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LINEAR POTENTIALS AND APPLICATIONS IN CONFORMAL GEOMETRY

SHIGUANG MA AND JIE QING

We derive estimates for linear potentials that hold away from thin subsets. And, inspired by the celebrated
work of Huber (1957) and Cohn-Vossen (1935), we verify that, for a subset that is thin at a point, there is
always a geodesic that reaches to the point and avoids the thin subset in general dimensions. As applications
of these estimates on linear potentials, we consider the scalar curvature equations and improve the results
of Schoen and Yau (1988, 1994) and Carron (2012) on the Hausdorff dimensions of singular sets which
represent the ends of complete conformal metrics on domains in manifolds of dimension greater than 3. We
also study Q-curvature equations in dimensions greater than 4 and obtain stronger results on the Hausdorff
dimensions of the singular sets than those of Chang et al. (2004). More interestingly, our approach based
on potential theory yields a significantly stronger finiteness theorem on the singular sets for Q-curvature
equations in dimension 4 than those of Chang et al. (2000) and Carron and Herzlich (2002), which is a
remarkable analogue of Huber’s theorem.

1. Introduction

We employ linear potential theory to study scalar curvature equations and Q-curvature equations in
conformal geometry. This is a continuation of our recent work on n-superharmonic functions (see
[Bonini et al. 2018; 2019; Ma and Qing 2021; 2022]) inspired by Huber’s theorem and related work on
superharmonic functions in dimension 2 (see [Cohn-Vossen 1935; Huber 1957; Arsove and Huber 1973;
Hayman and Kennedy 1976]).

Linear potential theory has always been a major subject in analysis and partial differential equations.
We refer readers, for instance, to [Mizuta 1996; Adams and Hedberg 1996; Armitage and Gardiner
2001] for good introductions on potential theory. For clarity, the definitions of Riesz potentials and log
potentials are given in Section 2. For our purpose, the kernel functions are not chosen for discussions
on the boundary behavior of potentials and we focus on the outer capacity and thin subsets (please
see Definitions 2.2 and 2.8 in Section 2). Also we set up some of the potential theory on Riemannian
manifolds directly. The interesting result on Riesz potentials we obtain is:

Theorem 1.1. Suppose that (M™, g) is a complete Riemannian manifold and i is a finite nonnegative
Radon measure on a bounded domain G C M™. Let S be a compact subset in G such that its Hausdorff
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dimension is greater than d , where d <n —« and o € (1,n). Then there is a point p € S and a subset E
that is o-thin at p such that

/ ! du < ¢ (1-1)
¢ d(x, yy—e V=G, py—ed

for some constant C and all x € Bg(p) \ E for some small § > 0.

The proof of Theorem 1.1 uses a general decomposition result [Kpata 2019, Proposition 1.4] and
multiscale analysis. We also give a proof of a slight extension of [Mizuta 1996, Theorem 6.3] for log
potentials on manifolds, which is closely related to [Cohn-Vossen 1935; Huber 1957; Arsove and Huber
1973; Ma and Qing 2021; 2022] for us. What makes these estimates useful is the following key observation
about thin subsets in general dimensions (see [Cohn-Vossen 1935; Huber 1957; Arsove and Huber 1973;
Ma and Qing 2021; 2022]).

Theorem 1.2. Let E be a subset in the Euclidean space R" and p € R™. Suppose that E is a-thin at the
point p for o € (1,n]. Then there is always a ray from p that avoids E at least within some small ball at p.

The proof of Theorem 1.2 uses only the scaling property (Lemma 2.4), the contractive property
(Lemma 2.5), and the calculation of C*(S"~!, B»(0)) (Lemma 2.6) for the outer capacity C¥(E, Q)
defined in Definition 2.2 and a-thinness in Definition 2.8.

To better motivate our geometric applications, let us first recall the seminal theorem of Huber on
surfaces. Huber [1957] showed that a complete open surface whose negative part of the Gaussian curvature
is integrable is a closed surface with finitely many points removed. Huber’s theorem uses the Gaussian
curvature equation

—A[glg + K[g] = K[e*?g]e*® (1-2)

and the potential theory on superharmonic functions.
In conformal geometry, the scalar curvature equation

‘4E1n:21)A[g']u+R[§]u = R[ui2 glu’is (1-3)

describes the conformal transformation of the scalar curvature in dimensions higher than 2. There have
been many works on singular solutions after the seminal paper [Schoen and Yau 1988], where the
singularities represent the ends of complete conformal metrics on domains in Riemannian manifolds (see,
for instance, [Schoen and Yau 1994, Chapter VI; Carron 2012; Schoen 1988; Mazzeo and Smale 1991;
Mazzeo and Pacard 1996)).

Theorem 1.3. Let (M", g) be a complete Riemannian manifold and S be a compact subset in M". And
let D be a bounded open neighborhood of S. Suppose that g = ut/n=2) g is a conformal metric on D\ S
and is geodesically complete near S. Then the Hausdorff dimension satisfies

-2
dim () < ©

(1-4)
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provided R™[g] € L2/ ®+2D(D\ S, g)NLP(D\ S, g) for some p >, where R™[g] is the negative part
of the scalar curvature of the metric g. Consequently, (1-4) holds when the scalar curvature R[g] of the
conformal metric g is nonnegative.

Theorem 1.3 is an improvement of [Schoen and Yau 1988, Theorem 2.7] and [Carron 2012, Theorem C].
Our approach is based on Theorems 1.1 and 1.2. Particularly, Theorem 1.3 covers domains in general
manifolds, while others (see [Schoen and Yau 1988; Carron 2012]) are restricted to domains in round
spheres. The use of auxiliary testing functions built from the level sets is the key analytic technique (see
[Dolzmann et al. 1997; Bidaut-Véron 1989; Ma and Qing 2021; 2022]). We remark that, for our approach,
the complement M" \ D is not relevant (see Theorem 1.3 in Section 3).

In conformal geometry, one considers the Paneitz operator

—4
Py = A2+div(4A-V—(n—2)JV)+nTQ4

and the associated Q-curvature

n

Os=—-AJ+ EJZ —2|A,
where A = n%z(Ric —Jg) is the Schouten curvature and J = ﬁR. The curvature Q4, under a
conformal change of the metric, transforms by the Q-curvature equation:

—4 n
P4glu = nT Q4[un;i4g]uniﬂ in dimensions > 5, (1-5)
P4[glu + 04[g] = Qale*gle*™ in dimension 4. (1-6)
On Q-curvature equations in dimensions greater than 4, we have:

Theorem 1.4. Let (M", g) be a complete Riemannian manifold for n > 5 and S be a compact subset
in M"™. And let D be a bounded open neighborhood of S. Suppose that g = ut/(n=4) g is a conformal
metric on D \ S with nonnegative scalar curvature R[g] > 0 and is geodesically complete near S. And
suppose also that

_ 2n_
O4lgle Ln+4(D\ S, g),
where Q [g] is the negative part of the Q-curvature of the metric g. Then

dim_y (S) < %. (1-7)
There have been a lot of works on the study of singular solutions to Q -curvature equations on manifolds
of dimension greater than 4, notably [Qing and Raske 2006a; 2006b; Chang et al. 2004; Gonzélez et al.
2012]. Theorem 1.4 is an improvement of [Chang et al. 2004, Theorem 1.2] in terms of curvature
conditions and the coverage of domains in general manifolds. The preliminary estimates in Lemma 4.1
serve to facilitate the argument of treating the bi-Laplace as the iteration of the Laplace, which is an
interesting alternative to the usual elliptic estimates of Q-curvature equations. Again, the complement
M™"\ D is not relevant for our approach (see Theorem 1.4 in Section 4).



776 SHIGUANG MA AND JIE QING

On Q-curvature equations in dimension 4, there have been several attempts to establish results analogous
to Huber’s theorem on finiteness of singularities (see [Chang et al. 2000a; Carron and Herzlich 2002; Ma
and Qing 2021; 2022]). Q-curvature in dimension 4 indeed plays a role similar to that of the Gaussian
curvature in dimension 2 (please see (1-6) for instance). Our following result is a significant improvement
of the finiteness result of [Chang et al. 2000a, Theorem 2] (see also [Chang et al. 2000b]). It covers domains
in general manifolds and drops other additional curvature assumptions in [Chang et al. 2000a, Theorem 2].
The potential theory approach here, particularly Theorems 1.1 and 1.2, seems to be more effective. And
the preliminary estimates in Lemma 4.4 are interesting for Q-curvature equations in dimension 4 too.
Once again, the complement M" \ D is not relevant for our approach (see Theorem 1.4 in Section 4).

Theorem 1.5. Let (M*, §) be a complete Riemannian manifold and S be a compact subset in M™. And
let D be a bounded open neighborhood of S. Suppose that g = e** g is a conformal metric on D \ S with
nonnegative scalar curvature R[g] > 0 and is geodesically complete near S. And suppose that

[ 07 1¢] dvol[g] < oo,
D

where Q [g] is the negative part of the Q-curvature of the metric g. Then S consists of only finitely many
points.

The organization of this paper is as follows: In Section 2 we define linear potentials and develop
potential theory with the outer capacity and the notion of a-thinness. Then we prove Theorems 1.1
and 1.2. In Section 3 we build the framework to use potential theory developed in Section 2 to estimate
the Hausdorff dimension of singular sets which correspond to the ends of complete conformal metrics on
domains of manifolds. And we prove Theorem 1.3. In Section 4, based on the framework built in Section 3,
we prepare some preliminary estimates and prove Theorems 1.4 and 1.5 for Q-curvature equations.

2. On linear potentials

The study of linear potentials has been extensive and full of great achievements. Readers are referred, for
instance, to [Mizuta 1996; Adams and Hedberg 1996; Armitage and Gardiner 2001] for good introductions.
In this section we will introduce the theory of linear potential to facilitate the discussion of some estimates
of linear potentials inspired by the one in [Cohn-Vossen 1935; Huber 1957; Arsove and Huber 1973; Ma
and Qing 2021; 2022]. The estimates provide us some alternative tools to study the problems on the
Hausdorff dimensions of singularities of solutions to a class of geometric partial differential equations in
conformal geometry (see [Schoen and Yau 1988; 1994; Chang et al. 2004; Carron and Herzlich 2002] for
instance). We will introduce potential theory in a way that is brief, mostly self-contained, and suffices to
Serve our purpose.

2.1. Linear potential and the outer capacity in Euclidean spaces. For the purpose of relating potentials
on Euclidean spaces to that on manifolds, we want to introduce potentials that are possibly confined to an
open subset 2 C R” in the Euclidean space. We will use the definition of a Radon measure on locally
compact Hausdorff spaces in [Royden and Fitzpatrick 2010, page 455].
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Definition 2.1. Let 2 C R” be a bounded open subset in the Euclidean space R”. Then, for x € €, let

1
[—_d,u(y) when « € (1,n),
Qlx—ypr—

R%%(x) = 2-1)

D
/ log du(y) whena=n
o |lx—yl
for a Radon measure p on €2, where D is the diameter of 2.

For basic properties of the potential RZ’Q(x), readers are referred to [Mizuta 1996, Chapter 2]. Most
facts, results, and arguments in that work that are relevant for the discussions in this paper hold with
slight changes.

Definition 2.2. Let E be a subset in 2 and 2 be a bounded open subset in R”. For @ € (1, n], we define
a capacity by
C*(E.Q) =inf{1(Q) : t > 0 on  and R%®(x) > 1 for all x € E}. (2-2)

Because of the choice of the kernel functions in Definition 2.1, the capacity C*(E, 2) in Definition 2.2
is not intended to be the same as relative capacity where the kernel function is the Green’s function for a
so-called Greenian domain €2. Similar to [Mizuta 1996, Theorem 4.1 in Chapter 2; Section 2.6], we have:

Lemma 2.3. Let C% be the capacity defined as in Definition 2.2 for a € (1, n].

(1) C% is nondecreasing, that is,
Ca(El, Q) < Ca(Ez, Q)
when E1 C E, C Q CR™

(2) C%* is countably subadditive, that is,
o0

ca(U EQ) =Y CU(EL9)

i=1 i=1
for subsets E; C Q.

(3) C% is an outer capacity, that is,
CYE,Q)=inf{C*(U,Q): E CU and U C Q open}.

The immediate and important property of the outer capacity C% in Definition 2.2 is the scaling property
(see [Armitage and Gardiner 2001, page 135]).

Lemma 2.4. For a positive number A, let
Ay ={Ax:x € A}
for any subset A in R™. Then, for a € (1,n],
C*(E;, Q) =A"%C*E, Q).
Proof. For a nonnegative Radon measure p on €2, we associate it with a nonnegative Radon measure

w*(Ay) = pn(A)
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on £2;. Then
R&(Ax) = 247" R%S (x)
for x € Q2. Therefore
C%(Ej. Q) = inf{* () : RGP+ (Ax) = 1 for all x € E}
= A" inf(A* " u(E) : RS2, (x) > 1 for all x € E}
=A"YCYE, Q). O
The next important property of the outer capacity C* in Definition 2.2 is the contractive property (see

[Mizuta 1996; Adams and Hedberg 1996; Armitage and Gardiner 2001]).

Lemma 2.5. Suppose that
P:Q—Q

is a contractive map, that is,
|P(x) —@(y)| = |x —y

forall x,y € Q. Then, fora € (1,n],

CH(D(E), Q) =CUE, Q)
for any subset E C Q.

Proof. Let u be a nonnegative Radon measure on €2 such that RZ’Q(x) > 1forall x € E. Then let 1™ be
a nonnegative Radon measure on € such that u*(A4) = 1 (®~1(A)) for any A C Q and therefore

/ FG) du* () = / Fod(y)du(y).
Q Q

Notice that

o,Q 1 %~ 1
5 [ —— 4= d
Ry (@() /Q|q>(x>—y~|"—a W) /mcb(x)—cb(y)w—a He)

1

Thus
CY(®(E), Q) = inf{v(2):v >0 on Q and R%%(x) > 1 for all x € (E)}
<inf{u* () : u* induced from u and RZ’*Q (®(x))>1forall x € E}
= inf{u(2) : w >0 on Q and RZ’Q(x) >1forall x € E} = C*(E, Q).
The argument for ¢ = n is similar and the proof is complete. O

Before we introduce the notion of thinness by C¢, for completeness, let us calculate the outer capacity
co(sr1, B»), where

By={xeR":|x| <2} and S" !={xeR":|x|=1
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Lemma 2.6 [Mizuta 1996, Example 5.4.3]. For « € (1,n],
CYS" ' By) =c(n,a)

for some positive constant c(n, o).

Proof. Tt suffices to show that C*(S”~!, B,) is finite and positive. Let o be the volume measure for the
unit sphere so that the total measure of S”~1 is 1. First we realize that the potential, for & € (1, 1] and
x € S*1 satisfies

RGP2(x) = m
for some m = m(n,a) > 0. Therefore C¥(S"™!, By) < % < oo by Definition 2.2. To see that
C%(S™ 1 B,) > 0 for any  on B>, we use Lemma 2.7 below to pick up a point p € S"~1 such
that (2-3) holds and calculate, for @ € (1, n),

R&P2(p) = (n—a) fo M({;‘?S}”BZ) (H;)n—aﬂd” yal(B2)
3

3 1
= (=) [ By ()0 By (B

< M(n,a)u(B2)

for some M(n,a) >0and r = |x — p|. Fora =n,

o0
3 1 4

3
— [ nB, ()0 B dr +10g u(B2)
0
< M(n,n)u(Bz)

for some M(n,n) > 0. In the above we used [Rudin 1987, Theorem 8.16]. This implies C*(S*~!, B,) >
1/M(n, o) > 0 by Definition 2.2. O

By the Vitali covering lemma, we prove the following fact used in the above.

Lemma 2.7. Let n > 2 and u be a finite nonnegative Radon measure on By C R™. Then there is a point
p € 8™ such that
((Br(p) N By) < c(n)(B2)r"™' forallr >0, (2-3)

for some dimensional constant ¢ = c(n).
Proof. For convenience, let ;1(B>) = 1. Assume otherwise, for any ¢ € S”~1, there is rq > 0 such that
1(Br,(q) N Bp) > c(m)ry ™"
Using the Vitali covering lemma, we have {¢1.q2,....qx} C S"~! such that the balls in the collection
{Br, (q1). Br,,(q2). ... Br,, (qk)}
are disjoint but the balls in the collection

{B3rq1 (91), B3rq2 (q2),---, B3qu (qr)}
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cover the sphere S n=1 Therefore, on one hand,

k k
c(n) Zr;’l__l < ZM(qui (¢i) N B2) < u(B2) = 1.
i=1 i=1

On the other hand,

k k
1S <) Bar, (g) N ST < |S" Me@m) Y ra
i=1 i=1
when c(n) is sufficiently large, where |- | stands for the Lebesgue measure on S” 1. Therefore the lemma
is proven by contradiction. O

Now let us introduce the geometric definition of thinness. For notions of thinness in terms of the fine
topology and Wiener criterion, readers are referred, for instance, to [Mizuta 1996; Adams and Hedberg
1996; Armitage and Gardiner 2001]. Let

w¥(p)={xeR":|x—ple27'8,27 1],
Qf(p) ={xeR":|x—ple@715,27T25)).
Definition 2.8. Let £ be a subset in the Euclidean space R” and p € R” be a point in R”. The subset £
is said to be «-thin at the point p for « € (1,n) if
3 CUEN®] (). 2 (P)  _
C*(3By-ig(p), By-i+15(p))

for some small § > 0. The subset E is said to be n-thin at p if

> iC"(ENo] (p). Q) (p) <00

i>1

i>1

for some small § > 0.

Combining Lemmas 2.3-2.6 with the above definition, we observe the following important property
of «-thin sets, inspired by [Arsove and Huber 1973] (see also [Ma and Qing 2021; 2022]). We recall
Theorem 1.2 from the Introduction for readers’ convenience.

Theorem 1.2. Let E be a subset in the Euclidean space R" and p € R" be a point. Suppose that E is
a-thin at the point p for o € (1, n]. Then there is a ray from p that avoids E at least within some small
ball at p.

Proof. First of all, due to the translation invariance, we may simply assume p is the origin of the Euclidean
space. Then, by the scaling property of the outer capacity C* in Lemma 2.4, one notices that
CUENw! Q)  CUSi(E)Nwi.QY)
C*(0B,—ig,By-i+15)  C%(3B1,By)

where S; (v) = (2/ /8)v is the scaling map. Then we consider the projection
v/|v| when v e R” and |v| > 1,

P) =
®) v when v € R” and |v]| < 1,
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which is contractive. Therefore, in light of Lemma 2.5, we have
CH(P(Si(E) Nw}). 4) < C¥(Si(E) Nwj. Q).

Next, using the countable subadditivity in Lemma 2.3, we have

C“(U P(Si(E) Nwy), Qé) <Y CHP(Si(E) Nwy), Q).
i>k i>k
Thus,
c*(|U Psiceynad). o) = 3 e sy nop. 2

i>k i>k

C*(Si(E) Nwg, Q)
C%(3By, B>)
C*ENwl, Qf)

Ca(aBz—i(g, Bz—i+15)’

< C%(0B1, B2) Z
i>k

<C%(0B1.B2) Yy
i>k

which is arbitrarily small when k is appropriately large using Lemma 2.6 for C%(dB;, B3). And then
this implies that
0B1\ | P(Si(E) Nwy) # 2.
i>k

The argument for ¢ = n is similar and easier. O

2.2. Linear potential on manifolds. On a given complete Riemannian manifold (M", g), let d(-,-) be
the distance function associated with the given Riemannian metric g.

Definition 2.9. Suppose that (M", g) is a complete Riemannian manifold and U € M" is a bounded
open subset. For o € (1, n], the linear potential on the Riemannian manifold (M", g) of order « for a
Radon measure p on U is given by

1
/ —————du(y) whena € (1,n),
n—o
%ﬁ,U(x) — U d(x’ y)

D
lo d when o = n,
fg gd(x’y) w(y)

where D is the diameter of U.

From the discussion in the previous subsection, it is easily seen that one may generate an outer capacity
¢*(E,U) for any subset E C U C M" that behaves like the counterpart in Euclidean spaces. To use
RZ’Q (x) and C¥(E, 2) on Euclidean spaces in the previous subsection to study %Z’U (p) and €*(A,U)
on manifolds, we first introduce the correspondence between Radon measures on the tangent space 7, M"
at each point p € M" and those on (M", g). Suppose that (M", g) is a complete Riemannian manifold.
Let p € M" and U be a convex normal coordinate neighborhood at p on (M", g), where the exponential
map serves as the convex normal coordinate

explp:Q—U.
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The domain U is said to be convex if the unique geodesic joining any two points in U stays in U.
Moreover, we may assume in the coordinate chart U the exponential map be uniformly bi-Lipschitz
throughout this paper.

Then, for a Radon measure i on U € M", one may introduce the Radon measure u* on  C T,M"
such that, for a subset E C €2,

W) = pexplpB) and [ foexplydit = [ g

It is then easily seen that the followmg equivalence between the linear potential R PO £ the outer capacities
C*(-, ) and the corresponding %’M \ %“( U) holds. Namely:

Lemma 2.10. Suppose that (M", g) is a complete Riemannian manifold and p € M". Let
explp: Q2 —=-U

be the convex normal coordinate chart, where the exponential map is uniformly bi-Lipschitz. And let
a € (1,n]. Then, for AC U and E = (exp |p)_1A C Q,

—1 pa,2 U a,2
CICYE,Q)<¢%(A,U)<CCYE,Q)

for some constant C = C(M", g, U, p). Consequently, a subset A C U is a-thin at p if and only if
E = (exp |p)_1 (A) C Q is a-thin at the origin of T, M".

Proof. The proof is straightforward based on the properties of the convex normal coordinate chart at a
point in a complete Riemannian manifold, where the exponential map is bi-Lipschitz. O

2.3. Estimates of Riesz potentials. We now introduce our estimates of Riesz potentials on manifolds. We
will recall some well-known estimates for Riesz potentials in Euclidean spaces [Mizuta 1996, Chapter 2].

Our estimates on Riesz potentials are designed to help understand the Hausdorff dimensions of
singularities of solutions of partial differential equations on manifolds. Let us start with a general
decomposition theorem for nonnegative Radon measures on a complete Riemannian manifold based on
[Kpata 2019, Proposition 1.4], which is related to Lemma 2.7 and a broad generalization of the Lebesgue
Differentiation Theorem in some way.

Lemma 2.11 [Kpata 2019, Proposition 1.4]. Let u be a nonnegative Radon measure on a complete
Riemannian manifold (M", g) and let

GP = {x e M" :limsupr~? u(B,(x)) = +O°}

r—0

for any d € [0, n)]. Then
Hy(Gg°) =0

where 5y is the Hausdorff measure of dimension d.
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Proof. Based on the general decomposition theorem [Kpata 2019, Proposition 1.4] on the Euclidean
space and the correspondence of Radon measures in Lemma 2.10, this lemma is easily seen. Specifically,
we first prove the statement for Radon measures supported in a convex normal coordinate chart used
in Lemma 2.10. Then the lemma follows by using a countable covering for (M, g) by convex normal
coordinate charts. O

Now we are ready to state and prove one crucial analytic result in this paper on the behavior of the
Riesz potentials. For readers’ convenience, we recall Theorem 1.1 from the Introduction.

Theorem 1.1. Suppose that (M", g) is a complete Riemannian manifold and  is a finite Radon measure
on a bounded domain G C M". Let S be a compact subset in G such that its Hausdorff dimension is
greater than d. And let o € (1,n) and d < n — . Then there is a point p € S and a subset E that is
a-thin at p such that

1
[, T = g
for some constant C and all x € Bg(p) \ E for some § > 0.
Proof. First, due to the assumption that the Hausdorff dimension of S is greater than d,
Hg1e(S) = 00
for some small € > 0. Then, in light of Lemma 2.11, there is a point p € S such that

limsup r~ @+ (B, (p)) < C < 0.

r—0

That is to say
W(Br(p)) = Cri™e (2-4)

when r is appropriately small. Secondly, we may confine ourselves to a convex normal coordinate
neighborhood U of p and we may work on the Euclidean space without loss of generality in light of the
discussion in the previous subsection, particularly, Lemma 2.10, where exp |, : 2 — U and exp [, (0) = p.
For convenience, we will not differentiate p and p* if no confusion rises. Therefore, for x € a)f CcQ
when 4§ is sufficiently small and 7 is appropriately large,

1
R4 =/ —d
W= ey

1 1 1
= —dﬂ‘i‘/ —du+/ —————du, (2-5)
L\B2—i0+28 |x =y Bz—f0+23\9? |x — y|*— Q¢ |x — y|n—e

where igp <1 to be fixed. For the first term in the right-hand side of (2-5),

1 1 n—a 1 n—a
I = ——du < - - Q)<|——— Q).
/Q\Bz—io-i-zs |x _yln—a = (2—10+25 —2_’+18) /L( ) — (2—10+15) M( )




784 SHIGUANG MA AND JIE QING

Recall that 277§ < |x] < 27i+1§ for x € w;, we have

(2—i+18)n—a—d 1 1
I <p(2) (2—i0+15)n—¢x |x|n—a—d =C |x|n—a—d’

(2-6)

where C = C(n,«,d,8,ig). For the second term in the right-hand side of (2-5),

1 1
T e dn = / g dn+ /
/Bz—io+28\ﬂ}8 |x =y« B, _ig+25\By—it24 |x =y« By i1

1 1 n—o
< S —re— du+( — ) p(By—i-15)
/1;2—1'0+25\Bz—i+25 |x — y[r— 271§

i—1

1 1 n—o
< —du-i-( : ) W(By—i-1g)
X /;2—k+28\32_k+18 |)C - y|n—0l 2_1_18 2

k=ig

1

ey

i—1 n—o 1 n—o
=< (_—) M(Bz—k+28)+(m) p(By—i-15).

Using (2-4) for € = 0, we continue from the above,

; i—1 1 n—oa—d 1 n—a—d
I < C(4 Z (_2—k8) + (—2—i—15) )

k=ig

44 1 n—a—d 1 n—a—d 1
=C (1 —2—(n—a—d) (2—i+15) + (2_’—_18) ) = CW, 2-7)

where C = C(n,«, d,§,ip). To handle the third term in the right-hand side of (2-5), we let

E} = xewfs:/ ! dpu > p2in—e=d)
’ Colad lx—yrme T T

where A > 0 is fixed. By Definition 2.2, we know

M(Q?) C (2—i+28)d+e C4d+e

arpA Of _ —ieny—i\n—a
C (El ’Qi) = A2i(n—a—d) = I 2i(n—a—d) - A 2 (2 ) ’
where (2-4) for some € > 0 is used and Qf C B,—i+25. Now, from Lemma 2.6 and the scaling property,
we know
Ca(aBz—i(g, Bz—i+18) = C(l’l, a)(z—i(g)n—a
and
oA OF
Z aC (E,'»Q,') Sg 2_€i<OO.
iz0 € (9By-i5, By=i+15) — A i>io

Thus, by Definition 2.8, the proof is completed. O
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As a consequence of Theorems 1.2 and 1.1, we have:

Corollary 2.12. Suppose that (M", g) is a complete Riemannian manifold and [ is a finite Radon measure
on a bounded domain G C M"™. Let S be a compact subset in G such that its Hausdorff dimension is
greater than d. And let o € (1,n) and d < n — . Then there is a point p € S such that, for some
constant C,

1
- d <
J, Ty = d(x, pyr=e
for all x € Ray, NB(x,§), where Ray,, is a ray from p and B(p, ) is the geodesic ball of radius § > 0.

2.4. Estimates of the log potential. First, as stated in [Mizuta 1996, Theorem 6.3], for the log potential
U, 1t(x) on Euclidean spaces defined on page 82 of that work,

lim i),
x—p and xeQ\E 10g(1/|x — p|)

The following is our version of [Mizuta 1996, Theorem 6.3] on manifolds. For us it is a generalization
of [Arsove and Huber 1973, Theorem 1.3] in higher dimensions and linear versions of such behaviors
for n-superharmonic functions (see [Huber 1957; Bonini et al. 2018; 2019; Ma and Qing 2021; 2022]).
For convenience, we present a brief but full proof based on the potential theory developed in previous

subsections in this paper.

Theorem 2.13. Suppose (M", g) is a complete Riemannian manifold. Let 1 be a finite Radon measure

on a bounded domain G C M"™. Then, for all p € G, there is a subset A that is n-thin at p and
Jglog(1/d(x,y))du(y)

X—>p anljr)lcleMn\A log(l/a’(x, p)) - H({P})

Proof. Let
explp: Q2 —>U

be a convex normal coordinate at p € M". Clearly, it suffices to show that there is a subset A in U, which
is n-thin at p, such that
U
)

op i A Tog(l/d(x.p)) - HEPY- 2-8)

8 .
Therefore, for x € w; (p), we write

2nY (x) = /U log dp(y)

D
d(x,y)

D D D
= logd du + legd du + Slogd di. (2-9)
U\Bz_i0+28 (X,y) Bz_i0+28\9i (.X,y) Q7 (X,y)

Here we omit the center p for each ball or annulus for simplicity. For the first term in the right-hand side
of (2-9),

as x — p. (2-10)

D D
I = / log du < u(U)log ———— =o(1)log
U\B,—iy+24 d(x,y) 270t d(x, p)
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For the second term in the right-hand side of (2-9),

D D D
/ logd d,u(y):[ logd d,u—i—/ logd du
B _ig+2,\2} (x,y) B _ig+2,\By—it1g (x,y) B (x,y)

2—i—25

1
=C [ Z kpn(By—k+25 \ Bz—k+18)] + (By-i—25) log S—iag”

k=ig

Due to the regularity of Radon measures and d(x, p) € [27718,2775], we know

D 1
w(By—i—2g) log 25 = w({p}) log d(x—p) +0(10g e p)) asx — p (2-11)

and

> kp(By-i+2 \ By-r15) = 0(1)i = o(1) log (2-12)

k=ig

1
d(x, p)

as i — oo or equivalently x — p. To see (2-12), for any € > 0, we first find k¢ such that
€
P(By—i+28 \ By—m+15) = >

for all m > [ > k¢ due to the regularity of u. Next, we find N such that

k

k0=i0 ki(By—k+2g \ By—k+15) - €
i -2

for all i > N. Together, this gives

. k .
Z;c=i0 kpu(By—k+25\By-k+15) _ Zko=i0 kp(By—k+25\By—k+15) . Z;(=ko+1 ki(By—k+25\By—k+1g)
i B i i

] |
kL ki(Bykt2g\Bykt1s)
_ Sk=io , + D H(Byit25\Byitig) <€

k=ko+1

1

for all i > N. Thus we conclude that

1T = (n({p}) +o(1)) log

1
as x — p. (2-13)
d(x, p)

To handle the third term in the right side of (2-9), for A; > 0 to be determined, we consider

D.
Ari = efg:/l L odu=ilt,
{x O Jgs O ey M

where D; is the diameter of Qfg. By Definition 2.2,

8
e (AM Qb < w2
i
In light of Definition 2.8, we consider

(%)

. A §
D i (AN, Q) < »

i>ig i>ig
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and pick up A; — 0 as i — oo by the classic Paul du Bois-Reymond theorem [1873] (see [Bromwich 1908,
(5), page 40]) for infinite series such that Zizio ;L(Qf) /A; converges when Zizio ;L(Qf) converges.
This is to say that the third term in the right side of (2-9) satisfies

D D; D
I = lo —/ lo d + log — (2]
/Q? gd(x’y) dp(y) & 1ty n(y) gDiu( 5)

1 D
< ()L,' + (1 + - log )M(Qg)) d(x )

1 4
=o(1)log asxewl‘-g\EAl and x — p. (2-14)
d(x. p)
Finally, if let 4 = | J; A%, we have
Y ()
1 _— - = 9
x> p and x€U\ A log(l /d(x oy ke
where A is n-thin at p. O

3. On scalar curvature equations

We now focus on the scalar curvature equations for conformal deformation of metrics. Let (M, g) be a
compact Riemannian manifold for n > 3. Let R;;x;[g] be the Riemann curvature tensor, R;;[g] = R;jk; gkl
be the Ricci curvature tensor, and R[g] = R;; g% be the scalar curvature. The scalar curvature equation
in conformal geometry is

“20 D) Atz + Righe = Rl gl

(3-D

for a positive function u. The scalar curvature equation describes how the scalar curvature transforms
under conformal change of metrics. In this section we want to use the estimates for the Newton potential
in the previous section to study the Hausdorff dimensions of the singularities of solutions u to the scalar
equations which represent the ends of a complete conformal metric ut/ =2z

We remark here that all of the results in this section hold if we assume S is compact, D C M" is a
bounded domain that contains S, and (M", g) is just complete, because the possible noncompact part
M"\ D is not relevant for the purpose here.

3.1. Preliminaries. Let us start with [Ma and Qing 2022, Lemma 3.1], which is a slight improvement of
[Chang et al. 2004, Proposition 8.1].

Lemma 3.1 [Ma and Qing 2022, Lemma 3.1]. Let (M™", g) be a compact Riemannian manifold and S
be a closed subset in M. And let D be an open neighborhood of S. Suppose that g = u4/("_2)g‘ isa
conformal metric on D \ S and is geodesically complete near S. Then

u(x) > +oo asx—S

if R™[g]l e LP(D\ S, g) for some p > n/2, where R™[g] = max{—R][g], 0} stands for the negative part
of the scalar curvature R[g] and LP? (D \ S, g) is the L? space with respect to the metric g.
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For a preliminary estimate on the Hausdorff dimension of S, we follow the proof of [Ma and Qing
2022, Theorem 3.1] and get:

Proposition 3.2. Let (M", g) be a compact Riemannian manifold and S be a closed subset in M". And
let D be an open neighborhood of S where the scalar curvature R[g] is nonpositive. Suppose that
g= ut/(=2) g is a conformal metric on D \ S and is geodesically complete near S. Then the Newton
capacity of S is zero and therefore the Hausdorff dimension satisfies

dim(S) <n -2,
provided that
R[gle L2 (D\S.g)NLP(D\S. g)
for some p > 3.
Proof. Recall the scalar curvature equation

4n—1 n n
(n )Au =—Ru+ R+[g]un;—r§ — R [g]u =

inD\S, (3-2)

n—2

where
n+2

_ n+2 _ _. . 2n 2n 4\ 2 n—=2
f R™[glun=2 dvol[g] < (/ (R™[g])n+t2un=2 dVOl[g]) vol(D) 2n
D\S D\S
n+2

< ( / (R~ [g]) 72 dvol[g]) " vol(D)'5 < . (3-3)
D\S

Here, and from now on, all geometric quantities are under the background metric g unless indicated
otherwise. And, in light of Lemma 3.1, we know

u(x) > 4oo asx—S.
As in the proof of [Ma and Qing 2022, Theorem 3.1] (adopted from [Bidaut-Véron 1989, Lemma 1.2]),
we use the following test functions. First we let

B. u>a+p,

d = — 1—n),
u—a, u<a+p, an ¢a,B Un,p :8+/3( n

Ug,p =

where n € C°(Xy) is a fixed cut-off function that is equal to 1 in a neighborhood of S and X, =
{x € D :u(x) > a}. Notice that, for 8 sufficiently large,

ugp €(0,B] in Xy and $ap=0 on{xeD:u(x)=ajU{xeD:u>a+p}

and
Voop =Vugg+BVn and Vu=Vu,g when Vuyg #0.
We then multiply ¢, g to (3-2) and get

4(n—1)
n—2

/ Vit Ve p dvol[§]=/ (—Ru + R[glu2 ). p dvol[g].
pIP Zo
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Therefore

4(” 1)/ Vg p|? dvol[g ﬂ/ (

_ /E (—Ru + R*[g]u%)(ﬁ tta ) dvol[g]

Vu-Vn+ (—Ru + R[g]u%)(l — r])) dvol[g]

— nt2 _
+ [ Rl (B =t p) dvolli) < €. (3-4)
where C depends on « and 7 but does not depend on S, due the support of 1 — 7 and (3-3). That is,

Ua,B 2 - _C
|IV—=|"dvol[g] < — —0
»/;o( ﬁ ﬂ
as B — oo, where uy g /B is a function that is identically 1 in a neighborhood of §. This implies the

Newton capacity Cap, (S, D) of S is zero. Consequently, we know S is of Hausdorff dimension not
greater than n —2 (see [Adams and Meyers 1972; Schoen and Yau 1994, Theorem 2.10 in Chapter VI]). O

3.2. —Auis a Radon measure on D. In order to use the estimates of potentials in the previous section,
we need the following lemma (see [Ma and Qing 2022, Lemma 3.2-3.4]).

Lemma 3.3. Let (M", g) be a compact Riemannian manifold and S be a closed subset in M™. And
let D be an open neighborhood of S where the scalar curvature R[g] is nonpositive. Suppose that
g = u4/("_2)g‘ is a conformal metric on D \ S and is geodesically complete near S. Then —Au is a
Radon measure on D and —Au|s > 0, provided that

R7[g] € Li¥2(D\S.g) N LP(D\S.g)
for some p > 5
Proof. Again, recall the scalar curvature equation

4(n—1
REICES N
n—2

— —Ru+ R [glu2 — R [glunz = f inD\S, (3-5)

where

n+2
/ R™[g]lun=2 dvol[g] < cc.
D

And, in light of Lemma 3.1, we know

u(x) >oo asx—S.

Then we claim the right-hand side f of (3-5) is in L (D). To prove this claim, we follow the argument
in the proof of [Ma and Qing 2022, Theorem 3.2] (stated as Lemma 3.2 there). Let

t, t<s,
as(t) = §increasing, t € [s, 10s],
2s, t > 10s
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(this function was used in [Dolzmann et al. 1997]). Notice that one may require «; € [0, 1] and « < 0.
We calculate

—Aas(u) = —a” (u)|Vul® + ol (u)(—Au)

and, for s > max{u(x) : x € 0D},

a_u _ =1 A 2 / n—2 =
/BD " da—/DAas(u)dvol[g]—/D( o (u)|Vul“ +« (u)4(n_1)f) dvol[g].
Hence
/i 2 / n—2 + = a_u n—-2 — % =
/;)( oy (u)|Vu| +as(u)4(n_1)f )dvol[g]f/aD 5 d0+—4(n—1)/DR [g]u dvol[g]
and

n—2
4(n—1)

[ 18asiavoliz) = [ (—a"(u>|W|2+a/<u> <f++f—>)dvol[g'1.
D D

By Fatou’s lemma, as s — oo, we have

4(n—1 0 n
(n )/ —”do+/ R [g]u> dvol[g].
n—2 oD av D

/ fJr dvolg] <
D

So the claim is proven. Moreover,

n—2 _ n+2 -
2(n—1)/DR [g]lun=2 dvol|g].

_ ou
/D |Aags(u)| dvol[g] < /{)D gda +
Consequently, for ¢ € C2°(D),
| = Ao (u)(@)| = ‘/D(—Aats(u))q5 dvol[gl'
< [ 180l dvollgll¢lcoco)
du n—2 _ n42 -
=< ([aD 3, 4o+ 20=1) Ios R™[glun= dvol[g]) I$llcocp)

for any s larger. Before we show —Au is a Radon measure, let us state and prove a lemma which is
useful for the proof now and later in the following sections.

Lemma 3.4. Let (M", g) be a compact Riemannian manifold and S be a closed subset in M™. And
let D be an open neighborhood of S where the scalar curvature R[g] is nonpositive. Suppose that
g = ut/(n=2) g is a conformal metric on D \ S and is geodesically complete near S. Then

VueL?(D) and ueLi(D) (3-6)
for pe[1, L) and q € [1. =), provided that

R[gle Li#2(D\ S, )N LP(D\S,¢g)

for some p > 5.
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Proof. In fact, we continue from the above, for ¢ € C2°(D),

‘/ Vas(u)-Vé dvol[g’]‘ = V (—A[élas(u)qﬁ)dvol[ﬂ’
D D

ou n—2 ni2
S _d0+— R_ un—72 dvol _)
(/a 20— 1) Jp\s [¢] [g] )1l cocp)

D OV
<c(/ M o 4 2 R [glu"=2 d 01[-])||v¢|| (3-7)
= —_— n— V )L -
v 20— Jpys # LAD)

for any A > n due to the Sobolev embedding theorem. Therefore, for any s appropriately large,
IVas)llLrpy=C and |las(u)|Lap)y = C

for some constant C and p = A’ € (1, ;25) and ¢ € [1, -25), where C is independent of s. Therefore
we first have, by Fatou’s lemma,

lullpapy < C

for some C and g € [1, -25). Moreover, we calculate

Vu(g)| = ‘ [ uvo dvol[g]‘ _

lim / ozs(u)Vq}dvol[g]':
§S—>00 D

lim / o (u)Vug dvol[g]
§—>00 D

<limsup [leg () VulLrpylldpllLr < Cliglpa- (3-8)
S—>00
This implies
Vue L?(D) and ueL?(D) (3-9)
for p € [1,;25) and g € [1, ;5 ), completing the proof of Lemma 3.4. O

Back to the proof of Lemma 3.3,
(—Au)(¢) =[ Vu-V¢ dvol[g] = lim [ oy (u)Vu - Ve dvol(g] = lim (—Aas(u))(¢)), (3-10)
D §—>00 D §—>00

where the dominated convergence theorem is applied due to Vu € L1 (D). Thus, for ¢ € C°(D),

n— 2 n+2
A —_— R~ n=2 dvol[g ,
o = ([ Grdos st [ Rl dvolta) 19l cocn
which implies that —Au is a Radon measure on D. To show that —Au|g > 0, we calculate, for a
nonnegative function ¢ € C°(D),

(—Au)(d)):/DVu-qudvol[g]: lim / Vag(u)- Vo dvol[g] = lim [(—Aas(u))qﬁ dvol[g]

= i, [ o300 =2 (- Rt Rlela ) —a 1 Vul? [ ol
_9 s ]
_{ h wupp g\ | — Ru + R[g]unfz | dvol[g]} Il cocpy = O

as [oopp\s 4Vvol[g] — 0 and [|§]lcopy = 1, which implies —Au[g > 0. O



792 SHIGUANG MA AND JIE QING

3.3. Main result on the Hausdorff dimensions. Now we are ready to state and prove our result on the
Hausdorff dimension of the singular set S, which is a significant improvement of Proposition 3.2. For the
readers’ convenience, we recall Theorem 1.3 from the Introduction.

Theorem 1.3. Let (M™, 2) be a compact Riemannian manifold and S be a closed subset in M". And let
D be an open neighborhood of S. Suppose that g = ut/(n=2) g is a conformal metric on D \ S and is
geodesically complete near S. Then the Hausdor{f dimension satisfies
-2
dim_y (S) < ”T (-11)
provided R™[g] € L2V ®+2(D\ S, g)NLP(D\ S, g) for some p > 5. Consequently, (3-11) holds when
the scalar curvature R|[g] of the conformal metric g is nonnegative.

Proof. The outline of the proof is as follows: We first show that one may assume the scalar curvature
R([g] is nonpositive without loss of generality for our purpose. Then we use the Green’s function to
construct the integral representation of the solution to the Laplace equation. Finally we apply Lemma 3.3,
Theorem 1.1, and the geodesic completeness to complete the proof.

Step I: In this step, we find a conformal change & = v*/"=2 g such that the scalar curvature R[A] is
nonpositive (or even negative) in D, based on the similar idea used in the proof of [Ma and Qing 2022,
Lemma 3.1]. This is trivial if the Yamabe constant of (M", g) is nonpositive. Otherwise, take a point
p € M™\ D and consider a connected sum of M" with another compact Riemannian manifold (M7, g1)
with very negative Yamabe constant in such way that the conformal structure on the connected sum
M"™tM7{ is unchanged in D C M"§M]'. Then, by [Gil-Medrano 1986, Theorem 5], the Yamabe constant
of such a connected sum is negative. Therefore one easily finds a conformal metric h = v4®=2 g whose
scalar curvature is negative in D, where v € C*°(D) and

Cl<v<C inD (3-12)

for some positive constant C. In any case, we have g = ut/(n=2) g = (%)4/(n_2)h_ and the scalar curvature
R[h] is nonpositive. In conclusion, due to (3-12), we may simply assume R[g] is nonpositive (or even
negative) in D without loss of any generality for the purpose of obtaining the growth estimate like the
one given in Theorem 1.1.
Step II: In this step, we use the Green’s function to construct the integral representation of the solution u.
In light of Lemma 3.3, we may write

—Au=pu inD

for a Radon measure . on D. Let G(x,y) be the Green’s function on D given by [Aubin 1982,
Theorem 4.17]. Then

u=LGuymmw+h

for a smooth function /4 that is harmonic in D. By [Aubin 1982, Theorem 4.17(c)], we have

C
0<G(x,y) f——7—
SO =y
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for some constant C and x, y € D. We therefore arrive at, for x € D,

u(x) < /D G(x,y)dut +h(x) < C%’i’f(x)—i—h(x). (3-13)

Step III: Assume otherwise that dim ;- (S)=d > ”;2. From Corollary 2.12, there is a point p € S such that

2,D
‘%J/ﬁ (x) = d(x, p)n—2—d

at least for x along a short geodesic ray y from p, which implies

C

2(n—2—d)

d(x. )z

at least for x along a short geodesic ray y from p, where

2
u(x)n=2 <

(3-14)

2(11—2—d)_2 2d
n—2 a n—2

<1

when d > % Now the length of the curve y with respect to the conformal metric g = ut/(n=2) gis

lo

1
L(%g)EC/O =gy 45 <
2

when d > %, which contradicts the geodesic completeness of the conformal metric g = ut/ =2z O

The study of singular solutions to the scalar curvature equations started from the seminal paper [Schoen
and Yau 1988] (see also [Schoen and Yau 1994, Chapter VI; Carron 2012; Schoen 1988; Mazzeo and
Smale 1991; Mazzeo and Pacard 1996]) on domains of the sphere. Theorem 1.3 here can be considered as
a necessary condition for the existences of singular solutions on domains in general Riemannian manifolds
and compared with [Schoen and Yau 1988, Theorem 2.7; Carron 2012, Theorem C], which stated the
similar result for domains in the round sphere S” and slightly stronger curvature assumptions. Clearly
[Schoen and Yau 1988, Proposition 2.4] and the quantity d (M) there are not of local nature, while our
approach here is very much local in nature.

4. On Q-curvature equations

We will use linear potential theory developed in Section 2 to study Q-curvature equations and prove our
results on the Hausdorff dimensions of the singular sets of positive solutions of Q-curvature equations
which correspond to ends of complete conformal metrics on domains of a compact Riemannian manifold.

Again we remark here that all of the results in this section hold if we assume S is compact, D C M"
is a bounded domain that contains S, and (M", g) is just complete. Because the possible noncompact
part M" \ D is not relevant for the purpose here.
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4.1. Q-curvature equations in dimensions greater than 4. We now focus on (1-5) in dimensions greater
than 4. We will always assume that the scalar curvature of the conformal metric g = ut/(n=4) g is
nonnegative. We will first prove some preliminary estimates based on discussions in the previous section.
Our strategy is to consider the bi-Laplace operator as the composition of the Laplace operators. Let us
write the scalar curvature equation and its consequence:

n—2 n—2 n—2 n—2 n+2
_AusE Ru#= = Rlglen=  inD\S, 4-1
M o T = g Rl "D @b

2 |Vul|? —4 n
CAu= VUl L m=% R+ Rlgu#) inD\S. (4-2)

n—4 u 4(n—1)
Here, and from now on, all geometric quantities are under the background metric g unless indicated
otherwise.
Lemma 4.1. Let (M™, ) be a compact Riemannian manifold for n > 5 and S be a closed subset in M.
And let D be an open neighborhood of S where the scalar curvature satisfies R < —co < 0. Suppose

that g = u*/ "= g is a conformal metric on D \ S with nonnegative scalar curvature R[g] > 0 and is
geodesically complete near S. And suppose also that

O;lgl e Lit4(D\ S, g).

Then
as a functionon D\ S, —Au—+o0o asx— S,
as a Radon measure on D, Au|s =0, 4-3)
infact, Au € L?(D) foranyp e [l, #)

Proof. First, using Lemma 3.4 for u®=2/®=4) e know that
ue LP(D) forpell,2). (4-4)
Also, from Lemma 3.1, for u®—2)/(n—4)

u(x) > +oo asx— S, (4-5)
which implies, by (4-2),

—Au— +o0o asx—S.

To prove —Au is an integrable function in distributional sense, we first realize —Au is a Radon measure
on D following (4-2) and Lemma 3.3. And, as a side product, we also have

2 |VM|2 n—4 n )
/D|:7’l—4 u +4(n_1)(_Ru+R[g]”"_ ):|dV01[g]<oo.

In fact, from (4-1) and Lemma 3.3, we also know —Au®=2/(=4 5 3 Radon measure on D. To use this
fact we calculate

n—2 n—4 — 2 n—o \V/ s 2
—Aas(u) = —A(ag(u)n=24)n—2 = %as(u)_m(—mxs(u)nﬁ) + ﬁ| Oo;s((:))l
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To prove —Au|s = 0, we consider

(—Au)() = /D Vu- Ve dvol[z].

where Vu is integrable in the distributional sense directly from (3-8) and (3-9). Therefore

/Vu-Vd)dvol[g]: lim / o (u)Vu - Ve dvol[g] = lim /(—Aas(u))¢dvol[g]
D §—>00 D S—>00 D

and

n—4 2 n=2 - . [V ()2
T im Das(u) (- Aag(w)r=t)¢ dvolg] + —— lim D a)

|Vu/|?
U

(—Au)(¢) = ¢ dvol[g]

—4 e 2
I cauig -2 |
2 n—4 D

¢ dvol[g] > 0

as [ uopd\S dvol[g] — 0 and ||¢||co(py < 1. The proof will be complete after the following L? estimate.
To get the L7 estimate, we first calculate

n+4

[ ovteni* avoiiz) = ( [ (oitep it dvol[g‘])
D\S D\S

n+4
_ ( / (07 lg) dvol[g])
D\S

2n
Then we continue to use notation in the proof of Proposition 3.2 and let

Vol(D)nzTn‘t

vol(D)i23 < oo. (4-6)

o =max{u(x):x € 0D}

and o < f. And recall

_ B, X € g4,
aﬂ_{u(x)—a, X € Xy \ Zgt8,
and
Ugp—Bn=u—(a+p)+B(l—n) inZg\Zy4p,
Ga,p =10 on 0,
0 on dXy 48,

where 7 is a fixed cut-off function in C°(X) and is identically 1 in a neighborhood of S, and B is
arbitrarily large. We now first multiply the Q-curvature equation (1-5) by 1 —n, integrate over D, apply
integration by parts multiple times, and get

/(1—;7)qufo1 dvol[g]f/ OFu4 dvol[g] + C (4-7)
D D

for some constant C' depending on the cut-off function 7, u at dD, and ||u|z1(p). We then multiply both
sides of the Q-curvature equation (1-5) by ¢, g, integrate over Xy \ X4 g, and get
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/ Aulgy g dvol[g] —/ Aua—u do — / a—uAu do
Zo\Za+s E)om dv et p av

. n—4 _
[ AT )~ =207 V- Vg p) dvollg] + Qi g dvoll]
Zo\Za+8 2 Ze\Za+p

n—4 ntd -
- 04lglu 4 g p dvoll2], (4-8)
Ea\2a+ﬂ

2

where v is the outward normal direction at the boundary and the boundary term | %0t s a ) L(—Au)do is
nonnegative due to (4-2) and 3” 3y 182445 = |Vul. Therefore,

/ (Au)* dvol[g] + B (Au)(A(1—mn)) dvol[g]
Ea\za+5 Za\za-‘rﬁ

9
5—/ (—Au) 22 d0+C/ IVu|? dvol[g]
02y 8\) Ea\za+6

-p / (4A(Vu, Vl—n)—-mn—-2)JVu-V(1— r])) dvol|g]
8
+Cp [ wdvollg) +C | 0Flelu avolig), (4-9)
D D

where we use (4-7) and |¢| < B in Xg \ Xq4 g. After applying integration by parts, we get
/ |Au|? dvol[g] < c/ |Vu|? dvol[g] + CB (4-10)
Zo\Za+5 a\Zo+p

for some constant C depending on the cut-off function 7, u at 3%, and |lu|z1(p), because

/ AulAndvol[g] =/ uA%n dvol[g]
Y\ a4 Ze\Za+4

and similarly we may unload all derivatives from u by integration by parts for the other terms in the
above (4-9). Now, to get an a priori estimate, we calculate

1 Vul* —4)C
/ |Vu|? dvol[g] < ———— / | Z' dvol[g] + u/ u? dvol[g]
Zo\Zatp (n=4)C Js\z445 U 4 Zo\Zap

! (n= ) (o +,3)/ u dvol[g],

S JR—
2C Ea\za-‘rﬁ

|Au|? dvol[g] + ———
due to (4-2), which implies, from (4-10),

/ |Aul* dvol[g] < C(a + B). (4-11)
Ea\zcx-i-ﬁ

We claim that (4-11) implies
Au e L?(D) (4-12)
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forall p € [1, nnTz) To prove (4-12), we first derive from (4-11)
2~ / |Au|? dvol[g] < C
i

2i—1 Zzi
for i > ig large, which implies

A 2
/ |Aul dvol[g] <2C
21 1\221 u

and, for s > 0 appropriately small for any p € [1, -%5),

Aul? A Aul?
/ | IZI_L dvol[g]= Z/ | 1i|s dvol[g ZZS( ’+1)/ Ayl dvol[g]<oo.
z:210 l\S u i=ip 21 1\221 u i=ig 2i—1\22i u
Thus , Y
_ |A |2 A+s)p -3
/ |Aul|? dvol[g] < / —5 dvol[g] / u 2= dvol[g] < 00,
D\S D\s u! D\S
where .
Ad+s)p __n O
2—p n—4

Corollary 4.2. Under the same assumptions as in Lemma 4.1 we have

Proof. Consequently from (4-2) and (4-11), we have

Zo\Zat8 p p Ze\Za4p U

(ot (@+p)? 2 _ (a+B)?
< ,34 /Eza\za+ﬁ |Au|” dvol[g] < C—,B“

for some « appropriately large and B — oo, which leads to Cap,(S) = 0 and completes the proof similar
to the proof of Proposition 3.2 (see [Adams and Meyers 1972; Schoen and Yau 1994, Theorem 2.10 in
Chapter VI]). O

Lemma 4.3. Let (M", g) be a compact Riemannian manifold for n > 5 and S be a closed subset in M".
And let D be an open neighborhood of S where the scalar curvature R[g] < —co < 0. Suppose that
g = u*/®=9z is a conformal metric on D \ S with nonnegative scalar curvature R[g] > 0 and is
geodesically complete near S. And suppose also that

— 2n_
O4lgle Lm+3(D\ S, g).
Then A%u is a Radon measure on D and A%u|g > 0.

Proof. Let v = —Au. We will follow the proof of Lemma 3.3 to show that —Av is a Radon measure
on D using Lemma 4.1. We continue to use the notation from the proof of Lemma 3.3. We calculate

—Ad;s(v) =o' (v)(—Av) — " (v)| V2,



798 SHIGUANG MA AND JIE QING

where, by the Q-curvature equation (1-5), we have

IS

n+

—Av =—div(4A(Vu) — (n —2)JVu) — #Qw + Q4lglun=* inD\S

and
—Aas(v) = —a” (V)| VU[? + &' (v)(— div(4A(Va) — (1 —2)J Vur) — #Qw + Qulglunst)

in D. In light of Lemma 4.1, terms in the right-hand side of the above equation are all integrable except
—a" (v)|Vv|* + QI [g]lu®+4/ (=4 Therefore the argument in the proof of Lemma 3.3 works from this
point and completes the proof. O

We now are ready to state and prove our main results for Q-curvature equations in dimensions greater
than 4. For this, we recall Theorem 1.4 from the Introduction.

Theorem 1.4. Let (M", g) be a compact Riemannian manifold for n > 5 and S be a closed subset in M".
And let D be an open neighborhood of S. Suppose that g = u4/(”_4)§ is a conformal metric on D \ S
with nonnegative scalar curvature R[g] > 0 and is geodesically complete near S. And suppose also that

O7lgle LiH1(D\ S, g).

n—4

Then

dim »(S) <

Proof. In light of Step I in the proof of Theorem 1.3, we may assume the scalar curvature R < —co <0
for some cg without loss of any generality. Then we use Lemmas 4.1 and 4.3 and conclude that

Au=p
for a Radon measure @ on D. We use [Aubin 1982, Theorem 4.7] first to write

—Au = /D G(x,y)du+ h(x)

for some harmonic function 4 (x), where G(x, y) is the Green’s function for —A. Then we have

u(x) = /D G(x.2) /D G(z. y) du(y) dvol[g](2) + b(x).

where b(x) is biharmonic, where

/ Gx.2) / G(z. y) dp(y) dvol(g](z) = f ( f G(x.2)G(z. y) dvol[2](2)) du(y)
D D D JD

and

0</DG(X’Z)G(Z’y) dvol[g](z) < d(x, y)n—*

for a constant C and n > 5 due to [Aubin 1982, Proposition 4.12], which can be easily proven to be
available for bounded domains in Riemannian manifolds. Hence

u(x) g.qz/jf(x) +b(x).
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From now on, using the same argument of the proof of Theorem 1.3, based on Theorem 1.1 for o = 4

and n > 5, we conclude
n—4

and finish the proof. O
There have been a lot of works on the study of singular solutions to Q -curvature equations on manifolds
of dimension greater than 4, notably [Qing and Raske 2006a; 2006b; Chang et al. 2004; Gonzélez et al.

2012], for example. Theorem 1.4, for instance, is an improvement of [Chang et al. 2004, Theorem 1.2] in
terms of curvature conditions. And the approach here is different from [Chang et al. 2004].

4.2. Q-curvature equations in dimension 4. We will now study the Q-curvature equation (1-6). Our
approach here in principle is similar to that in the previous subsection but different in calculations and
details. We will always assume that the scalar curvature of the conformal metric g = ¢?*g is nonnegative.
We will first derive some preliminary estimates from the scalar curvature equation for w = e* and the
Q-curvature equation (1-6) for u. Let us write the scalar curvature equation for e*

—Ae* = L(—Re* + R[gle®) inD\'S 4-13)
and consequently,
—Au = |Vul? + L(~R + R[g]e**) in D\S. (4-14)

Lemma 4.4. Let (M*, g) be a compact Riemannian manifold and S be a closed subset in M™. And let D
be an open neighborhood of S where the scalar curvature R < 0. Suppose that g = e** g is a conformal
metric on D \ S with nonnegative scalar curvature R[g] > 0 and is geodesically complete near S. And
suppose also that

03 lgl€ L'(D\S. ).
Then

as a Radon measure, — Au|s =0,

(4-15)
, 4
in fact, Au € LP(D) forany p €1, 3).

Proof. First, by Lemma 3.1 for ¥, we have
u(x) >oco asx—S.

Then, by the proof of Lemma 3.3 and (4-14), we know that
e —Au is a Radon measure on D,
e Vue LP(D) forany p € [1, %) and u € L?(D) for any p €[1,2),
o [Vul>+ L(~R + R[gle®) € L'(D).
Using the same argument as in the proof of Lemma 4.1 we can prove that —Au|s = 0 as a Radon measure.

Also, for the L? estimate, following the proof of Lemma 4.1, we multiply both sides of (1-6) by 1 —1n
and get

/ (1-n)QFe* dvol[g] < / 07 [g] dvol[g] + C.
D D
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Next we multiply both sides of (1-6) by ¢, g and integrate,

/ Aulgy g dvol[g] — / ‘g""ﬂ do — / ‘g"‘”’ do
Yo\Za+p 02y % 0o 48 %

—/ (4A(Vu,Vy) —2JVu -V, g dvol[g] + [ Q4¢q g dvol[g]
Ze\Za+p Zo\Za+8

- / 0.41gle* pa s dvol[g].
Ea\za-i—ﬁ

and, again, the boundary term at 0%, g is with the sign in our favor, thanks to (4-14) and g—’: |Sq4s = Vul

for the outward normal v of X4 \ X4 g. Similar to the estimates in the proof of Lemma 4.1, we get
/ |Au|? dvol[g] < c/ |Vu|? dvol[g] + CB.
Zo\Za+4 a\Za4p

And we handle ‘[Ea\za+ﬂ |Vu|? dvol[g] much as before,

1 1
/ |Vu|? dvol[g] < —f |Vu|* dvol[g] + C < — |Au|? dvol[g] + C
Ea\ztx+6 2C EO(\EIX+[3 2C Ea\za+ﬂ

due to (4-14). Therefore
/ |Au|? dvol[g] < CB. (4-16)
Ea\za—HS

Now, using the same idea as in the proof of Lemma 4.1, we rewrite (4-16) as

A 2
/ |Au] dvol[g] = C
Zyioi\Z, U

and, for s > 0 appropriately small for any p € [1, i), we derive

2
/ [Aul” oz < .
D

\S ul—i—s
A+s)p 1=
(/ U 2-p dvol[g])
D\S

< 2. O

which implies

_ |Au|? _
/ |Au|? dvol[g] < / —7s dvol[g]
D\S D\S U

(1+s)p
2—p

Corollary 4.5. Under the assumptions of Lemma 4.4, we know the singular set S is of zero Hausdorff

D
2

(NS

when

dimension.

Proof. From (4-14) and (4-16) in the above we have

/ VESE 14 dvollz] < B
Se\Zars P
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for some « appropriately large and f — oo, which leads to Cap, (S, D) = 0 and completes the proof as in
Proposition 3.2 (see [Adams and Meyers 1972; Schoen and Yau 1994, Theorem 2.10 in Chapter VI]). O

What follows is to go beyond that S is of zero Hausdorff dimension. We now are ready to state and
prove our main result on the finiteness of singularities for the Q-curvature equation in dimension 4. This
is inspired by [Cohn-Vossen 1935; Huber 1957; Arsove and Huber 1973; Ma and Qing 2021; 2022]. We
recall Theorem 1.5 from the Introduction.

Theorem 1.5. Let (M*, g) be a compact Riemannian manifold and S be a closed subset in M™. And let
D be an open neighborhood of S. Suppose that g = e** g is a conformal metric on D\ S with nonnegative
scalar curvature R[g] > 0 and is geodesically complete near S. And suppose that

/ 07 [g] dvollg] < co.
D

Then S consists of only finitely many points.

Proof. As before, we use the argument in Step I on Theorem 1.3 to assume that the scalar curvature of the
background metric g is less than a negative number, i.e., R < —co < 0, without loss of any generality for
our purpose. Let

v=—Au+tu

and claim —Avw is a Radon measure on D with —Awv|g > 0. Let us start with
—Av = A%u— Au = —div(4A(Vu) —2J Vu) — Q4 + O4[gle** — Au. (4-17)
By Lemma 4.4 and (4-14), we know
e y(x) >o00asx —> 8§,
e all terms in the right side of (4-17) except Qr[g]e“” are integrable.

Therefore, following the same argument as in the proof of Lemma 4.3, the claim is proven. Obviously,
the same conclusion holds for A?u = —Av + Au from —Av and what we know about Au in Lemma 4.4.
Thus we let

A%y = 7!

for a Radon measure on D with A%u|g > 0. Like in the proof of Theorem 1.4, we first write
—u() = [ GGy din(r) +hx)
by [Aubin 1982, Theorem 4.17], where /(x) is a harmonic function. Then we write
u) = [ 662) [ 6y dut) dvollgle) + i)

where b(x) is a biharmonic function and, due to [Aubin 1982, Proposition 4.12],

/ G(x,2)G(z,y)dvollgl(z) < C (1 + log ! )
D d(x,y)
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for some constant C in dimension 4, where [Aubin 1982, Proposition 4.12] can be easily made available
on bounded domains in manifolds. Therefore

u(x) < C%’:’f (x) + b(x).
Applying Theorem 2.13, we have

. u(x)
lim — L <Cu* =C ,
o eF Tog(1/d(x. 7)) — wT({p}) = Cuip})
where E is a subset that is n-thin at p. Next, in light of Corollary 2.12, we conclude that u({p}) > é for
each p € S since otherwise u(x) <mlog(1/d(x, p)) for some m < 1, which violates the completeness
of the metric g near S, because the g-geodesic mentioned in Theorem 1.2, which avoids E, would have
finite length with respect to the metric g. So we conclude that S can only have finitely many points. [J

Theorem 1.4 is a significant improvement of [Chang et al. 2000a, Theorem 2] (please see also [Carron
and Herzlich 2002; Chang et al. 2000b; Ma and Qing 2022]).
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