a positive lower bound: S(g) > § > 0.
This implies after passing to the covering space M, one still have a uniform scalar curvature lower
bound: S(g) > ¢ > 0.
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Now recall that the map f : M — S™ is constant at infinity, which implies that RIF = 0 outside
Bpr(0). So by the BLW formula D?E =V*V + % + M/ F one can conclude that [)J%E >2>0

outside Bgr(0). Therefore the Dirac operator Df* g is Fredholm and thus its index ind ﬁf* E IS
well-defined.

2. Index formula ? Usually the index formula on noncompact manifolds are very complicated,
and depends on the geometric property at infinity. But thanks to Gromov-Lawson, we have the
so-called Relative Index Theorem that plays the role of the Atiyah-Singer Index Theorem. As
suggested by the name of the theorem, the idea here is to consider the difference of two indexes with
the same geometric information at infinity. ~

Consider another map f : M — S™, where f = const. = {South pole}. Then the pullback
bundle f *E becomes a trivial vector bundle outside some compact region. And from the definition
we can easily see that f = f outside Bgr(0).

Again notice that in the BLW formula f?]%*E = V*V + @ + R/E | the operator R/ F is
identically zero outside Br(0). Therefore we can deduce that D o 2 %5 > 0, which implies the
Dirac operator D B is Fredholm. Hence ind D ;, g is well-defined.

Now we have two Dirac operators and two well-defined indexes. It turns out that their difference
ind(D ) — ind(Df*E) has a pretty nice formula:

Theorem 10.7 (Gromov-Lawson’s Relative Index Theorem).
ind(D}. ) — ind(D*, ) = / A(TM) A (ch(f*E) - ch(f*E)) .
f*E N

And using this Relative Index Theorem, we can eventually prove

Theorem 10.8 (Gromov-Lawson). Suppose M™ is a closed manifold with K < 0, then M cannot
have a metric with positive scalar curvature.

10.5 Positive Mass Theorem for AF + X manifolds

In this section let us consider a more general situation. Let M be a manifold constructed by
connecting a compact manifold with some noncompact "ends”. And we require one of the ends to
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Figure 1: An ”alien” whose head is asymptotic flat ~An ”alien” whose head is compact

be asymptotic flat, but without any control for any other ends. As usual, we can still compactify
the asymptotic flat end and thus get M;#T™.

Question: Can M := M;#T™ have positive scalar curvature?

Answer: No. So Positive Mass Theorem also holds for AF' 4+ X-type manifolds.

Difficulty: No uniform scalar curvature lower bound.

So how to make sense of index? First we need to add a perturbation term to the Dirac operator

as
Df*E = C(ei>V§i ® 1 + C(ei)VEif*E7

where the last term is the perturbation.

Next modification: Add a potential term! But first, we need to define the relative index (some-
times it is also called the super index).

Recall that under an orthonormal frame, the usual Dirac operator can be expressed as

D =c(e;)VE :T($) = T($),

where § — M is the spinor bundle, {e;} is a local orthonormal frame on M, and c(e;) : § — § is
the Clifford multiplication. Since c(e;) satisfy the relations

c(ei)c(e;) + clej)e(ei) = —2di,
one can easily check that for any X, Y € I'(T'M) we have
c(X)e(Y) 4+ ce(Y)e(X) = —2(X,Y).

In particular, we have ¢(X)? = — | X|.
. . . . n(n+1)
If the dimension of M is even, then we can consider the operator w := (— o cler) - clen).

One can check that
e The definition of w is independent of the choice of the orthonormal basis

o w=1 — A Zy-grading: § = $+ @38, where $+ (or $ ) is the eigenspace of w associated
with the eigenvalue 1 (or —1 respectively).

wD =-Dw = D—<l;)+ D0>:$i—>$$.

D is self-adjoint = (D*)* = DF.
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e ind DT = dimker DT — dim coker DT
= dimker D" — dim ker(D™)*
= dimker DT — dimker D~
e kerD=0 < kerD¥ =0 — ind Dt =0.

All the arguments also hold true for Dg = <DO+ DOE>
E
Now suppose E7, Fs are two Hermitian vector bundles with unitary connections over M. Let
E=F ¢ E,.
ind DJEF1 —ind DEQ = (dim ker DJEC1 — dim ker Dgl) - (dim ker DE2 — dim ker DEZ)
= (dim ker DEl + dim ker D;Jz) - (dim ker D, + dimker DE2)
Thus we get something that looks like an index!
To make it an actual index of some operator, let

0 D _ _
D} = (D+ OE) T($ QE)®T($ ©E) »T(§ ®E)ol($ @ E).
Ey

Then

ker DE = ker DEI @ ker Dg, .
. i _-_ (0 Dy

Similarly let (D})* := Dy = D: o) Then Then we get
2

ind DY, = ind DY, —ind D, .

Consider the map o : E — E defined by o|g, =1 and o|g, = —1. Recall that w can be viewed
as a map $ — § satisfying w? = 1. Therefore the map w® o : § ® E — $ ® E also satisfies
(w® )% = 1. This again induces a Zo-grading:

$QF = <($+ QEN @ ($ ® E*)) @ (($+ QE )& (f ® E*)) ;

where (7 @ E¥)& (§” @ E~) and (§7 @ E-) @ (§~ ® E+) are the eigenspaces of w ® o associated
with eigenvalues 1 and —1 respectively.

Remark. Characteristic feature of the index of Fredholm operators: homotopy invariance. Let P;
be a continuous family of Fredholm operators. Then we have ind(P;) = const.

Now we can deform Dpg by adding a potential term. Let X be a vector field on S™, then the
Clifford multiplication ¢(X) : $(S™) — $(S™) satisfies

o o(X)? =~ X’

o ¢(X): 87 (S™) = $(S™)

0 —cX)
e(X) 0
V2 = |X|2. For any € > 0, set X such that X = Xy # 0 at the south pole, and a cut-off function
. Now we are able to define the deformation:

Define V = < ) : 8(S™) — $(S™). Then V is a self-adjoint operator which satisfies

Dgyv =Dg+ep- f*V.
It follows directly from the definition that
(D%, = D} + € | Xo|* > €% | Xo[* > 0, outside K.
So finally we get a Fredholm operator! Therefore once again the index ind DE,V is well-defined. We

have the following beautiful formula concerning the index of this new Dirac operator
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Theorem 10.9 (W. Zhang).
ind D, |, = / AN (ch(E") —ch(E7)).

Theorem 10.10 (X. Wang & W. Zhang). Let W be a compact, enlargeable spin manifold and M,
be any spin manifold of equal dimension. Then Mi#W does not have a metric with positive scalar
curvature. In particular, My #T™ does not have PSC.

Corollary 10.11. Positive Mass Theorem holds for manifolds of type AF + X.

Remark. It was showed by Xianzhe Dai and Junrong Yan that there is also a corresponding index
formula for a Witten-type deformation.

11 Riemannian Penrose Inequality

Recall that the Positive Mass Theorem states that for an AF manifold M, the existence of a
nonnegative scalar curvature will imply the nonnegative ADM mass. And mapys = 0 if and only if
M = R™. But what if the spacetime has ”black holes”?

In the theory of general relativity, every black hole is hidden under a so-called event horizon.
But from the point of view of mathematics, there are naked singularities, i.e. black holes, that
are not hidden under any event horizon. In order to rule out this possibility, Roger Penrose, a
famous mathematical physicist and Nobel Laureate in Physics, conceived the Cosmic Censorship
Hypothesis. And as a test for the hypothesis, Penrose proposed that the total mass of spacetime

containing black holes with event horizon are A should be at least \/ 5= (when n = 3).

Remark. Tt was pointed out by Hawking that A is precisely the entropy of the black hole.

extension
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—2

Example 11.1. Schwarzschild Space (model case): M = R" — {0}, ¢;; = (1 + 2‘1‘%)” dij,

m > 0. In this case S =0, and mapy = m.
Geometrically, these horizons correspond to the outermost minimal hypersurfaces.

Conjecture (Riemannian Penrose Inequality) Let (M", g) be an asymptotic flat manifold
with S > 0, and assume Y is an outermost minimal surfaces. Then

n—2

1/ 12\

MADM = s\o o .
n—1

Moreover, if 7 = 7 holds, then the part M which is outside ¥ is isometric to the Schwarzschild
space.

The conjecture is proved in the following cases:

n = 3 G.Huisken and T.Illmanen proved the case in weaker version, for connected ¥ (”The Inverse
Mean Curvature Flow and the Riemannian Penrose Inequality”, 2001). In general three-
dimensional case, H.Bray provided the proof in the paper ”Proof of the Riemannian Penrose
inequality using the positive mass theorem,” 2001.

n > 8 In 2007, H.Bray and D. Lee verified the conjecture in dimensions less than 8, in the paper
”On the Riemannian Penrose inequality in dimensions less than 8.”

Proof of Huisken and Ilmanen is based on the heuristic arguments of Geroch and Jang. Namely,
Geroch introduced the inverse mean curvature flow and proved that Hawking mass of any connected
surface S is monotonic nondecreasing under it.

e Recall the definition of the Hawking mass of any connected surface S

mu(S) = (1 — /5H2) : \/E
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Remark. In general, it is a difficult problem in General Relativity to define the mass-energy of a
finite region.

In our case, we have:

e my(X) = \/%;

e For S = {|z| = R}, we have that my(Sg) — mapn, as R — +oo.

Can we construct inverse mean curvature flow interpolating from X to Sg? It may be that
smooth flow does not exist, but a weak formulation can be made to work!

Now, we will turn to Bray’s proof, which is based on the conformal flow. The idea is to construct
pairs (M3, g;), 0 <t < +oo such that

e go = ¢ (initial metrics);

o Vt >0 |X = |X|, (total mass stays invariant);

e mapn(g:) is a decreasing sequence (using Positive Mass Theorem);
e g, — Schwarzschild metric, as t — +oo.

Under this conditions, it is granted that:

Yoo

. DS
mapm(g) = mapm(goo) = mapy (Schwarzschild) = Tor = %,

and Bray’s proof is done. The main difficulty is to construct flow g; satisfying these requirements.
In fact, it is possible to find a flow of the previous form

g = (u(x))'g, wo=1.

Let g: be a metric and X; be an assigned ”outermost minimal area enclosure”. First, we will
solve the problem

o Ayuy =0, outside Xy,
* vz, =0,
7t.

o lim, ., v = —e

Solution of the above PDE problem, we can use to define our required function in the following

way:
t

uy =1 +/ vsds,
0

and the sketch of the Bray’s proof is done.

What about manifolds with spin structure? Witten’s Spin Method? Not quite successfull yet!
Herzlich proved the Penrose type inequality in this setting. For start, we will introduce the
Yamabe invariant of ¥ (or any Riemannian manifold)

Js. S(h)dvol(h)

n—2

Y(¥) = inf -
h conformal to g|s (Volp (X)) =1

Remark. (Yamabe problem) Find a metric in a given conformal class with constant scalar curvature.
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R.Schoen solved the remaining cases of Yamabe problem using Positive Mass Theorem. Also,
denote .
S(S,M):=|S|77 inf M
receon  fo f

Theorem 11.2. (M. Herzlich) Let (M, g) be asymptotically flat (7 > "T_Q, n > 3) spin manifold

with boundary 3.. If scalar curvature is nonnegative (s > 0), and X is minimal, and Y (X) > 0, then

n—2
n—1
)

Mapm > 0|X

where
 on—1 S(%, M)
7= dm(n—2) 1 4 28GM) -
(2=2y (D)2

n—1

Moreover, equality implies that manifold is isometric to Schwarzschild space.

In fact, the first step of the proof is to use the Positive Mass Theorem for asymptotically flat
manifold with boundary.

Theorem 11.3. (M.Herzlich) Let (M, g) be asymptotically flat spin manifold with boundary X. If
it has nonnegative scalar curvature, Y (X) > 0 and the mean curvature H of ¥ satisfies

__1 n—1 1
H < [5777 (= Y (D)},

then mapnr > 0. Moreover, equality implies that M is isometric to R™ — Bgr(0).

BLW:
D2=v'V+1
_ .
0= D% = V'V + 20,
0= / < VY, > +Zw,
r<R

and after integrating by parts, we get that
S
0:/ < VY,V > +— <, >=
r<R 4

:/T:R<vyw,w>—/2<vuw,w>,

where

/ < V1,9 >— |o|*wn_1mapn = Wn_1Mapu,
r=R

as R — oc.
How do we deal with [, < V, 1, >7?
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