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Abstract

In the current thesis we consider an n-dimensional non-compact and complete Rie-
mannian manifold with n > 3. We then present three new monotonicity formulas
which involve quantities that can be thought of as generalized normalized area and
volume of balls in our manifold. Using these new monotonicity formulas, we derive
a new gradient estimate for the Green function which improves a previous estimate
by Cheng and Yau. The present work is based on the study of a recent paper by
Tobias H. Colding [5], as well as the use of standard results of geometric analysis
such as the Bishop-Gromov theorem and the Bochner-Weitzenbock formula.
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Chapter 1

Preface

The current thesis aims at presenting the first parts of the paper of Tobias Holck
Colding entitled: ‘New monotonicity formulas for Ricci curvature and applications
I’ (2012) (see [5]). To this end concepts of geometrical analysis and comparison
geometry are required.

The structure of the thesis is as follows. In Chapter II we first recall some
basic concepts of the Riemannian geometry and then we present various Volume
Comparison Theorems in the case one has bounds on the Ricci curvature of the
manifold. The Chapter concludes with the proof of the standard Bishop-Gromov
volume comparison theorem.

In Chapter III we introduce the Green function, which plays a major role in this
work. We are interested in Riemannian manifolds which admit a positive Green’s
function, that is, non-parabolic manifolds. We review some criteria which guaran-
tee non-parabolicity. We then give a detailed derivation of a technical but crucial
identity that allows us to differentiate integral quantities where the integral is over
a domain that is not fixed but depends on the variable of differentiation.

Chapters IV and V contain the main results of the work. In chapter IV we first
define a “generalized distance” function by b(y) = G ﬁ(z, y), for fixed x. We then
define the normalized generalized area by

A(r) = 7"1_"/ |Vb[’dArea |
b=r
and the normalized generalized volume by
V(r)y=r" / |Vb|*dVol .
b<r

We then show the monotonicity formulas that involve A, V' and b.

In chapter V we use the results of Chapter IV to obtain new global gradient
estimates of the Green function that improve previously known estimates by Cheng-
Yau, as well as a new asymptotic gradient estimate for the Green function near
infinity.



Finally some useful formulas are collected in the Appendix.
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Chapter 2

Geometrical Preliminaries and
Volume Comparison Theorems

2.1 Rauch’s Elementary Comparison Theorem

Comparison Geometry forms a central part of Riemannian Geometry. In this Chap-
ter, follow Isaac Chavel’s approach in [1], we quote some relevant theorems that
compare volumes of balls and in general the geometry of a Riemannian manifold
M to that of a simply connected model space Ms of constant sectional curvature 9.
Note that this model space for various values of §, can take the following forms:

Sphere ifo >0
Ms = < Euclidean space if § =0
Hyperbolic space if 6 <0 .

At the beginning, we introduce some notions which are important for this project:

Given a complete Riemannian manifold (M", g), we assume a unit speed geodesic
v :[0,8] = M. A Jacobi field along ~ is a differentiable vector field Y (¢) along ~,
satisfying Jacobi’s equation :

VY + R(v, Y)Y =0.

We now define 7 to be the set of all Jacobi fields along 7, which is a vector space
over R with dimension equal to 2n. Also J* is the normal component of 7, which
contains all non-zero Jacobi fields Y; with

(Y;,7) =0,

on all of [0, A].
Moreover, we have:
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Definition 2.1.1 Given a real constant k, we let Sy denote the solution to the
ordinary differential equation for ¥(t),

Y k=0
satisfying the initial conditions
S(0) =0, Sp0)=1.

We also let Cy denote the solution to the above ordinary differential equation satis-
fying the initial conditions

Ce(0) =1, CL(0)=0.

Solving the above differential equation with the corresponding initial conditions, we
have for Sk(t) that
(%)sinx/%t if k>0
Sp(t) =<t if k=0
() sinhV—kt ifk<0.

N

Also for Cy(t) we have,

cos Vkt if k>0
Cre(t) =<1 ifk=0
coshv—kt if k<0 .

Furthermore, we have the following properties for these functions :

SH(t) = Cul). Ch(t) = —kSi(t), C21) + k(1) = 1

(5)o-() o-—zm

Also for two given linearly independent tangent vectors z and ¥y, we define the
sectional curvature K(z,y) of the 2-section, determined by z,y as the

_ (R(z,y)z,y)
Mo y) = PRy

and

where R is the Riemann curvature tensor.

We now present our first Comparison Theorem.
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Theorem 2.1.2 (H.E. Rauch) Let M be a Riemannian manifold, 0 a real constant,
v : [0,8] = M be a unit speed geodesic in M such that K < § for all sectional
curvatures along 7y |jog. If Y € J*, then the function |Y|, with |Y| = (Y, V)3,
along =y satisfies the differential inequality

YY" +6]Y| >0, (2.1.1)
on [0, 5).
Furthermore, if 1 (t) denotes the solution on [0, 5] of
P+ =0, $(0) = [Y'](0) , ¥'(0) = [Y1'(0) (2.1.2)
and (t) does not vanish on (0,5) , then on (0, 5) we have
d (V1N _ (IYTY
& (ED=(E1) 20, Yize. @1

FEquality holds in (2.1.3) at tg € (0,3) if and only if
K(Y,7y)=14¢

on all of [0,to], and in this case there exists a parallel vector field E along v for
which

on all of [0, ).

Proof. First we have that
d
SV = Y] = (Y, VY]

which implies

d2
Y=Y = {VY, VoY) + (¥ VY)Y = (V) YY)
Since from Jacobi’s equation VY = —R(v',Y)v, then we have:

YI" = {|[VY] = (Y, R(Y, YY) MY = [V (Y, Vi)’ (2.1.4)
= |Y]"H{Y. R(Y,Y)Y) + Y[V PIVY ] = [Y]HY, V)
Y[+ [Y[HYPIVY ] = (Y, V,Y)*}

>
> 5V,

where for the last inequality we have used Cauchy-Schwarz inequality. This proves
(2.1.1).

13



For the second claim, since
( m)’ Y= v
(G P2 ’
we set F(t) := |Y |y — |Y|¢)'. We have for F(t) that F/(0) = 0 and
F(t) ={IY[y = Y[} (t) 20,
from (2.1.1), (2.1.2). These imply immediately that
Ft) ={IYY = Y[y} 20

and hence Vi
—)(t)>0
( " )'(t)
This, together with
lim m =1,
t—=0

implies that

Now in the case of equality, if we have (%)’(t) = 0 at some t, € (0, 5] then

{IY"% = Y|} (to) = F(to) =0,
which implies F(t) = 0 on all of [0,%y]. and this, in turn, implies |Y| = ¢ on all
of [0,%p]. In this case, we may write Y = ¢ FE with |E| = 1 and ¢ > 0 along the
geodesic 7y . From the definition of the covariant derivative along a curve,
Therefore we have equality in (2.1.1) on (0, to], since
Y1+ 8Y] =" + 56 =0 .

Then we have equality in (2.1.4) and thus also in the Cauchy-Schwarz inequality,
which implies [(Y,V.Y)| = |Y||V.Y|. This holds if and only if ¥ and V,Y are

linearly dependent on all of (0, ).
Now, suppose that V,Y = AY, with A € R. Then by (2.1.5) we have

V(O)E - WE = —yV,E

which implies

[W'(t) = WE = ¢V, E .
But E and V,FE are linearly independent whenever V;FE is non-zero, since the Levi-
Civita connection is compatible with the metric. Finally, since ¢ is non-zero on all
of (0,¢0], we have that V,E = 0 on (0, to], which in turn induces that F is parallel

along v on all of [0, ).
O
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2.2 Some Volume Comparison Theorems

In this section we will prove some comparison theorems under the assumption that
the curvature is bounded either above or below. In the former case we will assume
bounds on the Ricci curvature, while in the latter we need bounds for the sectional
curvature. We will first restate Rauch’s Comparison Theorem.

We need the following definitions :
i)S,={{eT,M: || =1} and

ii) the matrix A(¢,&) is the solution of the matrix ordinary differential equation on
¢t A” + RA = 0 satisfying the initial conditions A(0,&) =0 and A'(0,&) = 1.

Let p € M,¢ € S, and we assume that for all sectional curvatures along 7 there
holds K < 4 . Then for any Jacobi field Y along 7, , pointwise orthogonal to 7¢ and
Y|ye0) = Y], = 0, we have in the spirit of Rauch’s Theorem

Y1 S5
Y] = S5’
Y| > |V,Y](0)S; (2.2.2)

(2.2.1)

for all t < 75 where \/Lg := 400 when § < 0.

™

Furthermore, we have equality in (2.2.1) at t = ¢, € (0, 73] if and only if there
exists a parallel vector field E along v, such that

Y(t) = SsE(t) and R(t)E(t) =0E(t) , (2.2.3)
for all ¢ € [0, ¢].

(The proof is practically the same with the proof above, both for equality and
inequality of (2.2.1). )

In particular we have

(A A)(1,€) = SHD) | (2:2.4)
where A* denotes the adjoint of the linear transformation A, for all ¢ € (0, \/ig]

Equality (2.2.4) holds because we have for A, that: (A*A)* = A*A* = A*A is
self-adjoint and then

(A*A)(t,€) > S;(t)] & (A* Az, x) > (Six, x)
& (Az, Az) > (Ssx, Ssx)
& Y] = S5Y]'(0),

which is valid on (0, =] by Rauch’s theorem.
The equality in (2.2.4) at a to € (0, 75] holds if and only if

A(t,€) = S5(t)] | R(t) =4I , (2.2.5)
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for all ¢ € (0, to].
This holds, because
(A*A)(t.€) = S;)T
is true if and only if equality holds in (2.2.2). Also, equality in (2.2.2) implies (2.2.3).

Finally, since A is the matrix that gives us the solutions of the Jacobi equation along
Ve, (2.2.3) is valid on all of (0, ¢o] if and only if (2.2.5) is valid, on all of (0, ¢].

Theorem 2.2.1 (P.Gunther, R.L.Bishop) We assume we have the geodesic ¢ as
described above, with all sectional curvatures along e less than or equal to 6 . Then

(det A’ 3!
—— = >(n-1)="=2 2.2.
on (0, 7=) and
det A > Syt (2.2.7)

on (0, \/lg] We have equality in (2.2.6) at a ty € (0, \/Lg], if and only if (2.2.5) is valid
at each point of [0, to].

Proof. We set the matrix B := A*A which is self-adjoint. Since det A = det A*, we
have easily that
(det B)"  [(det A)*)"  2(det A)"  (detA)"  1(det B)’

(det B) (det A)? (det A) (det A) 2 (detB)

We now consider 7 € (0, ) and an orthonormal basis {eq,...,en_1} of &L consisting
of eigenvectors of B(7). Moreover we consider the solutions {n(t),...,n,_1(t)} to
the vector Jacobi equation in &+ :

n"+ R(t)n=0.
Observe that
(Ma(t), m5(t)) = (A(t)ea, Alt)es) = (A™(£) A(t)ea, €5) = (B(t)ea, €5) = Bap(t) -
Moreover for t = 7 and a # = Bas(7) = 0, since

Bag(7) = 0ap{na(T), (7)) -

Then, since for (A;;) # 0 one has

0 [In(detA)] = tr[i(A)A’l] ,

ox! O
we have that
(detA) .~ 1(detB) . 1 ) .
ot ) ) = (@) ) = B MET()



1 , _
=3 Y BB
a,f=1
LS () + ()]
2aﬁ e e )
(na,na 1 (|2
- Z <na,na - Z 3 o )
— Z ‘ — Yl,‘
|77a a=1 yoe
S/
> —1)=

with the last inequality following from (2.2.1). Now, integrating (2.2.6) we have

t /
[l
S{S

0

and since
det A
lim——7= =1,
t—0 S”
get
det A > Sg“l ,

on (0, \/lg], which is (2.2.5).

The case of equality is immediate. If we have equality in (2.2.5) on (0, \/lg], we
have that . )
[7al _ &

|77a| S& '

Then from (2.2.3)
A(t)eq = n4(t) = Ss(t)e, , fora=1,..,n—1.

Therefore we have equality in (2.2.1) and (2.2.2) which implies that (2.2.5) is valid
at each point of [0, t].
O

Before we state our next Theorem, we define some quantities on the manifold M
as well as on its tangent bundle.

Given a Riemannian manifold M and 7 a geodesic in M, a point 7(t1) is said to
be conjugate to y(ty) along ~y if there exists Y € J , Y # 0 such that

Y(to) =Y (t) =0

17



The cut point of p € M along a curve ~; is (o), where tq is the supremum of
the finite set {¢ : y|jp4 is a minimizing geodesic}. For every p € M, the tangential
cut locus of p in T,M is

C(p) = A{c()€ : c(§) < +00,€ € Sp}
and the cut locus of p in M
Clp) == expC(p)
where ¢(§) is the distance to the cut point of p along 7. Also, is defined
D, = {t6:0 <t < ()€ € 5}

and
D, :=expD, .

Finally, the injectivity radius of p, injp, is the infimum of the set
{c(§) : £ € S,}.

Note that the smallest distance from p to the cut locus of p is equal to injp.
Now we have M\ C(p) = D(p) and thus, a chart on D(p) is given by

(exp, D, \ {p}) ™" : D\{p} = D,\{p} -

The Riemannian measure is given on D, by

dV (exp(t§)) = /g(t, §)dtdp,(§)

for some function /g on D,,, where dy, (&) denotes the Riemannian measure on S,
induced by the Euclidean Lebesque measure on T,,M and

Vy(t,§) = det A(t,€) .

The next Theorem is about the volumes of a disk on M and Ms.

Theorem 2.2.2 (P.Gunther, R.L.Bishop) Assume that the sectional curvatures of
M are all less than or equal to 6. Then for every x € M we have

V(z,r) > Vs(r) (2.2.8)

for all r < min{injz, \/lg}, with equality for some fixed r if and only if B(x,r) is
isometric to the disk of radius r in the constant curvature space form Ms.

18



Proof. Fubini’s Theorem together with the theorem 2.2.1 gives

Vi) = [ Vit )

min{c(§),r}

~[awe [ vaeo
- / i (€) / At €t
_ / G / det A(t, €)dt
Sz 0
> / A €) / Si7 (1)t
— Vs(r) .

The last equality holds since

Jan© = [ duate)= e

8. gi=1
and a disk of radius r in M; has volume equal to Vs(r) = ¢,—; [ S7~(t)dt.
0

If we have equality in the above inequality, it follows that for every &, ¢
det A(t,€) = S (1)
which implies that
A(t, &) = SsI .

Therefore g equals the metric of constant curvature ¢ in polar coordinates and
B(z,r) is isometric to Vs(r).
O

Now, as we said at the beginning of this Chapter, we have some similar volume
comparison theorems in which the curvature is bounded from below, where the final
of these is the Bishop-Gromov theorem, which is the goal of this chapter.

Theorem 2.2.3 (R.L. Bishop) We assume we are given a fived geodesic e, with
the Ricci curvature along e greater than or equal to (n — 1)k, that is,

Ric(ve(t),7£(t)) = trR(t)>(n — 1)k | (2.2.9)
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for all t € (0,¢(§)]. Then

(det A) S,
Toq S DgE (2.2.10)
n (0,¢(¢)), and
det A <SPt (2.2.11)
n (0, ¢(§)]-
Equality holds in (2.2.10) at t =t, € (0,¢(&)] if and only if
A(t) = Sp(t)I and R(t) = kI, (2.2.12)

for all t € (0,t].

Remark: Note that (2.2.11) implies the non-existence of a conjugate point after the
first zero of Si(t), i.e. after \/E unless \f is the conjugate point. With other words,
when k& > 0 det A haven’t a zero later than \/E

Proof. Set Ctx(t) := gigg and consider ¢(t) := (n — 1)Ct;. Calculations show

that the function v satisfies the scalar Riccati equation

V(1)
(n—1)

W) +

+(n—1k=0.

Also the function ¥(t) = (n — 1)3 E ; satisfies:

e It is strictly decreasing with respect to ¢, for each ¢.
e When k& < 0, has limiting value, as ¢ — oo, equal to (n — 1)v/—k, because when
k<0,

sit) (<) sinh(v=kt)'
tlg&@/}( )=(-1) tlioo Sp(t) (n=1) tlggo (ﬁ) sinh(yv/—kt)
= (n—1)V~F lim :ﬁéj:g (n—1V—Fk
with lim;_, g?Sh((pg =1 and when k = 0,
tliglow( )= (n_l)tlimo g;gt; :(n—l)tllrg%:() '

Furthermore for linear transformations K(t), L(t) : V — V| where V is a finite
dimensional vector space, their Wronskian W (¢) is defined by

W(K,L) = K*L - K*L .

20



From this we have that W (A, A) = 0 because

Liwa a) = C;i[A’*(t)A(t) A A()

dt (
= [(A™) A+ A" A'|(t) — [(A*) A"+ A*A"](¢)
= (A7) (D) A(t) — A" (1) A"(t) .
Now since (A")* = (A*) and because of A” + R(t)A = 0, we have
(A") = (A")" = (A")* = (—R(tH)A)" = —A"R*(¢t) . (2.2.13)
Of course, we have also for R(t) = R(-,7/'(t))'(t) : TyyM — Ty M that, if XY
are differentiable vector fields on M :
R(t) = R*(t) & (R(t)X,Y) = (X, R(t)Y)
< (R(X )Y, Y) = (R, Y)Y, X)) .
With this and (2.2.12) we conclude

%W(A A) = —A*R(t)A + AR(H)A =0 .

Moreover

by the initial conditions of A” + R(t)A = 0.

All above give us:
W(A,A) =

Now for the matrix U := A’A™!, we can see that is self-adjoint. Indeed
= (A7) A —AATT
= (A7) [A"A - A* AT
= (AT)*W(A A)A?
=0.

One more property about the matrix U, is that it satisfies the matrix Riccati equa-
tion U' +U? + R = 0.
Now we have that

Z ul; = Z u;) = (trU)

and then
(trU) + trtU? +trR =0 . (2.2.14)
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Moreover the Cauchy-Schwarz inequality implies
(trU)? < (n — D)tr(U?) . (2.2.15)
To see this, suppose that A\, ..., \,_1 are the eigenvalues of U. Then

n—1
(trU)*=(M + oo 4+ Aac1)?= DA+ D 24N

i=1 i£j

n—1
SN (AN

i=1 i#j

n—1 n—1
=D N+(n—-2)) N
i=1 =1

=(n— 1)2)\?
= (n—tr(U?) .

For ¢ := trlU = trA’A~! = 84 (99 15) implies that

det A
¢’(t)+%+tr}%(t) <0,

which implies, since trR(t)>(n — 1)k and the above inequality, the differential in-
equality

¢*(t)

/ t N\

¢'(t)+ T

Now we wish to compare ¢ with . Let the function f be

+(n—1k<0. (2.2.16)

() = SiSk—(Sp)* = —kSg — (Sp)* -

Then
f'(t) = —2kSiS;. — 25,5}
= —2kSpS;, + 2kS;S, =0 .
Also,

£(0) = [=kSE — (S1)?1(0)
=—(S,)? <0,

and from these follows that ¢/(¢)<0, and then

wQ

n—1

U=

+(n—1)k>0,

22



on all of (0, \/lE>

Taking the Taylor series for A, we have

A=tl+o(t) .
From this, it follows that
AN ) =t +ot™), (2.2.17)
and as before
Aty =T+ o(t) . (2.2.18)

From (2.2.17) and (2.2.18) we have
¢ =trAA™ = tr(t7 ') +tr(o(t™h))
=(n-Dt"1+ot™).
Therefore, ¢ ~ ”T_l, ast ] 0.
So, there exists an €y > 0 such that
¢2
n—1

on (0,g9). Assume that ® > 0 on all of (0,1), t € (0,conj¢). Then the differential
inequality (2.2.16) implies

P .=

+(n—1k>0,

A
pe ¢ >1, (2.2.19)
n—1 + (n — 1)k
which impies
S _(b/
T)dT > 5,Vs € (0,t] . 2.2.20
[ ez e o (2:2:20)
0 n
From the last inequality we have ¢ < ¢ on (0, ], because
y M
/ _ ¢ (r)dr = arcCty, < o5) ) : (2.2.21)
2+ (n—1)k n—1
0 n
where arcCty, is the inverse function of Ct,. To prove (2.2.21) it is enough to show
that . /
arcC'ty, [_gb(s) } = — —¢
n—1 2+ (n— 1)k

and since ¢(0) = oo from ¢ ~ "=, we have Ct;(0) = oo. Then integrating from 0
to s we have (2.2.21). Then we have by letting %, that

[arcCtk ( ¢(s) )}/ = dix[arcCtk(x)] d% {M}

n—1 n—1
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1

Ch@)] == (22) % : (2.2.22)

Now from the properties of functions Sk(t), Ck(t) and the definition of C't), we have

() = S"(t) {S’(t)r

S@t) LS
B S//(t) )
ECORNG
=—k—Ct; .

With the last computation, (2.2.22) becomes

o(s) \ 1 ¢'(s)
e (2] - 2

(n=1)?
_(b/
L (n—1)k

which is the claim. Now, (2.2.11) follows from (2.2.10).
Equality in (2.2.10) at some ¢, > 0, means that we have ¢(ty) = 1(ty) and since
these functions both satisfy the Riccati equation, at this ¢, we have that

—

g =1
%—i—(n—l)k‘

and hence equality in (2.2) too. This implies equality in (2.2.16) on all of (0, ¢¢] and
then the equality in the Cauchy-Scharz inequality above, since

0 = (trU) +tr(U*)+trR

tr)2
2trU’+M~I—(n—1)k
n—1
=¢ + e +(n—1)k=0.
n—1
Moreover, the above impies
trR=(n—1)k,
on all of (0,ty]. Now, since U is self-adjoint and satisfies
o (trU)?
tI'(U ) - n — 1 )

which is a property only of multiples of the identity matrices, we have that

U=\
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with A € R and for all ¢ € (0,%]. Then from matrix Riccati equation follows that R
is scalar multiple of the identity for each ¢, because

U+U*+R=0

and from this it follows
A +(M)*+R=0

and then
R=-NI=)\I.
Also, since
trU = tr(A) = (n — 1)\
and ( )
det A)’ S
_ /I 1—1 _ _ _ It
trU = tr(A’A7)(t) = oA (n 1)Sk (t) Yt € (0,%0] ,

we have that A = g—;‘: and then R(t) = kI and A(t) = Si(t)I for all ¢ € (0, t], which
is (2.2.12).

It remains to consider the case of a given point ¢ € (0, conj¢], for which the
inequality ® > 0 is not valid on all of (0,¢] and assume that we do not have
o(t) < (t) on all of (0,¢). Let S := {t > 0,¢(s) < ¥(s),Vs} and the assumption
that ¢ > 1. Then since the sup(S) := t; exists, we have ¢ < 9 on (0,%;) and
é(t1) = ¥(t1). Then ®(t;) > 0 and since ®(t) is continuous, there exists e > 0
such that ®|y, 4,4,y > 0. This implies that (2.2.19) is valid on all of [t,s), with
s € (t1,t1 +¢1) and from this follows ¢ < ¢ on (t1,t; + 1), which is a contradiction
to the fact that ¢; = sup(S). Then we have (2.2.10) on all of (0,¢] and this holds
also in the case of equality, by similar arguments we may prove.

O

2.3 Bishop-Gromov’s Volume Comparison Theo-
rem

From now on, we will write the volume of a geodesic ball in M with radius r centered
at some x € M, as Vol(B,(r)), instead of V(z,r) and Vol(Bk(r)), instead of Vi (r)
respectively.

Considering this lower bound for the Ricci curvature, we have the Bishop’s The-
orem in which in contrast to Gunter-Bishop Theorem, the opposite inequality is
holding in the relationship of the volumes we are interested in. With this theorem
we are able to compare volumes of balls in our manifold with the volumes of the
respective balls in manifolds with constant sectional curvature.
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Theorem 2.3.1 (R.L.Bishop) Assume that the sectional curvatures of M are all
greater than to (n — 1)k. Then for every x € M and every r > 0, we have

Vol(B,(r)) < Vol(Bk(r)) | (2.3.1)

for all r < min{injz, JLS}’ with equality for some fized r if and only if B(x,r) is
isometric to the disk of radius r in the constant curvature space form M.

Proof. The proof is almost the same with the proof of Gunther-Bishop’s theorem
before.
O
A technical result follows, which we will need in the proof of the main theorem
of this Chapter.

Lemma 2.3.2 (M. Gromov) Suppose that f and g are positive integrable functions,
of a real variable r, for which

flg

1s decreasing with respect to r. Then the function

/f/]g

18 also decreasing with respect to r.

Proof. For » < R we have that

jfjg—/f/ /fig (23.2)
and
/f/QZ//+/f/g (2.3.3)

Set f = gh and by hypothesis h is decreasing with respect to r. This implies that

bl

Moreover we have

*\m
N
>
Il
o\%
N
ﬁ\:u
T



Thus we have

/Tf/Rgz/g/Rf- (2.3.4)

But from (2.3.2), (2.3.3) and (2.3.4)

T T

[ifofsfo=[r]o- 1]

0 0

and hence,
R r

ffg>!f/g

0
f/ [ g is decreasing with respect to r.
0

—

which means that the function

C—= o

a

Theorem 2.3.3 (Bishop, Gromov) Assume that the Ricci curvatures of M are all
greater than or equal to (n — 1)k. Then for every x € M, we have

Vol(B,(r))

Vol(BH(r)) (2:3.5)

18 decreasing with respect to r.

Proof. Consider r < R. First note that D, (R)CD,(r). We have that the function

[ det A(r, §)dpa(S)
F(r) = D (r)

Cn1 S (1)

is decreasing with respect to r, because
S det A(r,)dp.(€)
D.(r)
Cn-1S; 7 (r)

1 det A(r, &)
/ Si )

F(r)=

dpiy
-~ ta(§)
D, (r)

1 det A(r, )
/ SiH(r)

. dpiz(€) (2.3.6)
n—1
D:(R)

1 det A(R,¢)
/ ST (R)

. dpiz(§) (2.3.7)
n—1
D:(R)
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J det A(R, §)dpa (€)

D.(R)

n-15; ' (R)

Note that (2.3.6) and (2.3.7) hold since D,(R)CD,(r) and dgifl(if)) is decreasing

with respect to r from Bishop-Gromov, respectively.

Now the claim follows since, together with the above Lemma, it holds for the
volume of a geodesic ball of radius r» in M and also for a disk of radius r in Mj, that

Vol(B,(r)) = / / det A(r, )dp. (€)
0 Du(r)

and
.

Vol(BH(r)) = / o Ap(t)dt |
0
respectively.
O

A direct conclusion of the Bishop-Gromov theorem, is the following Corrolary,
which is proved by Peter Li (see [11], p. 16-17, Theorem 2.5) and is based on a
paper written by Yau (see [21]).

Corollary 2.3.4 Let M be an n-dimensional complete and non-compact Rieman-
nian manifold, with nonnegative Ricci curvature. Then M has infinite volume.

Proof. Let p be an arbitary point in M and z € 0B,(1 + r), with B,(1 + r) be
a geodesic ball in M. By the Bishop-Gromov theorem for the geodesic balls with
radius 2+ r =: s and r =: ¢, both centered at x, we have

Vol(B,(s)) _ Vol(Bu(t))
Vol(B(s)) — Vol(Bi(t)) -

For k = 0 and hence MJ = R", we get

s"Vol(By(1))

Vol(Bs(s)) < Vol(Bs (1) Gy 3010y

st ="
tn
Now, from the fact that the distance between p and x is d(p, ) = 1+ r, we have

= Vol(B,(s)) — Vol(B,(t)) < Vol(B,(t)) (2.3.8)

By(1) € (Bx(247) \ Bx(r))
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and therefore the same holds for their volumes, that is,

Vol(B,(1)) < Vol(B,(2 + 1)) — Vol(By(r)) .

Also, since
B,(r) C B,(1+7r),

we have
Vol(B,(r)) < Vol(B,(1+1)) .
Combining, (2.3.8) and (2.3.9) we conclude that
g — n

Vol(B,(1)) < Vol(By(1 + 2r)—

= Vol(B,(1 + 2r))

T’Vl

2+7r)" —r"

(2.3.9)

(2.3.10)

Note that =" — %, for r — oo and C' be a positive constant depending

rn

only on n.

Finally, from (2.3.8), (2.3.9) and (2.3.10) we have that the volume of the geodesic

ball increases like r
Vol(B,(1)) < Vol(B,(1 + 2r))
T.n

and for r — oo,
-

C(n)

Vol(B,(r)) > Vol(B,(1)) = oo .
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Chapter 3

The Green function on Complete
Riemannian Manifolds

In this thesis, our general interest is how the curvature of a manifold affects the
solution of a differential equation and in particular the Laplace equation. Thus
from this point, an important role will play the Green’s function which will be
used for the defining of some quantities and the behavior of them will give us some
estimates for the Green’s function itself (Chapters IV, V).

3.1 Existence of Green’s function and Parabolic
Manifolds

In this section we recall some well-known facts about the existence of Green’s func-
tion on manifolds and its basic properties. This is a topic studied by several math-
ematicians (e.g. Cheng, Yau, Li, Varopoulos, etc.); in the sequel we will quote their
results.

First of all, we have in general for the Green’s function on manifolds, that:

Let (M",g) be a Riemannian manifold, with or without boundary. Then a
function G : M x M \ {{z,z} : x € M} — R is called a Green’s function on M, if
it satisfies :

e G(z,y) = G(y,x) i.e. is symmetric,

e for each y in M we have that the function G,(y) € C*(M \ {z}) (as a function of
x),
o A,G(x,y) = —d,(y) for all x # y,

where A is the Laplace-Beltrami'orerator and d,(y) is the Delta Dirac function.

'The Laplace-Beltrami operator, like the Laplacian, is defined to be the divergence of the
gradient. You can also see how it is written in terms of a local coordinate system: Appendix 6.1,
Bochner-Weitzenbock formula.
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In the rest of this thesis, we will use for the Green function, the normalization
(see also [7])
AG(z,-) = (2 —n)Vol(S" )6, ,

with n > 3. S"~! denotes the standard (n — 1)-dimensional sphere of radius 1. With
this normalization we have

Gz, y) = |z —y*™"
in R™.

Now, we will show the distinguish between two cases; that is when a Riemannian
manifold is compact and non-compact.

If we have a compact Riemannian manifold (M™, g) with boundary, the Green’s
function, let G(z,y), exists and is unique. T. Aubin and Tsutomu Hirosima con-
structed Green’s function. In this case, Hirosima to construct G(z,y) (see [17]) used
harmonic coordinates? and found some estimates for G near the singularity.

Now in the case that we have a non-compact and complete Riemannian manifold
(M™, g), without boundary (see [19]), Bernard Malgrange ([22]) proved in 1955
the existence of a symmetric Green’s function. Also, in 1987 Li-Tam ([12]) gave
an alternative constructive argument for the existence of this symmetric Green’s
function.

At this point, we have the following definition (see [10]):

Definition 3.1.1 A complete Riemannian manifold is said to be non-parabolic if it
admits a positive Green function. Otherwise, is said to be parabolic.

After that, the question when a complete Riemannian manifold is or isn’t parabolic
involved many mathematicians.

The parabolicity or not, of a manifold, is associated with the existence of a
positive Green’s function. More precisely (see [23]), we have that if G(z,y) =: G4 (y)
is a Green’s function with pole at some z € {2 C M and Dirichlet boundary condition
on 01, i.e.

AG =46, in(
G=0 on 0f) ,

then either there exists a positive Green’s function G,(y) (which is called minimal
positive Green function), or there does not exist.

We confine ourselves in the case which exists a positive Green’s function and
then we choose the minimal one to be our Green’s function. Note that if there

2 On a Riemannian manifold (M™, g), harmonic coordinates are a coordinate system {z!, ..., 2"}
each of whose coordinate functions z* is harmonic, meaning that it satisfies Laplace’s equation
Azt = 0.
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exists a positive Green’s function, there exists also the minimal one. This becomes
true by looking its value at infinity: if it has limit which equals to zero , then this
is the minimal positive function that we are interested in. If not, we subtract the
liminf of its and thus we get the minimal positive Green’s function.

In the case when (M™, g) is parabolic, let x a fixed point in M and B,(r) is the
geodesic ball of radius r, centered at x.

In 1975 Cheng and Yau, in [4], showed something relevant in this direction, i.e.,
one has for some x € M that if we have

lim inf —VOlg (Ba(r))

5 < 400,
r—-+00 r

then (M™, g) is parabolic.
Later, Grigoryan in [16] and Varopoulos in [20], proved that if for some x € M

we have
o0

1/ vOlg(Bx(T))dT -

then (M™, g) is again parabolic. Moreover, Varopoulos proved that if we have non-
negative Ricci curvature and also

o0

| v

1

dr < 400 ,

then (M™, g) is non-parabolic.

Applying the above results we have, knowing that the volume of an n-dimensional

ball of radius r in R" "
T2 n
Vn<7') = mr s

that for n = 2, since Vol(B,(r)) = mr? and

b
1

lim —dr =00 ,
b—+o0 r
1

R? is parabolic. More generally, as a direct consequence of Bishop-Gromov theorem,
any 2-dimensional surface with Ric> 0, is parabolic.

Also, since the volume of a ball in R? is Vol(B,(r)) = 373, we have by a simply
computation that
b

3 1

2 il

4 b—Ei-noo r2 dr < oc ’
1
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and hence R? is non-parabolic®.

As we conclude, the parabolicity of a manifold is characterized by the behavior
of the volumes of the geodesic balls, asymptotically at infinity. If these volumes are
upper than 72, then we say that the manifold is non-parabolic and if they are until
r2, the manifold is said to be parabolic.

3.2 Green fuction and some useful results

In this Chapter, we mention an intermediate result of a paper written by Lei-Ni([13]).

Let © € M be a bounded domain in M and z € Q. Denote by Gg(x,y) the
Green’s function with Dirichlet boundary condition on 0.

By the maximum principle for harmonic functions, we have Gg(x,y) > 0 for any
x,y € . Note that, Go(z,y) is a harmonic function with pole at z.

Now we may define the G-sphere

W, = {y|Ga(z,y) ="}

with @ > 0 which is by Sard’s theorem, a smooth hypersurface in {2 for almost every
r.
To continue, if we let ¢,(y) = Go(z,y) — 1~

Q. = {ylen(y) > 0}.

Proposition 3.2.1 Let v : @ C M — R" be a smooth function. Then for every
r >0,

a

, we have respectively the Gg-ball

1 / d
v(z) = T—a/]VIOgGQ]%d,u— f—a/na/qﬁnAvdu—n . (3.2.1)
Qr 0 L
Proof. We first show that for almost every r > 0, v(z) can be also written as
o(z) = / VGaolvdA, — / 6, Avdp, . (3.2.2)
v, Q,
By Green’s second identity on a Riemannian manifold
0Gq ov
/[(AGQ)U — Go(Av)]dpu = /( 5 U %GQ)dA

Qr U,

and by the fact that A,Gq(z,y) = —0,(y), we have

v(z) = — /(aa(i% - %GQ)dA - /GQ(Av)du . (3.2.3)

U, Qr

3In general, is true that R™ is non-parabolic if and only if n > 2.
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Moreover, notice that on W,

oG
2 = N.VGq = —|VGq] , (3.2.4)
v
is valid, where NN is the normal vector. Now, by Stokes’ theorem
v
5 —GadA = —dA = /Avd,u (3.2.5)

U,

By combining (3.2.3), (3.2.4), (3.2.5) we have

v(x) = /(aGQ — @GQ dA — /GQAvdu

ov ov
v, T
= _/(a{iﬂv)dA—i-/%ngA—/GQAvdu
U, Qr

/|VGQ|UdA+_/A'UdM /GQAUdM

T

/\VG’Q]vdA /(GQ —r ) Avdp

Q,

/ IVGqlvdA — /ngAvd,u

which is (3.2.2).

Equality (3.2.1) follows now from (3.2.2) by the co-area’ formula. Indeed, mul-
tiplying with n°~! on the both sides of (3.2.2) and integrate on [0, r], we have that

r

/n“‘lv(w)duz /n“‘l{l!VGQ\vdA—J@Avdu} :

0 0

Hence, by straightforward computations we get

T

1 T
ar“v(x) = /7]“_1/|VGQ\UdAd7]—/n“_l/@Avdudn
0 o, 0 0,
_ a—1 a d77
= [ \VGalvdAdn — [ n* | ¢pAvdu—
0 vy, 0 Q, N

4For further details see Appendix 6.2: The Co-area formula on Riemannian manifolds
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1 y 1 [ “ dn
:E/ﬁ / \VGQ]vdAda—/n Q/%Avdu?
n

50 Go=08 0
A o [ 6 Avdp®
= 52 |IVGq|vdAda — by Ud,u;
e Go=f Q
d
/ / |VGQ|vdAda—/n“/¢nAvd,u—n
r-a Go=0 0 Qy "
|V log Ggl? / / dn
vdAda — @ Avdpu—
/ / |VGQ| 1 O s n
r—a Go=0 0 Qy

Now, we apply the co-area formula to obtain

1 1 r d

—rfy(x) = — / |V log Go|*vdu — /na/gbnAvd,u—n

a a n
Qy

Gq>p 0

1 / d
= a/]VlogGQPvd,u—/n“/%Avdu—n :

Q, 0 9, 7

Hence we have,
/|V10gGQ| vdp — —/ /qﬁnAvdu—
Q,
which implies

v(x) = /\Vlog Gal*vdu — —/ /(bnAvdu—

Qr

O

Since we have applied the co-area formula, we have to verify that |V log Gg|? is
integrable. This follows from the asymptotic behavior of Gg(z,y) near x. Also, a
gradient estimate by Cheng-Yau (see [8], Theorem 6.1) asserts that near z,

[V log Gol*(y) < (1+m) ’

for some constant k > 0. We have the following global result.
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Definition 3.2.2 The Riemannian manifold (M,g) is called strongly non-parabolic
if
lim G(z,y) =0,

Y—0o0

where G 1s the minimal positive Green’s fuction on M.

We now define, similarly to the bounded domain €2 before, the useful quantities:
G-sphere, G-ball, ¢, and the function ¢, = log(Gr™), global on M.

Theorem 3.2.3 Assume that (M,g) is a strongly non-parabolic Riemannian mani-
fold. Let v be a smooth function (as in Proposition 3.2.1). Then for every r > 0

r

1 a
v(x) = r—a/]VlogGQde,u—/W/”%Avdudn. (3.2.6)
Q Q)

0

As before, for almost every r > 0 we have the same expression for v(x), i.e.

:/]VG\vdAy—/@Avduy. (3.2.7)
T QT‘

Proof. The only thing we need to verify is that

r " . r ;
/77““ /@%Avdlzdn: r_a/na/anAvdp#. (3.2.8)
0 Qy 0 Qy

To prove this, we will use Tonelli’s theorem together with some straightforward
computations. Thus we have, on the right-hand side of (3.2.8), that

/ /gbnAvdu— / o 1/ (G—n~ Avdudn—// b — ™ Avdpdn
:/ / (Gn*~' — 1) Avdudn

0 G>n—a
= / / n* ' — 07 Avdudn
G>r—a 7%
/[G— —log 77] 1 Avdp
Qp
re 1
/[G— —logr — ~ —I— logGa ]Avdu
Q,
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= —/ (G — —)Avdu /l(alogr + log G)Avdp
a

T

= —/ngAvdu — l/log(Gr YAvdp . (3.2.9)

Q,

We now apply Tonelli’s theorem on the left-hand side of (3.2.8) :

a
/na—l—l /wnAvdpdn:a/ / (0™ "1by) Avdpdn

0 Q, 0 Gzp-a
. / / ~a1 ) Avdndy
G>r—a -
/ / ~og Gdn + / ~og ndn] Avdy
G>r—a 7% %
=a / ([log Gn—]r  + (—n~%logn — 77ﬂz)Avolu
—aq G a a
G>r—a
1
= a/ a(—r’“ log G —ar *logr —r~* 4+ G)Avdu
Qr
= /[(G —r %) — (r~*log G + ar~*logr)|Avdu
Q'r
= /(AU)@du— /r‘“(logG+logr“)Avdu
O, Q.
_ / (Ay)bydps — 10 / (A)rdps (3.2.10)
Q, Q.

From (3.2.8), (3.2.9) and (3.2.10) we have,

= J@osndn = [@udi =" [(Bondn— [ 171056+ 1ogr*) v
Qr Q- Q Qr
(3.2.11)
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Corollary 3.2.4 For any smooth (or Lipschitz) function v, we define

- / IVGlvdA

with W, and G as before. Then for almost every r > 0 and positive a we have
o / Avdp .

Proof. We have from the Proposition 3.2.1 that (3.2.7) holds globally on M. We

dr

differentiate (3.2.7) with respect to r :
v(x) = /\VG|vdA /(bTAvd,uy

Uy

#U(ZL’) = Jv(r) - ¢rAvdMy
/

d d
50 = LU0 = ] [ onsud].

and we obtain

T (r) = i[ / (G — 1) Avdy] = / GAvdy — — / Avdyl] =

d / / GAv 1 / / Av
_Yrla _dA—— |4 A
art) v e vor
0 G_%:n 0 _l
GAv

GA 1 A
= / v1 dA — — / - 1
J VG~ 4| re J |VG*E\ J ]VG*’]
G a=r G a=r G a=
The first two orders in the last equality are equal since G = r

formula again, we have the desired result.

~® and by the co-area

|
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Chapter 4

New Monotonicity Formulas for

Ricci Curvature and Applications

4.1 The first monotonicity formula

Let (M", g) be a complete Riemannian manifold with dim(A) = n > 3. For now,

we will not require any conditions about the Ricci curvature of M.

We now define the function b, via Green’s function, and this function which will
1
be used as a generalized distance function. Thus, for the function b = G2, we

have that

v§:<22)GﬁWG.
—n

Since for any smooth function f and for every n € Z, we have that
Aft=n(n—1)" 2|V +nf'lAf,

then,

2n 2n—2 9 2
(2—n)2G IVG|* + (2

—n
Let ¢ € C*°(M) be a function with compact support. Then we have that

Ab? =

)GﬁAG.

/ AG,(y) G755 (y) dly) dyy =0 |

M

since ﬁ < 0 and G2-» is a continous function on M with

G7r(2x)=0.

The last in turn implies that
G=iAG =0,
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which together with (4.1.1) give us the following useful relation
Ab* = 2n|Vb|* . (4.1.2)

Next we consider a quantity which we will see several times in what follows. That
is an integral over the level sets of the function b, defined as

1

L(r)=r'"" / v|Vb|dArea = s / v|VG|dArea ,

n J—
b=r b=r

where v is a smooth function on M. Then we have from Corollary 3.2.4 of Chapter
3, that fora=n—2 > 0,

d ! 1-n
@) =10 = [vdarea, (4.1.3)

b=r

where v,,: is the outward normal derivative of the function v, normal to the boundary
of {x : b(z) < r}. From Stokes’ theorem, the right hand side of (4.1.3) is equal to

rln/AvdVol.

b<r

4.1.1 Normalized Generalized Area and Volume

In this section we introduce two new quantities on M, the normalized generalized
area A(r) and volume V/(r) of balls with radius r. We define the non-negative
functions

A(r)y =r"" / |Vb2dArea
b=r

and
V(ry=r" / |Vb|*dVol .
b<r

We will use the results of the next Lemma to understand the behavior of the nor-
malized generalized area and volume and the function b, as r tends to 0.

Lemma 4.1.1 Let M™ be a smooth manifold with n > 3. Then for r — 0 the
function b(z) behaves like the radius of balls (or Euclidean distance). In other words,
wn small balls, the following properties hold:

b
i) lim sup |- —1| =0
T—}OaBT(Z,) T

ii) lim sup ||[Vb]*—1] =0
T—)OaBr(x)

42



iii) lir% A(r) = lir% Li(r)= liII(l) Vol(0B4(0))
r— r— r—
iv) lim V(r) = Vol(B4(0)) ,

where I(r) in (iii), is the function

Li(r)=r"" / |VbldArea
b=r

which 1s constant in the level set b =1, as function with respect to r.

Proof. For the first two claims (i), (#7) we will use a result of a paper of Gilbarg-
Serrin ([24]), in which some estimates for the Green function were proven. Hence
we have that for a Green function G(x,y) with pole at x, holds

Guly) = d*"(z,y)(1 + o(1))

and for its gradient
[VGo(y)| = (n—2)d' " (z,y)(1 +o(1)) ,

where o(1) is a function with o(y) — 0 as y — x. Now it is easy to see that, for
b= G= it follows

Therefore

lim sup
r—0 8BT(I) | d

which proves (7).
We accordingly have for the second claim,
[VB]* = (14 0(1)) ,
since
VG| = (n —2)b |V

and hence
lim sup [[Vb]* — 1| =0.
(x)

r—0 aBr T

For the two other claims, we first have to observe that

r—0

lim [;(r) = lim TI"/|Vb]dArea
r—0
b=r

43



= lim |r! /|Vb|3dArea

r—0

= lim A(r) ,

r—0
from (47). Moreover by the coarea formula we have that

—+00

/|Vb|2dVol: //|Vb| dArea ds
b<r —00 b=s
= /3”1[1(5) ds
0
,,,.TL
= gfl(r)

and thus 7;(r) can be written as

Il(r):%/WdeVol.

Finally, for the limit of I;(r) we have

lir% L(r)y=1(1)= hm— / |Vb|*dVol . (4.1.4)
r—
b<r
Now, we observe that for r — 0, we have
[ dVol
N
Vol(By(r)) ’

where Vol(By(r)) = Vol(By(1))r™ is the Euclidean volume for the ball B,(r), cen-
tered at some x.

To see this, first note that (¢) means that for § > 0 and for r sufficiently small,
we have

r <b< r .
146~ —1-9¢
Therefore,
B, (t(1—-10)) C{b <t} C B,(t(1 +9)),
and then
[Vol({b < t}) — Vol(B,(t))] - |Vol[B, (t(1 + 8))] — Vol[ B, (t(1 — 4))]|

[Vol(B, (1))] - [Vol(B,(t))] ’

44



where the left-hand side of the above inequality tends to (1 + §)" — (1 — §)"* =
d(2n + o(1)). Finally,

Vol({b < t}) = Vol(B,(t))(1 4 o(1)) ,

as t — 0 and since

Vol(B,(t)) = Vol(By(1))(1 + o(1)) ,

for t — 0, we conclude our claim.
Hence, the left hand side of (4.1.4) is equal to Vol(9B;(0)) and as |[Vb|* tends to
1 as well as r — 0,
lim V'(r) = Vol(B4(0)) ,

r—0

which is (iv).

Before studying the first monotonicity formula, we need two more Lemmas:

Lemma 4.1.2 For the functions A(r) and V(r), as described bofore, we have

Vi(r) = S[A(r) - nV(r)]

,
Proof. By the coarea formula again, we can rewrite V (r) as

T

Vir)=r=" / |Vb|*dV ol = r_”/ / |Vb]PdArea dt
b<r

0 b=t
r

= r—"/t”—lA(t) dt .

0

Then for the derivative of V(r) with respect to r we have

T

Vi(r) = —ar A det o A)
= —nr 'V (r) +r " A(r)
ey v

r

|

Lemma 4.1.3 If the gradient of b is bounded from above by a constant C' depending
only on the dimension of M", i.e. |Vb| < C(n) = C, then the generalized area A(r)
and volume V' (r) are bounded by their Euclidean values (their values as 1 — 0)
multiplied by a constant.
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Proof. We will show that

i) A< C*Vol(0B:(0)) and
i) V < C*Vol(By(0)) .
The first claim follows from (74) of Lemma 4.1.1, together with the fact that I,(r)

is constant as a function of r and the bound for |Vb|.
For the second claim we have from the alternative expression of V/(r):

T

Vi) = [ et .

0

and from (7) that
Vol(0B;(0))

n

vV <C? = O*Vol(B,(0)) .

O

Now we are ready to state our first monotonicity formula, in the following the-

orem. This monotonicity formula, together with two other that follow, are the

intermediate results of the study of the monotonicity of A(r) and V(r), which we
are of our interested.

Before this, we first cite an auxiliary result from Geometric Analysis, the Bochner-
Weitzenbock formula', which relates harmonic functions on a Riemannian manifold
(M™, g) to the Ricci curvature. From this very important technique, which is used
here for the function b?, we get the following identity

1
§A]Vb2|2 = |Hess|> + (VAV?, Vb?) + Ric(VH?, Vb?) .

Theorem 4.1.4 On a Riemannian manifold (M",g), n > 3, with A and V to be
the ‘area’ and ‘volume’ of balls respectively, one has

T—l—n

[A(r) = 2(n — D)V (r)]'(r) = 5 / (‘Hessbz — ATbgf + Ric(Vb?, Vb2)) dVol .

b<r
(4.1.5)
In particular, when the Ricci curvature is non-negative, the function

F(r)=A(r) —2(n—-1)V(r)

15 mon-decreasing in r.

IFor more details about the theorem and its proof, see the Appendix 6.1: Bochner-Weitzenbock
formula
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Proof. At first, we note that generally the right side of the equation (4.1.5) has no
sign, and this is obtained when the Ricci curvature is non-negative.

We now observe that we can rewrite A(r) as

[vo?|?
402

A(r)y =r"" / IVb]?|Vb|dArea = '~ |Vb|dArea

b= b=r

—1 n

= / |Vb?|?|VbldArea |

since |Vb?|? = 4b?|Vb|? and b # 0, for r > 0.
We will now ’built’ the expression we need. We have that

r?A(r) = ?|VbldArea
and the derivation of this equality gives
—21,2 / —2 d 2
[rA(r)]'(r) = r—"— / IVb?|?|VbldArea
9 22
o (IVb*|*)dArea (4.1.6)
roimn 5 )
=~ 8_ (|Vo?|*)dArea

—1—-n
=— /A(|V62]2)d\/ol,

b<r

where the expression into the brackets in (4.1.6) came just as the integral in (4.1.3)
for v = (JVb?|?). Now continuing, from the Bochner-Weitzenbock formula it follows

—1-n
! 5 / [[Hessyz |* 4+ (VAb?, Vb?) + Ric(Vb?, Vb?)|dVol
b<r
—1-n
=1 5 / [|Hessy2|> — |Ab?|* + Ric(Vb?, Vb*)]dVol +
b<r

(Vb?*, N)dArea
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—1-n 1-n
:T 9 / [|Hessb2|2 — |Ab2|2 + RlC(Vb2,Vb2)] dVOl + " /4nb|Vb|3dATea
b<r b=r
roion 2nri—n
- / [[Hessp2|* — |AV)* + Ric(Vb?, Vb*)]dVol + /|Vb|3dArea
T
b<r b=r
roin 2n
= / [[Hessp2[* — |AV)* + Ric(Vb?, Vb?)]dVol + 7A(r) , (4.1.7)
b<r

from the Divergence Theorem, since the unit normal to the hypersurface {b = r} is
N = Yb
A

Note that, if X is a compactly supported vector field on U C M with boundary
OU, then the Divergence Theorem? states that

/dideVol = /(X, nydArea ,
U ouU

where n is the outward-pointing normal on OU.
Moreover, since

2 2 N
Hessye — ATbg|2 = |Hessbz}2 — 2A7b<g,Hessbz> + ‘ n2| (9,9)
912
= |Hessb2}2 - |Az ‘ ) (4.1.8)

we have that
2
{Hessbz|2 — {Ab2|2 = }Hessbz — ATbg‘z — (1 — %) |Ab2‘2
2
= }HeSSbQ — ATbg‘Q — 4n? (1 — %) ‘Vb‘4 .

After these computations, (4.1.7) becomes

i Ab?
- 2 / <|Hessb2 - Tg|2 + Ric(V?, VbQ)) dVol—
b<r

1 2
-2 (1 - —) n?r o / Vbl idVol + L A(r)

n r

b<r

i AbQ 2 2 1

= - / OHGSSzﬂ - —9\2 + Ric(Vb?, Vbz)) dvol — 2 (1 — _) V(r)
b<r

2See ( [15], 1.2).
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2n
+ 714(7") .
Now setting I for the first term and using Lemma 4.1.2, the last is equal to

2n? on on
g o My
v+ v+ 2 A

_2n

2
= (A(r) = nV () + V().
Finally, since A'(r) = r~2(r2A)'(r) — 2A(r) we have that

() =1+ ZAE) V() + 2V () - 2A()
_ —2(”; D 1A() = nv ()]
and then
[A(r) —nV ()] (r) = A'(r) = 2(n — V(1)

— I+ @ [A(r) = nV ()] = 2(n — )V'(r)
=1,

or equivalently,

[A(r) — nV ()] (r) = T2n / (\Hessbz - ATbg\Q + Rie(VH, vzﬁ)) dvol .

O

Note that we have not need any assumptions for the Ricci curvature in our

theorem. But now we have the following result on a manifold with non-negative
Ricci curvature.

Corollary 4.1.5 If M is an n-dimensional manifold with non-negative Ricci cur-
vature, then, for all r > 0, we have

A(r) = Vol(9B,(0)) > 2(n — 1)[V(r) — Vol(B1(0))] .

Moreover, if for some r > 0 we have equality, then the set {x : b(x) < r} is isometric
to a ball of radius r in R™.

Proof. Since F' is non-decreasing with respect to r, we have for s < r that
F(s)=A(s) —2(n—1)V(s) < A(r) —2(n—1)V(r) = F(r) .

Taking the limit on the left side of inequality, with s — 0, we have from Lemma
4.1.1, that

Vol(0B1(0)) — 2(n — 1)Vol(B1(0)) < A(r) —2(n — 1)V (r) .
But this gives us the expected, i.e.

A(r) = Vol(9By(0)) 2 2(n — 1)[V(r) — Vol(B(0))] -
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4.2 The second Monotonicity Formula

The next Lemma is useful in the proof of the second monotonicity formula, which
lies in the next theorem. Note that this Lemma holds for any positive harmonic
function G, where, as before, b is given by 0> = G.

Lemma 4.2.1 The following identities hold:
Ab?
V*A|VD|? + (2 — n)(VH*, V|Vb]) (}Hessbz - —g‘ + Ric(Vb?, VbQ)) :
Ab? 2 w2
A(IVH*G) = }Hessbz — —g\ + Ric(Vb?, Vb?) ) b7
Proof. By the Bochner-Weitzenbock formula again and (4.1.8), we have
1
§A]Vb2|2 = |Hesse|> + (VAV?, Vb?) + Ric(VH?, Vb?)
Ab? |Al)2|2
n

= [Hess;e — —g|* + + (VAW Vb?) + Ric(Vb?, Vb?)
n

Ab?
= |Hessy — 79\2 + 4n|Vb[* 4+ 2n(V|Vb|?, Vb?) + Ric(VH?, Vb?) |

(4.2.1)
since of course |Ab?|? = 4n?|Vb|*. Moreover, from the fact that
V| = 46°|Vb]*
it follows
AV > = 402 A|VD|? + 4(AD*)|Vb|]? + 8(VD*, V|Vb|?)
= 40 AIVDL2 4 8n|Vb|* + 8(VV?, V|Vb|?) . (4.2.2)

For the first claim we have from (4.2.1) and (4.2.2) that
Hessy> — A—gy + Ric(Vb?, Vb?) = A|Vb2|2 4n|Vb|* — 2n(VD? V|VD[?)
= 5(4@%\%\2 + 8n|Vb|* + 8(VV?, V|Vb[*))
— 4n|Vb|* — 2n(Vb*, V|Vb|?)

= 26 A|Vb|> 4+ 2(2 — n)(VH?, V|Vb[?) .

The second claim follows easily from the fact that for any two smooth functions f, g
we have A(fg) = Af g+ 2(Vf,Vg) + Ag f. This together with the first claim,
gives

A(|VB|*G) = 2 A|VH)*G + 4(VG,V|Vb|?) + 2|Vb|*AG
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=2 A|Vb]*G + 4(VG, V|Vb]?)
=2 AIVH0*™ +b"(2 — n)(VV?, V|Vb[*)
= b"(2 A|VD|? b* +2(2 — n) (VP V|Vb]D)) .

O
In the following theorem we observe that the assumptions are applicable on any
smooth manifold M™, as it was also the case in the previous theorem .

Theorem 4.2.2 Let (M™,g) be an n-dimensional Riemannian manifold, with the
assumption that n > 3. Then,

Tl—n

2

[ [A(r) — Vol(9B,(0))]] = / <|H688b2 - A7b£/|2 + Rie(V*, W)) b

dVol .

In particular, when Ricci curvature is non-negative, the function
H(r) = r* "[A(r) — Vol(0B1(0))]
15 non-decreasing with respect to r.

Proof. We will first show a formula equivalent to the requested, one that is

(2—n)[A(r)—Vol(9B1(0))]+rA'(r) = % / <|Hessbz — ATbg|2 + Ric(Vb?, VbZ)) b~
dVol . (4.2.3)

First we observe that for a special choise for the function v, the useful quantity I, (r)
becomes

Iivppea(r) =" / IVO’G dArea = r* " A(r) .
b=r

For ro > r; > 0,

A () =AY ()

=15 igppc(r2) — 1 igypa(r)
e / (IVb]°G) dArea —rp=trt" / (IVb°G) dArea .
b=r2 b=r1

Also we have from Stokes’ theorem, that

/(IVb|2G)ndArea: /A(|Vb|2G)dVol

b=r b<r
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and Lemma 4.2.1 now implies

/ A(|VB[2G)dVol — / A(|VB[2G)dVol

b<rg b<r1
1 Ab?
=5 / (‘Hessbz - 79‘2 + Ric(Vb?, Vb2)> b~"dVol .
71 <b<r2

Moreover,
PN TAY () = (2 n)A(r) +rA(r)

as well as that there exists a sequence r; — 0 such that
(2 —n)A(r;) + 1A' (r;) = (2 —n)Vol(0B,(0)) , (4.2.4)

as r; — 0. This is true, because from Lemma 4.1.1, A(r) — Vol(0B1(0)) as r — 0
and this in turn implies that A is uniformly bounded for r sufficiently small. Hence
there exists a sequence r; — 0 such that r;A’(r;) — 0. Then from (4.2.4) we get
that

(2 —n)[A(r) — Vol(0B1(0))] + rA'(r) = % / <|Hessbz - ATbgf + Ric(Vb?, vzﬂ))
b<r

b"dVol

which is equivalent to the original claim.

4.2.1 An alternative Second Monotonicity Formula

Now, we will mention an ’alternative’ second monotonicity formula. We say alter-
native, because we will reformulate the Second Monotonicity Formula by defining a
new ‘volume’ of balls on a Riemannian manifold, integrating again the appropriate
function over the level sets of b. We do that by setting

Vi (r) = / (Vb2 — 1)[VbPb—" dVol |

1<b<r

and by the coarea formula

Vm(r):/s_”/(]Vb|3—|Vb|) dArea ds .
1 b=s
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Hence, by the definition of A(r) and Lemma 4.1.1 we have that its derivative satisfies

d

d A(r) — Vol(0B1(0))
dr .

r

Vi = V() = 7 /(|Vb|3 —|Vb|) dArea — (4.2.5)

b=r

We can now rewrite our second monotonicity theorem in terms of this second ‘vol-
ume’ of balls as follows.

Theorem 4.2.3 Let (M",g) be a Riemannian manifold, with n > 3. Then the
following holds:

1

[A —(n— 2)Voo]/(7“) =5

AR
/ <|Hessbz - —bg|2 + Ric(Vb?, VbZ)) b~"dVol .
n

b<r

Moreover, when M has non-negative Ricci curvature, the function
G(r) = A(r) = (n = 2)Vo(r) ,
15 non-decreasing with respect to r.
Proof. We have that
r[A—(n—2)Va]'(r) = (2 — n)[A(r) — Vol(9B,(0))] + rA'(r)

is equivalent to

A(r) — Vol(0B1(0))

r

(2 —n)[A(r) — Vol(0B1(0))] = —r(n — 2)

Therefore the desired result follows from (4.2.3).
O

Similarly to the situation after the first monotonicity formula, we get the follow-
ing immediate corollary from this second monotonicity formula for manifolds with
non-negative Ricci curvature.

Corollary 4.2.4 If M is an n-dimensional Riemannian manifold with non-negative
Ricci curvature, then for ro > ry > 0, we have that

A(rg) — (n — 2)Vo(r2) > A(rg) — (n — 1)V (1) -

Moreover, if in the above inequality, we have equality, then the set {x € M : b(x) <
ro} is isometric to a ball of radius ro in Euclidean space.
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Proof. Since the function G(r) is a non-decreasing function from the previous
Theorem, it follows directly that

for o >1r = G(rg) > G(ry) ,

which is the claim.

Before the next theorem, we define the following function via V.,

J(s) =—(n— 2)3Vm(sﬁ) .

Theorem 4.2.5 Let M"™ be an n-dimensional Riemannian manifold. Then for the
function J(s) holds the following properties

i) J'(s) = A(s) — Vol(0B1(0)) — (n — 2)Voo(sﬁ) ,
1

ll) JH(S) = —m

AbQ 2 . 2 2 —
|Hess — Tg‘ + Ric(Vb7, Vb*) | b "dVol .

b<s (2—n)

Moreover, when the Ricci curvature is non-negative, J"(s) < 0 and thus the function
J'(s) is non-increasing with respect to s.

Proof. For the first claim we have that

J(5) = —(n — 2)Viu (s77) + 5555 / (Vb — |Vb]) dArea

1
b=s (2—n)
)

= —(n— 2)Voo(sﬁ) + A(sé—7i — Vol(9B4(0)) .

L

Now by setting the integral equal to I, over the level set b = sT% in this time,
Theorem 4.2.3 gives,

1

——"
2(n—2)"

J'(s) = [A—(n— 2V (s77) = —

which is ().

4.2.2 Asymptotic Description of A(r) and V (r)

The next theorem give us information about the behavior of A(r) and V(r), as r
tends to infinity. It is also in substance, the first result that shows us how the ge-
ometry of a manifold affects the asymptotic behavior of Green’s function at infinity.
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Note that this result is in the opposite direction of Lemma 4.1.1, mentioned at
the beginning of this Chapter. We use a paper of Colding-Minicozzi ([7]) to calculate
this asymptotic description of A(r) and V(r) for manifolds with non-negative Ricci
curvature.

At first, we have from the Bishop-Gromov theorem that the function

_ Vol(B.(r))

fr) = Vol(BE(r))

is bounded (0 < f(r) < 1) and also decreasing in the radius r and hence the quotient
w converges either at 0, either at infinity. The last case is the interesting one
and thus we have the following definition.

Definition 4.2.6 On an n-dimensional Riemannian manifold (M™, g) we define®

the

1B
Vi = lim Vo—m(r) ,
r—00 rn

where Vol(B,(r)) is the volume of the geodesic ball centered at x € M of radius r.

This quantity is relevant, because as we know from the Bishop-Gromov theorem,
the volumes of the geodesic balls increase mostly like the Euclidean volumes of balls.
As such, we distinguish two cases:

When our manifold M has non-negative® Ricci curvature, then we say that:

- M has Euclidean volume growth, if Vj; > 0 which means that the geodesic
volume rises like Euclidean (r™)

- M has sub-Euclidean volume growth, if V3; = 0 which in turn means that the
geodesic volume rises with less speed than the Euclidean

Theorem 4.2.7 If (M",g) is a Riemannian manifold with non-negative Ricci cur-
vature, then

lim — ) _ (V—M) , (4.2.6)

r—o0 Vol(0B1(0)) ~ \ Vol(By(0))
I T
M B (0)) (Vol(Bl(O))) ’ 20

Proof. We first observe that in both the left sides of the two claims above, the
asymptotic behavior at infinity of A(r) and V(r), is directly related to Vs on the

3You can also see ([6], p 14).
4Note that for the Hyperbolic space, we have Vj; = oo .
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right sides of these two equalities. By the Bishop-Gromov volume comparison the-
orem, if r > ry > 0, then

Vol(B,(r)) _ Vol(B,(ro))
Vol(BE(r)) — Vol(BE(rg)) -

Now, when k = 0, and then M}’ = R", we get that

Vol(Ba(r)) _ Vol(Bu(ro))
r"Vol(B1(0)) = r2Vol(B;(0)) ’

which implies
r~"Vol(B,(r)) < rg"Vol(B,(ro)) -

Then, by the Li-Yau ([9]) lower bound for the Green function,

[e.e]

C’d(/) mds < G(z,y) . (4.2.8)

More precisely, by Theorem 5.2 in [9], we have that there exist constants a,b de-
pending only on n, such that

[e.o] o0

o / VLB, (VE))dt < Gla,y) < b / VLB, (VD) )dt |

2 2

T T

where 7(z,y) is the distance function and B,(v/t) is a geodesic ball of radius v/,
centered at some x € M.

Therefore, straightforward computations and the Bishop-Gromov inequality, give
(4.2.8). It follows that if d(x,y) > 0 then,

rg C
e S :
G(r,y) > Vol(B. (r0)] (z,)
Indeed, this happens since
S s Ty
G > C ———ds> C 0 d
(z,y) > / Vol(B,(s)) 5= / s™ Vol(B,(ro)) o
d(z,y) d(z,y)
and the last is equal to
Cri . i 1
— 1 "ds .
Vol(B,(rg)) avee | & %
d(z,y)
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Note that this lower bound for the Green function is global on M.

Now by the Cheng-Yau [4] gradient estimate®, we have that on a complete Rie-
mannian manifold M™ n > 2, with Ric > —C and K > 0, if u is a positive harmonic
function in a geodesic ball B,,(r) C M, then

\Y
Nul vk,
u
holds in B,,(3), where ¢, depends only on the dimension n.

This estimate applied to the harmonic function G, and setting I = 0, implies
that at such a y, into the ball B,(5), with § < d(x,y) holds,

2—n
IVG(y)| <O IVb(yz | <&
G(y) r by)>— r
= (2= n)|Viogh(y)l < = |
and hence follows

|Vb| < @

for some constant C' = C'(n).

This, together with the fact that

b _ G < C [ry™ Vol(B,,(x ))]Tiz :

T T

implies
1

|Vb| = b|V1ogb| < C’% < C [ry" Vol(B,,(z))] =8 (4.2.9)

At this point, we will distinguish the following cases: First when M has Euclidean
volume growth and second, when M has a sub-Euclidean volume growth.

Then, if M has sub-Euclidean volume growth, i.e. V; = 0, (4.2.9) implies that
there exists o such that |[Vb| < C ( TO))"*Q, Vr > ro .This assumption together
with the fact that lim, () e [VO(x)| = 0 implies lim,(z) 00 SUPy)>, | VO(7)] = 0,

where it is assumed from the minimality of Green’s function that b(z) >r # 2,
implies
Alr) =" / |Vb|* dArea
b=r

STI_”/|VZ)| {sup|Vb|2} dArea
b=r

b=r

®You can also see ( [18], 4.6).
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o b>r

< rl_”/|Vb| dArea | sup |Vb|?
b=r

=I,(r) sup|Vb]* = 0,

b>r
as r — 0o. From this, (4.2.6) follows directly since,

lim Alr)

M olaB ()

The second claim also holds, by a similar argument. Indeed, since

V() =" / Vb|* dVol,
b<r
and by letting an arbitary ro > 0, we have that

V(r)y=r" /|Vb|4 dVol + / |Vb|* dVol

b<rg ro<b<r

<r™" / |Vb|* dVol + [sup |Vb|2] r " / |Vb|* dVol
b<rg b=ro b<r
1
_ h(”)) + 1(T) sup |Vb|2 )
rn n b>ro

Since h(rg) := [ |Vb|* dVol does not depend on r, we have

b<rg

I
lim V(r) <0+ A(r) sup |[Vb|? |

r—00 n bZTO
and by taking the limit as ry — oo on the both sides of the last inequality, we get

] Vol(9By(1)

lim V(r) < | lim sup|Vb|? =0.

—+00 |:ro~>oo b>ro n

Now, we suppose that M has Euclidean volume growth. We set w = Vol(B;(0))

and \ = [Y4]72. Then from (3.37) and (3.38) in [7], we have that ¥& > 0, 3R;
such that, for r > R = Ry,

HATD — 1| < dr
i) [ NAVEE = 1 <5 Vol (fo s bo) < 1))
b<r
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with A™'0 = r(1 + o(1)), when r — 0.
We wish to show that
N2V (r) —w| =0,
as r tends to infinity. Indeed, for » > R the Cauchy-Schwarz inequality together
with (4) implies

NPV (r) —w| = \r—"/ )\‘2|Vb|4d\/ol—r‘”/ [Vb|*dV ol
b<r

b<r

< 7“_”/ |A72|Vb]* — 1||Vb]*dVol
b<r

[7’"/ |/\2|Vb\2—1|rV(r)§

{Vol ({z: b(z <r})]5v<r>
s .

IA

1
2

| /\

| /\

Note that in the last inequality used the fact that [W] is bounded. This

argument follows from (7) and the Bishop-Gromov inequality, since
‘A‘lb — r| < or

implies that for ¢ large,

b<tpc{r< I

A1 —0)

and therefore

(t"Vol({b < t}))% < <t_"\/01({7“ < A(lt— 5)})> ’

< [t—nv01<30(1))< i ! )ﬂ

= (Vol(By(1)))? [A(1 — 6)]

This, combined with the fact that [Vb| is also bounded by (4.2.9), implies that V' (r)
is also bounded.
Consequently, we have (4.2.7) since

N2V (r) —w| =0,

as r — 00, or equivalently

2

lim 1 _ 52 = (V—M) T (4.2.10)

r—oo W w
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Now for (4.2.6), we consider 7o > 0 such that
WA —e<V(r) <wh\ +e,

for r > rg. This argument comes from (4.2.10).
We will use the following expession for V(r) :

T

Vir)=r_, / s"LA(s) ds .

0

Also we need the first monotonicity formula, which says that
[A(r) = 2(n = 1)V(n)] 2 0,

with the assumption for the Ricci curvature to be non-negative.

Thus, for » > ry, we have from Corollary 4.1.5 of first monotonicity Theorem,
that

A(r) > A(ro) +2(n — 1) [V (r) = V(ro)] > A(rg) — 4(n — 1)e, (4.2.11)
and then
V(r)y>r" /8”_1/1(8) ds + /sn_l (A(rg) — 4(n — 1)e) ds

C  A(rg) —4(n—1)e . A(rg) —4(n — 1)e

as r — oQ.

This implies that for ry — oo and € — 0,

wA? = lim V(r) > Alro) = 4n = 1)e ;

r—00 n
and it also follows that
. WA?
limsup A(r) < — .
r—00 n

From (4.2.7) and the first monotonicity formula, the limit of A(r) at infinity
exists.

Finally, we have again by the second expression of V(r), that

lim A(r) =n lim V(r) ,

T—00 r—00
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and N
lim A0 _ n e e

=00 Qp—1 Op_1

which is (4.2.6). O

From the above Theorem and (4.2.5), the following characterization of Euclidean
space as the only manifold with non-negative Ricci curvature where V, is bounded
follows directly.

Corollary 4.2.8 Let M™ be a manifold with non-negative Ricci curvature. Then
inf Vo > —o0
if and only if M is Fuclidean space.

Proof. The opposite direction of this equivalence is direct, because when M is the
Euclidean space, we obviously have that V,, = 0 and hence

inf Vo > —o0 .

Now, for the right direction, we suppose that M is not the Euclidean space and we
expect to show that inf V, = —o0.
For this purpose, we will use a classical argument from Comparison Geometry :

Lemma 4.2.9 If for the Ricci curvature of a manifold M holds Ric > 0, then
Vi
— <1
Vol(B1(0)) —
with the equality holds if and only if M is the Fuclidean space.

Proof. Since M is not the Euclidean space, Bishop-Gromov theorem allows us to
choose an arbitrary ry such that

Vol(B,(r9)) <1

Vol(BE(rg)) 17 >0

Note that when k = 0, i.e. we are in the Euclidean space, B¥(rq) = By(r) is a ball
with radius ry. Thus we have that

Vol(By(r)) _ Vol(By(ro)

= 1
Vol(BE(r)) = Vol(Br(rg)) <
and v Vol(B, (r))
M . @) z\T
g YOUBR)
Vol(Bi(0)  rom Vol(Bo(r)) = =~ 7
when k£ = 0.
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Now, from (4.2.6) we have,

: A(r) Vi =2 g
1 = <crz 1.
r0 Vol(9B; (0)) [v01(31<0)) =
Therefore, there exists an r; > 0 such that Vol(‘ggl)(o)) < Cﬁ;“ = ¢ < 1, for each
r>rnr.
Now we have,
Vao(r) = Voo (1) +/Vo’o(t) dt
T1
P A(t) -1
= Vio(r1) + Vol(8B1(0)) / % dt
T1
f d—1

1

— Vao(r1) + Vol(8B; (0)) (¢ — 1)(logr — log 1) .

Letting » — 0o, we have the result.

4.3 The L operator and estimates for b

Define a drift Laplacian on the manifold M by

L.
= div(G*Vu)

= Au+ G *VG*Vu
= Au+2(Vlog G, Vu) .

Lu

The next Lemma is useful for proving results which apply to 3- as well as to 4-
manifolds. To prove this, we will need Lemma 4.2.1 together with the £ operator.

Lemma 4.3.1 Let M™ be a Riemannian manifold with non-negative Ricci curvature
and G be a positive harmonic function defined as before by b>~™ = G. Then we have

i) L|Vb]? = 1 <|Hessb2 — A—b2g|2 + Ric(Vb? VbQ))
2b? n ’ ’

i) L£b* =2(4—n)|VbJ*,

iii) Lb"2=0.
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Proof. Since
LIV = A(|VH]*) +2(V1og G, V|V ,

we have from Lemma 4.2.1 that the first claim holds if and only if

2(Vlog G, V|Vb|*) = b"%(2 — n)(VV?, V|Vb*)
& b HGFGTIVE, V|VD?) = (Vieg G, V|VD?) |

which obviously holds.

The second claim follows from straightforward computations, using the fact that
Ab? = 2n|Vb]%. Finally, since V"2 = VG~! = —G"?V(@ and G is harmonic, we
have

Lb"7? = G72div(G*V"?)
= G 2div[G* (-G VG|
=-G?AG=0.

O

From this Lemma it follows that on a manifold with non-negative Ricci curvature

Hessyz is a multiple of the identity, at a maximum for |Vb|?. This is because, since a

smooth function v has a maximum at p € M, it follows that Vu(p) = 0, Au(p) <0

as well as Lu = Au + 2(V1og G, Vu) = Au. Now for u = |Vb|? and since the Ricci
curvature is non-negative, we have that

1

2\ _ 2 _ _~
0> A(VP) = LIVH! = o

AY?
<|Hessbz - —g}Z + Ric(Vb?, Vb2)> >0.
n

This implies immediately that

Ab?
Hesspe = —g (4.3.1)
n
and
Ric(Vb?*, Vb?*) =0 . (4.3.2)

Then (4.3.1) in turn implies that at a maximum point of |[Vb|? we have

2n|Vb|?

n

g =2|Vb|*g .

Hessy: =

The first two inequalities of the Lemma are proven assuming that G is the Green
function, whereas the third inequality holds for any positive harmonic function G,
with é proper.
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Lemma 4.3.2 On a manifold with non-negative Ricci curvature, if x € M s a fived
point and r is the distance to x, then we have

i) b<r,
i) |V <C=C(n),
iii) L|Vb]*>0.

Proof. The last claim was used as an intermediate argument in the proof of a
previous Lemma and therefore it applies here since we have the same conditions for
Ricci curvature.

To prove the other two claims, observe first of all that by the Laplace comparison

theorem®, we have

ArP" = (2= n)r' " Ar 4 (2 = n)(1 = n)r "V
> —(n=2)r" "(n—1)r "+ (n=2)(n—1)r ™"
=0,

and then since f(0) = 0, with f :=r*™ — G and limsup, _, ., f < 0, we have
M- G<0,
by the maximum principle. Therefore, on such a manifold one has
b<r,

which is the first claim.
For the second claim, we have from an intermediate result of Theorem 4.2.7,
based in the Cheng-Yau gradient estimate, that

bV logh| < C Gz |

for some constant C, which depends only on the dimension of the manifold. This

implies that

b C(n)
r

IVb| < < C(n) (4.3.3)

and from (7) we have the result.
O

The following Lemma connects the derivative of I,(r), where u is a smooth
function, with the £ operator applied on u. The result of this Lemma will be used
to study the monotonicity of I,(r), when u is bounded from above.

6For the Laplacian comparison theorem see Appendix 6.3.
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Lemma 4.3.3 Let M™ be a manifold and suppose that v : M — R is a smooth
function. Then for ro > 1ry > 0,

I (ry) = riy3r3 "L (ry) + 753 / G?Lu dVol . (4.3.4)

r1<b<r2

Proof. Observe first that,

P (ry) = ¥ e / u, dArea

b=r1

u

= ry 33T () = vy e / u, dArea .

b=r1
Now for ro > r; > 0, we will get the desired result by calculating the difference
I (ry) —ry 2 / G?Lu dVol .
r1<b<ro
So we have

ry " / Au dVol — 7§~ / G?Lu dVol

b<ro r1<b<r2

= 3" / U, dArea — 33 / div(G*Vu) dVol

b=ro r1<b<rg

= r%_” / Uy, dArea—rg_?’ /G2un dArea — / G?u,, dArea
b=ro b=ro b=r1
o n—3..4—2n
= ry °r] /un dArea .
b=r1

a

Corollary 4.3.4 Let M™ be a manifold with n > 3 and suppose that u is an L-
subharmonic function that is bounded from above. Then

L(r)=r'"" / u|Vb| dArea

b=r

18 NON-INCTeAsing.
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Proof. Since u is an L£-subharmonic function, we have that Lu > 0. Then it follows
from Lemma 4.3.3 that for ro > r; > 0,

I(ro) > vy} "0 (ry)

As wu is bounded from above, I, is also bounded from above. Now, recall that as
r— 0,

r" / 1 dVol — Vol(By(0)) ,

b<r
as well as
|Au| < C .
Hence, by the triangle inequality, we have
] < i / Au| 0, (4.3.5)
b<r

asr — 0.
Eventually we conclude that the function 1,(r) is non-increasing with respect to
r, i.e.

Il(r)<0.

To see this, suppose I/, (1) > 0 for some 7y € R and integrate I,,(r) > r" 33 "I’ (ry),
on [rg,00). This gives a contradiction, since by hypothesis u and therefore I, is
bounded.

O

The next Corollary gives us the expression of I} (r) on 3 and 4-manifolds.
Remark: For a smooth function u : M — R we have that
. . / o
7) 71ﬂl_r>r(1) I(r) =0 and
[/
i) lim Lulr) = Vol(B1(0)) Au(z) .

r—0 r

For the second claim, we have

I/
lim Lulr) = limr ™" / A, dVol = Vol(B1(0)) Au(x) ,
r—0 7 r—0

b<r

where the last equality holds from Lemma 4.1.1.

Corollary 4.3.5 Let M™ be an n-dimensional manifold and suppose that the func-
tion u : M — R, is smooth. Then

i) if n=3, I,(r) = /G2 Lu dVol and

b<r
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i) if n=4, I'(r) =r Vol(0B1(0)) A,(x) +r / G? Lu dVol .

b<r

Proof. The proof follows directly by the Lemma 4.3.3, together with the above
remark, both for cases n = 3 and n = 4.
O

4.4 Third Monotonicity formula

Corollary 4.4.1 On any Riemannian manifold (M",g) with non-negative Ricci
curvature and n > 3, we have that A(r), V(r) and Vy(r) are non-increasing func-
tions with respect to r and bounded from above by the same bounds as on R™. We
have also that A(r) < nV(r).

Proof. By Lemma 4.3.2 we have that |Vb[?* is an L-subharmonic function, i.e.
L|Vb]? > 0. Hence by Corollary 4.3.4, since I,(r) is non-increasing function in 7,
we have that

A(T) = [|Vb\2(r> R

is also non-increasing. Moreover, since A starts off at what it is in Euclidean space
by Lemma 4.1.1, we get the first claim, that is the generalized normalized Area A(r)
is a non-increasing function and is bounden from above by the constant Vol(0B;(0)).

Now, since the function F'(r) in the First Monotonicity formula, is non-decreasing
(with our assumptions), we have that

A'(ry>2(n—1)V'(r) .

This, together with the fact that A’(r) < 0 Vr, proves the claim also for V (r), since
it starts being equal to what it is in Euclidean space, by Lemma 4.1.1.

Finally, the Second Monotonicity formula gives us that when Ricci curvature is
non-negative, then the U(r) function is non-decreasing, i.e.

A(r) > (n = 2)VL(r) .

Hence V() is non-increasing in r. For the upper bound of this second volume of
balls, we have from the second claim, together with Lemma 4.1.2 that

CA() —n V)] <0

|

For the next Theorem, which is the Third Monotonicity formula, we will need
Lemmas 4.3.1 and 4.3.3.
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Theorem 4.4.2 Let (M",g) be an n-dimensional Riemannian manifold. Then for
ry > 11 > 0 we have

1 Ab?
A () A () = / (\H — —g|" + Ric(V#?, w?)) b~>" dVol.

r1<b<r2

This implies that, when the Ricci curvature on a M"™ is non-negative, then the
function
U(r) =r*"A(r),

will be non-decreasing in r.

Proof. For ry > r; > 0 and by multiplying (4.3.4) in Lemma 4.3.3 with 75", we
get
ry "I (ry) = i () + / G?Lu dVol . (4.4.1)
r1<b<ro
Now, since

Ligop=(r) = A'(r)
it follows from (¢) of Lemma 4.3.1, that

1 AY? 2
/ G?L|Vb|* dVol = 5 / (’Hessbz - Tg|2 + Ric(Vb27Vb2)> & dVol

b2
r1<b<ry r1<b<r2
1 Ab?
=3 / (|Hessb2 - _bg|2 + Ric(VbQ,Vb2)) b>~2" dVol.
n
r1<b<rg

Then the claim follows directly from (4.4.1).
O
The first consequence of the Third monotonicity formula is the following Corol-
lary, in which we will present a different expression of A(r) (compare to the one
we had at first monotonicity formula; here the integration occurs over the level sets
{b > r}). More generally, the assymptotic description of A(r) and V(r), is the one
that urged us to study what happens in supplements of the level sets {b < r}.

Corollary 4.4.3 If M™ is a Riemannian manifold with non-negative Ricci curva-
ture, then

Tn—3

Ab?
Ar)=— / (|Hessb2 — 79\2 + Ric(Vb?, vzﬁ)) b> 72" dVol .

2
b>r
Proof. Firstly we note that since G is minimal, we have {b > r} # @.
By letting r, — oo in the above Theorem, we easily have that r5 " A’(ry) = 0.
Hence the claim follows, for every r > 0.
O
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Corollary 4.4.4 Let (M3, g) be a 3-dimensional Riemannian manifold. If |Vb|? is
C? function in a neighborhood of v € M, then

1 Ab?
Al(r) = -5 / (\Hessbz — Tbg\z + Ric(VbQ,VbQ)> b=* dVol .

b<r
In addition, if M has non-negative Ricci curvature, then M is flat R3.

Proof. The first claim follows easily from Lemma 4.3.1, Corollary 4.3.4 and (i) of
Corollary 4.3.5.

To prove the second claim, note first that A’(r) = 0 since A(r) is non-increasing
function in 7. Hence A(r) is constant from Corollary 4.4.1, together with the first
claim. From this, as we have already seen, it follows directly that

Ab? , 5 o
Hessy: = — 9 and  Ric(Vb*,Vb*) =0.

This in turn implies that M is flat R3.
O

Corollary 4.4.5 Let (M*,g) be a 4-dimensional Riemannian manifold. If |Vb|? is
C? function in a neighborhood of v € M, then

2

b<r

Ab?
A'(r) = r Vol(dB1(0)) A|Vb(z) + - / (\Hessbz - 79\2 + Ric(Vb?, Vb2)> b°

dVol .

Proof. The proof follows with similar arguments as in the case of 3-dimensional
manifolds. However, in this case the second claim of Corollary 4.3.5 will be needed.
O
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Chapter 5

New gradient estimates for
Green’s function

5.1 Sharp gradient estimates for the Green func-
tion

In this section, we will show how the monotonicity formulas we have studied so far
are related to a sharp gradient estimate of the Green function. This will introduce
later various results obtained from this sharp gradient estimate. As mentioned by
Tobias Colding in his paper (see [5]), the correlation of our monotonicity formulas
with this sharp gradient estimate for the Green function, which we will see below,
is parallel to the fact that Perelman’s monotonicity formula for the Ricci flow is
closely related to the sharp gradient estimate of Li-Yau ([9]) for the heat kernel.

Theorem 5.1.1 If (M™,g) is any n-dimensional Riemannian manifold, with n > 3
and non-negative Ricci curvature, then for the function b, as defined above, it holds

ESS

Moreover, if equality holds at any point on M, then M is the flat Fuclidean space
R"™.

Proof. From (i ) of Lemma 4.1.1, we have that

lim sup [[Vb]* — 1| =0.
T—)OaBr(x)

That is,

Ve > 0, 3 rg such that sup HVb|2 — 1‘ <e,Vr<rg.
8B, (x)

We assume that r > 0 is sufficiently small, so that

sup |Vb]* <1+e,
OBr(x)
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where B,(z) a geodesic ball. Also we have from Lemma 4.3.2 that
Vb < C=C(n) .

We consider the set {z : b(x) = R}, with R big enough and the smooth function
w: M\ {z} = R, with

bn_Q(l’)
Rn—2

w= Vb = (1+¢) - C*(n)

Then, we have
sup u<O0.
OBU{z:b(x)=R}

Moreover, since M has non-negative Ricci curvature, Lemma 4.3.2 again gives that
Lu>0.

By the maximum principle for the £ operator! applied to u, we have for a fixed
y € M\ {z} that

u <0 in theset {z:b(z) < R} \ B,(x)

or, equivalently

" (y)

Rn—2 ’

Now letting ¢ — 0 and R — oo, the expected inequality follows; it gives a global

gradient estimate for b on M, i.e. ,

b
IVO)2(y) < 1+ e+ C*(n)

Vb <1.
We suppose that the function |Vb|? achieves its maximum value, i.e. ,
[Vo[*(p) =1,

at some p € M. From the proof above, |[Vb> < 1 and £|Vb|? > 0. From these, it
follows by the strong maximum principle this time, that

Vb =1,

everywhere in the manifold, and thus from the first claim of Lemma 4.3.1, we get

that
Ap? : 2 72
Hessyp = —¢g and  Ric(Vbh*,Vb*) =0 .
n

I'Note that the maximum principles for the £ operator are the same with those for the Laplacian
one, since they differ in first-order derivatives.
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Now, a paper of Cheeger-Colding ([2]) in chapter 1, implies that M is a metric cone
and that the function b is the distance to the vertex. These, together with the fact
that the euclidean space is the only smooth cone, we get the claim.

O

At this point we will give a second proof of the above theorem. To do so, we will
use the maximum principle for the Laplace operator applied to the function w.

Alternative proof of the sharp bound for the gradient of b:
We have again by (i7) in Lemma 4.1.1 that for a given € > 0, we may choose r > 0
sufficiently small such that

sup |[Vb? <1+e.
OB, (x)

Also, by choosing R > 0 sufficiently large, together with the fact that for
r—oo = G—0,

we get

supG < €.
9Br

Here, C' is the gradient bound for b, given by Cheng-Yau gradient estimate. We
consider a fuction u as follows

u=|Vb’G — (14 ¢)G — C*(n)e .
Then

sup u<O0.
OB,U{z:b(z)=R}

Now, by Lemma 4.2.1 and since G is harmonic,
Au=A (|Vb|2G) >0,

by Lemma 4.2.1. Thus, by the maximum principle for the Laplacian of u, the
function u must be non-negative for each y in M \ {x}.
Hence we have at such a fixed y, that

u(y) <0 & [[VbP(y) — (1+€)] Gly) < C%c.

Letting € — 0 and since G(y) is non-negative, we have the inequality.

Remark. The argument in the proof of Theorem 5.1.1 in fact gives that
sup |[Vb|?
b=r

is a non-increasing function of r.

This observation is generalized in the following theorem.
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Theorem 5.1.2 Let Q2 be an open bounded subset on M containing x. Then, for
ally e M\ Q,
[Vb[*(y) < sup [Vb[* .
onN

Moreover, strict inequality holds unless M is isometric to a cone outside a compact
set.

Proof. The proof follows in the lines of the previous proof. We define

u = |Vb|*(y) — (sup |Vbh|* + €)G — C%¢ ,
o)

and repeat all the arguments mentioned above.
O
Now we can write the sharp gradient estimate of Theorem 5.1.1 in terms of G.

Corollary 5.1.3 If (M™,g) is any n-dimensional non-parabolic Riemannian man-
ifold, with n > 3 and non-negative Ricci curvature, then for the Green function G,
we have

VG| < (n—2)Gn= .
Proof. We have directly from the inequality in Theorem 5.1.1, that

Vol _

| 5VG] = [Vlog Gl = (n ~ 2)|Vogh| = (n ~ 21 < (n - 27

Thus )
VG| < (n—2)Gn2 .
O
Another immediate Corollary of the sharp gradient estimate for the Green func-
tion is the following, in which we will try to compare the volume of the sets which

are defined via the level sets of the function b, with the volume of balls that we have
in Euclidean space, respectively.

Corollary 5.1.4 If M™ has non-negative Ricci curvature with n > 3, then, for all
r > 0 we have

i) Vol({z :b(z) =r}) > Vol(0B,(0)) ,

T

ii) Vol({z:b(z) <r}) > /Vol ({x : b(x) = s})ds > Vol(B,(0)) .

0

Proof. By the sharp gradient estimate and the fact that [;(r) is constant as a
fuction in r, we get

Vol ({x : b(x) =7}) = / 1 dArea

b=r
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Z/\Vb| dArea
b=r

= 7‘"_1[1 (T)
= " Wol(9By(0)) = Vol(dB,(0)) .

For the second claim, by using the co area formula we have

Vol ({z : b(x) < r}) = / 1 dVol

b<r

> / V| dVol

b<r

f b
= / % dArea ds

0 b=s

= /Vol({:v :b(x) = s})ds

0
r

> / Vol(9B,(0)) ds = Vol(B.(0)) .

0

5.2 Sharp asymtotic gradient estimates for the
Green function

In this section we show a sharp asymptotic gradient estimate for the Green function
on manifolds with non-negative Ricci curvature.

Theorem 5.2.1 Let (M™,g) be an n-dimensional Riemannian manifold, with the
assumption thatn > 3. If M™ has non-negative Ricci curvature, then for the gradient
of the function b we have

_1
VM :| n—2

lim  sup !Vb’:{m

5.2.1
T—00 M\BT(I) ( )

To prove this theorem, we will need the following Lemma that was initially proved
in [3] and was followed by a more complete description in Tobias Colding’s paper.
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Lemma 5.2.2 Let M™ be an open manifold with non-negative Ricci curvature and
let u: M — R be a positive supeharmonic function on B,(x), x € M. Then there
exists a constant C, depending only on the dimension of M, such that

1

W / u dArea < C u(x) .

8B, (z)

Proof. Let h, be the harmonic function on B,.(x), with the property

hT‘@BT(x) = “|aBT(x) :

Then by the maximum principle we get that h, is positive on B,.(x), since u is
positive on it.

Moreover, since u is also superharmonic on B, (x), we have that for h,

hr‘BT(x) S Ulp )

and thus
0 < he(z) <u(z).
Now, the Cheng-Yau Harnack inequality for A, applied on the ball B: (x), implies

that for some constant C' = C'(n), we have

sup h, < C inf h, <C u(x) .
By () By (z)

From Stokes’ theorem, and since h, is harmonic and positive on B,.(x), we have for
some s < r that

0= / Ah, dVol = / Ohy dArea .
B.(z) OB (x) ds

By using standard properties of the Lie derivative and the Cartan’s formula, we
have

E@(hr Z.a% wg):,C@(hr) i% wg—l—hr ,Ccr%(iag wg)

s s £

0 .
— a_shr dS +hrio Lo (wy)

0 :
= a—shr dsS + h, ZD%(AS wy)

= (ghr + h, As) ds .

Hence, we get by a standard computation that

2 </ h, dArea) = / h, As dArea + / (Vr,Vh,)dArea .
Js 0Bs ()
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Then, from the Laplacian comparison theorem we get that

—1
/ Ohy dArea > 2 (/ h, dArea) _n / h, dArea ,
OB (x) Js Js OB (x) S OB (x)

and equivalently,

8% <faBs(;,;) h dArea) — ol faBs(x) h, dArea
faBs(q;) h, dArea

<0 . (5.2.2)

For the left hand-side of the previous inequality, we have

(I1—n)s™ faBs(w) h, dArea + 51*"8% (faBs(w) h, dArea)
sl=n fBBS(z) h, dArea

/
= {log (sl_"/ h, dArea)} :
9B (x)

Therefore (5.2.2) is equivalent to the fact that for fixed r, the function

f(s) =log {31_"/ h dATea] :
OBs(x)

is non-increasing with respect to s.
All these impliy that,

1-n
7“1_"/ h, dArea < (C> / h, dArea
OB, (z) 2 OBz ()

1-n
> / 1 dArea Cu(x)
oB

r\ 1-

=C <§> "Vol (aBg(x)) u(z) .

Finally, combining Bishop-Gromov inequality with the last computation we get

the claim:
L / dA L / h, dA
_ u dArea = —————— - dArea
VOl(aBT(I) 9B, (z) VOl(aBr(l’) OB, (z)
Vol (835 (z))

< 2"Cnu(z) .

Now we are ready to see the Theorem’s proof.
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Proof. First we observe that in the case where M has sub-Euclidean volume growth,
the claim follows trivially: Both sides of (5.2.1) are equal to zero. Note that the left
hand side of (5.2.1) equals to zero, as this follows from the proof of Theorem 4.2.7

Now in the case where M has Euclidean volume growth, we consider as before
the geodesic ball B, (), centered at x € M and we set

L= sup |Vb]*.
M\B; (z)
We also consider the ball By, (x) and an arbitary point y € M\ By, (). Since G is
a positive harmonic function in the ball By, (y), we get for some constant C' = C(n)
that
sup G < C inf G,
By (y) By (y)

using Cheng-Yau Harnack inequality for the Green function.
Now for the function G(L — |Vb|?) we have

A[G(L = |VbP)] = =A(G|Vb]) <0,

with the last inequality following from Lemma 4.2.1, since the Ricci curvature is
non-negative. This, using Lemma 5.2.2, applied to the positive and superharmonic
function G(L — |Vb|?), on B,.(y).

Hence we get

1

2 —1 — 2 rea
T / (L= [VHf) dArea € e / G(L — |Vb2) dA

9Br(y)) 0Br(y))

< C(L—|Vb*)(y) -

We stress that the positive constant C' depends only on the dimension of M
(does not depend on 7) 2.
Then, for the average of L — |Vb|? on the geodesic ball B,(y) we have

1
S L — |Vb|?) dVol < C(L — |Vb|? ,
E Gy [ (T avel < Oz = [9h))
B’r‘(y)
since
L /(L—]Vb[Q) Vol — ;/ / (L — |Vb[2) dArea ds
Br(y)) 0 8Bs(y)

T

(L — Vb)) / Vol(9B,(y)) ds

0

1
= Vol(B,())

2See for completeness the Corollary 6.1, with A = R = 0, in [8].
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= C(L—|Vb]*)(y) .
Therefore, if we show that

1

—Vol(B,,(y)) / |Vb|* dVol —

By (yr)

(vatian) |

as r — oo, with y,. € 0Bs.(x), then we will have shown the claim. This is true,
because if we choose a sequence (y,,) such that

Vb2 (y,) — L = limsup |Vb|2(y) ,

Yy—0o0

then by setting (r,) = M, we get for r — oo that

0 < — / L — |Vb|?) dVol
VB J ETVD)
BTn(yn)
1
-7 - = / Vb|? dVol < C(L — |Vb|H)(yy) .
Vol (B, ()] V| (L —|Vb[*)(yn)

B7‘n (yn)
with the last tends to zero, as n — oo and therefore we get

2

L:(ﬁw'

So, we are left to show that the average of [Vb|? on all geodesic balls of radius r
2

centered at 0By, (x) converges to the real and positive number (—Vol(‘gf (0))) " In
7], (3.38) says that as r tends to infinity,

/ A2 — [Vb|?|*dVol = o [Vol({b < r})] |
b<r
N
where \ = <%) .

But the proof of the Theorem 4.2.7 shows that as r — oo,

/ A2 — |Vb[?|"dVol < / A2 — |Vb[2|*dVol
Br(x) b<2Ar
= o[Vol(b < 2)\r)]
= o[Vol(B,(z))] ,
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/ A2 — |Vb[2|*dVol = o [Vol(Bs,(z))] .

B3, ()
But now, for the y, defined above we have
Br(yr) g B3r(x) ) (523)
and also
B3r($) g BBr(yr) .
By the Bishop-Gromov Volume Comparison theorem we immediately get that
Vol(Bs,.(z)) < Vol(Bs,(yr)) < 5"Vol(B,(y,)) - (5.2.4)
Combining (5.2.3) and (5.2.4), we have
/ N2 |Vb[*|*dVol < / IA2—|Vb[2|*dVol = o [Vol(Bs,(x))] = o [Vol(B,(y,))] -
Br(yr) Bsr(z)

Therefore, by the Holder inequality we get as r — oo that

N Vol(B,.(y,)) — / |Vb|2dVol| < / |A% — [Vb[*|dVol

B, (y) By (yT)

VI

[N

< Vol(B,(y,)) / A2 — |Vb[?|*dVol

Br(yr)
= Vol(B,(y,)) o[ Vol(B, (y,))]2
= o[Vol(B,(y))] -
Then we have
1 9 2 Vr =
Vol (B, (1)) / IVo[Tdvel = A" = (Vol(Bl<0>>>

By (yr)

as claimed.
O
As before, in the sharp gradient estimate, we can write this as an asymptotic gra-
dient estimate for the Green function, which is in a sense, one of the most important
of our goals, in this thesis.
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Corollary 5.2.3 If (M™,g) is any n-dimensional non-parabolic Riemannian man-
ifold, with n > 3, then for the minimal positive Green function G, we have

. Ael {
lim sup =

n—

n = 2r5% 0B, () Gro?

Vi } =
Vol(B1(0)) '

Proof. The claim follows directly from the last Theorem, since

1
Vb = —— VG

1 -
n—2 Gnz

81



82



Chapter 6

Appendix

6.1 Bochner-Weitzenbock formula

As it is proved in ([14]), we have the following theorem, which is known as Bochner-
Weitzenbock formula.

Theorem 6.1.1 Let (M",g) be a complete Riemannian manifold. Then for any
function f € C*(M), we have

SAIVFP = [Hess P+ (V. V(AD) + Rie(V, V)
pointwise.

Proof: For a fixed point p € M, let { X3, ..., X,,} be a local orthonormal frame, such
that
(X, Xj) =0y, Vx, X(p) =0.

In terms of a local coordinates system {x!, ..., 2"} at p, the Laplace Beltrami operator

is defined by
1 0 L Of
A = — " K I .
d Vg Ozt (‘@ I 8%’2)
Using the fact that Hessian is symmetric, the classical Leibniz rule and properties
of the curvature tensor, we have

SAIVIE = A(TF V) = 5 37 XXi(VS, V) =
_ %in (Vx, VI V) + (V. Vx V) =
Y XAV VTS = 3K Hess (X, V) =
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n

= ZXi -Hessf(Vf, X;) = ZXi<VVf(vf)aXi> =

i=1 i=1
= Z<VX1VVf(Vf)7 Xz> + <VVf<Vf)> VX1X1> =
=1

_Z (X5, V)V, X3) +Z Vo Vx, Vi, Xi)+

1=1

n

+) (Vie,vn Vi Xi) . (6.1.1)

i=1
Here, the first term is by definition equal to Ric(V f, V f).
The second term of (1.1) is equal to,

n

D (VAVVLX) = (VX VS VysXy) =

=1

Y VHVX VLX) =YY (Vx VX)) =

=1 =1

VY Hessf(Xi, X;) = VF(AS) = (Vf,V(Af)) . (6.1.2)
=1

Finally, for the last term of (1.1) we have

n

D (Vix,wn Vi Xi) = 3 Hessf([X:, V], Xi) =

i=1

> “Hessf(Vx,Vf — VypXi, X;) = Y Hessf(X;,(Vx,Vf) =
=1 =1

Y AVXVEVAV) =) IV V=) Vx Vx|V =
=1 i=1 1=1

|Hessf|* . (6.1.3)

Combining (1.2),(1.3) and (1.4) the claim follows. Note that for R", the Bochner-
Weitzenbock formula becomes

1
FAIVI® = [Hessf|” + (V] V(Af)) ,
namely missing the curvature term.
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6.2 The Co-area formula on Riemannian mani-
folds

Co-area formula extends naturally from the Euclidean space to Riemannian mani-
folds as follows:

Theorem 6.2.1 Let (M,g) be a Riemannian manifold and f € CX(M) a fized
function. Then, for each h € L*(M) we have

[ = [ / Wcm (6.2.1)

where T'(t) := f~'({t}) ={p € M : f(p) =t} and dA(t) is the induced measure on
L(t).

Proof. By Sard’s theorem, the critical values of f have measure zero, so I'(t) is
an immersed (n — 1)—dimensional submanifold of M for almost all t € f(M) C R.
We also have that Reg(f), the set of all regular values of f, is an open subset of
R. Let (a, ) € Reg(f) and pick any fixed number ¢ € (a, ). Let ¢;—. be the flow
determined by the vector field |2 restricted to f~((a,b)), that is

d B Vf
E%—c(p) = W

IVf

and got_c(p)‘ =p, for any p € f_l((a,ﬁ)) .

t=c

Clearly, the mapping

O fHe) x (., 8) — [T (. B)  (p,) — D(p,t) == @r_e(p) ,
defines a diffeomorphism onto f~'((e, 8)). For all (p,t) € f~(c) x (a, 3) we have

f(@(p,¢)) = flpo(p) = f(p) =,

HHOw0) =i o) = (V)] =

Thus, for any (p,t) € f~!(c) x («a, B),

f(@(p,t) =t = ®(p,t) €T(?) .

Furthermore, ag—it) L T'(t) since ag_gt) = % is parallel to Vf and Vf is perpen-
dicular to I'(t). Since ® is diffeomorphism we can choose local coordinates (p,t)
on the open f'((a, 8)) € M where p € I'(¢t) and t € (a,8). Specifically, if

Gi;(t) (4,5 = 1,2,...,n—1) are the components of the metric on I'(t), we may write

‘ [ metric on I'(¢) 0 (G 0
g ffl((a,ﬁ)) - 0 metric on (I‘(t))L - 0 %_T‘Q .
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Thus, locally we have

dpg = +/det(gij)dxy A ... dx,_q N dt

\/] |2det(Gy(t))dxy A ... dxy—q AN dt

= ]— det(Gy(t))dzy A ... dxy—y A dt

ot
_ ’|Vf\2 ( det(Gy;(t))day A . ..dxn,l) A dt

and therefore, for any function h € L'(M) we have

hdp, = |Vf| /\dt:>/hdug // WdA t) Adt .

6.3 Laplacian Comparison Theorem

The Laplacian Comparison Theorem! is a fundamental result in Riemannian geom-
etry. It is directly related to the volume comparison theorem and also a special case
of the Rauch comparison theorem.

Theorem 6.3.1 Let (M™, g) be a complete Riemannian manifold with Ricci curva-
ture bounded from below by

Ric > (n — 1)k

for some constant k. Suppose p € M a fized point and we consider the distance
function r(x) be smooth. Then for any x € M, the Laplacian of the distance function
satisfies

(n — 1)VE cot VEr for k>0,
Ar = ¢ ol for k=0,

T

(n—1)v/—kcotv/—kr fork<0.

Proof. From the Bochner-Weitzenbock formula for any function f € C?(M) we
have

—A]Vf\2 [Hessf|* + (Vf, V(ASf)) + Ric(Vf, V).

For more details we refer to see [14].
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Now, letting f(z) = r(z) we get, outside the cut locus of p, that

0o 0

(AT) + RIC(E, E) )

0
0 = |Hessr|* + —
| | or
since |Vr| = 1.
We assume Aq, ..., A, be the eigenvalues of Hessr, and hence we have that A\; = 0,
with i € {1,...,n}, since the exponential function is a radial isometry.

By the Cauchy-Schwarz inequality, we have

[Hessr|? = AT + ... + A2
A1+ oo+ An)?
n—1
(tr(Hessr))2
n—1

(Ar)®

n—1"

>

Since we consider Ric > (n — 1)k, the last inequality together with the Bochner-
Weitzenbock identity, imply
Ar)2 9
r

n—1

If we let now u = ", we get from (6.3.1) that

w(Ar)  (n—1)

=D& T A

Ul

<~ >
wk+1 "~

E+1<0

Note that Ar — ”T_l when » — 0; thus u — r. Now, integrating the above
inequality, we get the claim.
O
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