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CONFORMAL FINITENESS

JIE QING
DEPARTMENT OF MATHEMATICS, UCSC

This is a lectures note for lectures delivered at ICTP for the workshop on the
development in nonlinear partial differential equations and their applications in
differential geometry.

1. INTRODUCTION

How do we understand a closed surface (M, g)? Take an isothermal coordinate
chart
(2, e|dz[*) < (M, g),

then compute
A

62u

K=

By Gauss-Bonnet formula, one knows the Euler number

(1.1) (M) = % /M Kdv,.

That gives us a pretty good idea what the surface looks like at least topologically.
Because we know that all closed surfaces topologically are just

S22, Stx St Stk S48t x St

and, if denote by g the number of copies of S x S' in M, the Euler number
x(M) =2-2g.

How do we understand a complete open surface (M, g)? It turns out that one
better considers complete surfaces satisfying

(1.2) / K|dV, < oo,
M

in other words, a complete surface with finite total curvature. Cohn-Vossen [CV]
showed that a complete surface M with analytic metric and finite total curvature
satisfies

(1.3) /M KdA < 2my(M).
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One should realize that the underlined issue here is finiteness in topology. Huber [H]
later extended this inequality to metrics with weaker regularity. More importantly,
Huber proved that such surface M is conformally equivalent to a closed surface with
finitely many punctures. We will call each noncompact component associated with
a puncture by an end for M. The deficit in formula (1.3) has an interpretation as
an isoperimetric constant. For a complete surface with finite total curvature, one
may represent each end conformally as B2\ K for some compact set K and consider
the following isoperimetric ratio:

_ o L)
(1-4) v=lm 4 A(r)

where L(r) is the length of the boundary circle 9B, = {|z| = r} and A(r) the area
of the annular region B(r) \ K. For a fairly large class of complete surfaces Finn
[F] showed that,

(1.5) (M) — -2-1-7; /M Kdvy =3 v,

where the sum is taken over each end of M.

what an analogue of the surface theory exists in higher dimension? To start, for
a closed LCF 4-manifold with positive scalar curvature, one knows, by a result of
Hamilton [Haj, that they are all diffeomorphic to

(1.6) S, 81 x 83 St xS3...48t x §°
if we neglect any torsion in the fundamental group. Therefore, again, Fuler number

x(M) is 2 — 2g, here g is the number of copies of S x §3. Moreover, in the light of
locally conformal flatness, one can take a local conformal coordinate chart

(@, e™|dzl|”) € (M, g),

and compute

Ay
(1.7) Q=—
e
By Chern-Gauss-Bonnet formula,
(1.8) (M) = -~ / Qav,
. X - 871-2 M g

Thus we have a pretty good grip on closed LCF 4-manifolds with positive scalar

curvature. Now the question is, what are the complete LCF 4-manifolds with pos-

itive scalar curvature that correspond to complete surfaces of a finite number of

ends? In this note we will introduce and develop our approach to give a rather

complete answer to that question. The organization is: in the first lecture we study
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the asymptotic behavior of a simple end and show that such end is conformally
equivalent to a puncture under certain condition similar to that the total curvature
is finite in two dimension. Then in the second lecture we will try to give a full
generalization of surface theory mentioned in the above in four dimension. When
the fundamental group of the underlined LCF 4-manifold with nonnegative scalar
curvature is nontrivial, it is a Kleinian group through the holonomy representation.
It turns out that the finiteness of the holonomy representation of the fundamental
group plays an important role in our understanding of conformal finiteness. We
therefore will introduce a notion of conformal finiteness for a Kleinian group and
show that conformal finiteness is equivalent to the finiteness defined in the study of
hyperbolic spaces.

The materials covered in this note are mostly from a sequence of joint works with
Alice Chang and Paul Yang [CQY1] [CQY2] [CQY3]. The recason that this note is
entitled as conformal finiteness is to encourage to consider our works rather a start
of the study of conformal finiteness in general.

2. ON A SIMPLE END

Our motivations are twofold. Firstly we are searching for the analogue of the
above mentioned result of Finn (1.5). Secondly we would like to find a geometric
interpretation of the fourth order curvature (). Here we take the initial analytic
step and study complete conformal metrics e?*|dz|? on R*.

2.1 Spherically symmetric cases

To start we consider a metric g = e?*|dz|* where u is a radial function, i.e.
u{z) = u(lz|). For convenience we use the cylindrical coordinates to rewrite the
equation (1.7) as

d? a., 0% o}
S 2 ) (e + 2w = Qe
Ge ~ 25 e T2 =19
where |dz|? = e?*(dt*+gg2), w = u+t and t = log |z|. Let us define the isoperimetric
ratio as

(2.1)

v (s)

(2.2) ¢s,4(5) == (1vol(S3))3v4(s)

where
va(s) = vol({t < 8}) = VOI(S?’)/_ et dt

and 1 1
’US(S) = ZVOI({t = 5}) — ZVO].(SS)BSU)(S),

When both vy(s) and v3(s) tend to infinity as s tends to infinity, we have, via the
L’Hospital’s rule,
(2.3) lim ¢34(8) = lim w/(s).

8

§—00 — 0
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Now let us digress to discuss Chern-Gauss-Bonnet formula for 4-manifolds with
boundary before we continue. Let us begin with Gauss-Bonnet for surfaces (M?2, g)
with boundary

(2.4) x(M?) = / Kdvg+i kdoy.
27 Jom

We know that @@ curvature is an analogue of Gaussian curvature in dimension 4
in Chern-Gauss-Bonnet (1.8), what is the analogue of the geodesic curvature k in
(2.4) in dimension 47 It was discovered in {CQ] that, for a 4-manifold (M, g) with
boundary, there indeed is a curvature

(2.5) =29 in . L+ ims. TrL3+1AH,

20n 3 3
where .JJ = %R, R is the scalar curvature, L is the second fundamental form of M
in M, H is the trace of L, Gog = Rangn is & part of the Riemannian curvature
tensor, n is the outgoing normal direction and A is the Laplacian on the boundary
OM. Moreover we also have a third order operator Ps on (M, M) such that

(2.6) Pslgl¢ + Tg] = T[e**gle™
and
en xOD= g [ GWE Qi [ (@D,

where W is the Weyl curvature and £ is a boundary curvature that is point-wisely
conformally invariant just like W and measures the umbilicality of OM.

Back to our discussion of the metric €**|dz|? on R*, applying formula (2.7) we
have

8mix({t < s}) — Qe*dx = 2/ Te*dy,
t<s s=t

where, by (2.6) with the background metric as the Euclidean cylindric coordinates,
we have

(2.8) TeY = Pyw = ~—%w’" —w' + 2w
So
29 X{t<sh-gm [ @etvds=u/(s) = 19 + 20 ().

Notice that vol(S®) = 272. We would like to show that, under suitable conditions,

(2.10) lim w"'(s) = lim w"(s) =0
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and (2.3) holds in general. Thus we turn to study the behavior of w. For conve-
nience, we denote Qe** by F. Equation (2.1) is equivalent to the following ODE

(2.11) V" — " =F, —cc<t<oo

where [%_|Fidt < co. Our strategy here is to have special solution v such that

£ o0
v'(t) = é{e"%/ F(z)e**dx — ezt/ F(x)e " dx
(2.12) o0 :

b (K1 — Ka) + /t " Pla)de — / Fa)da}

— 00

where
t

(2.13) K; = lim th/ F(z)e™**dz, ngtlim e~2t/ F(z)e*dx.
t o

t——o00 —00

Then let
w(t) = ¢g + 1t + cae ™% 4 cze®t + u(t)

for some constants c¢g, c1,c2,c3. Then we can fix those coefficients under suitable
conditions. For example, we easily prove

Claim A. Kl = K2 =0.
Proof.

¢
e"zt/ F(x)e**dz
T ¢
:e_zt{/ F(m)ezxdx-i—/ F(z)e**da)}
—0o0 T
ge"z(t"T)/ |F(x)|dm+/ |F(z)|d=
T

— OO0

So Ko =0, if take T' = %—t for instance. On the other hand,

e%] F(z)e **dx
¢

ey /t Y o) e+ / " Pla)e2dz)

T
T o0
< / P (2)|dz + 20T / |F(2)|de
— 0 — 0
Similarly K7 = 0, again, take T = Zt.



Claim B. ¢; = 0.

Proof. First from (2.21), one sees that v”(¢) is of lower order than ™% as t — —oc.
Secondly,

w'(t) = ul r* +ulr
is also of lower order than e~2f as t — —oo. Therefore it is easily seen that ¢, = 0.
Claim C. v"(t) — 0 and v"'(t) — 0, as t — oo.
Proof. This is a consequence of Fact A.

Claim D.

and

lim 2'(t) = i/OQ F(x)dz.

Proof. Again, these are consequences of Fact A.
Therefore

Claim E. ¢; =1- 3% [%_F(z)dz.

Proof. Since v/(t) — 1 as t — —o0.

Let us study a simple example before to handle the e?* term.

Example. Consider v = e?*. Then Q =0, and the metric e2""*) gy is complete at

infinity. Moreover it can be easily smoothed out at the origin. What we see from
this example is that we can’t expect the term e* dropped without any additional
condition.

Claim F. Suppose, in addition, that the scalar curvature is nonnegative at infinity.
Then c3 = 0.

Proof. This is a consequence of the transform formula for the scalar curvature. Let
us denote by R the scalar curvature. Then on the cylinder we have

1
——UH . (U/)Z + 1 = aReQU’

Then from what we know about w, it is easily seen that ¢z has to be zero.

Another way to eliminate the e?* term is to assume some growth condition on @
or . In summary we have
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Theorem 2.1. Suppose that u is a radial function on R*, and that €*“|dx|? is a
complete metric satisfying

|Qle*¥dx < oo
M

and scalar curvature nonnegative at infinity. Then

1 ” .
(2.15) x(R*Y) — 57 /s Qe*dr = Jim w'(t) > 0.
Therefore
2.16 RY - e = c34 >0
(2.16) x( )“'é;_;é' R4Q€ T =c3q42>0.

2.2 Normal meirics

Next we consider (R*, €2*|dx|?) in general. For this purpose we introduce a notion
of normal metrics as Robert Finn did in dimension 2. We will always assume that

(2.16) / 1Qle*"dzr < o
R4

where Q = e™*¢ A%y,
Definition 2.2. A conformal melric e**|dz|? salisfying (2.16) is said to be normal
if
(2.17) u(zr) = —-L/ log —-—&Q(y)e““(y)dy +C
872 Jpa |z —yl

for some constant

Clearly the expression on the right side of (2.17) is one solution to
(2.18) APy = Qe*®.

But, there are many other rather nasty solutions to (2.18). In other words, to be
normal the asymptotic behavior of a metric is rather restricted. As before, one
defines, for (R4, e?*|dz|?),

(2.19) vg(r) = /B T etdr,

(2.20) va(r) = 1 /63 e3vdo(z),

and c3 4 as in (2.2). In the following, we will adopt some techniques used by Robert
Finn in [F] to compare vy(r),vs(r) with 04(r), 03(r): the volumes for the metric
e?%|dz|? which may be considered to be the average of the metric e?*|dx|?, where
4 is defined as:

1
U= —F—mr~ d .
= B o, ")
Namely,



Lemma 2.3. Suppose that the metric €**|dx|? on R* is a normal metric. Then,
for any number k > 0,

1
9B;| Jos,

(2.21) eFdo(x) = e*teol),

where o(1) — 0 as r — oo.

The proof of this lemma is very technical and heavily relies on the fact that
e?¥|dz|? is normal. As a direct consequence we have

Corollary 2.4. Suppose that the metric e**|dz|* on R* is a normal metric. Then

(2.22) vz(r) = v3(r)(1 + o(1)),
and
(2.23) %V;l("") = (%1/4(7"))(1 +o(1))

We now study the metric which is an average of the metric e?*|dz|? on R* over
the spheres 0B,.. For convenience, we would like to use the cylindrical coordinates
again. Then @(r) = @(e?), and w(t) = @(r) +t. As we have seen in Section 2.1, w
satisfies

1

2.24 vt = Qettdo(z) = F(t), —oo <t < o0
(2.24) vol(0B,(0)) Jag, (o) (=) 0
with

o . 1 Ay . 1 4u
(2.25) /_OO F(t)dt = ol S Qe™dx = 53 /R4 Qe™dx
and
(2.26) / F)ldt< = [ Qe dr < oo

—00 27'(' R4

Lemma 2.5. Suppose that (R* e?“|dz|*) is a complete normal metric. Then its
averaged metric (R*, 2% |dz|?) is also a complete metric.

This is basically a consequence of Lemma 2.3. Because

1 _
wre) 4o — o) . goll)
(2.27) voI(59) /Sse do=e e\,

where o(1) — 0 as r — 0o. On the other hand, recall that in Section 2.1 the only
reason we need to assume the sign of the scalar curvature in Theorem 2.1 is because
we wanted to get rid of the e term (2.14). In fact, it is even easier seen that
w”(t) = O(1) will also allow us to get rid of the e term in (2.14). Fortunately for
a normal metric we have
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Lemma 2.6. Suppose that (R*, e**|dz|?) is a normal metric. Then

(2.28) Aw(r) < T%

Thus we have

Theorem 2.7. Suppose that (R*, e*|dx|?) is a complete normal metric. Then
1
4 4u —
(2.29) x(R*) — 52 /R4 Qe*dr =c34 > 0.

For the proof of this result, as we indicated previously, we first consider the
average metric e?%|dzr|?, and then apply Lemma 2.3 and Corollary 2.4 to establish
(2.29) through (2.16) in Theorem 2.1 in Section 2.1.

2.8 Nonnegative scalar curvature

Let us first look at an example: u = 72, in cylindrical coordinate, w = e +¢ and

its curvature @ = 0. But clearly this metric 72|dz|? is not a normal metric, although
it is complete. Therefore one does not expect any complete metric (R4, e2*|dz|?) is
normal. But we have

Theorem 2.8. Suppose that (R*,e**|dz|?) is complete and with scalar curvature
nonnegative at infinity. And suppose that

/ 1Q|e*dx < co.
R4

Then il is a normal metric.

Proof. The proof of this fact is rather interesting and simple. So let me include it
here. First let

3 |y| 4
2.30 v(x) = — lo e**d
(2.30) (@) = g [ loe ey
and w = u — v. Then we want to show that the biharmonic function w on R* has
to be a constant. Recall the transform formula for scalar curvature

(2.31) Au+ |Vu|* = —Je*

where 6. is the scalar curvature for the metric (R4, e2%|dz|?). Notice that Aw is a
harmonic function. Thus, by mean value property of harmonic functions,

1
Awlp) = — L Awdo
) = BB @) Jos,

1
v Vul® + J)do
|8B7‘(3:0)| 837*(550)(‘ ‘ )
9

(2.32)

— A'Uda'
10B,(z0)| JoB, (z0)



The first term on the right of (2.32) is nonpositive whenever r is large enough by
our assumption that J is nonnegative. We now observe that, we have

3 1 1
Avdo = / do A g,
/BBT(Q;O) Q72 R4{ ISS‘ . I’I”O' + 1z — y’2 }Q(y) Y

3
[ e
R4

(2.33)
2722

Therefore, taking 7 — oo, we have, for each zg € R?,

(2.34) Aw(ze) < 0.

Thus Aw = Cy for some nonpositive constant by Liouville Theorem for harmonic
functions. Thus, any partial derivative of w is harmonic, i.e.

(2.35) Aw,, = 0.

By the mean value property again,

1 1
W, (20)* = |7 we,do|* < ———— [Vw|?do.
° |0Br(20) 8Br(mo) 0By (20)| JoB, (z0)
But
|Vw|? < 2|Vul® + 2|Vo|? = —2Cy — 2Je** + 2|Vu|?
and
1
Vol < (| ==iQle ([ jQlean < C [ ——rlQietay

Similarly, we conclude that, for each 2y € R*,
(2.36) |we, (20)]* < —2C,

which implies that all partial derivatives of w are constants. Then Aw = Cy = 0,
which finally implies that all partial derivatives of w vanish by (2.36). Thus w is a
constant.

Theorem 2.9. Suppose that (R*, e?%|dz|?) is a complete metric with its scalar
curvature nonnegative at infinity. And

/ 1Qle**dz < .
R4
Then

1
(2.37) x(RY) — ) / Qe*dx = ¢34 > 0.
R4

Proof. Simply because the metric has to be a normal metric by the above Theorem
2.8. Then this theorem follows from Theorem 2.7.
10



3. CONFORMAL COMPACTIFICATION

We will first generalize our previous results to a conformally flat simple end of
a 4-manifold. Then we will study when an end of a 4-manifold is conformally flat
and simple. By a conformally flat simple end we mean that the end is conformally
equivalent to a puncture in R*. Therefore to show a complete 4-manifold has
only conformally flat simple ends is to say that the manifold can be conformally
compactified by adding points.

3.1 Chern-Gauss-Bonnet integrals

Suppose that (M4, g) is a complete 4-manifold with only finitely many confor-
mally flat simple ends. We would like to establish the Chern-Gauss-Bonnet formula
on M, which will be a full generalization of (1.5) of Finn’s works in dimension 2.
We first define what is a conformally flat simple end.

Definition 3.1. Suppose that (M,g) is a complete noncompact 4-manifold, and
that E is a connected component of noncompact part of M. We say E is a confor-
mally flat simple end if

(E,9) = (R*\ B,e*|da]*),

for some function w, where B is the unit ball in R*.

To establish a Chern-Gauss-Bonnet formula for a manifold with only finitely
many conformally flat simple ends we first generalize our previous result in Chapter
2. Namely,

Lemma 3.2. Suppose that w is a radial function on R*\ B and €2*|dz|? is a metric
complete at infinity with [ RAB Qe* < oo and its scalar curvature nonnegative at
infinity. Then

1 1
3.1 lim o'(t) = — [ Te* — — 4w >,
( ) t-—l-}glov ( ) 47T2 LB ¢ 87T2 RA\B Qe -
Moreover, we have
(OB, ))s 1 1
(32)  lm —ColOBE 1 / T — — Qe
r—oo 4(272)svol(B, \ B)  47° Jam 87 JrR\B

This basically follows from our discussions in Chapter 2. Next we modify Defi-
nition 2.2 as follows:

Definition 3.3. A conformal metric €**|dz|? satisfying condition

(3.3) / 0l dz < oo
RW\B
11



is said to be normal on E = (R*\ B,e*¥|dx|?) if

1 / |yl 4
3.4 w(r) = —5 log —=—Q(y)e™Wdy + alog |z| + h(z
( ) ( ) ]2 RU\B ‘1, _y’ ( ) I I ( )

where o is some constant and hiz) = h(#) is some biharmonic function on B.
Similar to Lemma 2.3, Lemma 2.5, Lemma 2.6 we have

Lemma 3.4. Suppose that the metric e**|dz|? on R*\ B is a normal metric. Then

(3.5) Vs(r) = |0B,(0)[e3%) . goD)
and

d 4i(r) _o(1)
(3.6) Vi) = 0B, (0)]¢*7 - o,

where w(r) = Tg-m faBT(o) w(y)do(y), and o(1) — 0 as |x| — oo.

Lemma 3.5. Suppose that (R*\ B, e?V|dx|?) is a complete normal metric. Then
its averaged metric (R*\ B, e*”|dz|?) is also a complete metric.

Lemma 3.6. Suppose that (R*\ B, e**|dx|?) is a normal metric. Then

(3.7) IAG(r)| < %

And we may arrive at

Lemma 3.7. Suppose that (R*\ B, e*"|dz|?) is a complete normal metric. Then

(3.8) Qe*dx > 0.

(faBr(O) ™ do(x)3 ! / Te:’””_i
oB

r—oo 4(272)3 fBT(O)\B etody  4n? 872 Jri\B

Now the key is to establish the following
Lemma 3.8. Suppose that (R*\ B, e*¥|dz|?) satisfies

/ 1Qle*¥dz < oo,
R\B

and that its scalar curvature is nonnegative at infinity. Then €2“|dx|? is a normal
metric.

Proof. This is a rather interesting proof and will help us to understand Definition
3.3. First set

3 |yl 4
3.9 o(x) = -—-—/ log Qe dy
(3.9) (=) 42 Jpap |7 =yl
12



and ¥ = w — ¢. We will show that the biharmonic function ¥ on R*\ B has to
be alog |z| + h(z) for some constant « and some biharmonic function h(;%z) on B.

]
Recall the transform formula for the scalar curvature function
Aw + [Vuw|? = —Je.
And notice that At is a harmonic function on R*\ B. Thus

1
Ap(zo) = w7 Ao
(2o) |08, (z0)] OB (o)
1
= Vw|? + J)do —
|08, (x0)| 6Br(xo)(| | )

(3.10) .

_— A¢pdo
|0B, (o) 8B, (zo)

as long as B.(zg) C R*\ B. The first term on the right of (3.10) is certainly
nonpositive since J > 0 when |zg| is large enough. For the second term, we have

R L io}Qy)e Wy,
8Br(mg)

272 RY\B |53| g3 ]Ta+xg—y|2

3 4
w'—271'27'2 /;gzl\Bl |€ y

Therefore, taking r = 1|zq| for |zo| > 2, for instance, we have, for any zo € R*\ B,

AY(zg) € ——

~ |mol?
for some constant C. Thus (it may depend on 7 but not z € R*\ B.)
C
Ay + 3 loglz|) < 0.

So, if we set g(z) = —¢ — & log ||, then, Ag(#) > 0 and is harmonic on B\ {0}.
By Bocher’s theorem (Theorem 3.9 in [ABR]), we have

1
Ag(ﬁ;) = +b(e)

for some positive constant 3 and some harmonic function b(z) on B. This implies
that g(#) +181log I#[ is a biharmonic function on B. In other words, if denoted

by h{z) = ¢ + -(2-2 log |z| — %ﬁlog |z|, then, h(#) is biharmonic on B and
1
() = 5(6 — O)log|x| + h(z) on R*\ B.

We have thus finished the proof of the lemma.

Combining Lemma 3.7 and Lemma 3.8 we then have
13



Corollary 3.9. Suppose that (R*\ B,e*%|dz|?) is a complete metric satisfying

/ 1Qle*dr < oo
R"\B

and that its scelar curvature is nonnegative at infinity. Then

S do(r))s
(3.11)  lim Uos,0 (=) 1 / Ted - - Qe*tdx > 0.
oB

r—oo 4(272)3 IBT(O)\B ctudy  Ar? 872 Jra\B

From Definition 3.1, we understand that a complete manifold (M, g) has only
finitely many conformally flat ends means that

k
M:NU{UEz'}

where (N, g) is a compact Riemannian manifold with boundary
k
oN = | J oF;,
=1

and each F; is a conformally flat simple end of M, i.e.
(Ei g) = (R*\ B, e*"|dx|?),

for some function w;. Then Lemma 3.9 implies the following rather full generaliza-
tion of (1.5) of Finn’s.

Theorem 3.10. Suppose that (M, g) is a complete 4-manifold with finite number
of conformally flat simple ends. And suppose that

/ lQ|dUM < o0,
M

and that the scalar curvature of g is nonnegative at each end. Then

(3.12) (M) — — / IR + OYduy = fu
87T M 4 i—1

where the summation is taken for every end (E;,g) = (R*\ B, e2¥|dz|?) and

eido(z))3
(3.13) ;= lim (fafg(o) (4))_ .
r=oe 4(27%)3 [ oy p €VidT
14



3.2 Simply connected cases

Given a simply connected, locally conformally flat, complete manifold M of di-
mension n > 3, there always exists an immersion ® : M — 5" such that the locally
conformally flat structure of M is induced by ®. This immersion ® is called the
developing map of M. Existence of such developing map is due to the fact that con-
formal transformation is determined locally. By a well known result of Schoen and
Yau (cf. [SY, Chapter 6]), under the assumption that the scalar curvature R, > 0,
then @ is injective. Therefore, any such manifold can be considered as a subdomain
of ™ with a complete metric g = Vﬁgc where g, is the standard metric on the
sphere S™. For convenience, we choose a point P in M and use stereographic pro-
jection which maps S™ \ {P} to R™ and P to infinity; then we may identify (M, g)
as (Q,uﬁ |dz|?), where Q C R"™. Our goal is to measure the size of 9Q C R",
which in someway is to estimate the size of the singular set of the conformal factor

u. For this purpose, first, we have the following lower bound estimate from ( [SY,
Theorem 2.12, Chapter VI})

Lemma 3.11. Suppose (Q,uﬁé:i\dﬂz) 18 a complete Riemannian manifold with
scalar curvature bounded, i.e. |R| < k, covariant derivatives of scalar curvature
bounded, i.e. |V4R| < k, and the Ricci curvature bounded from below, i.e. Ric >
—k. Then there exists a constant C > 0 such that

(3.14) u(z) > C’d(:}t)_nT_2 for allz € Q .

The proof of this estimate is an application of gradient estimates. It turns out
that, in dimension 4, we can also establish the upper bound of u in terms of the
distance function d too.

Lemma 3.12. Suppose (2, u?|dz|?) is a complete manifold such that
(a) its scalar curvature R satisfies 0 < Ry < R < R; and |VR|; < k, where
Ry, R1,k are constants, and

(b) [ 1Qutdz < cc.
Then there exists some constant C so that

(3.15) u(z) < Cd(x)™ for all x € S

Our proof of the above lemma uses a blow-up argument, which in the case the
scalar curvature function R is a constant has been applied by Schoen (presented
in [Po] ) to obtain the same upper bound estimate (3.15). Thus what we have
done here is to replace the constant scalar condition by the integral bound of the
@ curvature and the condition (a).

The proof we have below for Lemma 3.12 depends on the following simple result,
which is a consequence of Theorem 2.8 in Chapter 2.

Lemma 3.13. On RY, every metric v?|dz|? with Q[u?|dz|?] = 0 and R[u?|dx|?] > 0
at infinity is isometric to the Euclidean space (R*,|dz|?).
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We will now estimate the size of the integral of () over a subset of () in terms
of the integral of the boundary curvature 1" via the Chern-Gauss-Bonnet formula.
To do so, we will first derive a formula for the boundary integral. We will use the
following notations. We consider (2, u?|dz|?) where Q@ C R*, and denote the level
set for the conformal factor © = e by

(3.16) Uy={z:1<u<A}, and Sy ={z:u=2A}L

Also, 0, denotes the normal derivative {(chosen so that ‘g—;‘; >0).

Lemma 3.14. Suppose that (2,u%gq) is a complete Riemannian manifold. Then
on the level set Sy where X is a reqular value for u, we have:

(3.17)

— | OpAwdo :)\i (/ (Opw)3do + JO,we*¥do + 2
SA S)\

JVu 2dm>
A - vl

Ux

e4w
—I—/ (8nw)3da+/ J?——do
Sy S

. Ohw

The proof of this identity is simply a calculation. The idea behind this is to
realize what we believe that the integral of () curvature should in someway control
the growth of the volume towards the ends of the manifold. This idea is believed
to be the one that enabled Cohn-Vossen to obtain his result in [CV] in dimension
2. Now the final ingredient is the following simple covering lemma, namely,

Lemma 3.15. Suppose that A is a compact subset of R*. Then
(3.18)
Ns®, for any N > 0 if dim(A) = 0 and H°(A) = oo
{zx : dist(z,A) = s}| >
t ( J Cs>™ 2, fora= %ﬁ if dim(A) = B> 0.

Where dim(A) denotes the Hausdorff dimension of the set A, and HP denotes the
Hausdorff measure of exponent 3 on R*.

Now we are ready to state and prove the main theorem of this section.

Theorem 3.16. Suppose that (M,g) is a simply connected, complete, LCF, 4-

manifold satisfies:

(a) The scalar curvature is bounded between two positive constants; |V ,R| is bounded
with respect to g; and the Ricci curvature of the metric g has a lower bound;

(b) the Q curvature is absolutely integrable, i.e.

/ |Qldvy < 0.
M

Then M is conformally equivalent to S* with finitely many punctures.
16



Proof. We identify (M, g) as (Q, u?|dz|?) for some subset Q of R* as in the above.
Notice that all ends of M is in bounded region in R*. Apply integration by parts,
we get

(3.19) Qe*dr = APwdz = — | 8,Awdo+ [ O,Awdo
Us U St S

Apply formula (3.17) in Lemma 3.14, we obtain

— Qe*Vdr— O Awde = — O, Awdo
Us Sy Y
:)\i(/ (an)BdaJr/ J(Bpw)e* ™  do
dA /g S
(3.20) A ) "
+2/ J|Vu|2d:c)+/ (5’nw)3da+/ J2S—do
U, S S aﬂw
d
>\
vy
Where V() is defined as:
(3.21) V) = / (Ow)Pdo + / J(Ow)e? do + 2 / JVul2dz.
Sa Sa Us
We recall the scalar equation
—Au = Ju® in Q.
Thus
/ J|Vul|?dr > JO/ (Vul?dz
Usx Ux
(3.22) > Jo( Ju‘%lm—/ u@nuda+/ uOpudo)
[75% St Sx

> Jg/ utde,
Ux

where J > Jg > 0 as assumed in (a). And

(3.23) V(A >2J8 / uda.
U,

To estimate the growth of V' we use the lower and upper bound estimates of the
conformal factor v as in Lemma 3.11 and Lemma 3.12. Thus we may replace the
region Uy by

(3.24) Dy =A{x:Cy > d(z,00) > CoA™'} C Uy,
17



Therefore we have

o]
V() > / ut = / / uldods
D 2 J{z:d(z,00)=s}

by the co-area formula. Hence
Cy

(3.25) V() > C /C {z : d(z,00) = s}|s~*ds.
2
A

We now estimate the size of the set 9Q by lemma 2.6. In the case dim(9Q)= (3 is
positive, we have from (3.18) and (3.25) that

(3.26) VY 2 —((7) — =z)

for v = 33 which is positive. In the case when dim(9) is zero, we have either the
zero Hausdorff measure of the set (i.e. number of points in the set) is finite; then
we have proved the theorem; or we have

(3.27) {z: d(z,09) = s}| > Ns®

for any number N > (. Hence

Cy 1
(3.28) V() >N gds = NlogA—-C.

C2
X

In either case, we conclude that there exists at least a sequence of A\; — o as i — o©
such that X; are all regular values (due to Sard’s theorem) and

d
3.29 Ai—=V(N) >N
(3.29) V)
for any number N > 0. But in view of the equality (3.20), this contradicts with
our assumption (c¢) that @ is integrable. We have thus finished the proof of the
theorem.

3.8 General Cases

Suppose (M4, g) is a locally conformally flat 4-manifold with positive scalar cur-
vature, then by the result of Schoen-Yau, the universal cover M can be embedded
as a domain in the 4-sphere. Hence the fundamental group I' acts on S* as a
discrete group of conformal transformations with a domain of discontinuity Q(T")
which contains M. (Here as in the rest of this section, we refer to [Ra] for standard
notations and definitions of Kleinian groups.) The limit set L of a Kleinian group
I" consists of accumulation points of orbits of I'. The discrete group I' also acts as

18



hyperbolic isometries on the interior B° of S*. We recall the following definitions
of limit points.

A point p € §* is called a conical limit point of the group I' if there is a point
x € B, a sequence {g;} C I, a hyperbolic ray v in B ending at p and a positive
number r such that {g;(z)} converges to p within hyperbolic distance r from the
geodesic .

A point p is a cusped limit point of a discrete group I' if it is a fixed point of a
parabolic element of I that has a cusped region. To explain the notion of a cusped
region, we identify S* as R* and conjugate the point p to infinity in the upper
half space Ri, and consider the stabilizer I's, of 0o. T'y is a discrete subgroup
of isometries of R* of rank 1 < m < 4. Let E be the maximal ['w-invariant
subspace such that E/I'y, is compact. Denote N a neighborhood of E in Ri and
set U = ]Ri — N. Then U is an open 'y-invariant subset of ]Ri. The set U is
said to be a cusped region for I' based at oo if and only if for all g in '\ T,
we have U N gU = (. In other words, a fundamental domain of I', in a cusped
region U is a part of the fundamental domain for I', that is to say, the hyperbolic
manifold B% /T has a cusped end as U/T, and the Kleinian manifold Q(T")/T has a
conformal cusped end as (U \ R%)/T's. The understanding of a conformal cusped
end is essential to our following discussions.

Definition 3.17. A Kleinian group T is said to be geometrically finite if its set of
limit points consists of only conical limit points or cusped limit points.

One also knows that, if a Kleinian group has only conical limit points, then the
Kleinian manifold Q(T")/T" is compact. Now given a complete, LCF, 4-manifold
M with positive scalar curvature, in the light of the above discussion, we know
that M C Q(I")/I" where I' is the holonomy representation of 71 (M). Our strategy
is to take Q(T')/T" as the candidate for a compactification of M and show that
M = QT)/T\ {pr}i—,- Then the first question is whether Q(I')/T is compact.
It turns out that the strictly positive scalar curvature assumption is exactly used
again to eliminate all cusped limit points. Thus we establish

Theorem 3.18. Suppose M is a locally conformally flat complete 4-manifold which
satisfies:

(a) The scalar curvature is bounded between two positive constants, |V 4 R| is bounded
with respect to g, and the Ricci curvature has a lower bound;

(b) The Q curvature is absolutely integrable, i.e.

/ |Qldvg < o0;
M

(c) The fundamental group of M acting as deck transformation group is a geomet-
rically finite Kleinian group.
Then M = M \ {p; i-“:l where M is compact manifold with o locally conformally
flat structure.
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Proof. Denote by

O M S*
(3.30) el
M

where ® is the developing map from the universal covering M of M into S*, which
is an embedding. The holonomy representation I' of the fundamental group of M
then becomes a Kleinian group of the conformal transformation group of §*, which
is assumed to be geometrically finite. Let Q = ®(M). Clearly any point in  is a
ordinary point for I', that is @ C Q(I'): the domain of discontinuity of I'. We are
interested in the set 9Q = S\ Q. If M is compact, then 90 = L(T") is the set of all

limit points of ' and © = Q(T"), therefore M = Q(T")/T". But, in our case, we have
(3.31) 0Q = (0@ n (M) | L(I),

and L(I") consists of only conical limit points and cusped limit points. we claim
Claim 1. Every point in OQ N QL) is an isolated point in S,
and

Claim 2. There is no cusped limit points except possibly cusped limit points of rank
four in which case the closure of the fundamental region for the cusp does not meet
the limit set.

First we apply the proof of Theorem 3.16 in previous section to prove Claim 1.
According to Theorem 2.9 and Theorem 2.11 in Chapter VI of [SY], dim(02) <
d(M) < 1, hence is a totally disconnected set.(cf Lemma 4.1, Chapter 4 in [Fa] ).
Therefore, for any x € 9Q N Q(T"), there exists a ball B(r,z) such that vB(r,x)
N B(r,z) = @ for all v € T and dB(r,z)(0Q = {. Since the @ curvature is
absolutely integrable over QN B(r, z), therefore we can restrict the conformal metric
to B(r,z)NQ and apply the argument in the proof of Theorem 2.1 to conclude that
OQNB(r, x) consists of at most finite number of points including x, thus in particular
x is an isolated boundary point.

To prove Claim 2, we recall, from the definition of the cusped limit points, a
cusped limit point p is a fixed point of a parabolic element 7, in I' and there is a
cusped region U for I based at p. The cusped region based at p restricted to the
4-sphere gives a conformal coordinates chart for M at the end E, around p of the
following form (cf: Chapter 12 in [Ra}):

(M,g) D (Ep,g) = (SMa¢29m)

for some Sy, 1 <m <4, where S; =T ' x{z € R®: |2| > K}, So =T?x {z € R?:
lz| > K}, S3 =T x {zr € R: |z| > K}, Sy = T*, where T" is a flat manifold of
dimension k, K > 0 is a large positive number, g,, is the product metric on each
S, and ¢ is a positive smooth function. Now we will show that such ends F, can
not exist in our case.
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Lemma 3.19. There is no complete conformal metric ¢>gm, on S, with its scalar
curvature bounded from below by a positive number, for m = 1,2, 3.

Proof. Let us illustrate the proof in case m = 1. Recall the scalar curvature equation
on Slt
2 1
“(arar(b + ;67‘¢ + T_QAS2¢ + Am ¢) = J¢3

for r = |z| , r € [K, 00) the norm of a point z in B3. We take the average of ¢ over
82 x T for each r and get

_(ara’r$ + "z'ar(;) > ‘]0(&)3

where J > Jy as assumed. Now take a change of variables

et =r
3.32 _,
852 {¢=r¢

therefore

(3.33) —tyy + 1y > Joy®

We will show that ¢ attains zero or infinity at some finite ¢, which will be a con-
tradiction. First we observed that, if ¢;(tg) < 0 at certain ¢y, then vy (fp) < 0.
Therefore we have ¢; < —a < 0 and g < 0 for all ¢+ > t; for some t; > tg, which
implies ¥ has to be zero at some finite ¢. Thus, we may assume t; > 0 for all ¢.
Next we observed that, if 1, — Jo©® < 0 at some tg, then 14 (fg) < 0 and therefore
U (l) < —F < 0 for all ¢ > ty for some {5 > Ly; then 1 can not be positive for all
t. Thus, we may assume

by — Jo® >0
for all £. But this implies

d . 1

—(— -2

a(gz) <2

which is impossible unless 1 goes to infinity at some finite {. This finished the proof
of case m = 1.

To continue the proof of Theorem 3.18, we apply Lemma 3.19 to conclude that the
limit set consists of either conical limit points or cusp of rank four.

Since fixed points of either hyperbolic or parabolic elements in I' are all in the
limit set L(I') of I, I' acts on Q(I') has no fixed points. Thus Q(I')/T = M is
a manifold with a locally conformally flat structure. We consider a fundamental
domain F' which satisfies:

Q) = JvF and F[|vF =0, Vyel.
~yel
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And let C = F the closure of F' in §*. Since all points in L(I") are either conical or
cusps of rank four, the closure of F' does not meet the limit set, hence C' C Q(T').
This proves that M = C/I" is compact since C is compact. In the mean while, we
have M = (C'\ (902N (T")). Now since 9 N QT") are all isolated points without
accumulation points in (T"), C N (2N Q(T)) must be a finite point set. Therefore

M = M\ {pi}iy
for some k < occ. We have thus finished the proof of the theorem.

4. FINITENESS OF KLEINIAN GROUPS IN GENERAL DIMENSION

In Theorem 3.18, in order to have a compactification Q(I')/I", we assume that the
holonomy representation I' of the fundamental group (M) to be a geometrically
finite Kleinian group. Obviously it is much more desirable to only assume that
71 (M) is algebraically finite, i.e. finitely generated. With this particular motivation
we would like to understand the finiteness of Kleinian groups in dimension higher
than two.

4.1 Finiteness of Kleinian groups in dimension smaller than 3

When dimension is one, things are very simple. A Fuchsian group (conventional
name for Kleinian group in dimension one) is algebraically finite if and only if it is
geometrically finite. Basically this is because any end of a hyperbolic 2-manifold is
either a funnel or a cusp.

In dimension two, it is already very interesting. Another finiteness is introduced,
namely, analytic finiteness. We say a Kleinian group I' in dimension two is ana-
lytically finite if Q(I')/I" is a collection of finitely many Riemann surfaces of finite
type. A Riemann surface is of finite type if it is a compact closed Riemann surface
with finitely many punctures. The celebrated finiteness theorem of Ahlfors [Ah]
and Bers [Be], which states that a finitely generated Kleinian group in dimension
two is analytically finite. Meanwhile, though much later, Bishop and Jones [BJ]
showed that, if the Hausdorff dimension of the set of limit points of a Kleinian
group I' in dimengsion 2 is less than 2, then I' is geometrically finite if and only if
it is analytically finite, therefore, by Ahlfors’s finiteness theorem, if and only if it is
algebraically finite. Then the interesting nasty case is that I' is algebraically finite
but with the set of limit points of Hausdorff dimension 2. In this case there is a
famous open conjecture of Ahlfors, that is, the area of the set of limit points is still
zero, which turns out to be intimately related to Thurston’s approach to the study
of hyperbolic 3-manifolds. For our purpose, the overwhelming fact in dimension
two is the finiteness theorem of Ahlfors.

4.2 Conformal finiteness

As we mentioned in the above that algebraic finiteness is not equivalent to geo-
metric finiteness even in dimension two. But Bishop and Jones in [BJ] made it clear
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that algebraic finiteness does not imply geometric finiteness unless the Hausdorff
dimension of the limit set is less than 2. In this section we will formulate an ana-
logue in higher dimension n > 3. But first we introduce standard conformal cusped
ends. Of course, a standard conformal cusped end C,, is the ideal boundary of the
standard hyperbolic cusped end. Suppose that 'y, is the stabilizer of a parabolic
fixed point. Then I', is a discrete subgroup of the group of Euclidean isometries
of R™ (a maximum parabolic subgroup in a Keinian group I'), let R™ be the max-
imal invariant subspace so that R™ /T, is compact. Suppose that N(R™, ¢) is an
e-neighborhood of R™ in R™. Then N(R™,€) is also invariant under I'y, and a
standard conformal cusp end is of the form

(4.1) (R"\ N(R™,€))/T .

Therefore, a standard conformal cusp end is conformal to (R"~™\ B(0)) x K where
K is a compact locally flat manifold of dimension m. We will call by m the rank
of the conformal cusped end C,,. We remark that without a cusped region for a
cusped limit point one would not be able to recover the whole cusped end (the
hyperbolic (n+ 1)-dimensional end) from a given conformal cusped end, which is at
least on the surface the distinguishing property here. Interestingly, on a standard
conformal cusped end, there is a nice complete metric

_ ldz? + |dy[*

4.2 ds?
(4.2) P

, forze R™andye R" ™\ N(R™,¢)
which has a finite volume

(4.3) ;nl-—e_mvol(S”_m_l)vol(K)

and the scalar curvature
(4.4) R=(n—-1)(n—-2-2m).

Note that the metric in (4.2) on R™ x (R* ™ \ {0}) gives H™! x §*~™~1 Now
we are ready to give the following definition.

Definition 4.1. Suppose that T is a Kleinian group. Then we say I' is confor-
mally finite if Q(L)/T consists of finitely many components and each component is
a disjoint union of a compact set and a finite number of standard conformal cusped
ends.

By definition, geometric finiteness implies conformal finiteness. In this terminol-
ogy, our goal is to investigate when conformal finiteness implies geometric finiteness.
It is clear that the notion of conformal finiteness is a higher dimension analogue
of the analytic finiteness. On the same note we give a name to each component of
Q(T)/T" with the induced LCF structure by Klainian manifold as the analogue of
Riemann surface in dimension two. Therefore by a Klainian manifold of finite type
we mean it has at most finitely many conformal ends for the noncompact parts.
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Theorem 4.2. Suppose that I' is a nonelementary, conformally finite Kleinian
group on S™, then I' is geomelrically finite if and only if the limit set of ' has
Hausdorff dimension strictly smaller than n.

4.8 Construction of the Lipschitz graph

In our point of view, an important part of the work of [BJ] is the construction of
an invariant Lipschitz graph which serves to relate the geometry of the hyperbolic
manifold B3/T" to the geometry of the Riemann surface Q(I')/T. Our following
construction, by completely elementary means, of the invariant Lipschitz graph
over a domain of discontinuity Q(T") of a Kleinian group I' in higher dimension is
based on the idea of Bishop and Jones in [BJ]. Take a small positive number ¢ and
consider a collection of balls { B, } such that

(4.5) B, = B(24,da) and do = ¢q - dist(zq4, L(T))

for each point z, € ('), where diameters and distances are all measured on S™
with the standard metric gg. To construct an invariant graph we would enlarge the
collection to take in all images of B, under the group I' and denote the collection
of balls by B(I"). Set

(4.6) G =a( JHe) (B!
g

where Hg is the hyperbolic half space over each ball Bg in B(T'), i.e. the dome whose
boundary intersects perpendicularly at Bg with S™. Clearly G(T') is a graph over
Q(T) in the following sense

(4.7) GT)={f(z)x: 2 € Q)}
where f(z) : Q(T) — (0,1). In fact G(I') is a Lipschitz graph in the sense that

f(z) — f(y)l < Mdist(z,y)

for some M > 0 and all z,y € Q(T"). Therefore

Lemma 4.3. Given a nonelementary Kleinian group T' and a small positive number
€0, the above constructed graph G(I') is a I'-invariant Lipschitz graph. Moreover

1 — f(z)
(48) 0< (i < WSCQ

for all x € QT), where C1,Cs only depend on €.

The proof of this lemma is based on a generalized distortion estimate. It is a
rather elementary fact about nonelementary Kleinian groups. Namely,
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Lemma 4.4. Suppose that T is a nonelementary Kleinian group, Q(') is its domain
of discontinuity and L(I') = 9QU(T) is ils set of limit points. Then there exists a
positive number C such that

1 dist(y(2), L(T)) _ dist(~(z), L(T'))

( /
(4.9) C dist(m,L(F)) - h (.T)\s - dist(:ﬂ,L(F))

for all x € QT") and all v € T

Remark 4.5. For L(I') = {oo} and I’ is simply generated by a translation yr =
x + h, we have
L+ [z g(yz, 0)?

L+ |yzl* glw,00)?

Y ()]s =

b

where
2|z — y| 2

’ = 5 d i B
e e e R e P

which is called the chordal metric and is equivalent to the spherical distance d(x,y).
For L(T') = {0,00} and T is simply generated by an inversion yx = #, we also

have ( 2

quyz, oo

Y (@)]s = =5
T q(z,0)?

Let us discuss, when the Klainian manifold Q(I')/T" is compact, how the con-
structed invariant Lipschitz graph serves to relate the geometry of the hyperbolic
manifold B"*1/T" and the geometry of the Klainina manifold Q(T')/T. More pre-
cisely, since the Lipschitz graph has an induced metric from the hyperbolic metric,
we would like to compare it with a suitable conformal metric on the Kleinian mani-
fold Q(I')/I". In the case when the Kleinian quotient is compact, this is a relatively
simple matter.

Proposition 4.6. Suppose that T is a nonelementary Kleinian group, and that the
Kleinian manifold Q(T") /T is compact. Then, for any metric in the conformal class
on Q(T)/T, we have a complete I'-invariant metric e**gy on Q(T') and

1 1
K dist(x, L(T))

1

<@ <« -
= = dist(x, L))

(4.10)

for oll z € Q(T') and some positive number K.

Proof. This basically is a consequence of Lemma 4.4. Due to the invariance of the
metric e?*“gq, we have
eul@) — 6"(”)|'Y'(93)|3-

Now, fix a fundamental region D, whose closure D is compact in Q(I'), and for any
z € Q(T), there exists v € T such that v~ !z =y € D. Then

W) = @y ()|
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where, by Lemma 4.4.

1 dist(z, L(T)) dist(z, L(T"))

niith Sl Sl Sl VAR g PV < () —————,
Tty o) = "Wl = Cq )
Thus
_}_eu(y)diSt(y7L(F)) < u(z) < CEU(y)dISt(y7L(F))
C dist(zr, LTy~ =Y dist(x, L))
that is
1 1 <ol < 1

K dist(z, L(T)) dist(z, L(T))

for some positive constant K.

Remark 4.7. In particular, we may consider the Yamabe metric on Q(T)/T in
Proposition 4.6. Therefore, under the assumptions of Proposition 4.6, there is a
complete T'-invariant metric on Q') with constant scalar curvature and satisfying

(4-9).

We point out that the natural bounds (4.9) on the invariant metric on Q(I") is
the key to relate the hyperbolic geometry inside B/T" to the conformal geometry at
infinity Q(I")/I" through the constructed I'-invariant Lipschitz graph G(I'). Namely,

Proposition 4.8. Suppose that I' is a nonelementary Kleinian group and that the
Kleinian manifold Q(I")/T" is compact. Then the map

F(z) = f(z)z : Q) — GI)

is a I'-invariant bi-Lipschitz map with respect to the induced hyperbolic metric on
the graph G(I') and any metric on Q(I") which is induced by a metric on QI')/I" in
the conformal class.

Next, when T is only assumed to be conformally finite, we can still obtain the
conclusions in Proposition 4.6 and 4.8 in the above. Let us fix a conformal metric
on Q(T')/T which agrees with the g5 on each conformal cusp end and arbitrary on
the compact part. Let us denote it by gr (this is not intended to signify gr is an
any way canonical).

Proposition 4.9. Suppose that T' is nonelementary, conformally finite Kleinian
group, and that gr is a metric constructed as the above. Then the metric e*“go on
Q(T) lifted from gr satisfies

1 1 < @) < ¢ 1

(4.11) C ot L@ = = Gt L)

for some constant C' > 0 and all x € Q(T).

To relate the geometry of the hyperbolic manifold B"*!/T" and the Kleinian
manifold Q(T")/T", we find
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Proposition 4.10. Suppose that I' is nonelementary, conformally finite, and that
gr s a metric constructed as the above. Then the map

Fz) = f(x)x: T) — G(T)

18 a I'-tnwvartant bi- Lipschitz map with respect to the induced hyperbolic metric on the
graph G(I') and the above metric gr on QI'). Moreover the hypersurface G(I')/T
in B""Y/T" has finite volume.

4.4. Sketch of the Proof of Theorem 4.2

Let us consider the hyperbolically harmonic function on B%*! with the boundary
condition

1 on T")
usn =Xom =g on L(D)
Lemma 4.11.
d
(4.12) u(r) = cp / %(m,y)dv(y)
G(ry/r on

where gr is the positive minimal Green function on B™1/T.

To illustrate, let us compute u(0):

_. _ vl@(r)
U(O)_ " Q(F)dfﬂ VOl(Sn) ’

Recall that, for the Green function on the hyperbolic ball B**1,

g gn—1
_a_nd(ﬂaBr(O): p dw|p, (0)-

Let €2, be the part of B,.(0) which is between G(I') and (T") and G, = G(I')N B,.

Clearly

1 . vol(€2,)
u(0) = vol(S™) }gnl rn

B 1 X Og
= T Tvol(S) 14 /Qr(_%)d"

B 1 . g
—2n—lyol(Sn) vll—>ml /C;T(_(?—n)da

= cn/ @da.
G(I) 6?7,

Then, due to the fact that G(I') is Lipschitz,

dg

—|do < 0.
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If let S be any fundamental region for G(I'),

dg / dg
—Zdo = —do
/C;'(F) on Z ~S on

er

_2/897073/

vl

B / 93 er 970, 7y)
- S an

:/ agr(())y)do_
G(I)/T on

which proves this lemma for z = 0. For other points one may use the transforma-
tions to compute. It is clear that, under the assumption that dim(L(T")) < n, the
harmonic function constructed in the above is constant 1. But, on the other hand,
we are going to use (4.12) to show that, if I' is conformally finite but geometrically
infinite, in addition to dim{L(I")) < n, then u(z) can be small for some choices of
x on B"1/T (z will be chosen to be far into the geometrically infinite end). But
first, we have

do

Theorem 4.12. (Sullivan) Suppose thai T’ is a nonelementary Kleinain group.
Then

(37 ids<
(4.13) Ag(B™T) =
Sn—238) ifd>

R3] 3

where & is the Poincaré exponent.
and

Theorem 4.13. (Bishop and Jones) Suppose that T' is a nonelementary Kleinain
group. Then

(4.14) § = dim(Lo(T)).

Therefore, combining with estimates for the Green functions, we have

Proposition 4.14. If dim(L(T")) < n, then
(4.15) 0 < gr(z,y) < Cvol By(2)) "2 vol( B (y)) "2 e~ @V

where gr is the positive minimum Green function on B"1/T.

Meanwhile, as observed by Bishop and Jones in [BJ], we have the following for
us to make the choice of the z to evaluate the I'-invariant harmonic function u.
Namely,
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Lemma 4.15. Suppose that I' is nonelementary, conformally finite, and that T’
is geometrically infinite. Then, there exist € > 0 and a sequence of points x, €
C(B"" T} such that dg(z,, G(I')/T) — oo and the injectivily radius inj(z,) > ¢
for all n.

We recall that equivalently I' is geometrically finite if and only if the thick part
of the convex core C(B™"!/T') is compact. Thus, if I' is geometrically infinite,
there must be a sequence of points {p;} € C(B™"1/T") for which the injective radius
of B"1/T at p; is bounded from below and p; tends to infinity in the convex
core C(B™*1/T'). Finally we have to use the so-called thick-thin decomposition for
hyperbolic manifolds to prove

lemma 4.16. Suppose that T’ is a nonelementary and conformally finite Kleinian
group. Then

(4.16) / vol( B1(y))de(y) < oo.
G(D)/T

QOutline of proof of Theorem 4.2. Let assume otherwise that I' is geometrically
infinite. First, by (4.12) in Lemma 4.11 and (4.15) in Lemma 4.14, we have

) < vl (By(e) e =S [ o8, () Hdo(y)
G(I)/T

In the light of (4.16) in Lemma 4.16, if we consider x,, given in Lemma 4.15 we have
u(zy) gets smaller and smaller when x,, goes far and far away from the hypersurface
G(I')/T in B"*1/T, which contradicts with the fact that u(z) is constant.

4.5 Combination Theorems

To understand how algebraic finiteness relates to our conformal finiteness, we
propose to use combination theorems of Kleinian groups. Probably the first combi-
nation theorem for Kleinian groups was the combination theorem of Klein:

Theorem 4.17. (Klein) let I'y and D'y be finitely generated Kleinian groups, and
let D1 and Do be fundamental domain for I'y and Iy, respectively. Suppose that the
interior of Dy contains the boundary and exterior of Do, and that the interior of
Dy contains the boundary and the exterior of Dy. Then the group generated by 'y
and Iy is a free product I'y x I's and also a Kleinian groups with the fundaemental
domain Dy N Do,

Maskit in a series of papers [Mt] further well developed combination theory for
Kleinian groups, particularly for Kleinian groups in two dimension. One of his
combination theorem that is particularly interesting to us is the following:
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Theorem 4.18. (Maskit) Let (I'1, D1, H,A,~, By), (U's, Dy, H, A, 7y, B) be two big
conglomerales where By N By = (0. Let I be the group generated by I'y and T's and
D =DynDy. Then T is a Kleinian group and is a free product of I'1 and I'y with
amalgamated subgroup H. And D is a fundamental set of I.

Here a big conglomerate (I', D, H,A,~, B) is a collection of a Kleinian group T
in two dimension, its fundamental set D, a subgroup H C T', a fundamental set A
for H such that D C A, a simple curve v in the interior of D and invariant under
H, and a topological disk bounded by ~.

Our approach to combination theorem for Kleinian groups is different. In fact, we
are interested in not only decomposition of Kleinian groups but also decomposition
of Kleinian manifolds. But it appears that the above combination theorem of Maskit
gave a nice setting for us. Luckily but not surprisingly, the above combination
theorem of Maskit takes a simpler form in dimension higher than two. Because we
may replace the simple curve by an embedded sphere (simply connected) and we
may take the trivial subgroup H, therefore I' is simply a free product of I'y and I's.

Let us consider a connected Kleinian manifold M™ = ((I") /T of dimension n > 3.
Suppose that there is an embedded (n-1)-sphere ¥ in M, and that the embedded
sphere Y separates M into Ni and N,, i.e. N; and N are the two connected
components in M \ X. Let My = N1#B" and My = No#B"™ where B™ is a n-ball.
Therefore, one sees that M is a connected sum of M; and Ms, i.e. M = Myi#M,.
Let X, be all the lifts of 3 in () and

QD) \ {Za} = Unﬁ— Usal Un

where each {2, is a connected component, and £2; covers Ny and £2; covers Na.
Take a fundamental set D of I which includes a lift 2o of ¥ in its interior. Let
M € {Q} and Q3 € {Q;} such that D C ©Qy U . Let I'y is the subgroup of T’
which is the stabilizer of {24, i.e.
'i={gel:g: 0 — U}
And let T3 is the subgroup of I which is the stabilizer of (), i.e.
Io={g€Tl:g:Q — Qa}.

Since g bounds two n-balls By, By in S™ ( By is at the same side of g as Q1 N D

is), we let
Dy = (D) B2

Dy = (D(2)| B
0 =D\ (| 9B2).

g€l
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Then it is not hard to see that, if denote by Q(I'1) the domain of discontinuity of
I'y, then

Q) =) JU 9B2)

g€l

and D is a fundamental set for I';. Similarly,

Qr2) = om) JJ 9B)

gels

and D), is a fundamental set for I's. Thus we obtain a Kleinian structure for M; as
Q(I'1)/Iy and a Kleinian structure for My as Q(I'2)/I'y. Moreover, M as a Kleinian
manifold is a connected sum of Kleinian manifolds M and M. In summary

Theorem 4.19. Suppose that M = ([')/T is a connected Kleinian manifold of
dimension n > 3, and there is an embedded (n-1)-sphere ¥ in M, which separates
M. Then there are two subgroups I'1 and I's of I such that I' = I'y x 'y and
M = Ml#Mz where M1 - Q(I‘l)/I‘l and M2 = Q(Fz)/rg

The picture we present here was also observed by Kulkarni, when he found that
a connected sum of two Kleinian manifolds is still a Kleinian manifold. In the rest
of this section we will focus on n = 3. The reason we would rather focus on n =3
is because the following sphere theorem which apparently is not available in any
higher dimension.

Theorem 4.20. Suppose that M3 is an oriented and connected 3-manifold, and
that ma(M) # 0. Then there exists an embedding

F:8% — M3
where [F| # 0 € ma(M).
Now we are ready to state and prove a finiteness theorem as follows.

Theorem 4.21. Suppose that I' is a finitely generated Kleinian group acting on
B*. And suppose that the limit set of T is of Hausdorff dimension less than one.
Then it is geometrically finite.

Proof. First, since the limit set of I' is of Hausdorff dimension less than one, the
set (T") of ordinary point on 53 is connected and simply connected. Therefore the
fundamental group of the Kleinian manifold Q(I")/I" is I'. Now, by Theorem 4.19,
we may decompose I' into the free product of two subgroups I'; and I's as long as we
can find an embedded 2-sphere in (I") /T" which separates Q(I") /T". Next we observe
that, as long as the limit point set contains more than one point, m2((T")/T") # 0.
Therefore, by sphere theorem as stated in the above, we find an embedded 2-sphere
in Q(I')/I. Then, if this embedded 2-sphere separates Q(I")/I", we may decompose
I'=T1%D3 and Q") /I = Q(I'1)/T14Q(F2) /Ty; if this embedded 2-sphere does not
separate 2(I')/T", then we have Q(I')/T" = M145* x S2, where M; = Q(I';)/I'; and
' =I'y x Z. Thus, in the end, we may conclude that

(4.17) Q0)/T = 1)/Tif - $QTk) /T2St x S -+ 48T x S2.
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and
(4.18) D= (Z" )% % (Z" )% LK ---% Z.

The key here is to notice that, indeed, Q(T")/T is compact except a finitely many
conformal ends, that is to say that I' is conformally finite. Therefore, by Theorem
4.2, we conclude that I' is geometrically finite.

To end this section we would like to pose as an open question that how we find
an analogue of Theorem 4.21 in dimension higher than 3.

4.6 Conformal finiteness revisited

In this section we would like to give some geometric criteria for a Kleinian group
to be conformally finite. The idea still is that the hypersurface G(I')/T" with the
metric induced from the hyperbolic metric is the right geometric representative for
the Kleinian manifold (T")/T". We first observe:

Theorem 4.22. Suppose that I' is a nonelementary Kleinian group. Then I is con-
formally finite if and only if the volume of the hypersurface G(I') /L in the hyperbolic
manifold B /T is finite.

Proof. Let us begin with the thick-thin decomposition of hyperbolic manifolds
B™™1/T" with respect to a small number ¢ which is smaller than the Margulis con-
stant in the same dimension. The hypersurface G(I')/T" is also decomposed into
thick part W, and thin part S.. Clearly at each point in the thick part W, there is
the hyperbolic geodesic ball B 1e where G(I') B le belongs to some fundamental
domain for I on the graph G(I'). Because G(I') is Lipschitz graph over the unit
sphere (or any sphere with the same center), the volume of G(I') (1 By, under the

metric induced from the hyperbolic metric on B"*! is bounded from below by some
constant only depending on e. Therefore, if G(I')/T" has a finite volume with the
metric, then the thick part W, has to be compact. Now we may conclude that the
number of the noncompact connected components has to be finite. Because the
finite boundary of each noncompact component, which is the connecting region of
the end to the thick part, has a size again bounded from below (depending on €).
Notice that, each of those noncompact thin ends corresponds to a maximum para-
bolic subgroup P; whose fixed point is p;. Then, we find that, for some fundamental
domain for T in its domain of discontinuity Q(T'), there are only finite number of
limit points p; on its boundary. Moreover, those parabolic fixed points therefore
have to be bounded, i.e. have to be so-called cusped limit points. This means
precisely that the Kleinian manifold 2(I')/T" is a disjoint union of a compact part
and a finite number of standard conformal cusp ends. So I' is conformally finite.

On the other hand if I is conformally finite, it follows from Theorem 3.5 that
the hypersurface G(I') /T has finite volume. So the proof is completed.

As a consequence we have the following criterion to tell when a Kleinian group
is conformally finite.
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Theorem 4.23. Suppose that I' is a nonelementary Kleinian group. Then I' is
conformally finite if and only if the Kleinian manifold Q(I') /T" possesses a conformal
metric which is of finite geometry.

Proof. First of all, if I' is conformally finite, it is clear the Kleinian manifold pos-
sesses a metric satisfying (1) and (2), by Proposition 4.9 and 4.10. The converse
part of this theorem is a consequence of above Theorem 4.22 and Theorem 2.12,
Chapter VI in [SY]. The Harnack estimate in [SY] shows that, denoting the metric
by e?%g, where gy is the standard metric on the sphere,

u(z) > C’-(—Z-(% for all z € O(T) .

where d(z) = dist(z,9Q(I')). Then for the metric induced from the hyperbolic
metric on the hypersurface G(I')/I', its volume is controlled by the volume of the
Kleinian manifold with the given metric, therefore is finite. In light of the above
Theorem 4.22, the proof is finished.
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