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We continue our work on the linear theory for equations with conical singularities. We derive interior
Schauder estimates for linear elliptic and parabolic equations with a background Kihler metric of conical
singularities along a divisor of simple normal crossings. As an application, we prove the short-time
existence of the conical Kihler—Ricci flow with conical singularities along a divisor with simple normal

crossings.
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1. Introduction

This is a continuation of our paper [20]. Regularity of solutions of complex Monge—Ampgre equations is
a central problem in complex geometry. Complex Monge—Ampere equations with singular and degenerate
data can be applied to study compactness and moduli problems of canonical Kéhler metrics in Kéhler
geometry. In [43], Yau considered special cases of complex singular Monge—Ampere equations as
generalizations of his solution to the Calabi conjecture. Conical singularities along complex hypersurfaces
of a Kihler manifold are among the mildest singularities in K#hler geometry, and they have been
extensively studied, especially in the case of Riemann surfaces [28; 41]. The study of such Kahler metrics
with conical singularities has many geometric applications, for example, the Chern number inequality
in various settings [38; 39]. Recently, Donaldson [14] initiated the program of studying analytic and
geometric properties of Kédhler metrics with conical singularities along a smooth complex hypersurface on
a Kidhler manifold. This is an essential step in the solution of the Yau-Tian—Donaldson conjecture relating
existence of Kéhler-Einstein metrics and algebraic K-stability on Fano manifolds [7; 8; 9; 40]. In [14],
the Schauder estimate for linear Laplace equations with the conical background metric is established using
classical potential theory. This is crucial for the openness of the continuity method to find a desirable
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(conical) Kihler—Einstein metric. Donaldson’s Schauder estimate is generalized to the parabolic case [5]
with a similar classical approach. There is also an alternative approach for the conical Schauder estimates
using microlocal analysis [23]. Various global and local estimates and regularity are also derived in the
conical setting [1; 6; 11; 12; 13; 15; 19; 24; 29; 32; 44; 45].

The Schauder estimates play an important role in linear PDE theory. Apart from the classical potential
theory, various proofs have been established by different analytic techniques. In fact, the blow-up or
perturbation techniques developed in [36; 42] (also see [2; 3; 33; 34]) are much more flexible and sharper
than the classical method. The authors combined the perturbation method in [20] and geometric gradient
estimates to establish sharp Schauder estimates for Laplace equations and heat equations on C" with a
background flat Kdhler metric of conical singularities along the smooth hyperplane {z; = 0} and derived
explicit and optimal dependence on conical parameters.

In algebraic geometry, one often has to consider pairs (X, D) with X an algebraic variety of complex
dimension n and the boundary divisor D a complex hypersurface of X. After possible log resolution,
one can always assume the divisor D is a union of smooth hypersurfaces with simple normal crossings.
The suitable category of Kéhler metrics associated to (X, D) is the family of Kihler metrics on X with
conical singularities along D. In order to study canonical Kéhler metrics on pairs and related moduli
problems, we are obliged to study regularity and asymptotics for complex Monge—Ampere equation
with prescribed conical singularities of normal crossings. However, the linear theory is still missing
and has been open for a while. The goal of this paper is to extend our result [20] and establish the
sharp Schauder estimates for linear equations with background Kéhler metric of conical singularities
along divisors of simple normal crossings. We can apply and extend many techniques developed in [20];
however, new estimates and techniques have to be developed because, in the case of conical singularities
along a single smooth divisor, the difficult estimate in the conical direction can sometimes be bypassed
and reduced to estimates in the regular directions, while such treatment does not work in the case of
simple normal crossings. One is forced to treat regions near high codimensional singularities directly
with new and more delicate estimates beyond the scope of [20]. More crucially, the estimates in the
mixed normal directions (see Section 3D) relies on those in Lemma 3.3, which is new compared to the
case of a smooth divisor [20]. This enables us to compare the difference of mixed normal derivatives
at two different points. Readers who are interested only in the case of smooth divisors are advised to
omit Section 3D.

The standard local models for such conical Kédhler metrics are described below.

Let B =(B1,...,Bp) €(0,1)?, p <n, and let wg (or gg) be the standard cone metric on C” x C"~°
with cone singularity along S = Ule Si, where S; = {z; = 0}, that is,

V—1ldz; ndz .
wﬂ—ZﬁQ SO LN Vo dz adz, (1-1)

|2(1 Bi)
J=p+1
We shall use 52,41, . . ., 52, to denote the real coordinates of C" ™7 = R2"=2P guch that, for j=p+1,...,n,

Zj =521+~ —1s;.
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In this paper we will study the conical Laplacian equation with the background metric gg on C"
Agu= f in Bg(0, D\S, (1-2)

where Bg(0, 1) is the unit ball with respect to gg centered at 0. The Laplacian Ag is defined as

p k 8z,8z : az,-az,- L 9z7;07;
‘ j=p+1 '

We always assume

feC®Bg0,1) and ueC'(Bg(0, 1)) NCH(Bg(0, H\S).
Throughout this paper, given a continuous function f, we write

o) =wrr)= sup |f(z)— f(w)]
z,weBg(0,1)
dg(z,w)<r
for the oscillation of f* with respect to gg in the ball Bg(0, 1). It is clear that w (2r) < 2w (r) for any r < %
We say a continuous function f is Dini continuous if /01 w(r)/rdr < oo.

Definition 1.1. We will write the (weighted) polar coordinates of z; for 1 < j < p as
=1z, 6 =argz;.

We define D’ to be one of the first-order operators {3/ 082p41,-..,0/0s2,}, and N; to be one of the
operators {d/0r;, (B;r j)*1 (3/06;)} which as vector fields are transversal to S;.

Our first main result is the Holder estimates of the solution u to (1-2).
Theorem 1.2. Suppose B € (%, l)p and f € CO(B,g(O, 1)) is Dini continuous with respect to gg. Let
ue CO(Bﬂ O, )N CZ(Bﬁ O, 1)\8) be the solution to (1-2). Then there exists C = C(n, ) > 0 such that,
for any two points p, q € B,g( )\8

12, P8 2(1-))

0%u ()‘
0z 0z7;07; 1

o) Yo(r)
Sc(dllullLoc(Bﬂ(o,l))-i-/ . dr—i—d/ e dr), (1-3)
0 d

Ou ) —
9%, —0—(p) — Iz}l

(D)?u(p) — (D >2u<q>|+Z

j=1

forany 1 < j < p,

d 1
L w\r L wl\r
|N,~D/u<p>—N,-D’u(q>|sC(dl/f‘f Hleel o spc0.0) + / i)dr+d1/ﬁf 1 f <fdr), (1-4)
0

and, forany 1 < j, k < p with j #k,

w ! w(r
|Niju(p)—Niju<q)|EC(d‘/ﬂmaX—‘||u||Loo<B,,<o,1))+/ D dr-yat et [0 dr), (1-5)
d max

where d = dg(p, q) > 0 is the gg-distance of p and q and Byax = max{By, ..., By} € (%, 1).



760 BIN GUO AND JIAN SONG

Remarks 1.3. (1) The number B.x on the right-hand side of (1-5) can be replaced by max{B;, B}.

(2) We assume B € (%, l)p for the purposes of exposition and simplification of the statements of
Theorems 1.2 and 1.7. When some of the angles B; lie in (0, %], the pointwise Holder estimates in
Theorem 1.2 are adjusted as follows: in (1-4), if B; € (0, %], we replace the right-hand side by the
right-hand side of (1-3); in (1-5), if both B; and By € (0, ], we also replace the right-hand side by that
of (1-3); if at least one of the B;, By is bigger than % (1-5) remains unchanged. The inequalities in
Theorem 1.7 can be adjusted similarly. The proofs of these estimates are contained in the proof of the

case when f; € (% 1) by using the corresponding estimates in (2-3).

An immediate corollary of Theorem 1.2 is a precise form of Schauder estimates for (1-2).
Corollary 1.4. Given B € (0,1)? and f € Cg’“(B,g(—O,l)) for some 0 < a < min{1, 1/Bmax — 1}, if
ue CO(Bﬁ O,1)n C2(Bﬂ (0, D\S) solves (1-2), then u € Clzg’a(Bﬂ(O, 1)). Moreover, for any compact

subset K € Bg(0, 1), there exists a constant C = C(n, B, K) > 0 such that the following estimate holds
(see Definition 2.1 for the notations):

(1-6)

||f||cg-a(3ﬂ<o,1)) )
min{L 1, 1} —a) ‘

ﬁ max

Remark 1.5. A scaling-invariant version of the Schauder estimate (1-6) is that, for any 0 < r < 1, there

llell c2. SC(HMHCO o, T
Cg*(K) (Bp(0,1)) Ol(

exists a constant C = C(n, 8, o) > 0 such that (see Definition 2.4 for the notations)

2 ), (1-7)

. (
”””cg’“wﬂ(o,r» = Cllullcosgo.ry + ”f”cg-a(g,;(o,r))

which follows from a standard rescaling argument by scaling r to 1.
Let g be a Cg’“—conical Kihler metric on Bg(0, 1) (see Definition 3.31). By definition g is equivalent
to gg. We consider the equation
Agqu=f in Bg(0,1) and u=¢ ondBg(0,1) (1-8)

for some ¢ € C°(d Bg(0, 1)). The following theorem is the generalization of Corollary 1.4 for nonflat
background conical Kéhler metrics, which is useful for applications of global geometric complex Monge—
Ampere equations.

Theorem 1.6. For any given 8 € (0, 1)?, f € Cg’“(Bﬂ(O, 1)) and ¢ € CO(BBlg(O, 1)), there is a unique

solution u € C;*“(B/; O,1)HnN CO(Bﬁ(O, 1)) to (1-8). Moreover, for any compact subset K € Bg(0, 1),
there exists C = C(n, 8, «, g, K) > 0 such that

”u”C;vO‘(K) = C(||u||CO(Bﬂ(O,l)) + “f”cg-c’(gﬂ(o’])))-

Theorem 1.6 can immediately be applied to study complex Monge—Ampere equations with prescribed
conical singularities along divisors of simple normal crossings, and most of the geometric and analytic
results for canonical Kéhler metrics with conical singularities along a smooth divisor can be generalized
to the case of simple normal crossings.
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‘We now turn to the parabolic Schauder estimates for the solution u € € O(Qﬂ) Ne 2(Q*;_f,) to the equation

ou
E:Agﬂu-i—f (1-9)

for a Dini continuous function f in Qg, where for convenience of notation we write
Qp :=Bp(0,1) x (0,1] and Qf := Bg(0, D\S x (0, 1].
Our second main theorem is the following pointwise estimate.

Theorem 1.7. Suppose B € (% l)p and u is the solution to (1-9). Then there exists a computable constant
C =C(n, B) > 0 such that, forany Q, = (p. tp), Qg = (q.15) € Bg(0, )\S x (7, 1] (for some { € (0, 1)),

[(D)?u(Q,) — (D)u(Qy)|

)

Jj=1

9%u
07;07;

d Al d w(r) d Yo (r)
SC(WHMHLOO(B/;(O,I))'FZ‘ /0 . dr+f37/d r—zdr .
and, forany 1 < j < p,

/ / dV/Bi=1 1 [T dVEi= 1t o(r)
INjDu(Qp) = NjDu(Qg)l = C\ —575—llullL=@s0.1) +1 . dr+—55 g dr,

0%u

0z7;07;

+

|Zj |2(1—,3_/)

3. u ou
(Qp) — |z;[20=FD 57 (2 = =-(Qy)

(Qq)

and, forany 1 < j, k < p with j #k,

1/:Bmax_]

NN, N <c(*? o [1e0 AT o),
INjNxu(Qp)—NiNu(Qg)l < Tﬂullmwﬂ(o,l))-i-f Ty r+ FEYEI BT r),

where d = dp g(Q,, Qy) > 0 is the parabolic gg-distance of Q, and Qg4, Pmax = max{py, ..., By},
and w(r) is the oscillation of f in Qg under the parabolic distance dp g (see Section 2A2).

If fe %”;’a/z(Q,g) for some o € (0, min(1/Bmax — 1, 1)), then we have the following precise estimates
as the parabolic analogue of Corollary 1.4.

Corollary 1.8. Suppose B (0, 1)? andu €€ O(ng) Ne 2(Qz) satisfies (1-9). Then there exists a constant
C = C(n, B) > 0 such that (see Definition 2.6 for the notations)

”f”cg;a/z(gﬁ) )

1
mln{m -1, 1} —a)
For general nonflat ‘@”; “/2_conical Kéhler metrics g, we consider the linear parabolic equation
ou .
E:Agu—}-f in Qg, u=¢ onaipQg. (1-10)

We then have the following parabolic Schauder estimates as an analogue of Theorem 1.6.

”u”(ﬁ;”’("‘ﬂ)/z(Bﬂ(O,1/2)><(1/2,1]) < C(||u||<,;0(gﬂ) + 0{(



762 BIN GUO AND JIAN SONG

Theorem 1.9. Given 8 € (0, 1), f € %a /2 (Qﬂ) and ¢ € %”0(8739,3) there exists a unique solution
ue %24-01 (a+2)/2(B 0,1) x (0, 1D N %O(Qﬂ) to the Dirichlet boundary value problem (1-10). For any
compact subset K € Bg(0, 1) and gy > 0, there exists C =C(n, B, o, K, €9, g) > 0 such that the following
interior Schauder estimate holds:

”M||<€;+“’(2+‘”/2(K><[so,l]) = C(””H‘KO(Q'g) + ”f”%);v“/z(gﬂ))'

Furthermore, if we assume u|;—g = ug € C;*“(B,g 0, 1)), thenu € %132+a,(a+2)/2(3ﬂ(0’ 1) x [0, 1]), and
there exists a constant C = C(n, B8, a, g, K) > 0 such that

”M||‘K;+a‘(a+2)/2(1{x[0,1]) = C(”u”%()(Qﬂ) + ”f”ggﬂ”-“/z(gﬂ) + ””()Hcév"(gﬂ(()’l)))-

As an application of Theorem 1.9, we derive the short-time existence of the conical Kihler—Ricci flow
with background metric being conical along divisors with simple normal crossings.

Let (X, D) be a compact Kdhler manifold, where D = Z D; is a finite union of smooth divisors { D}
and D has only simple normal crossings. Let wg be a coe 8 (X )-conical Kéhler metric with cone angle 27 8
along D (see Definition 2.8), let &; be a family of conical metrics with bounded norm | ®]||. a/ « 2, and
let &g = wp. We consider the complex Monge—Ampere flow

dg (@ 4+ +/—100¢)"
i log( -

(X x[0,1)]).

)-i-f and ¢|;—0=0 (1-11)
@y

forsomefe%a a'/2

Theorem 1.10. Given o € (0, &), there exists T =T (n, @, f, &', &) > 0 such that (1-11) admits a unique
solution ¢ € %Ha (2+a)/2(X [0, T)).

An immediate corollary of Theorem 1.10 is the short-time existence for the conical Kihler—Ricci flow

w

m ——R1c(w)+Z(1 B)ID;],  wli=o = wo, (1-12)

J
where Ric(w) is the unique extension of the Ricci curvature of @ from X \ D to X, and [D,] denotes the
current of integration over the component D;. In addition we assume wy is a Cg’“ (X, D)-conical Kahler
metric such that

0 2 (1-13)
W0 = T T 2B -

Hj(|5j|%j)l Bi
where s; and & ; are holomorphic sections and hermitian metrics, respectively, of the line bundle associated
to Dj, and Q2 is a smooth volume form.

Corollary 1.11. For any given o € (0, '), there exists a constant T = T (n, wy, a, o’) > 0 such that the
conical Kdihler—Ricci flow (1-12) admits a unique solution w = w,, where o € ‘fg o/ 2(X x [0, T)) and,
foreacht € [0, T], w; is still a conical metric with cone angle 27 8 along D.

Furthermore, w is smooth in X\ D x (0, T and the (normalized) Ricci potentials of w, by which we
mean log(w" /wy), are still in CK;JFO“(H“)/Z(X x [0, T)).
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The short-time existence of the conical Kédhler—Ricci flow with singularities along a smooth divisor is
derived in [5] by adapting the elliptic potential techniques of Donaldson [14]. Corollary 1.11 treats the
general case of conical singularities with simple normal crossings. There have been many results in the
analytic aspects of the conical Ricci flow [5; 6; 15; 16; 24; 30; 43]. In [31], the conical Ricci flow on
Riemann surfaces is completely classified with jumping conical structure in the limit. Such phenomena is
also expected in higher dimension, but it requires much deeper and delicate technical advances both in
analysis and geometry.

2. Preliminaries

We explain the notations and give some preliminary tools which will be used later in this section.

2A. Notations. To distinguish the elliptic from parabolic norms, we will use C to denote the norms in

the elliptic case and % to denote the norms in the parabolic case.

We always assume the Holder component « appearing in C or G’ c.ef2

(O, mln{,Bm‘lx 1, 1}).

2A1. Elliptic case. We will denote dg(x, y) to be the distance between two points x, y € C" under the

(or other Holder norms) is in

metric gg. Bg(x, r) will be the metric ball under the metric induced by gg with radius r and center x. It
is well known that (C"\S, gg) is geodesically convex, i.e., any two points x, y € C"\S can be joined by
a gg-minimal geodesic y which is disjoint from S.

Definition 2.1. We define the gg-Holder norm of functions u € C 0(B,g (0, r)) for some « € (0, 1) as

”u”Cg’a(Bﬂ(O,r)) = ”u”CO(Bﬁ(O,r)) + [M]Cg'a(Bﬂ(O,r))’

where the seminorm is defined as

|u(x) —u(y)l
sup ———.

[M] 0, =
Cp (Bp0.r) x#yeBg(0,r) dﬂ(xa ¢

We denote by Cg’“(B,g (0, r)) the subspace of all continuous functions u such that ||u|| Cg‘a < 00.

Definition 2.2. The Cé’“—norm of a function u on Bg(0, r) =: Bg is defined as

p
— /
ez gy 2= Ielcoqny) + 1Vagtllcoqsg,gp + 2 IN; D'tll ey
j=1
9%u

|Z |2(1 Bj)_~
920z | ¢

DYV ullcgn g+ D IINNkLtIICom(B)-i—Z
I<j#k<p

(Bﬂ)
We denote by Cﬁ’a(Bﬂ (0, r)) the subspace of all continuous functions u such that [lu| 2« < co.
8

Remark 2.3. These spaces are generalizations of those defined in [20] and are slight variations of those
introduced in [14; 23].
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Let us compare the Schauder estimates in [14; 23; 20] in the special case when p = 1, i.e., the conical
singularities are supported on C"~!. The Holder space of [14] is defined using a collection of differential
operators as components of v/—139. The collection of differential operators in our definition for Cg’“
(see [20]) is given by

d .0 32 ) 3 9 3
N h NPT D/7_ _1_ _2_’ _D/s _I_D/ )
{ar Tae gt g T g g P

while those defined in [23] for the Holder space D%% gives the collection

{i 1L D, 8—2+r—1—+(ﬁ )~ 2 0 8D 19 py ” } (-1
or’ 90’ or? 002" r 90 T 9rog )’

Here the operators D’ are given in Definition 1.1. There seems to a typo in the original definition of (2-1)
in [23, p. 104, (16)], where the factor ! is missing in the operator r ~13/30 D’ (see [32, p. 57]). It was
pointed out by the referee that this typo does not affect Proposition 3.3 in [23] since the correct operator
was used in the proof. The space DS;“ is introduced in [23] as an alternative definition for the Holder
space of [14] as a consequence of the Schauder estimates in [23, Proposition 3.3]. The Schauder estimates
in [23] are stronger than those established in [14] by Donaldson and later in [20] by the authors because
of the additional operator 92 /0rd6 in (2-1). This also implies that the two Holder spaces from [14]
and [20] must coincide. For interested readers, we refer to the survey paper [32] for more details on the
characterization of the Holder space of [14] in terms of the operators in (2-1).

For a given set 2 C Bg(0, 1), we define the following weighted (semi)norms.

Definition 2.4. Suppose o € R is a given real number and u is a Cﬁ’“—function in . We will write
dy =dg(x, 082) for any x € 2. We define the weighted (semi)norms

[l = sup min(dx,dy)””‘M
Cﬂ (Q) xF#yeQ d (X )’)a
lulidogy = supdfluCol,  [u]dyg = sup d"“(Z|Nu|(x)+|Du|<x>)
xeQ xeQ\S |
(@) 042 (@) , ot24a | Tu(x) = Tu(y)|
7 sup d; | Tu(x)|, [ul s, . = sup min(dy,dy)
GO g CH'@ i ivea\s n dg(x, y)®
Nl =l + ] A+ ]S+ (]

C3 () coe) T eye) T ez 0 5@’

where T is the collection of operators of second-order

4y 02 )
|z, |21 —R) —, NN (j #£k), N;D', (D")*}. (2-2)
07,07

I*

When o = 0, we write the norms above as [ - ]* or || - ||* for simplicity of notation.

2A2. Parabolic case. We define Qg = Qg(0, 1) = Bg(0, 1) x (0, 1] to be a parabolic cylinder and

dpQp = (Bp(0, 1) x {0}) U (9B (0, 1) x (0, 1])
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to be the parabolic boundary of the cylinder Qg. We write Sp = & x [0, 1] for the singular set and
ot = Qp\Sp for the complement of Sp. For any two space-time points Q; = (p;, t;), we define their
parabolic distance dp g(Q1, Q) as

dp g(Q1, Q2) = max{y/|ty — 12|, dg(p1, p2)}.
Definition 2.5. We define the gg-Holder norm of functions u € ¢ O(Qﬂ) for some « € (0, 1) as

lullgerz g = Nllgogy + LUl guar g,

where the seminorm is

lu(Q1) —u(Q2)|

[u] aa/2 = Sllp .
@)= 5, Lovea, drp(Q1. Qo)
We denote by ‘5 o.af 2( Qp) the subspace of all continuous functions u such that [|u ||(6a “2(gy) <

Definition 2.6. The %ﬂz Fe@2)/2_horm of a function u on Qg is defined as
||u||%;+a.<a+z>/2(gﬂ) = ||u||%0(gﬂ) + ||Vgﬁ”||%°(Qﬁ,gﬁ) + ”T“”%;‘“/z(gﬂ)’

where 7 is the collection of all the second-order operators in (2-2) with the first-order operator 9/0¢.

For a given set 2 C Qg we define the following weighted (semi)norms.

Definition 2.7. Suppose o € R is a real number and u is a ¢ 2+ @D/2_function in Q. We will write

dp,g =dp g(Q, 0pQ) for any Q € Q2. We define the welghted (semi)norms

©) ) ota U(Q1) —u(Q2)] ©)
[u]” fre) sup  min(dp, g, dp.0,) 177 e SuPd lu(Q)I.
@ g 20.e0 o iPon dp,p(Q1, 02)* AN P.e
(o) o+l (o) o+2
[u] = sup dp < INjul(Q)+|D MI(Q)) [l = sup dp'5|Tu(Q)l,
%y (Q) 0c\Sp Z gﬁ @ 0eQ\Sp
. |Tu(Q1) — Tu(Q2)|
] warnp gy = Sup  min(dp,g,. dp,g,)" =,
N 01#0,eQ\5p P.8(01, 02)

(@) (o) (o) <o) (o)
[l || 2+oz @2 = ||u||%0(9) + [”]%1(9) + [M] ) + [u]%}92+a,(a+2)/2(9)'

When o = 0, we write the norms above as [ - ]* or || - |* for 51mphcity of notation.

2A3. Compact Kcihler manifolds. Let (X, D) be a compact Kihler manifold with a divisor D =) i Dj
with simple normal crossings, i.e., on an open coordinate chart (U, z;) of any x € D, DNU is given by
{zi---zp=0}and D; NU = {z; = 0} for any component D; of D. We fix a finite cover {Uy, z4,;} of D.

Definition 2.8. A (singular) Kéhler metric w is called a conical metric with cone angle 2 8 along D
if w is equivalent to wg locally on any coordinate chart U, under the coordinates {z,, ;}, where wg is the
standard cone metric (1-1) with cone angle 27 8; along {z,, ; = 0}, and w is a smooth Kihler metric in
the usual sense on X\ |, Us.

A conical metric w is in Cg “X,D)ifwis 1n C “(U,) for each a and w is smooth in the usual sense
on X\ |, U,. Similarly we can define the %ﬂ —comcal Kihler metrics on X x [0, 1].
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Definition 2.9. A continuous function u € C%(X) is said to be in CO “*(X, D) ifuisin CO (U,) locally on
each U, and u is C%*-continuous in the usual sense on X\ U, U We define the Cg “(X D)-norm of u

”u”COv“(X’D) = ||u||c0,oc(x\ U, Uasw) + Z “u”COv“(U

The C¥ 8 “(X, D)-norm depends on the choice of finite covers, and another cover yields a different but
equivalent norm. The space cY 8 *(X, D) is clearly independent of the choice of finite covers.

The other spaces and norms like Cé “X, D), %; o/ 2(X x [0, 1], D), etc., can be defined similarly.

2B. A useful lemma. We will frequently use the following elementary estimates from [20]. We write
B¢ (0, r) for the Euclidean ball in C with center O and radius r > 0.

Lemma 2.10 (Lemma 2.2 in [20]). Given r € (0, 1], suppose v € CY%(Bc(0, r)) N C%(Be(0, \{0})

satisfies

3%
1220~ ﬂoa oz =F inBe(0.n\{0)

for some F € L*°(Bc(0, r)). Then we have the following pointwise estimate for any 7 € B@( , ] 5 )\{0}
PR e (1),
‘—( =W g fRPPT i pie0.9), (23)
‘10g(|zl>‘ if Br=3
where the L*°-norms are taken in Bc(0,r) and C > 0 is a uniform constant depending only on the
angle B.

Finally we remark that the idea of the proof of the estimates in Theorems 1.2 and 1.7 is the same for
general 2 < p < n. To explain the argument more clearly, we prove the theorems assuming p =2, i.e.,
the cone metric of wg is singular along the two components S and S».

3. Elliptic estimates

In this section, we will prove Theorems 1.2 and 1.6, the Schauder estimates for the Laplace equation (1-2).
To begin with, we first observe the simple C°-estimate based on the maximum principle.
Suppose u € CZ(B,g O, H\S) N CO(Bﬂ (0, 1)) satisfies the equation

Agu=0 1in Bg(0, H\S, 3-1)
u=g¢ on aBﬁ(O, 1)
for some ¢ € CY(d Bg(0, 1)), then we have the following lemma.
Lemma 3.1. We have the maximum principle
inf o< inf u< sup u< sup o. 3-2)

9Bg(0,1) Bp(0,1) Bg(0,1) 3Bg(0,1)

Proof. Consider the functions ii, = u & €(log |z1|?> 4+ log |z2|?) for any € > 0. By the proof of Lemma 2.1
in [20], (3-2) is established. U
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The next step is to show (3-1) is solvable for suitable boundary values.

3A. Conical harmonic functions.

3A1. Smooth approximating metrics. Let € € (0, 1) be a given small positive number and define a smooth
approximating Kiahler metric g. on Bg(0, 1) as

v —1ldzi ndzy v —=ldza ANdZp

Pz 4= " "2 (|2 4 e)1-B

8e = +> V=1dzj ndz;. (3-3)
j=3

The g are product metrics on C x C x C"~2. It is clear that their Ricci curvatures satisfy
Ric(ge) = v/ =180 log((|z1* + )P (|z2* + )77 = 0.
Let u. € CZ(B,g (0, 1)) be the solution to the equation
Agucs =0 in Bg(0, 1) and ue=¢ onaBg(0,1) 3-4)

with a given ¢ € C 0@ Bg (0, 1)). Note that the metric balls Bg(0, 1) and B, (0, 1) are uniformly close
when € is sufficiently small, so for the following estimates we will work on Bg(0, 1).

Let u. be the harmonic function for A = A, as in (3-4), which we may assume without loss of
generality is positive by replacing u. by u. — infu, if necessary. We will study the Cheng—Yau-type
gradient estimate of u. and the estimate of Aj cue := (]z1|> + €)' 7P1(8%u./3z13Z1). Let us recall Cheng—
Yau’s gradient estimate first.

In Sections 3A2-3AS5, for convenience of notation, we will omit the subscript € in g, and u. in the
proofs of the lemmas.

3A2. Cheng—Yau gradient estimate revisited. We assume u. > 0, as otherwise we could consider the func-
tion u, + 6 for some 6 > 0 and then let § — 0. We fix a metric ball B,_(p, R) C Bg(0, 1) centered at some
point p € Bg(0, 1). Since Ric(g) > 0, the Cheng—Yau gradient estimate holds for A, _-harmonic functions.

Lemma 3.2 [10]. Let u. € C*(B( P, R)) be a positive Ag_-harmonic function. There exists a uniform
constant C = C(n) > 0 such that (the metric balls are taken under the metric g¢)

0OSC u
sup  |Vielg, (x) < C(n)—2 2R 7€

(3-5)
xeB(p.3R/4) R

As we mentioned above, we will omit the € in the subscript of u#, and g.. The proof of the lemma is
standard [10]. For completeness and to motivate the proofs of Lemmas 3.3 and 3.4, we sketch a proof.
Defining f =logu, it can be calculated that

Au  |Vul?
)

Af = —|Vf|% (3-6)

u u

Then by Bochner’s formula we have
AV = |VVF>+|VVF24+2Re(VS, VAF) +Ric(Vf, Vf)
> |[VVf|* —2Re(Vf, VIVF]?). (3-7)
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Let ¢ : [0, 1] — [0, 1] be a standard cut-off function such that ¢|j93/4) =1, ¢5/6,1=0and 0 < ¢ < 1
otherwise. Let r(x) = dg (p, x) be the distance function to p under the metric g = g.. By abusing
notation, we also write ¢ (x) = ¢ (r(x)/R). It can be calculated by Laplacian comparison and the Bochner
formula (3-7) that, at the (positive) maximum point ppm,x of H := P2V fI2,

2

_HZ_M[ﬂ 8(¢)2

" R RT ((2n—1)¢¢ +9¢" +(4)%) <0.

Therefore, for any x € B(p, %R),

IVul2 C(n)

(x) =|Vf())* = H(x) < H(pmax) < R (3-8)

3A3. Laplacian estimate in singular directions. We will prove the estimates of

Ajeue = (|zj] 24l ’3/8 0%
J

for a A, -harmonic function u..
Lemma 3.3. Under the same assumptions as in Lemma 3.2, along the “bad” directions z| and 7, we
have that Ay cue and Aj cue satisfy the estimates

OSCBR(p,R) U
sup  (|Actte](x) + | Ag et |(x)) < C(n)—2 2P ¢

(3-9)
xeB(p,R/2) R?

As in the proof of Cheng—Yau gradient estimates, we will work on the function f = f, =logu, and
we only need to prove the estimate for A .u.. We write Ay f := (|z11> + €)' 7P1(8%f/321871).
As above, we will omit the subscript € in A ¢ f. We first observe that

AAg f=0g Alf. (3-10)

Equation (3-10) can be checked from the definitions using the property that g, is a product metric. Indeed

2 2 2
((|zl|2+e)‘—ﬂ1 L SR S e +> i )

Ay f= (2P +e) P —rn

3 3 3 8_ 0 2322 3Zj32j
2 1-8 92 2 1-8 92 - g
=(zal"+e) ™ — A1 f+(z21"+€) 77 —A f+ — A1 f=Ag AL f.
(2P +0 o A f 4 (2l + 0! ot f ;azjaz,. 1f =g A f
On the other hand, note that A, f = A, f = —|V£|? by (3-6). Choosing a normal frame {ey, ..., e,} at

some point x such that dg(x) =0 and A f = f;7, we calculate

MIVEE = fifii = Fifii+ Fiifi+ fpi 5+ fifana
= firfji + fiifi + fifig + (i + fn Ry i)
= ViV P+ ViV +2Re(VS, VAL f) + fu 7R 1
> (A1 f)>+2Re(VS, VA f). (3-11)
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Then
A(=A1f) = —A1Af = AVFIF > (A1 f)* +2Re(VS, VA f).

Let ¢ : [0, 1] — [0, 1] be a standard cut-off function such that ¢|o,1/2) = 1 and ¢|;2/3,1) = 0. We also
define ¢(x) = ¢(r(x)/R). Then consider the function G := 0 (—A f). We calculate

AG = A(g*(—=A1 1))
= @*A(=A1f) +2Re(Vp?, V(=A 1 f)) + (= A1 [ Ap?
> 02 ((A1 )2+ 2Re(VS, VAL ) +2Re(Ve?, V(—A; ) + (—=A; f)Ag2. (3-12)

We want to estimate the upper bound of G. If the maximum value of G = ¢?(—A1 f) is negative, we
are done. So we assume the maximum of G on B(p, R) is positive, which is achieved at some point
pmax € B(p, %R) Hence, at pna.x we have (—A; f) > 0. By Laplacian comparison, Ar < 2n —1)/r,
and we get, at pmax,

2 2 1 " N2
Ay~ > F(Qn—l)w +oe" +(¢)7). (3-13)
Thus, at pmax, the last term on the right—hand side of (3-12) is greater than or equal to
(- Alf) =(2n = Doy’ + 9" + ().

Substituting this into (3-12), it follows that, at pyax, we have AG <0 and VA f = —2<p*1A1fV¢J,
and hence

0> AG
_ _ 2
> ¢? (A1 f)*+2¢° Re(Vf, VA f)+4p Re(Vg, V(=A )+ (=A1f) 5 (2n— Dog'+9¢"+(@)?)

2
> @? (A1 f)*—do| AL f|IVS] IWI+8A1f|V<pI2+(—A1f)ﬁ((2n—1)<p<p’+<p<p”+(<p’)2)

_ & -1 |V <P|2
= 740" GIVSIIV¢|-8G— R2 G (@n—1)gg' +90" + @)
G*  |¢'|IVf] lo'|? 2G
> ——4 G-8 G+ 2n—1)p¢’ " 9.
z Ro Ry R2 S(2n—1)p¢ +9¢"+(¢'))
(3-14)
Therefore, at ppnax € B(p, %R),
Av, /2
G2_4<p|<ﬂR e |s0|

and combining (3-8) and the fact that ¢, ¢’, ¢” are all uniformly bounded, we can get, at pmax,

C(n)

G?P<CMR*G = G(pmw)=< e

Then, for any x € B(p, 1 R), where ¢ = 1, we have

C
AL = G = Glpa) =
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Moreover, recall that f =logu and —A; f = —Aju/u + |V, f|?, therefore it follows that

sup (—ﬂ(x)) < C,i’l)- (3-15)

xeB(p,R/2)

This in particular implies that

0SC u
sup  (—Au(x)) < Cn)— L2 < C(n)—L
xeB(p,R/2) R R

OSCB(p,R) u (3-16)

On the other hand, consider the function & = maxp,, gy # — u, which is still a positive g.-harmonic
function with Agzit = A, it = 0. Applying (3-15) to the function i, we get

sup ( Ar) >= sup (—ﬂ(x))s%, (3-17)

xeB(p.R/2) \MAXB(p. R) U —U(X) ) xeB(p.R/2) i
which yields
sup  Aqu(x) < C(n) R E (3-18)
x€B(p,R/2) R
Combining (3-18) and (3-16), we get
OSCR(p,R) U
sup [ Aqu|(x) < Clm) 50— (3-19)
x€B(p,R/2)

3A4. Mixed derivatives estimates. In this subsection we will estimate the mixed derivatives

Ff  f i f 9f 1ig22

Vv,V 2: 1,22 and V1V; 2: = =
ViV fl 92102 8Z18Z2g 8 IViVafi 921072 021022

’

where as before f =logu and u is a positive harmonic function of A, . Here for simplicity, we omit
the subscript € in u., fe and g.. Observing that since g = g is a product metric with the nonzero
components g,z depending only on zi, it follows that the curvature tensor

P& ,308i3 08y
0z107; 0z 0z

Risi=

vanishes unless i = j =k =1[/¢€{l,2} and also R;;;; >0 foralli =1,...,n.

We fix some notation: we will write fj» = V|V, f (in fact this is just the ordinary derivative of f with
respect to g, since g is a product metric), |f12|§, = |V1V2f|§, etc.
Let us first recall that (3-11) implies

A=A f = A2 f)
n
=Y @ ¢ fusip+g" ¢ s+ 7 fufoi + 878 hoi fip)
k=1 _ _ _
—2Re(V, V(=A1f — M f)) + fifig" " Riiyi + /5828 Rysps

> (Vi [P+ ViV f P+ Va2 Vi f P+ V2V f1P) = 2Re(V, V(=AL f — Ar f)). (3-20)
k=1
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Next we calculate A|V;V, f]2. For convenience of notation we will write f!? = fi5 gli gzi, and hence
|V1V2f|2 = flzflz. We calculate
AIVIVaf 2 = g (fraf D = &5 o f Dz (since g is a product metric)
= gk]z(fukléflz + f12kf12,12 + f121€f12,k + f12f12,k12 ) (3-21)
The first term on the right-hand side of (3-21) is (by Ricci identities and switching the indices)
8% F2(frria + 8™ fort Riigie + 8™ fiom Ry i)
= 8" 2 (figra + 8™ fu2 Riii + 8™ fn Rigirie + 8™ font Regiog + 8™ fim Roiog)
= g% F2(finy + 8™ frr Rigirie + 8™ funt Riini)
= 8k1€f12fk1212 +811811f12f21R1ili +82282§f12f12R2222v (3-22)
and the last term on the right-hand side of (3-21) is the conjugate of the first term; hence we get
AIVIVaf P =2Re(f 2 (A1) + 272 fir (8" 8 R 11 + 8287 Rzns)
+&" froe % + & fif . (3-23)
Recall from (3-6) that Af = —|Vf|?; hence the first term on the right-hand side of (3-23) is
2Re(f(Af)12) = 2Re(f (= IVfP)12)
= —2Re(f 2™ (furnfi + fui fro + fia fir + fifi1n)
— —2Re(f "2 (fime fr + fr fo + fia fir + fifiok — fefnRuaog™)
= —4Re(Vf, VIViVa f %) = 2Re(f 2" i oz + 2% fia fi)- (3-24)

Combining (3-24) and (3-23), we get

AIVIVaf | = —4Re(VE VIVIVaf 2+ (i f 12 + froi f15)
k

—2Z(|V1V2f| ViV fIIVAVEFIH IV fIIV2 Vi fFHIVIVEFD. - (3-25)
k

On the other hand, by Kato’s inequality we have
2
AV f P =2IViVa fIAIVI Vo f | 42| VIV Va ]|
S2AVIVafIAIVIVaf 14 Y D IViViVaf P + ViV Vo f 1P
k

=2AViVaf|AIVIVaf I+ Y fioef' 2+ frp f 1. (3-26)
k

Combining (3-25) and (3-26), it follows that

AIVIV2f| 2 =2Re(VE, VIV Vo fl) = Y (Vi fIIVaVi fl + V2V fLIVIVESD. (3-27)
k
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Combining (3-20) and (3-27) and applying the Cauchy—Schwarz inequality, we have
A(VIV2f|4+2(=A1f = Az f)) = =2Re(Vf, V(IViVa f| +2(=A1f = A2 f)))
n
+ D (VISP + IVIVEf P+ IV Vi f 1P+ [VaVi f ). (3-28)
k=1
Note that the sum on the right-hand side of (3-27) is (recall under our notation |V Vj f 1> = (A1)
greater than or equal to
IVIVAf P4 = AP+ | = Ao f P 2 G(VIV2 I+ 2(=A1f = A2 )%,

so we get the equation

A(VIVafl+2(=A1f = Ay ) = =2Re(Vf, V(IViVa fl +2(= A1 f — Az f)))
+ SUAVIVafI+2(=A1 f — Aaf)? (3-29)
Write
Q=" (IViVafI+2(=A1f — A f) =17 Q1,
where n(x) =n(r(x)/R) and 7 is a cut-off function such that 7|jo,1/3) = 1 and 7[1/2,1] = 0. The following
arguments are similar to the previous two cases. We calculate
AQ=n*AQ1+2Re(VP*, VQi)+ Qi An’
> —2n"Re(Vf, V1) +2Re(Vr’, VOI) + $57° Q7 + Q1 An’. (3-30)

Apply the maximum principle to Q, and if max Q < 0, we are done. So we may assume that max Q > 0
and that it is attained at pp,x; thus at pmax, we have Q1 >0, AQ <0, VQ| = —277_1 01Vn and

2 2 14 " N2
Q1An” = Ql—Rz((2n— Dnn”+nn” + (m)7).
So, at pmax,

zQ2

_ 2
0> AQ >4nQRe(Vf, Vi) —80:|Vn* +1 + Q1 =(@n =Dy + 0"+ )%

0 80 (n )2 Q
12 172 n2 R2 Rz 2
_(Q2 40|V f| 800 100 Q)

+40n"' Re(Vf, V) — —=(@n =Dy’ +nm" + @)

12 & ¢ ¢ w

(3-31)
where we choose 1 such that ||, |[n”| < 10, for example. Therefore, at pyax € B(p, %R), we have

C(n)
R

0? 0 40|Vf| 800 100n
12 R R2  R?

)50 =  Q(Pmax) =

since sup B(p.R/2) IVl <C (n)R~! from the previous estimates. Then, for any x € B(p, %R), we have

C
010 = 121 01(0) = Q) = Qpmar) = 2.
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Thus it follows that

C
IViVa fl(x) = Q1(x) +2(A1 f(x) + Az f (X)) < % +2(A1f(x) + Az f(x)).

On the other hand, from |V V; f| = [(V1Vou/u) — (Viu/u)(Vou/u)|, we get
IViu(x)| [Vau(x)l
u

IViVaul(x) < [ViVa f () [u(x) + u(x)

SCMﬁ%?+2Aﬂmm+2Am00+u&ﬂWZ&ﬂHbmm|

u
OSCB(p,R) u
<C(n) R (3-32)
Therefore we obtain
su OSCB(p,R) U )
p IV Voul < Cn) 2R E (3-33)
B(p.R/3) R

By exactly the same argument we get similar estimates for |V Vsu| and |V, Viu| + |V Viu| for k # 1.
Hence we have proved the following lemma.

Lemma 3.4. There exists a constant C(n) > 0 such that, for the solution u, to (3-4),

OSCp . (0,R) Ue
sup  (IViVjuuelg, + Vi Vittelg,) < Cn)——< ===
Bge (O,R/Z) R

foralli, j=1,2,...,n.

3AS. Convergence of u.. In this subsection, we will show that the Dirichlet problem (3-1) admits a
unique solution for any ¢ € C 0@ Bg(0, 1)). Here we will write Bg = Bg(0, 1) for simplicity of notation.

Proposition 3.5. For any ¢ € C%(d Bg), the Dirichlet boundary value problem (3-1) admits a unique
solutionu € C 2(B,g \S)NC O(B_ﬂ)' Moreover, u satisfies the estimates in Lemmas 3.2—3.4 with u, replaced
by u and the metric balls replaced by those under the metric gg, which we will refer to as “derivatives
estimates” throughout this section.

Proof. Given the estimates of u, as in Lemmas 3.2-3.4, we can derive the uniform local C>“ estimates
of u. on any compact subsets of Bg(0, 1)\S.

The C° estimates of u, follow immediately from the maximum principle (see Lemma 3.1).

Take any compact subsets K € K’ € Bg(0, 1). By Lemmas 3.2 and 3.3, we have

—p, | U _p,| Ou du luelloo
I=pr| € 1= € <o) —=—=2— 3-34
sg/p<|Z1| ‘821 + |z2] 3% + as, )_ (n)d(K’,aBﬂ)’ (3-34)

0%u 0%u 9u lucll
1-B € 1-8; € € <C elloo 3.35
s;(l/p(m' ‘askazl Tl 05,022 0si0s ) - (n)d(K/, dBg)?’ (3-35)
and the third-order estimates

*u 3%u lue |
= - 1=f2 : < ) <cmy—2 3-36
i (lZ” szasos| T2 azsan | T |Bs; 050 >— Mok asg 070
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Moreover, applying the gradient estimate to the A, -harmonic function Ay cu., we get

llee lloo

1—8>
+ 22| d(K',9Bg)°

)SC(n)

0
gAl,eue

_ 0
Sup<|zl |1 A ‘8_Z1A1,eue

0
+ ‘_Al,eue
K’ 3Sj

From (3-34)—(3-36), we see that the functions u,. have uniform C>-estimates in the “tangential directions”
on any compact subset of Bg(0, 1). Moreover, for any fixed small constant § > 0, let 75(S) be the tubular
neighborhood of S. We consider the equation

2n
Zué

Aete = (1 P+ 21 1 (1552 4 )1 Ou +282”‘ =0 on K'\Ts2(S)
e 921021 022022 ot 8s12. /20

which is strictly elliptic (with ellipticity depending only on § > 0). Hence by standard elliptic Schauder
theory, we also have C%*_estimates of u. in the “transversal directions” (i.e., normal to S) and the mixed
directions on the compact subset K\ 75(S). By taking § — 0 and K — Bg, and using a diagonal argument,
up to a subsequence, the u, converge in Clzog‘ (Bg\S) to a function u € C 2")‘(Blg\S). Clearly, u satisfies
the equation Agu = 0 on Bg\S, and the estimates (3-34)—(3-36) hold for u outside S, which implies
that u can be continuously extended through S and defines a continuous function in Bg(0, 1). It remains

to check the boundary value of u.
Claim: u = ¢ on 9 Bg(0, 1). It remains to show the limit function u of u. satisfies the boundary condition

u =@ on dBg(0, 1), which will be proved by constructing suitable barriers as we did in [20].
The metric ball Bg(0, 1) is given by

2n
dg(0.2)* = |1 + 1222+ ) 57 < 1}.

Bg(0, 1) = {ze@"
j=5

Bg(0, 1) C Ber (0, 1), and their boundaries only intersect at S| NS, where z; = z = 0. Fix any point
q € 0Bg(0, 1) and consider the cases g € S| NSy and g € S1 N Ss.

Case 1: g € S| NSy, ie., z1(g) = z2(q¢) = 0. Consider the point
¢ = —q € 3Bg(0,1)N 3B (0, 1).

Since ¢ is the unique farthest point from ¢’ on 9 Bg(0, 1) under the Euclidean distance, the function
WV, (z) :=den (2, q')? — 4 satisfies W, (gq) =0and W, (z) <O forall z € dBg(0, 1)\{g}. By the continuity
of ¢ for any § > 0, there is a small neighborhood V of g such that ¢(q) —§ < ¢(2) < ¢(g) + § for
all z € 9Bg(0, 1) NV, and, on 9B (0, 1)\V, we have that ¥, is bounded above by a negative constant.
Hence we can define

0g(2) :==9(q) =8+ AV, (2) < ¢(2)

for all z € Bg(0, 1) if A is chosen large enough. The function ¢, is A, -subharmonic; hence by the
maximum principle we have u(z) > ¢, (z) for all z € Bg(0, 1). Letting € — 0 we get u(z) > ¢, (z), taking
z— g we have liminf,_, , u(z) > ¢(g) — 8, and since § > 0 is arbitrary we have liminf,_,, u(z) > ¢(g).
By considering the barrier function ¢(g) + 38 — AW, (z) and using a similar argument it is not hard to
see that lim sup,_,, u(z) < ¢(q); hence lim,_, ; u(z) = ¢(q) and u is continuous up to g € 9 Bg(0, 1).
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Case 2: g € 0Bg(0, 1)\S1 NS,. We first consider the case when z1(g) # 0 and z2(g) # 0. The boundary
0Bg(0, 1) is smooth near ¢, and hence satisfies the exterior sphere condition. We choose an exterior
Euclidean ball Bcx (g, r,) which is tangential to d Bg(0, 1) (only) at ¢, i.e., under the Euclidean distance,

q is the unique closest point to ¢ on d Bg(0, 1). So the function

1 1
|z — é|2n—2 rgn—Z
satisfies G(¢q) =0 and G(z) < O for all z € dBg(0, 1)\{g}. We calculate

G(z) =

(3-37)

3°G 932G " 9%G
Ay G = (P + o ot (o P .
021071 022022 = 0zk0Zk
392G 392G
=(lz1*+e) P - ) —— 4+ (2P + )P - ) ——
8213Z1 822322
2 2 —Be+1 ~ 12
Zk|” + € —1 nlzy —
ZZ(_n+1)(| kl )~ - (_ |Zk qu;| +1> > —C(q.ry).
P |z —q] lz —ql

The function
W, (z) = A(dg(z,0)* — 1) + G(2)

is A, _-subharmonic for A > 1, and ¥, (¢) =0 and ¥, (z) < 0 for all z € dBg(0, 1)\{g}. We are in the
same situation as Case 1, so by the same argument as above, we can show the continuity of « at such a
boundary point q.

In the case when z1(g) # 0 and z5(g) = 0, the boundary d Bg(0, 1) is not smooth at g and we cannot
apply the exterior sphere condition to construct the barrier. Instead we use the geometry of the metric
ball Bg(0, 1). Consider the standard cone metric

dz1 ®dz; - _
2
8 =Bl i +k§ das @3

with cone singularity only along S; = {z; = 0}. We observe that the metric ball Bg(0, 1) is strictly
contained in By, (0, 1), and the boundaries of these balls are tangential at the points with vanishing
zp-coordinate. Thus g € 9Bg(0, 1)N Z)Bgﬂ1 (0, 1) and 8BgﬂI (0, 1) is smooth at g, so there exists an exterior
sphere for E)Bgﬂl (0, 1) at g. We define a similar function G(z) as in (3-37), and, by the strict inclusion of
the metric balls Bg(0, 1) C Bgﬁl (0, 1), it follows that G(g) =0 and G(z) < 0 for all z € 9Bg(0, 1)\{gq}.
The remaining argument is the same as before. ]

Remark 3.6. For any constant ¢ € R, the Dirichlet boundary value problem
Aggu=c in Bg(0, D\S and u=¢ onadBg(0,1)

admits a solution u € C2(Bg\S) N C°(Bg) for any given ¢ € C°(d Bg). This follows from the solution i

of (3-1) with boundary value ¢ = ¢ — %c(n —2)7! 23"25 sjz.. Then the function u =it + %c(n —2)~! j sjz.
solves the equation above.
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For later application, we prove the existence of solutions for a more general right-hand side of the
Laplace equation with the standard background metric. This result is not needed to prove Theorem 1.2.

Proposition 3.7. For any given ¢ € CO(BBﬂ O,1)and f € Cg’a(B,g (0, 1)), the Dirichlet boundary value
problem

{Agﬂv =f inBg(0, D\S, (3-38)

V=9 on dBg(0, 1)
admits a unique solution v € CZ(B/; O, D\S) N CO(B,Q 0, 1)).
By Theorem 1.2, the solution v to (3-38) belongs to Cﬁ’“(B,g O, 1)nN CO(Bﬂ 0, 1)).

Proof. The proof is similar to that of Proposition 3.5. As before, let g. be the approximating metrics (3-3)
of gg which are smooth metrics on Bg(0, 1). By standard elliptic theory we can solve the equations

{Aggvé = f inBg(0, 1),

(3-39)
Ve =¢ on dBg(0, 1).

For any compact subset K € Bg(0, 1) and small § > 0, we have a uniform C% -pound of v, on K \T5(S)
for some o’ < . Thus v, converges in the C>% -norm to a function v on K\73(S) as € — 0. By a
standard diagonal argument, letting K — Bg(0, 1) and § — 0, we can achieve

C2¥ (Bg(0,)\8) ,
ve —= T 0 e CEY (B0, 1)\S) as e — 0.

loc

Clearly v satisfies (3-38) in Bg(0, 1)\S. It only remains to show the boundary value of v coincides with ¢
and v is globally continuous in Bg(0, 1).

Global continuity: v € CO(B,g(O, 1)). It suffices to show v is continuous at any p € SN Bg(0, 1). Fix
such a point p and take Ry > 0 small enough that Bcx(p, 10Ry) N9Bg(0, 1) = &. We observe that
1gcr < ge < gp, soforany r e (0,3),

Bg,(p.r) C By (p,r) C Ben(p, 2r). (3-40)
In particular, the balls B, (p, 5Ro) are also disjoint with 9 Bg(0, 1).

Since Ric(ge) > 0, we have the following Sobolev inequality [25]: there exists a constant C = C(n) >0
such that, for any & € COI(BgE (p, 1),

(=1)/n o 1/n
(f hZ”/<"—‘)wg) < c( ) / |Vh|; o). (3-41)
Be. (por) Vol, (B, (p, 1)) By, (p.r) ¢

It can be checked by straightforward calculations that Vol,, (Bg, (p, 1)) > co(n) > 0 for some constant ¢

independent of €. Then Bishop’s volume comparison yields, for any r € (0, 1),
C1(n)r®" = Volg, (B, (p. 1)) = c1(m)r™".

Thus the Sobolev inequality (3-41) is reduced to

(n—=1)/n
( / hzn/<n—1>a,g) <C f |Vh|} o] forall h € Cj(By, (p.r)). (3-42)
Bge (p.r) ng (p.r)
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With (3-42) at hand, we can apply the same proof of the standard De Giorgi—-Nash—Moser theory (see the
proof of Corollary 4.18 in [22]) to derive the uniform Holder continuity of v, at p, i.e., there exists a
constant C = C(n, B8, Rg) > 0 such that

OSCRBg(p,r) Ve < 0SCB,, (p,r) Ve < Cl”a// for all r € (0, Ry)

for some o” =" (n, B, Ro) € (0, 1), where in the first inequality we use the relation (3-40). Letting € — 0
we see the continuity of v at p.

Boundary value: v = ¢ on dBg(0, 1). The proof is almost identical to that of Proposition 3.5. For
example, the function ¢,(z) = ¢(q) — 8§ + AW, (z) defined in Case 1 in the proof of Proposition 3.5
satisfies A, ¢,(z) > maxy f if A > 0 is taken large enough. Then from A, (¢; —ve) > 0 in Bg and
¢y —@ <0 on dBg, applying the maximum principle we get ¢, < v in Bg(0, 1). The remaining arguments
are the same as in Proposition 3.5. Case 2 can be dealt with similarly. ]

Remark 3.8. Let HO1 (Bg(0, 1), gg) be the completion of the space of Cé (Bg(0, 1))-functions under the

norm
1/2
IVl 2 =(f |Vul, w) :
(gp) B3 O.1) 88~ B

For any h € Cé(Bﬂ (0, 1)), letting € — 0 in (3-42), we get

(n—1)/n
|h|2"/"—1w"> < c/ V| o (3-43)
</Bﬂ<p,r) p Bapry PP

for the same constant C in (3-42). That is, the Sobolev inequality also holds for the conical metric wg.

3B. Tangential and Laplacian estimates. In this section, we will prove the Holder continuity of Aju for
k=1,2 and (D’)?u for the solution u to (1-2). The arguments of [20] can be adopted here. We recall
that we assume By, B, € (%, 1). We fix some notations first.

For a given point p ¢ S, we define r;, = dg4(p, S), the gg-distance of p to the singular set S. For
simplicity of notation we will fix T = % and an integer k, € Z_. to be the smallest integer such that thr < s
and k; , € Z, the smallest integer k; , such that thir < dg(p,S;) fori =1,2. So k, =max{ky p, k» »}.
We write p; € §; and p, € S; for the projections of p to S; and S,, respectively.

For j =1, 2, we will write

21-p;_ 07w
A,’I/t = |Zj| 7 —.
‘ 07,07

We will consider a family of conical Laplace equations with different choices of k € Z+.

(1) If k > k,, the geodesic balls Bg(p, %) are disjoint from S and have smooth boundaries. We note
that gg is smooth on such balls. By standard theory we can solve the following Dirichlet problem for
ux € C¥(Bg(p, ) NCO(Bg(p, T9):

{Apuk = f(p) in Bg(p, ),

3-44
Uy =1U on BBﬁ(p,tk). ( )
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(i1) Without loss of generality, we assume dg(p, S1) < dg(p, $2), 1.e., ki, > kz ,. We now solve the
following Dirichlet problem for u; € C*(Bg(p1, 2tX)\S1) N CO(Bg(py, 21%)) for ks, +2 <k <k p:

Aguy = in B 27k
puk = f(p) 1in Bg(pi, 2t );51, (3-45)
Uy =u on dBg(p1, 2t").
By similar arguments to those in the proof of Proposition 3.5 and Remark 3.6, such u; exists.
(iii) For2 <k <ka p+ 1, letux € C*(Bg(p1,2, 2t5)\S) N CO(Bg(p1 2, 27%)) solve the equation
Agug = in B ,275),
pur = f(p) 1nBg(pi2, 217 )k (3-46)
Uy =1u on dBg(p1.2,21%),

whose existence follows from Remark 3.6. Here p; 2 = (0; 0; s(p)) € S1 NS, is the projection of p; to Ss.

We remark that we may take f(p) = 0 by considering u = u — %f(p)(n —2)"!s —s(p)|?. If the estimate
holds for i, it also holds for . So from now on we assume f(p) = 0.

Lemma 3.9. Let u; be the solutions to (3-44)—(3-46). There exists a constant C = C(n) > 0 such that,
forall k € 7., we have the estimates

itk — 1]l oo 3,y < CMT*0(TH), (3-47)

where we define ék(p) as
Bg(p, ") if k>kp,
Bi(p):={ Bg(p1,2t%)  if ko, +2<k <kip, (3-48)
Bg(p12.27%) if2<k<ky,+1
for different choices of k € Z .

We will also define A By (p) to be the ball concentric with By (p) with radius scaled by A € (0, 1).
This lemma follows straightforwardly from Lemma 3.1 and the definition of w(r), so we omit the
proof. By the triangle inequality, we get the estimates

itk = w11l o 5, ) < C ) T* 0 (25). (3-49)

Since uy — uj41 are gg-harmonic functions on %ék, applying the gradient and Laplacian estimates
(3-5) and (3-9) for harmonic functions, we get the following lemma.

Lemma 3.10. There exists a constant C(n) > 0 such that, forallk € 7,

1D ug — D'utrsill ooy, 13y < C () (3-50)
and
2
sup (Z|A,~<uk — D) + (D) g — <D’>2uk+1|) < Cmw(th), (3-51)
(Bk/3IN\S Ni=1
where we recall that D' denotes the first-order operators 3/ds; fori =5, ...,2n.

The following lemma can be proved by looking at the Taylor expansion of uy at p for k > 1 as in
Lemma 2.8 of [20].
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Lemma 3.11. Fori =1, 2, we have the limits
lim D'ug(p) =D'u(p), lim (D'Yu(p) = (D)Vu(p). lim Aju(p) = Aju(p). (3-52)
k—o00 k— o0 k— o0
Combining Lemmas 3.10 and 3.11, we obtain estimates on the second-order (tangential) derivatives.

Proposition 3.12. There exists a constant C = C(n, B) > 0 such that
w(r)

r

1
sup  [(D')’ul+|Aju] < C<||M||L°°(Bﬂ(o,1)) +/
Bg(0.1/2\S 0

dr +1£(0) |). (3-53)
Proof. From the triangle inequality we have, for any given z € Bg(0, 3)\S,

(DY2u(@)] <Y 1(D)ui(2) = (D) ur1 @)+ (D) ua(2)]
k=2

00 1
w(r)
<Cm) Y () +Cn) oscpy.1) o < Cln, ﬁ><||u||Loo +/ =t |f(0)|>.
0
k=2
The estimates for A;u can be proved similarly. O

For any other given point g € Bg (0, %)\S , we can solve a similar Dirichlet boundary problems as uy
with the metric balls centered at ¢, and we obtain a family of functions vy such that

Ague=f(g) inBi(g), w=u ondBig), (3-54)
where Ek (g) are metrics balls centered at g given by
Bg(q,t5) if k >k,
Bi(q) = By := | Bg(qi, 278 if kjq+2<k<k, (here k; ;, =max(ky 4, k2 4) and j # i),
Bg(qij,27%) ifk <k, +1.
Similar estimates as in Lemmas 3.9-3.11 also hold for v; within the balls Ek ).

We are now ready to state the main result in this subsection on the continuity of second-order derivatives.

Proposition 3.13. Letd =dg(p, q) < %. There exists a constant C = C(n) > 0 such that if u solves the
conical Laplace equation (1-2), then the following holds fori =1, 2:

N2 N2 ¢ a)(r) ! a)(r)
|[Aju(p) — Aju(g)| + (D) u(p) — (D) u(g)| = Cldllull>Bg0,1)) + " dr+d 3 dr).
0 d
Proof. We only prove the estimate for (D’)?u; the estimates for A;u can be dealt with in the same way.
We may assume r, = min(r,, r,). We fix £ € Z such that ¥ is comparable to d; more precisely, take
T <d <t or ! <8d <<t
We calculate by the triangle inequality
[(D"2u(p) — (DY u(@)| < [(D)?u(p) — (D) 2ue(p)| + (D) ue(p) — (D)’ue(g)]

+ (DY ue(q) — (D) ve(@)| + (D)) ?ve(q) — (D) u(q)|
= h+hL+1:+14.
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We will estimate /;—14 one by one.

Iy and I4: By (3-51) and (3-52), we have

o0
I = |(D)?u(p) = (D ue(p)| < C(n) Y (7).
k=t
and a similar estimate holds for I, as well:

Iy =|(D'Y’u(q) — (D)Yve(q) < C(n) Y w(th).
k=¢{

1I3: By the choice of ¢, it is not hard to see that %E@ (@) C l§g (p). In particular, u, and v, are both defined
on %Eg (g) and satisfy the equations

Agug= f(p) and Agvy= f(q),
respectively, on this ball. From (3-47) for u, and from a similar estimate for v,, we get

2
it — vell L 25, gy 3y < CTH ().

Consider the function

fp)— f(q)
V-

— e 2 -
2 s @F, (3-55)

Uizug—

where ¢ is the center of the ball E[ (). U is gg-harmonic in %Eg (g) and satisfies the estimate
U Lo@B 3,0 < CT 0 (T + Ct*w(d) < Cm) T ().
The derivatives estimates imply that

(DU < Ct WUl 1w 25 3,07 < CM@(TH).
Hence
I =[(D"u(q) — (DY (@)| < Cmw(zh).

Ip: This is a little more complicated than the previous estimates. We define iy = w1 —uy for k < €. We
observe that & is gg-harmonic on ék(p) and by (3-47) satisfies the L°°-estimate ||/ ”ék(P) < Ct*w(th
and the derivatives estimates ||(D’)?h|| L@ (p) /3)a)(tk). On the other hand, the function (D')hy is
also gg-harmonic on %ék( p), so the gradient estimate implies that

IVes (DYl oo (3 yyansy < CT (7). (3-56)

Integrating this along the minimal gg-geodesic y connecting p and g and noting that y avoids S since
(C"\S, gp) is strictly geodesically convex, we get

(DY hi(p) = (D)Vhi(@)] < d - Vg (D) il ooy (yjas) < dCT (%),

By the triangle inequality, for each k < ¢,
l
L =(D'Y’ue(p) — (DY’ue(q)| < [(D)Vua(p) — (DVus(q)| +dC Yt *w(h). (3-57)
k=2
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Observe that p, g € éz( p) and the function (D')%u> is gp-harmonic on éz (p). From (3-47) and derivatives
estimates we have

1DV uall e o, 13y < Clu2ll oy pyy < CUI L + @0 ().
Again by the gradient estimate we have
IVes (DVtt2ll ooy )2y < CllullLe + @0 (2%).
Integrating along the minimal geodesic y we arrive at
(D) 2ua(p) = (D)ur(g)| = dC(lJull = + o (12).

Combining this with (3-57), we obtain

¢
L < Cd(||u||L°c(Bﬂ(0,1)) + Z Tkw(fk))-

k=2

Combing the estimates for /1—14, we get

£ 00
|(D")?u(p) — (DY’u(g)| < C (d(nuum@ﬁm,])) +> r"‘w(r")) +> w(r")).

k=2 k=t

Proposition 3.13 now follows from this and the fact that w(r) is monotonically increasing. ]

3C. Mixed normal-tangential estimates along the directions S. Throughout this section, we fix two
points p, g € Bg (O, %)\S and assume r, < r,. Recall that we defined the weighted “polar coordinates”
(ri, 6;) for (z1, z2):
pi = lzil, ri=,0,»ﬂi, 0; = arg z;, i=1,2.
Under these coordinates,
u 9w  lou 1 0

|2(1*ﬁi) -, - iz
07;0Z; 8r1.2 ri 0r; IBlzrlz 8912

Aju =z (3-58)

Let u; and vy be the solutions to (3-44)—(3-46) on ék (p) and Ek (g), respectively. Recalling that u; — ug 4
satisfies (3-49) and applying gradient estimates to the gg-harmonic function uy — uy1, we get the bound
of ||Vg'9 (up — ”k+1)||L°O(ék(p)/3)’ which in particular implies that, for i =1, 2,

i (2 )
' az; az;

Similarly, D'uy — D'uj is also gg-harmonic on %Ig’k (p), and applying gradient estimates to this function

|Z~|1_ﬂi (8Dluk _ aD/Mk+1)
' 0z az;

< Ct*w(th). (3-59)
L>(B(p)/3)

we get, fori =1, 2,

< Cw(th. (3-60)

L®(By(p)/3)

The next lemma can be proved in the same way as Lemma 2.10 of [20] since p ¢ S; we omit the proof.
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Lemma 3.14. Fori =1, 2, we have the limits

ouy ou u
lim — —(p), i
dm o P = 5, () k”& 06, 5 (P) = o6, P
and
. 0D'u; oD'u . 0D'uy dD'u
lim (p)= (p), lim (p) = (p)- (3-61)
k—o00 8}’,' ri k—oo 1; 9,' ri 9,'

Similar formulas also hold for vy at the point q.

We are going to estimate the quantities

0D'u /u
J = 3 (p) — (@) and K :=
T T

dD'u oD'u

— i =1,2.
30, (p) i

Note that J, K correspond to |[N;D'u(p) — NjD'u(q)| in Theorem 1.2. We will estimate the case for
i =1 and J, since the other cases are completely the same. By the triangle inequality we have

d0D'u dD'u

l
J = o, (p) — (p)‘ “ipy - o (@)
‘3D/ug() ( ‘ '3D/v5 ) oD'u )
+a q—a q)|+ (q—ari(q

=Ji+ L+ 3+ Js

Lemma 3.15. There exists a constant C (n) > 0 such that Jy, J3 and J4 satisfy

o0
N+ L=CY) 0@, J<Co().
k=t
Proof. The estimates for J; and J4 can be proved similarly to those of /; and /4 in Section 3B, using
(3-60) and (3-61). J3 can be estimated in a similar way to I3 in Section 3B, using (3-60). We omit the
details. O

To estimate J5, as in Section 3B we define Ay := uy_1 — uy for 2 < k < £ which is gg-harmonic on
ék(p) and satisfies the L°°-estimate ||hk||L°°(ék(p)) < Ct%*w(7%) by (3-60). We rewrite (3-56) as

< Ct*w(h). (3-62)
L®((Br(p)/2D\S)

0
|z |" P —(D)?
0z;

2
N3
1DV 1l (g pyyns) + 2
i=1

Lemma 3.16. There exists a constant C = C(n, B) > 0 such that, for any z € %ék (P)\S, the following
pointwise estimate holds for all k < min(¢, k):

’
8D hk (Z) aD hk (Z) <Cl"l(Z)l/ﬂl71'57]((1//5171)0)(1—]().
r1891 -
Proof. We define a function F as
21-By) aZD/hk _ 21-py) aZD/hk ~ 2n 82D/hk

— —|z2| -
021071 0220722 o stz.

1Z1] =:F. (3-63)
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The Laplacian estimates (3-9) and derivatives estimates applied to the gg-harmonic function D’y imply
that F satisfies
IF e By (py2y < CT (7). (3-64)

For any kK < min(¢, k,) and x € §; N %ék(p), we have that Bg(x, ™) ¢ %ék(p). The intersection of
Bg(x, %) with the complex plane C passing through x and orthogonal to the hyperplane S lies in a
metric ball of radius 7% under the standard cone metric gp, on C. We view (3-63) as defined on the ball
B:= Be(x, (th)V/Pry ¢ C. The estimate (2-3) applied to the function D'k, gives rise to

”D/hk ”Loo(é)
O/

oD hy
071

sup

+ CIIF [l oy (£9)>7 /AL
Bo(x, (79 /P1/2)\{x}

Therefore, on Be(x, 3(tX)1V/A)\{x},

aD'h oD’ h 1 _1|0D'h _
‘ k (Z) + k(z)’ < _rll/ﬁl 1 —k(Z) < Crll/ﬁl lfk(l_l/ﬂl)a)(‘[k). (3-65)
arl F1391 ,31 821
On other hand, since B@(x, %(tk)l/ﬂ‘) = B§ﬂ1 (x, 2 Pk,
B |J Belx, 3@, (3-66)
xeS|NBy/4
Equation (3-65) implies the desired estimate on the balls zl;ék (p). O

Remark 3.17. By similar arguments we also get the following estimates for any k < min(¢, k) and
z € 1B(p)\Si:
d(D')hy

(z)‘ + ‘—(z)

2
(D) Iy < Cri() /B~ kB1 gy (5. (3-67)
r106; -

8}"1

Lemma 3.18. There exists a constant C =C (n, B) > 0 such that, for all k <min(k, £) and z € leék (p\S,
the following pointwise estimates hold.:

02D hy 32D’ hy 1/B1—2_—k(1/B1—1 k
<z>‘+ ————(2)| < Cri () /P2~ KUP =Dy (hy, (3-68)
r]28<912 r10r100,
92D'h
-7 L@)| < Cri)/P2p+UB=Dg (o5, (3-69)
1

Proof. Applying the gradient estimate to the gg-harmonic function D'hy, we get

oD hy
r100;

k
R = ||vgﬂD,hk||LOO(ék(p)/2) <Cw(r").
L°(Bx(p)/2)

The function 9, D'hy is also a continuous gg-harmonic function, so the derivatives estimates implies, on
LA

LBi(p)\S,

3%(0p, D'h)

2
asj

21—y 9% (P, D'h)
022022

|F)| < < Ct*w(h),

|z2]
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where Fj is defined as

21—y 9@, D'h) — 20 gy 92(36, D'y 232(891 D'y P
021071 022022

|z1] (3-70)

We apply similar arguments as in the proof of Lemma 3.16. For any x € §; N %ék (p), we view (3-70) as

defined on the C-ball B¢ (x, (¢¥)!/A1), and by the estimate (2-3) we have, on B¢(x, (r")l/‘gl/Z)\{x},

I 891 D/hk ||LOO(EC)
(-[k)l/ﬁl

9(3p, D"hy) _
“— < + ClFill o ey (727 P

071

Equivalently, this means that, on B¢ (x, (TP D)\ {x},

02D hy
dar;00,

82D/hk
1067

(g, D'hy)
071

1//31 1

<r Crll/ﬂl—l_ck(lfl/ﬂl)w(l_k)‘

Again by the inclusion (3-66), we get (3-68). The estimate (3-69) follows from Lemma 3.16, (3-68),
(3-64) and the equation (from (3-63))

*D'hy 19Dy 1 9°D'hy

=— O
orr o or BEE 362

Lemma 3.19. There exists a constant C(n, B) > 0 such that, for k <min(k,, p, £), the following pointwise
estimates hold for any z € %ék (P\S:

9 <8D’hk)( (aD hk>()
o\ o 100, \ o ) ©

Proof. By the Laplacian estimate in (3-9) for the harmonic function D’k on %lg’k (p), we have

sup  (|A1D'hy| +|A2D'hy]) < C(n)r=* 05C4 (/2 (D'hr) < C(n)t*w (). (3-72)
Bi(p)/2.2

Since A{(D’hy) is also gg-harmonic, the Laplacian estimates (3-9) imply
sup (JAjA 1D hi| +|A2A D' hy|) < C(n)r~* 05C4 (/22 A1D hi < Ct *w(th). (3-73)
Bi(p)/2.4
Now from the equation A ,g(AlD/ hy) =0, we get
2

92 d
2=~ A D'hy = —AyAD'hy— Y —AD'hy =: F>. 3-74
|z1] 92,07, 1D hy 2A1 D hy XJ: asjz 1D hy 2 ( )

From (3-73) and the Laplacian estlmates (3-9), we see that sup 5 Bu(p)/2.4 || < Ct=*w(t5). Using similar
arguments, by considering x € Bk (p) NSy, we obtain from (3-74) that, on B:= Be(x, (rk)l/ﬂ‘/2)\{x}
0

—AD'h
071 : ¢

”AID hk||Loc(l§)

U CllFall poogy ()7 1P < Co7HIH D (24),
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This implies that, for any z € %ﬁk (P\S,

9 9 _
‘mAlD/hk(z) +‘mA1D/hk(z) < Cr//P T ek AHBD g (K) (3-75)
Now taking d/dr; on both sides of AgD’h; =0, we get
3> (dD'h ] 8% (dD'h
2(1-$) Y — A DRy -5 )= F 3-76
|22] 8Z2822( o ) oy, (D1 D) ; 5t an )= (3-76)

From (3-75), for any z € %ék\S, we have | F3|(z) < Crll/ﬁl_1 T KAF1/BD) g (7). By a similar argument,
forany y € ﬁ]}k (p)NS,, we apply estimate (2-3) to dD'hy/dry and get, on A; := Be(y, 5(t5)VF2)\{y} —
the punctured ball in the complex plane C of (Euclidean) radius %(‘L’k )!/P2 and orthogonal to S, passing

through y — that
gny aD 3D hy

9 (0D hy o HLOO(AI) ky2—1
— —+C Fallr —1/B
822( ary >( )‘ (Th)1/p2 IFslz=ante)

<Cr 11/,3| 1_L_fk(l/f51+l//3271)w(rk)‘

(3-77)

Varying y € ﬁék (p) NS, we get, for any z € }Ték\S , that the following pointwise estimate holds:

d aD/l’lk 8D/hk 1/81—1 _1/8,—1
o < C 1 2 —k(l/ﬁ1+l/ﬂz—l) k . ‘:,
31’2( o >( ' 2392( o >(Z) =t ()
Lemma 3.20. Let d = dg(p, q). There exists a constant C(n, B) such that, for allk < €,

dD'hy, oD hy, _
‘ o P T @) = o R T O (3-78)
IDhe (y ~ 3N (| < gt /Bi=1g k078D g, k), (3-79)
r106; r100; -

Proof. We will consider the different cases r, = min(r,, ry) < 2d and r, = min(r,, r,) > 2d.

Case 1: r, < 2d. In this case, it is clear by the choice of £ that r, ~ ke <2d < 12 50 kp>4£€+2.
From our assumption when solving (3-45), r, = dg(p, 51), i.e., ri(p) =r, < 2d. By the triangle

k>t~ 8d. In particular, the

inequality we have r;(q) < 3d. We also remark that, for k < ¢, we have
geodesics considered below all lie inside the balls Z—llék (p), and the estimates in Lemmas 3.16-3.19 hold
for points on these geodesics.

Let the coordinates of the points p and g be given by

= (ri(p), 01(p); r2(p), 62(p); s(p)) and q = (r1(q),01(q): r2(q), 02(q); s(q)).

Let y : [0,d] — Bg(0, ¢)\S be the unique gg-geodesic connecting p and g. We know the curve y is
disjoint from S, and we write

y (1) = (r1(0), 01(2); r2(1), 02(1); 5 (1))

for the coordinates of y (¢) for ¢ € [0, d]. By definition we have, for all ¢ € [0, d],

Y/ O, = (r[(0)* + Biri ()01 ())* + (5(1))* + B3r2(1)*O,(1))* + Is' (D> = 1.
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So |s(p) —s(q)| <d and |r;(p) —ri(q)| <d fori =1, 2. We define

= (r1(q), 01(q); r2(p), 62(p); s(p)) and  p":= (ri(p), 01(q); r2(p), 62(p); s(p)), (3-80)

the points with coordinates related to p and g. Let y; be the gg-geodesic connecting ¢ and ¢’, y» be the
gp-geodesic joining ¢ to p’, and y3 be the gg-geodesic joining p’ to p.
By the triangle inequality, we have

ath( ) 8th( )
o, T Tor M
oD’ hk aD/hk 8D’hk oD’ hk 8D/hk 0D hy,
< (p) — (r") - (q)— (@)
ory ary ory
= J] + JZ + J3
Integrating along y3, on which the points have fixed rj-coordinate r1(p), we get (by (3-68))
d (0D'h
Ji= / —( k) do1| < C(n, pyri(p) /P11 KA (5, (3-81)
v 001\ 07y
Integrating along y», we get (by (3-69))
d (0D'h ri(q)
7, = _< ") dri| < C(n, )T FU/Bi=D 4 (¢ / VB2 gy
V2 ary dry ri(p)
=C(n, Bt P Do @) (p) P — (@)
< C(n, Bz * P Do @) r(p) —ri@)P !
< C(n, )t *V/A=Dg (kyg/hi—1, (3-82)

To deal with J3/ , we need to consider different choices of k < £.

Case la: ky , +1 <k < £. In this case, the balls ﬁk (p) are centered at p; € S; (recall p; is the projection
of p to S1; hence p and p; have the same (r;, 0; s)-coordinates). We have k<8 lg-! by the choice
of £. The balls Ek (p) are disjoint from S;, so we can introduce the smooth coordinates wy = 22’32, and
under the coordinates (r1, 61; wa, 23, . .., Z,), the metric gg becomes the smooth cone metric with conical

singularity only along S; with angle 27 8;. Therefore we can derive the following estimate as in (3-62):
d (9D hy
_|_ _
81"1 awz

Since g and ¢’ have the same (r1, 0;)-coordinates and gg is a product metric, y; is in fact a straight

(D)2 hy

< Ct*w(h). (3-83)
8r1

sup
(Be(p)/2\S1

line segment (under the coordinates (w», z3, .. ., Z,)) in the hyperplane with fixed (r;, 6;)-coordinates.
Integrating over y;, we get

ad (aD/hk)
7 8w2 31’1

/
J3 =<

ol (BD’hk

> )’ < Ct*w(dg(q, q") < Ct 0 (")d
r

R

8Sj
<Cn, ﬂ)r—k(l/ﬂl—l)a)(-ck)dl/lsl—l.
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Case 1b: k < k3 . In this case, the balls ék(p) are centered at p; 2 € §1 NS, and ° > r(p). By the
triangle inequality, r2(q) <d +ry(p) < %rk. We choose the points

g =(r(q), 01(q); r2(p), 02(p); s(q)) and g = (r1(q), 01(q): r2(q), 02(p); s(q)). (3-84)

Let y; be the gg-geodesic joining ¢’ to g, y the gg-geodesic joining g to g, and y the gg-geodesic joining
q to g. The curves 7, 7 and y all lie in the hyperplane with constant (r;, 6;)-coordinates (r1(g), 61(q)).
Then by the triangle inequality we have
D hy D hy
(q" -
ary ary

~ oD'hy oD hy
@)+ (q)—
ary ory

aD'h; . dD'hi
+ q)—

A — J//+J//+J//.
(@) o o (q) | Ty +J3

13/5’

We will use frequently the inequalities 7| (g) < 3d and max(r2(q), r2(p)) < 27% in the estimates below.
Integrating along y we get (by (3-71))

9 (0D'hy
— d6
5 962\ 9ry

Integrating along y we get (again by (3-71))

/‘ ] (BD’hk)
— dry
7 31’2 81”1

J3” < < Cry (q)1//31*lrz(q)l/ﬁzT*k(*1+1/ﬁ1+1//32)w(1.k)

< Cdl/ﬂl_lt_k(l/ﬂ'_])a)(rk).

< Crl(q)l/ﬂ]_]T_k(_l+l/ﬂl+l/ﬂ2)w(fk)

r2(p)
Jz//S / 1821 gy
r

2(q)
< Cri(g)V/P= g~ REHVBHP) 4 (¢4 max (ra(q), r2(p)) /P2~ 1a

< C'dl/ﬂl—l.c—k(l/ﬂl—l)w(l—k)'

Integrating along ; we get (by (3-67))

o (0D'h
/ —( k) dt
7 3Sj 8}’1

Combining the three inequalities above, we get, in the case k < k3,

Jl// < < Crl(q)l/ﬂ'_lr_k/ﬂ'a)(rk)d < Cdl/ﬂl—lT—k(l/ﬁl—l)w(rk).

J3’ < Cdl/ﬁrl.L.*k(l/ﬁrl)w(.[k).

Combining the estimates on J{, J; and J;, we finish the proof of (3-78) in the case r, < 2d.

kp ~ rp>2d> %3, From the triangle inequality we get

Case 2a: r,, > 2d and £ < k. In this case T
dg(y(t),S) > d. In particular, the r; and r, coordinates of y () are both bigger than d. In this case

k <{ <k,, and Lemmas 3.16-3.19 hold for the points in y. Sori(y (¢)) <ri(p)+d < 27K, We calculate
the gradient of d D'hy/dr; along y:
9 [0D'hy
+ -
al”z 81”1

2 |9 [aD'h
3}’1 arl
0 oD hy
+
Bar206> \  0ry

2 2

0D hy
8# al"l

2+ 3 dD'hy
B1r1001 \ 0rq

2

2

2

0 (0D hy
dsj \ 0dr
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(1) When k3 , +1 < k < £ we have by (3-83) that
sup

9 <aD’hk) L2 (aD/hk>
(Buyons 1972\ 971 130, \_ or

Thus by Lemma 3.18, (3-67) and (3-85), along y we have
aD hy

< Ct*w (). (3-85)

v

28 < Car(th)(@V/P1=2p =k U/B1=1) 4 p—ky

Integrating along y we get
D’ hy, D' hy "hy
' -2 ") = [|v

I"l y

< Cw(l—k)(dl/ﬂl—l.L——k(l/ﬂl—l) +d1'_k)

ar 8B

< Cw(tk)dl/ﬂl_lT—k(l/lgl_l).

(2) Whenk <kj ,, we have ro(y (1)) <r(p)+d < hyd< %rk and similar estimates hold for {(y (¢))
too. Then by Lemma 3.18, Lemma 3.19 and (3-67) along y the following estimate holds

/

\%

8 a. ar )<Ca)(1'k)(dl/f31 -2 —k(l/ﬂ1 1)+7,' )

Integrating along y we get

oD'h oD'h
' o L(p) - "(q)'

/
M| < Car(hy@/B 1B 4 grhy

< Ca)(rk)dl/ﬁ'_lf_k(l/ﬂ'_l).

This finishes the proof of the lemma in this case.

Case 2b: r,, > 2d but £ > k, + 1. When k < k,, the estimate (3-78) follows in the same way as the case
above. Hence it suffices to consider the case when k, +1 < k < £. In this case the balls ék (p) = Bg(p, 70
and it can be seen by triangle inequality that the geodesic y C %lg’k (p)\S. Since the metric balls By( p)

B2

are disjoint with S we can use the smooth coordinates w; = z’f "and wy = 75" as before, and everything

becomes smooth under these coordinates in 1§k (p).

The estimate (3-79) can be shown by the same argument, so we skip the details. (Il

Iteratively applying (3-78) for k < ¢, we get

2= a?”ﬁ (p) = ? " 8;)/ (p)— g)/luz (q)‘ +Ccdi/ph-l ét—k(l/ﬂl—l)w(_[k)
<cda'/h <||M||c0 + i rkﬂ/ﬁll)w(rk)),
where the inequality / =
lala)rluz(p) 22 )| < P o

can be proved by the same argument as in proving (3-78).
Combining the estimates for Jy, J,, J3, J4 we finish the proof of (1-4).
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We remark that in solving (3-45) we assume r{(p) < r2(p), so we need also to deal with the following
case, whose proof is more or less parallel to that of Lemma 3.20, so we just point out the differences and
sketch the proof.

Lemma 3.21. Let d =dg(p, q) > 0. There exists a constant C(n, B) > 0 such that, for all k < ¢,

oD hy, oD hy, 1 _ _
‘ o (p) — s (q)| < CdV/P1g=/B=D ) (£hy, (3-86)
oD hy, oD hy, 1 _ _
1206, (p) — TS (9)| < Cca'/Pr=te=kUP=D g (k) (3-87)

Proof. We consider the cases when k <k , and k| , +1 <k < L.

Case 1: ky ,+1 <k <{. The balls ék( p) are disjoint with Sy, so we can introduce the complex coordinate

wy = zzﬁz on these balls as before. Let #; and #, be the real and imaginary parts of w,, respectively. The

derivatives estimates imply that
/ k 2 / —k k
”asz hk”Lw(ék(p)/Z) <Cow(r") and ”8sz hk”LOO(I}k(p)/Z) <Ctw(th),
where 83]2 denotes the full second-order derivatives in the {t{, f,}-directions. Also

9 (9D'h 3 (dD'h
2 k k < Ct*w(th).
or; \ dwz r100; \ dwp

L>(Bi(p)/2) L>(B(p)/2)
Since
0 0 vy 0
o 7 % 9 (3-88)
ory  Porp dwy  Pora dwn
we have

d (dD'h 1dD'h 29D'h;  wo-wr dD'h
_( 3 k)__ K lwol kW2 Wy k+%85}2D’hk,
r r

dwy T dwy 215 dwp 2r} 9wy

and we have, on %Ig’k(p),

o (0D'h C
2 Ol < o) +crtoEh
8w2 31’2 r
and
‘ i(aD,hk> 9 (aD,hk> <Ct*w (")
or1 \ or L>®(Br(p)/2) 11961\ 9ra L>(Bi(p)/2) a
Therefore,
dD'hi |*  |82D'hy |? 92 [P |8*D'h|? 92D'hy |? k k2 L 2
— <C(z~ C— .
86 arp or10rp 1100101 dw,0ry +Z 0sjory | — (T o))+ rzzw(f )

In this case we know that r|(p) & ke > 27k > ¢4 = 8d, so along y

r(y(®) =r(p)—d=>r(p)—d > It~
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Integrating along y we get

D’ hy, D’ hy,

aD'h
o (p) — (q)‘ —k

< Ct*w(d < ctFV/EB=Dy (gl /P,

Case 2: k < ky,,. This case is the same as in the proof of (3-78), replacing r| by r, and B; by B,. We
omit the details.
We can prove (3-87) similarly. (]

3D. Mixed normal directions. In this section, we deal with Holder continuity of the four mixed derivatives
3%u 3%u 3%u 3%u
r1dry’  r10010ry°  ror106,"  rir06,06,’

which by our previous notation correspond to N Nou. Since the proof for each of them is more or less

(3-89)

the same, we will only prove Holder continuity for 8%u/dr;dr,. The following holds at p and g by the
same reasoning of Lemma 3.11:

2, 2, 2, 32y
klggo 8r18r2( p)= ar10ry (P). kgrolo ar10ry (@)= or10r; @)-
By the triangle inequahty,
Uy (q)‘s Uy P (p)) ‘ il
or10r; or10r; or10r; or10r; ory0
2 2 2
a?»lgiz @)~ ailla}iz (q)' + ‘ailgf»z @ 5o (Q)‘

=:L1+Lr+L3s+ Ly.

Lemma 3.22. We have the estimate ~

Li+Ls< Zw(fk)-

k=t

Proof. We consider the cases when k >k, +1and £ <k <k,.
Case 1: k > k, + 1. In this case the balls f}k (p) are disjoint from S and we can introduce the smooth
coordinates w; = z’f "and wy = z2 . Under the coordinates {wl, w2, 23, - - ., Zn}, the cone metric gg
becomes the standard Euclidean metric gc» and the metric balls Bk( p) become the standard Euclidean
balls with the same radius and center p. Since the gg-harmonic functions uy — uy1 satisfy (3-49), by
standard gradient estimates for Euclidean harmonic functions, we get

sup < Co(7h),

Br(p)/2.1

leDwz(Mk - uk—l)

where we use D,,, to denote either d/dw; or d/0w; for simplicity. From (3-88) and a similar formula

for d/0r, we get
82
< Co(th. (3-90)

(g —ug—1)

sup

Be(py/2.11 971072
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Case 2a: £ > ky p+1and £ <k, =k ,. For all £ <k, the balls ék (p) are disjoint from S and centered

at p;. We can still use wy = zgz as the smooth coordinate. The cone metric gg becomes smooth in the

wy-variable, and we can apply the standard gradient estimate to the gg-harmonic function D, (ux —ui—1)

to get 3 3
sup a_Dwz(Mk_ukfl) + WDwz(Mk—ukq) < Co(").
Bi(p)/2.21 071 1041
Again by (3-88), we get
2 82
SUP | (g — )| | (i — 1) < Co(h. (3-91)
Bi(p)/2.21071072 r106010ry

Case 2b: £ <ky ), and k > kp , + 1. This case can be dealt with similarly as above.

Case 2¢: £ <k <k p. In this case r,(p) ~ her < t% < tf ~ 8d. Now the balls ék(p) are centered at
P12 € §1 NS,. We can proceed as in the proof of Lemma 3.19, with the harmonic functions uy — uy_;
replacing the D’k in that lemma to prove that, for any z € %ﬁk (P\S,

2

106,01

82

(g —ur—1)|(2) + (up —ug—1)|(2)

aryorp
<Cn, ﬁ)rl(Z)l/ﬂl_lrz(z)l/ﬂz_l‘E_k(_2+l/ﬂ'+1/ﬂ2)a)(rk).

In particular, the estimate in each case holds at p, and from r{(p) < r(p) < 78 we obtain

2

1”289281”1

82

k -
9r19ry (p) < Co(rh). (3-92)

(ur —ur—1)|(p) + (g — ug—1)

Combining each case above, by (3-90)—(3-92), we get, for all k > ¢,

9%u

k
3r18r2 (p) = C(ns ﬂ)a)(f )

(g —ug—1)

Therefore, by the triangle inequality,

o0 82M o.¢]
Ly e —ue-D)|(p) Cm. B) D w(h).
or10r;
k=41 k=t+1
The estimate for L4 can be dealt with similarly by studying the derivatives of vy at g. ([l
Lemma 3.23. L3 < C(n, Bo(th).

Proof. As in the proof of Lemma 3.22, we consider the cases £ > k1 ,+1, k1, >€>ko , and £ <k , —I.

Case 1: £ > ki, + 1. Here the ball ég(p) is equal to Bg(p, %), the function U defined in (3-55) is
gp-harmonic in %é@ (p), and SUP 4, (/2 |U| < Cow?**w(t"). Since the ball %é@ (p) is disjoint from S, we
have that wq and w, are well defined on %é@( p), and thus we have the derivatives estimates

02U

su
P arior

Be(p)/3

< sup
Be(p)/3

Dw.DwZU’ <C(n, Bo(th.
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In particular, at g € %ée (p),

9%u,

— l
- 81"18}"2 = C(n ﬁ)w(f )

(q) — (q)

orior (q)‘ ‘

Case 2: k1, > £ > ky . Here the ball ég(p) is equal to Bg(p1, 27Y), the function U defined in (3-55) is
gp-harmonic and well defined in a ball

By :=Bg(q. 157°) C %éf(p)’

and SUP g, () |U| < Co*w(r?). Since 1ng(p) is disjoint from S, we have that w; is well defined on
2 5 Bg (p), and thus we have the derivatives estimates

*U d '
sup <sup|—D,,U| <C(n, Bow(r").
B,/2|0r10ra |~ g | 071
In particular, at g € %Bq, we have
L= 2t g )| | 2L )| < con gt
= — n, w (T
3 or10r; d or10r; d g

Case 3: £ <k, — 1. Here rp(p) = hr < 781 284, so
r2(q) <r(p)+d < 37" and ri(q) <d +ri(p) <d+r(p) <3t

Therefore the ball Eg (g) is centered at either g1, g2 or g;.2 € S NSy, with radius 27¢. Tt follows that the
function U defined in (3-55) is well defined on the ball %éz (p).

By the same strategy as in the proof of Lemma 3.19, with the harmonic function D’y in that lemma
replaced by U on the metric ball ﬁée (p), we can prove that, for any z € %é@ (P\S,

82

<Cn, ﬁ)rl/ﬁl 1 1//32 1 —E( 2+1/ﬂ1+1/'32)a)('[€).
arlar

(2)

Applying this inequality at g, we get

3% (ug — vy) ~ o
L3= arzarze (q) Sc(n,ﬂ)rl(q)l/ﬂl lrz(q)l/ﬁZ 1_L_ £( 2+1//31+1/,32)w(rf)Ec(n,ﬂ)a)(l_g).
1
In sum, in all cases L3 < C(n, B)w(t"). 0

Lemma 3.24. There exists a constant C = C(n, f8) > 0 such that, forallk <{ and z € %ék (P\S,

3 [ 3%hy 33 hy
— @[ +|( o
001 \ 9r10r; r100{0r;

e ry /P K11 8D g (k) if k € [ka,p + 1, min(€, k)1,
= rll/ﬂl—lrzl/ﬂQ—l.L_—k(—2+1//31+1/ﬂ2)w(7:k) if k< k2,p-

(3-93)
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Proof. The proof is parallel to that of Lemma 3.19. The function dhy /96, is gg-harmonic on By (p), and
by the Laplacian estimates (3-9), we have

oh oh
sup ( Ala—ek + Aza—ek ) < C(n, Bo(th).
Bi(p)/1.2 !
The function A, (dhy/06,) is also gﬂ—harmonic, so the Laplacian estimates (3-9) imply
hy ohy —2k ahk —2k k
sup (AlAz— —I—‘ (D)A—)<Cr 0SCp 1282— | =Ct "o ().
Bp)/14 36, 36, Kp)/ 36,
‘We consider
32 oh oh 8% dh
2-p) L (A, K ) = A A Y A F ]
|z2] 812822( 2891) 1825 Z ast. 238, 5, (3-94)

where the function F5 satisfies SUPg. (p)/1.4 |Fs| < Ct~ ko (c5).

Case 1: ky ,+1 <k <min(¢, k). Here we introduce the smooth coordinate w, = zgz in the ball ll—sék (p)
as before. Since this ball is disjoint from S,, under the coordinates (ry, 6; w», z3, ..., Z,) We can use
the usual standard gradient estimate to the gg-harmonic function A,(dhy/d6) to obtain

a dhy a 0hy
—\Ar—) |+ Ay —
ary 891 7200, 391
Case 2: k <k» ;. Here the ball ék (p) is centered at p; 2. We apply the usual estimate (2-3) to the function
A>(3hi/361), the solution to (3-94), on any C-ball A; := Be(y, (t5)!/#2) for any y € S, N = Bi(p),

where A, denotes the Euclidean ball in the complex plane orthogonal to S, and passing through y. Then,
for any z € Be(y, (r")‘/ﬂz/Z)\{y}

sup < Ct*w(7h). (3-95)

Bi(p)/2

Bhk

d ohy 296, HL % (A,) 21/, p )
922 < 801>( )‘ TJFC”FsHmAz)(T ) < CtMPp(h).

This implies that, on 1 Bx(p)\S,

0 dhy d ohy
— | Ar— )| + Ap—
ar 801 1200, 891

Taking 9/0r, on both sides of Ag(dhy/d0;) =0, we get

32 82hy 0 dhy 32
21-B1) __9 o ]
21l 921971 (3r2891) 8r2< 391) ; 052 (3-97)

It is not hard to see from (3-95), (3-96) and standard derivatives estimates that, on %8]_?3;{( PI\S,

< cr)/P e B (25, (3-96)

o in Case 1 when ky , + 1 <k <min((, k,), we have |Fs| < Ct*w(zh),

e in Case 2 when k < k; j,, we have |Fg| < Crzl/ﬁz_lr_k/52w(rk).
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Then by applying estimate (2-3) to the function 824 /3,86, on any C-ball A3 := Be(x, (t)!/1) for
any x € 1% Bi(p) NSy, we get that, on Be(x, (t6)/F1/2)\(x},

d [ 3%hy N d [ %hy
31”1 31’2891 r1801 81’2891

9%hy,
1 —1 HL) 260 ||L°°A 1 —1 _
sCn/h <KIh 2 O Foll e ay VP
e ry /P kI8 o) (5 if k € [ky., + 1, min(€, k)],
=~ rll/ﬂl_ll"zl/ﬁz_l'L'_k(_2+1/ﬂ1+1/ﬂ2)a)(l'k) if k < k2,p-

Therefore this estimate holds on %ék( PI\S. (I

Lemma 3.25. For any k < £ and any point z € %ék (P\S,

| e r/P kB g () if k € [ka,p + 1, min(¢, k)],
dr10ry - ,»11//51*1,.21/&*1tfk(72+1/ﬁ1+1/ﬂz)w(.[k) if k <k p.
(3-98)
82D/hk( | <c ri P ek B () if k € [ky,p + 1, min(¢, k)1,
or10ry D= ’,.11/}31—1’,.21/,32_1T—k(—l+1/,31+1/,32)w(.[k) if k < k2,p-

Proof. This follows from almost the same argument as in the proof of Lemma 3.24, by studying the
harmonic functions /; and D’hy, instead of dhy/36;. |

Lemma 3.26. Forany k < { and any 7 € %ék (pI\S,
3 [ 3%h
drp \drjor

Tk 4 () VP =2 —kA/Bi=D if k € [ky,p 4 1, min(¢, k)],
rz(z)l/ﬁrl-[*k/ﬁz +r (Z)l/ﬂ1*2r2(z)l/ﬁ2*1.[*k(*2+1//51+1/ﬁz) if k< k2,p‘

)

st(r’v-{

Proof. By the Laplacian estimates (3-9) we have

Cosup Akl + Ak < C(n, Beo(eh). (3-99)
(Be(p)/1L.2\S
Applying again the Laplacian estimates (3-9) to the gg-harmonic function Ak, we have
sup (JA1ALAK] [ A2A ] + (D) Arh]) < Cm) T o (eh).
Bi(p)/1.4

We consider the equation

_ a2
|20272P2 P Athy = —A1Avhy — E QAlhk =: F7. (3-100)

2022 ~ 052

J J

From the estimates above, ||F7||L°°(1§k(p)/1.8) < Ct %*w(th).
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Case 1: kp , +1 <k <min({, k,). Here we directly apply the gradient estimate to Ahy to get

9 g (2
N < Crtw(h). (3-101)

sup 32

(Bi(p)/1.5\S

n 0
1200,

Case 2: k < ky ,. Here the balls By( p) are centered at pj, and we can apply the usual C-ball type
estimate to get that, for any z € %Ek (P\S,

| Ayhgll Lo
<C}’2(Z)1/ﬂ2 IT

< CQ(Z)]/ﬁz_l‘L'_k/‘Bzw(‘L'k).

'_Alh" +Cra (@)Y Fy || ot F O

(2) + ‘—Alhk

Recall that

= 5. A1

9 <82hk> 9 1 9%k 1 33h
or : rioror ,Blr1 80 ary’

3_1‘1 81‘18}"2 -

from which we derive that, for any z € %ék (pI\S,

3 [ 0%h
31’1 31’181’2

(2)

ik Ty () VP12 —K(/Bi= 1) if k € [k2,p+1, min(¢, k)], 0
=Co() ro () VB ek By () V1 =2 () VP I =R 2H BB if |k <k ).
Lemma 3.27. There exists a constant C = C(n, ) > 0 such that, forallk <{ and z € %ék(p)\S,

(ol )

2 P — )z

36, \ dr 9, r28928r1

1//31 L —k(=1+1/81) if kelk, ,+ 1, min(¢, k
< Co(t") 1/ﬂ1 1 1/;32 1 —k(=2+1/p1+1/B2) f Lot (G-102)
! 2 gfk < kz‘p.

Proof. 1t follows from the Laplacian estimates (3-9) that

ah ah
sup ( A=K A, 2k ) < C)w(th).
Bi(p)/1.2 96, 96,
Again by (3-9), we have
ah ah dh
sup < ArA 5 4 ‘AzAl—k + '(D’)zAl—k ) < Ct % ().
B4 36, 36, 36,
We look at the equation
92 oh oh 92 oh
PO (A ) = —aoa =Y (A ) = Ry
32107, " | 96, 00, < ds7 36,

and note that

sup |Fg| < CT_Zka)(rk).
Bi(p)/1.4
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As we did before, by estimate (2-3) it follows that, for any z € lék (p)\S (remember here k <min(¢, kp)),

Ay
0 ohy 0 ohy 1 ” 156, ||L°°
X X <C /Bi—11 "0 IL® | /81 g k(2—1/p1)
‘8 . 1862 @)+ 96, 2130, (z) =Cri(2) —wm TEn@ [ F8llL~t

<Cr (Z)l/ﬁ]_l‘f_k/ﬂ]a)(‘(k).

Taking 9/dr; on both sides of the equation Ag(dh,/06,) =0, we get

92 92h 9 oh 3 /92 ok
e L= ()Y (S5 ) =R 3-103
= 022022 (8r1802> ary ( 1 392) XJ: ary (8s12' 392) Y ( )

Here | Fo(z)| < Cri(z) /A=l =/Bioy (%) for any z € %Ig’k (p)\S. Therefore, by the usual C-ball argument,

e when k <k ,, forany z € %ék(p)\s, we have
< CI’Q(Z)I/ﬁZ_lI"l (Z)l/ﬁl—lrk(Z—l/ﬂl—l/ﬂz)w(Tk)’

0 3%hy, 0 3%hy
— @+ (@] =
dry \ 0r 06, 1200, \ 0r100;

e when ky , +1 <k <min({, k,), we have

d [ 3%hy 9 8%hy
— + <C UB1=1k(A=1/B1) o, (kY. H
8r2<8r1892>(2)‘ I’za@z(arla@z)(Z) =Cn@ (@)

Lemma 3.28. Forany k < { and any z € %Bk (p\S,

3 [ 3%h

. (2)

drp \0ror;

Cox k) rl(z)l/ﬁl—l.[—k/ﬁl+r11//31—1r2—1T—k(—1+1/ﬁ1) if k € [k, p+1, min(¢, k)], -104)

=T F1(Z)1/’31_1r_"/ﬁ1+r11/51_1rzl/’gz_zr_"(_z“/ﬂl“/ﬁﬂ ifk<ksp. )

Proof. We first observe that
o [ 3%hy d 1 3%hy 1 92 dhy
—_— =—A2hk——————
dry \ 9r10r ary ry 0r10rs ,32r2 892 8r1

It can be shown by the C-ball argument that, for any z € %Ig‘k (PI\S,

0
‘—Azhk(z) < Cri(x) V=1 MPigy (2,
8}"1
From Lemma 3.25, we have, for any z € %ék (pI\S,
R TIN ry P T kI BD g () if k € [ky,p 4 1, min(€, k)1,
ry 0r101) - rll/ﬂl_1rzl/ﬂz—zr—k(—2+1//31+1/ﬂz)w(tk) if k <k p.

From Lemma 3.27, we have, for any z € %ék(p)\S,

r/P T k1 BD if k € [ka,p + 1, min(¢, kp)1,

1 33 c
w(T ) 1//81 1 1//32 2 7 —k(=2+1/B1+1/B2) if k <k.p.

S5
r3 8r18922()
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Therefore, for any z € %Ek (p)\S, we have

3 [ 0%h
8_1’2<8r18];2)(z)‘
g Ca)(rk) ‘ {rl (2)V/Br=17=k/Bi +r{/ﬂ1_1”2_1‘(—_k(_1+1/'31) if k € [ky,, + 1, min(¢, k)], -
ri @Vl g kb VP B2 k2 BB i k< kg .
It remains to estimate L,. For simplicity, we write hj := —uy + uy_; as before, where we take k < .

We will define B,.x = max(B;, B2).
Lemma 3.29. Let d = dg(p, q). There exists a constant C(n, B) > 0 such that, for all k < £,
32y, 92

hy ky_—k(1/B1— -
— <C A/B1=1) g1/1-1
ar1or; p) ar10r; (@)| = Co)r

< CC!)(Tk)‘[_k(l/ﬂmaX_l)dl/ﬂmax—l )

Proof. Case 1: First we assume that r, < 2d, so that r, <3d and £+2 < k. In particular, the balls B ( p)
are centered at either p; € S or 0, depending on whether k > k> , +1 or k < k> ,,. As in the proof of
Lemma 3.20, let y : [0, d] — Bg(0, 1)\ S be the gg-geodesic connecting p and g, let the two points g’
and p’ be defined as in (3-80), and let y, y», y3 be the gg-geodesics defined in that lemma. By the
triangle inequality we calculate

2 2
°hy ) 0°hy,

87‘187‘2 B 8]”137‘2
9%hy 8%hy,
(p)

arior B or10rp

(q)‘

)|+ @)+ (q)| =: LY+ L5+L3.

aryorp oriory aryorp B aryorp

8%hy, 9%hy,
‘ (pH—

‘ 0%hy @) 0%hy

Integrating along y3, where the coordinates (ry; 13, 63; z3, - . ., 2,) are the same as p, we get (by (3-93))

/ i( 3%hy >d<91 ri(p)l/Pr=lg=k=1+1/BY if k € ko, p+1, 2],
s 001 \9r19r2 F(p) Ay (p) VP L KRB gk <y
Integrating along y,, where the coordinates (01; r2, 62; z3, .. ., Z,) are the same as p’ or ¢/, we get by the
estimate in Lemma 3.26 that

2
o G
vt d + B0 (p) — (VP if k € [ka,p + 1, €],
< Co(th) - py(p)V/Pr-1e KBy
+ ra(p)!/ P g THERHUBHB) 1y (p) — ()| V7! if k < ko

tkd 4 ¢ WA=Dgl/hi—1 if k € ka,+1, €],
rz(p)l/ﬂz—lt—k/ﬂzd +r2(p)l//32—lT—k(—2+1/ﬁl+l/ﬁ2)d1/ﬂl—l ifk < kZ,p-

L=

< Cw<rk)-{

L, =

<Co(t%)-

To deal with the term L’3, we consider two cases fork: £ > k >k, , +1and k <k .
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Case la: k> , +1 <k < {. In this case the balls ék(p) are centered at p; € S|. Here k< t<glg!

and ¢ < thrtl < %rz(p), sor(q) > —d+ry(p) > 7%, The balls ék(p) are disjoint from S;, and we

can use the smooth coordinate w, = ZQZ as before. The functions D,,, D'h; are gg-harmonic; hence by

the gradient estimate we have

”Dsz/hk”Loo B 1.1
sup  [Vgs(Dy,D'hy)| < C(n) Bep)/1D

(Be(p)/1.2\8)

. Cr_ka)(rk).
T

From (3-88), we get 5

D'hi| < C(n)t*w (). (3-105)

sup
(Br(p)/1.2D\S)

8)"] 37’2

Recalling that r(p) =7, <2d < %rk , the triangle inequality implies r1(q) <3d < %rk . The points in y;
have fixed (r;, 6;)-coordinates (r1(g), 61(q)), so integrating along y; we get (by (3-104) and (3-105))

, d [ 0%hy d [ 9%hy A 0%hy
M CLACLT) 12062 \ 0r10rs aryorp
< Cdor(tX) (r1 (@) P e P 1 ()P min(ra(p), ra(q)) T e TR oy
<Ct*wE@") -d < Ct*VB=D g (cF)al /i1,

Case 1b: k < ky . In this case h > thap > r2(p) and 8 > ¢t > 8d. Thus r(q) <r(p)+d< %‘L’k.

We choose points ¢ and g as in (3-84), and let y;, y and y be gg-geodesics defined as in the proof of

Lemma 3.20. Then we have

Phy . %y
(q)—

ar1dry or10r;

%hy %hy .
(q)—a Q)|+

Ly <
r10r

(@)

or10ry B orior

@)

9%h 92h
‘ ; ()| = L]+ LY+

i

31’18}’2

We will estimate L, L’ and L} term by term by integrating appropriate functions along the geodesics yi,
7 and y as follows: The points in y have fixed (r1, 01; r2; s)-coordinates (r1(q), 01(q); r2(q); s(q)), so
(by (3-102))

9 ([ 9%h
f —( k )d@
P 892 81”181’2

Integrating along y, where the points have constant rj-coordinate r;(g), we get (by (3-104))

/ 3 ( 3%hy )
b dl’z
7 87‘2 8r18r2

< Co@)(r@"P Py (q) — ra(p)
+r (q)l/ﬁl—lT—k(—2+1/,31+1//‘52)|r2(q)1//32—1 _ rz(p)l/ﬂz—l |)

L’3’ — < Ca)(rk)rl (q)l/ﬂl—lrz(q)l/ﬂz—l k(2417 Bi+1/B2)

< Ca)(‘rk)rl (q)l/lgl_lr—k(_1+l/l31) < Ct_k(l/ﬁ‘_1)a)(‘rk)d1/ﬂ1_1.

"__
L2—

< Co()ri(@) VP17 brg 4 p (q) /P11 ¢ K E2HBIHL/B) g1/ =1y
< Cw(rk)rl(q)l//gl_lr—k(—l‘i‘l/.ﬂl)
< CrHUB=D g (kg1 /BT
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Integrating along y;, where the points have constant (ry, 61; r2, 6)-coordinates, we have (by (3-71))
L < /
Y1

Combining both cases, we conclude that

2
D,( 0°hy ) < Cri (@) VPl py(p) VPR IH BB g
87‘13}’2 o

< Cdt*w (") < cd"Pr=1e=kKA/BI=D g (5.

L% < C‘L’_k(l/ﬁ'_l)a)(‘rk)dl/ﬂ‘_l.
Then by the estimates above for L) and L, we finally get, for all k < ¢,

2 2
0°hy (p) — 0“hy @) < Ca)(‘[k)'[_k(l/ﬂ'_l)dl/'gl_l < Ca)(‘L’k)‘l:_k(l/ﬁma"_l)dl//gmﬂ_l
8r18r2 8}”137‘2 - - s

where in the last inequality we use the fact that 7 *d < % < 1 when k£ < £. Hence we finish the proof of
Lemma 3.29 in the case r, < 2d.

Now we deal with the remaining cases.

Case 2: Here we assume min(r,,ry) =r, > 2d and £ < k. In this case hr ~ rp>2d > 3 50
£+3 > k,. It follows by the triangle inequality that dg(y (¢), S) > d, where y is the gg-geodesic joining
p to g as before. In particular, this implies that min(ry(y (¢)), r2(y (¢))) > d.

Since ¢ < k,, Lemmas 3.24-3.28 hold for all k < ¢ and r(p) ~ thr < ¢, so

ry®) <d+r(p) <3t <3t

We calculate the gradient of 3%k /dr1dr, along the geodesic y as

3 [ 9%hy 2+ 1 32hy 2+ 3 [ 9% \|?
8r1 8r18r2 ,311’1391 37181’2 81’2 8r18r2

3 32he \|?
* B2r2002 <3r13r2) +2j:

Py @) =rnp) —d=>t"—d> %Tk_

2

gﬂa 8

3 [ 3% \|?
dsj \dridr;

Case 2a: ky , +1 < k < £. Here along y we have

Then by Lemmas 3.24-3.28, along y we have

(y ()| < Ca(zh)(z7F 4 q"/Pr=2¢=k1/Ai=Dy,

2
‘ g”ara

Integrating this inequality along y we get
32hy 2

ariorp

hy
Borior

< Co(th)(dr ™ 4 a'/Pr=1e=kU/P=D)y

) 82h"()</
p 8r18r2q —Jy

< Cdl/ﬂl—lT—k(l/ﬁl—l)a)(rk).
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Case 2b: k < k; ,. Here along y we have

OCI\O

ry ) <rn(p)+d<t‘+d<
Then by Lemmas 3.24-3.28, along y we have
‘ 9%hy

ky (. —k 1/B1—2—k(1/B1—1)
5rarg| < COENE +q'/Pr2 kA=)

Integrating this inequality along y we again get
3%hy 2
(p) —
aryorp orpor

Vg 2| < cqVB=1g=k/B=D) gy (k.
P oror,

(q)‘

Case 3: Here we assume min(ry, ry) =r, > 2d but £ > k, + 1. The case when k < k,, can be dealt with
by the same argument as in Case 2, so we omit it and only consider the case when k, +1 <k < £. Here
r2(p) > r1(p) > t° > t* > 84, and hence

ri(y(®)>1t" and r@y@) > It

for any point y (¢) in the geodesic y. By the triangle inequality it follows that y C %ék (p) =Bg ( D, %rk).

B and w, = zz’sz, and gg becomes the standard

As before, we can introduce smooth coordinates wi = z|
smooth Euclidean metric gc» under these coordinates. Moreover, Ay is the usual Euclidean harmonic

function A, hx =0 on ék (p). By the standard derivatives estimates we have

sup (IDy,, .l +1D' (D}, )hil) < CtFo ().
Bi(p)/2
From the equation
hy  wiwy 0%k wywy 9%hy | wiwy 0Pk Wiy 9%y

or10r; h rirp dwjdws rirp owijows riry owiodw; riry owidws

we see that, fori =1, 2,
d [ 9%hy
ow; \0r10r;

From this we see that

C
< —a)(rk)—i-Cr_ka)(rk) and sup
i Bi(p)/2

sup
Bi(p)/2

9%h
D( k)’gCr*wah.

3}’181”2

C C

< sup(Cr_kw(rk) + —w(rk) + —w(rk)) < Cr_ka)(rk).
r r

Integrating along y we get

3%hy 3% h 3% hy
— < | |V,y———| < Cdt*w(*
ar10ry (P) or10r; (q)‘ - /),‘ 88 9r10ry | — Tl

< Cdl/ﬂl_lt_k(l/ﬁl_l)a)(rk).

Combining the estimates in all three cases, we finish the proof of Lemma 3.29. ]
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By Lemma 3.29,

32
L —
2= 8r18r2(p) arior (Q)'
9%u 2y ¢
2 2 1/ Bimax—1 —k(1/Bmax—1) ok
< - Cd E ) 3-106
- 8)”131’2 (p) 31‘18}’2 (C])‘ + T C()(‘L’ ) ( )

k=3

To finish the proof, it suffices to estimate the first term on the right-hand side of the above equation.
Recall that we assume u; is a gg-harmonic function defined on the ball éz( p), which is centered at
P12 € §1 NS,y and has radius 272. We also know u, satisfies the L>-estimate by the maximum principle:
there exists some C = C(n) > 0 such that

2l oo 4, (pyy < CUlullL(By0.1y) + @ (). (3-107)

Recall that the proofs of the estimates in Lemmas 3.24-3.28 in the case when k < k; ;, work for any

gp-harmonic functions defined on suitable balls, and we can repeat the arguments there replacing the

L>®-estimate of hy, namely |||z~ < Ct*w(z¥), by the L>®-estimate of u, given in (3-107) to get

similar estimates as in those lemmas. We will omit the details. Given these estimates, we can repeat the
proof of Lemma 3.29 to prove the estimates

9%u, 0%u,

(p
ar1dry ar1or;
This inequality, combined with (3-106), gives the final estimate of the L, term, that is

(@)| < Cd" Pt (ull Lo By (0.1)) + @ (T7).

l
Ly < Cd"Pmst|lu|l L8y 0,1y + Cd /P ™1 3~ g =k b=y (25), (3-108)
k=2

By Lemmas 3.22 and 3.23 and the estimate (3-108) for L,, we are ready to prove the following estimate;
see (1-5).

Proposition 3.30. For given p,q € BB( )\S there is a constant C = C(n, ) > 0 such that
3%u 3%u
(p) —

w(r) _ w(r)
< (aV/Fm T f dr + g/ / ar)
87‘]87"2 8r 8 ( ”u”L (Bﬂ(o’l))—i_ 0 + d rl/ﬂmax d

Proof. From Lemmas 3.22 and 3.23 and the estimate (3-108) for L, we have

(q)

3%u 3%u
— <C l/ﬂmax_l 0 d 1/Bmax—1 —k(1/Bmax—1) k Tk
3o P " g (q)‘ ( lll Low (85 0.1 + Zr o(t H,;w( )
—— w(r) w1 [1 @)
SC(dl/’gm“ 1Ilulle(B/s(o,l)>+/o ——dr /P T 4T)
where the last inequality follows from the fact that () is monotonically increasing. ]

Finally, we remark that the estimates for the other operators in (3-89) follow similarly; we omit the
proofs and state that the estimates are the same as the estimates for 3%« /dr;dr, in Proposition 3.30.
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3E. Nonflat conical Kihler metrics. In this section, we will consider the Schauder estimates for gen-
eral conical Kéhler metrics on Bg(0,2) C C" with cone angle 27 8 along the simple normal crossing
hypersurface S. Let w be such a metric. By definition, there exists a constant C > 1 such that

C'wg <w<Cwpg in Bg(0,2)\S, (3-109)

where wpg is the standard flat conical metric as before. Since w is closed and Bg(0, 2) is simply connected,
we can write @ = +/—19d¢ for some strictly plurisubharmonic function ¢. By elliptic regularity, ¢ is
Holder continuous under the Euclidean metric on Bg(0, 2).

We fix « € (0, min{1/Bmax — 1, 1}).

Definition 3.31. We say w = g is a C Kihler metric on Bg(0, 2) if it satisfies (3-109) and the Kihler
potential ¢ of @ belongs to C (B,g (O 2)).

We are interested in studying the Laplacian equation
Agu= f in Bg(0, 1), (3-110)

where f € Cg’“(Bﬂ 0,1)) and u € Cé’a. We will prove the following scaling-invariant interior Schauder
estimates. The proof closely follows that of Theorem 6.6 in [18], so we mainly focus on the differences.

Proposition 3.32. There exists a constant C = C(n, S8, ||g||*0a) > 0 such that, if u € C; *(Bg(0, 1))
satisfies (3-110), then

41y 0,17y = CNelleosyion + 171G g ) (3-111)

Proof. Given any points xo # yo € Bg(0, 1), assume dy, = min(d,,, d,); recall d, = dg(x, dBg(0, 1)).
Let u € (O, i) be a small number to be determined later. Write d = ud,,, and define B := Bg(xo, d) and
%B = Bg (xo, %d)

Case 1: dg(xo, yo) < %d.

Case la: Bg(xg, d)NS = 2. We introduce smooth complex coordinates {w; = zf , Wy = zgz, 23y .-y 20}

on Bg(xo, d), under which gg becomes the Euclidean metric and the components of g become C* in
the usual sense. Equation (3-110) has C* leading coefficients, and we can apply Theorem 6.6 in [18] to
conclude that (the following inequality is understood in the new coordinates)

[ ]CZO‘(B) <C(”””CO(B)+||f||C0a(B)) (3'112)
Recall that T denotes the second-order operators appearing in (2-2). Let D denote the ordinary first-order
operators in {wy, wo, 23, ..., Z»}. We calculate
dg(x0, Y0)
ITu(x0) = Tu(y)| < 1D*u(xo) = D2ulyo)l+ === (1 D*u o) -+ D*u(30)))
_ 4dg(xo, y0)* 4dg(x0, y0)
= d2+a u]c2a(3) d3 [”]Cz(B)
8dg(xo, yo)* (x0, yo)* . . .
< ﬂdT[u] C2a(B) +CﬂdT lullcocsy (by the interpolation inequality).
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Then we get

| Tu(xo) — T”()’O)| C 2) C
dyy . 3-113
X0 dﬂ (XO yo)”‘ 2+a ” f”c()a M2+a ||Ll ”CO(B) ( )

Case 1b: Bg(xg,d) NS # @. Let Xy € S be the nearest possible point xo to S. We consider the ball
B:= Bg (X0, 2d), which is contained in Bg(0, 1) by the triangle inequality. As in [14], we introduce a
(nonholomorphic) basis of Tf'jO(C”\S)

lej :=dr;j+~—=1Bjr;dO;,dzi}j=12.k=3

.....

and the dual basis of T o(C"\S)

{ 9 1 8 8 }
Yii=——+— —, — .
T oy Bjrj 00 02k ) 1 2k=3, .

We can write the (1, 1)-form o in the basis {e; A€, €; AdZx, dzx N€j, dz; NdZi} as
=8¢ €5 NE + 8e;R€) NdZg + gke; dzic N€j + g dzj NdZk, (3-114)
where

— _ —— 9
gejEk = _1aa¢(y]a Vk), gejlz = _188¢<y]s 8_Zk>’
— - (0 _ 92
gkg_,' = _188¢ 8_Zk’ yj ) gk]_ =

02407

(3-115)

We remark that all the second-order derivatives of ¢ appearing in (3-115) are linear combinations of
|2j1>72Pi(9%/02;02;)Nj Ny (j # k), N;D' and (D’)?, which are studied in Theorem 1.2. The standard
metric wg becomes the identity matrix under the basis above for (1, 1)-forms. If w is C , all the
coefficients in the expression for w in (3-114) are c? 8 “_continuous, and the cross terms 8ejé ( j ;é k) and
8eik tend to zero when approaching the corresponding singular sets S; or S;. Moreover, the limit of
8k dzj N dzx when approaching S; N - --NS), defines a Kéhler metric on it. Rescaling or rotating the
coordinates if necessary we may assume at xo € S that 8ejé; xo)=1, g ik (X0) = 8x and the cross terms
vanish at Xp. Let wg be the standard cone metric under these new coordinates near Xo. We can rewrite
(3-110) as
Agu(2) = Agyu(z) +1(2) - id0u(z) = f(z) forallz ¢S

for some hermitian matrix n(z) = (nfk)] k=1 nﬂg = gjlz(z) — gék. It is not hard to see the term 7(z) -id9u
can be written as

2 n
D @@ = duce +2Re Y g up+ Y (87 @) = 8iu g, (3-116)
jk=1 ;éjéi j.k=3

where g with the upper indices denotes the inverse matrix of g. We consider the equivalent form of
(3-110) on B:
Aggu=f—n-v/=130u=:f, ueC’(B)NC*B\S).
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Observing that xo, yo € Bg ()20, %d), we can apply the scaled inequality (1-7) of Theorem 1.2 to conclude
that

[Tu(xo) — Tu(yo)| @)
d2+(¥ C .
dﬂ(X(), yo)"‘ (”M”CO(B) + ||f”c()a ))
thus
21a | Tu(xo) — Tu(yo)l C ) )
oy = e Moy + ||f||C0a @) (3-117)
Case 2: dg(xo, Yo) > 3d.
210 | TU(x0) — Tu(yo)l e [TuGo) | +[Tulyo)l _ 8 .
% dg(x0, y0)* < ddy, de e [u]Cﬂ(Bﬂ(O D)’ (3-118)
Combining (3-113), (3-117) and (3-118) we get
21 | T (x0) = Tu(yo)| _ ¢ ) e
dxo dﬂ(xo, J’o)"‘ M [ ]Cz(Bﬂ(O 1)) M2+a (”u”CO(B) + ”f”C(),a 1§))
C
pEr ||f||§3a e ltleo (-119)

By definition it is easy to see that (writing Bg = Bg(0, 1))

(@) @ 24ar £1(2) (@)
A1 oo s <cp? Il cocpyy +CET1f ] o (B)_M Wil

) = Cy* (B’

We calculate

@) ©) ()] @
108y = G g I T e, 1S G

Ooc(B)
(@)

* o * 24+a * 2
S CO[g]Cg,a(Bﬂ)M (I'L [M]Cg(Bﬂ) +I’L [M]Cg,(l(Bﬁ))-i_M ||f||C0a(B )

* o 24y, 1% 2)
§Co[g]Cg,a(Bﬁ)M (C)llullcopyy +21 [M]C )+M ||f||Com .

8 * o *
F[M]CE(BIQ) S 19 [u]cé,u(Bﬂ) + C(IU/)”M”CO(Bﬂ)

If we choose 1 > 0 small enough that u*(2Co[g]* +1) < %, then we get from (3-119) and the

CO o )
inequalities above that

g2+ |Tu(xo) — Tu(yo)|

2) )
0 dg(x0, y0)*

1
< §[M]C§a +C(M)(”””C0(Bﬂ) + ||f||C0a 85"

Taking the supremum over xo # yo € Bg(0, 1), we conclude from the inequality above that

[u]*za = Cllullcocsy) + LA )

(Bg) — Cy*(Bp)

Proposition 3.32 then follows from interpolation inequalities. ([

Remark 3.33. It follows easily from the proof of Proposition 3.32 that estimate (3-111) also holds for
metric balls Bg(p, R) C Bg(0, 1) whose center p may not lie in S.
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Remark 3.34. The Schauder estimate was first established by Donaldson [14] for a background cone
metric with singularity along a smooth divisor assuming u € Cé’“, this latter assumption was removed by
Brendle [1] in the case g € (0, 3) and by Jeffres, Mazzeo and Rubinstein [23], requiring only a weak
solution. Jeffres, Mazzeo and Rubinstein [23] then extend the results to nonflat background metrics using
a perturbation argument. This is the first time a Schauder estimate for the linear conic equation in the
smooth divisor case appeared in the literature with a full proof.

An immediate corollary to Proposition 3.32 is the following interior Schauder estimate.

Corollary 3.35. Suppose u satisfies (3-110). For any compact subset K € Bg(0, 1), there exists a constant

C=Cn,B K, ||g||C2,a(Bﬁ(O’1))) > 0 such that

”M”Cé'a(K) = C(”””CO(Bﬂ(O,l)) + ”f”Cg’a(Bﬂ(O,l)))'

Next we will show that (3-110) admits a unique Cé’“-solution forany f € Cg’a (Bg(0, 1)) and boundary
value ¢ € C°(9 Bg (0, 1)). We will follow the argument in Section 6.5 in [18]. In the following we write
Bg = Bg(0, 1) for simplicity.

Lemma 3.36. Let o € (0, 1) be a given number. Suppose u € Cﬂ (Bg) solves (3-110), ||u||éo((7;ﬂ)

and ||f||(20;33 ) < o0. Then there existsa C = C(n, B, «, g, 0) > 0 such that

< 0

(—o) < (—0o) (2—0)
I 52, = CAIE,, + 11157, )

Proof. Given the estimates in Proposition 3.32, the proof is identical to that of Lemma 6.20 in [18]. We
omit the details. ]

Lemma 3.37. Let u € C;(B/;) N Co(gﬂ) solve the equation Aqu = f and u = 0 on dBg. For any
o € (0, 1), there exists a constant C = C(n, B, o, g) > 0 such that

lullgon,, = sup % |u(x)| < Cfﬁé’; ;1 f = CIFligo g

where d, = dg(x, 0 Bg) as before.
Proof. Consider the function w; = (1 — d;)", where dg(x) = dg(x, 0). We calculate
Agwi =0 (1—dg)" > (—=(1 —dp) trg gg — (1 —0)|Vdg|2)
<o(1—dg)’ *(—C ' (1 —dg) —4Cdz(1 —0)) < —coo (1 —dp)° >

Take a large constant A > 1 such that, for w = Awy,

Aqw < —(1—dg)" % < —|I{,—| in Bg,
where
N = sup d27°| f(x)| = sup (1 —dg(x))* | f(x)I.

xeBﬁ xeBﬂ

Hence A, (Nw£u) <0, and from the definition of w we also have w|; By = 0. By the maximum principle
we obtain [u(x)| < Nw < CN(1 —dg(x))° = CNd?, and hence the lemma is proved. O
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Proposition 3.38. Given any functzon fecC 0. O‘(B/g) the Dirichlet problem Agu = f in Bg and u =0 on
0Bg admits a unique solution u € Cﬂ (Bg) ﬂ o (Bﬂ)

Proof. The proof of this proposition is almost identical to that of Theorem 6.22 in [18]. For completeness,
we provide the detailed argument. Fix o € (0, 1) and define a family of operators A; = 1A, + (1 —1)Agy.
It is straightforward to see that A, is associated to some cone metric which also satisfies (3-109). We
study the Dirichlet problem

Awu; = f in Bg, u; =0 ondBg. (%¢)

Equation (xg) admits a unique solution ug € Cf,’a(Bﬂ) nc O(ET[;) by Proposition 3.7. By Theorem 5.2
n [18], in order to apply the continuity method to solve (x), it suffices to show A, ! defines a bounded
linear operator between some Banach spaces. More precisely, define

. 2,a (o)
By i={u & C* (Bp) | lul gy, < o).

i 0,0 (2—0)
Bai={f € Gy (Bp) [ 1F g, < oo

By definition any u € B; is continuous on B_ﬂ and u =0 on d Bg. By Lemmas 3.36 and 3.37, we have

_ (—=o) 2-0) _
lulls, = 1ll s < CIF NG, ) = CllAwls,,
for some constant C independent of ¢ € [0, 1]. Thus () admits a solution u € B;. O

Corollary 3.39. For any given ¢ € C 0(88,9) and f € Cg’“(Eg), the Dirichlet problem
Agu=f inBg and u=¢ ondBg, (3-120)
admits a unique solution u € Cé’a(Bﬁ) N CO(B_,g).

Proof. We may extend ¢ continuously to Bg and assume ¢ € CO(I?/;). Take a sequence of functions
@i € C;'Q(Eg) nc O(Eﬁ) which converges uniformly to ¢ on lTﬂ The Dirichlet problem

Agup = f — Agpr  in Bg and vy =0 ondBg

admits a unique solution v; € C;“(B/;) N CO(B_ﬂ). Thus the function uy := vy + ¢, € C‘;’“ satisfies
Agup = f in Bg and uy = ¢ on BB/; By the maximum principle, u is uniformly bounded in C O(Eg).
Corollary 3.35 gives uniformly c% 8 *(K)-bounds on any compact subset K € Bg. Letting k — oo and
K — Bg, by a diagonal argument and up to a subsequence, uy — u € C (Bﬁ) On the other hand, from
Ag(ur —uy) =0, we see that {u;} is a Cauchy sequence in C 0(Bﬁ) thus uy converges uniformly to u
on Eg Hence u € CO(B_[;), and u satisfies (3-120). [l

Corollary 3.40. Given f € Cg’a(B,g), suppose u is a weak solution to the equation Agu = f in the sense
that

/(Vu Vo)w /f(pa) forall<peH0(Bﬂ)
Bg

then u € Cz’a(Bﬁ).
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Proof. We first observe that the Sobolev inequality (3-43) also holds for the metric g, since g is equivalent
to gg. The metric space (Bg, g) also has maximal volume growth/decay, so we can apply the same proof
of De Giorgi-Nash-Moser theory [22] to conclude that u is continuous in Bg. The standard elliptic theory
implies that u € Cl J(Bg\S). For any r € (0, 1), by Corollary 3.39, the Dirichlet problem A,ii = f
in Bg(0,7), u = u on 0Bg(0, r) admits a unique solution u € Cﬂ (Bg(0,7r)) N CO(Bﬂ(O, r)). Then
Ag(u —1u) =0in Bg(0,r) and u — u = 0 on 9Bg(0, r). By the maximum principle, we get u = u
in Bg(0, r), so we conclude u € Clzg’a(Bﬁ(O, r)). Since r € (0, 1) is arbitrary, we get u € Cé’a(Bﬂ). O

Corollary 3.41. Let X be a compact Kiihler manifold and D =) j Dj be a divisor with simple normal
crossings. Let g be a conical Kihler metric with cone angle 2 B along D. Suppose u € H'(g) is a weak
solution to the equation Agu = f in the sense that

/(Vu Vo)w / f(pa) forall ¢ € C1(X)
X
for some f € Cg’a(X). Thenu € Cé’a(X) NCO(X) and there exists a constant C = C (n, B, g, &) such that

”uucéﬂ(x) = C(”M“CO(X) + ”f”cg-"‘(x))'

Proof. We choose finite covers of D, {B,} and {B,}, with B/ € B, and centers in D. By assumption
u is a weak solution to Agu = f in each B, so by Corollary 3.40 we conclude that u € C2 "*(B,) for
each B,. On X\S, the metric g is smooth so standard elliptic theory implies that u € ck (X \S). Since
{B,} covers D, we have u € C; “(X).

We can apply Corollary 3.35 to obtain that, for some constant C > 0,

loc

”u”C;J"(B;) = C(HMHCO(Ba) + ”f”CZ(Ba))-

On X\ |J,{B,} the metric g is smooth, so the usual Schauder estimates apply. We finish the proof of the
corollary using the definition of Cz’“(X ); see Definition 2.9. ]
Remark 3.42. Let (X, D, g) be as in Corollary 3.41. It is easy to see by the variational method that weak
solutions to Agu = f always exist for any f € L% (X, wy) satistying fX fo,=0

4. Parabolic estimates

In this section, we will study the heat equation with background metric wg and prove the Schauder
estimates for solutions u € CO(Q,g) Ng 2’1(Q7;) to the equation

ou
ot

for a function f € € O(Q,g) with some better regularity.

= Agyut+ f (4-1)

4A. Conical heat equations. In this section, we will show that, for any ¢ € €°(3p Qg), the Dirichlet
problem (4-2) admits a unique ¥ 2,1 (Q’;) Ne9( Q_ﬂ)—solution in Qg. We first observe that a maximum
principle argument yields the uniqueness of the solution.
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Suppose u € &> (Q’;) N %”O(Q_,g) solves the Dirichlet problem

ou .
W:Agﬂu in Qg, 4-2)
u=q on dpQpg

for some given continuous function ¢ € €°(dp Qp). As in Lemma 3.1, it follows from the maximum

principle that
inf u <infu <supu < sup u. (4-3)
opQp Qp Qg IpQp

So the ¢! (Q*j;) N¢°(Qp)-solution to (4-2) is unique, if it exists.
We prove the existence of solutions to (4-2). As before, we use an approximation argument. Let g. be
the smooth approximation metrics in Bg from (3-3). Let u, be the ¢ 2.1 (Qp)NeE O(Q_ﬂ)-solution to
ou,
at
4A1. Estimates of u.. We first recall the Li—Yau gradient estimates [26; 35] for positive solutions to the

= Az u. in Qg and Ue =¢ onadpQg. (4-4)

heat equations.

Lemma 4.1. Let (M, g) be a complete manifold with Ric(g) > 0 and B(p, R) be the geodesic ball
with center p € M and radius R > 0. Let u be a positive solution to the heat equation d,u — Agu =0
on B(p, R). Then there exists C = C(n) > 0 such that, forallt > 0,

(|Vu|2 2at) _C N 2n
sup —— )<=+ —,
B(p,2R/3) u? u R2 t

where u, = du/ot.

By considering the functions u, — infu. and sup u. — u., from Lemma 4.1, we see that there exists a
constant C = C(n) > 0 such that, for any R € (0, 1) and ¢ € (0, R?),

1 1
sup |Vue|§ SC(—2+—>(oscR u)?, (4-5)
By (0.2R/3) ‘ R 1
ou, 1 1
sup  |Aguel= sup |—|<C|—5+~)oscrue, (4-6)
Bec (0.2R/3) B (0,2R/3)| 01 R 1

where 0SCy U, := 0SC By, (0.R)x (0,R?) Ue is the oscillation of u. in the cylinder By, (0, R) x (0, R?). Replac-
ing u¢ by u —infu,., we may assume u, > 0 and define f. =logu.. Then we have

af.
a—; = Ag fe + |Vl

Let ¢(x) = @(r(x)/R), where ¢ is a cut-off function equal to 1 on [O, %] and 0 on [%, oo) satisfying the

inequalities |¢”| < 10 and (¢’)?> < 10¢. Let r(x) be the distance function under g, to the center 0.

Lemma 4.2. There exists a constant C = C(n) > 0 such that, for any small € > 0,

1 1
sup  |Ajuc] §C(——|——2) oscgrue forallt e (0, Rz),
Bg. (0.3R/5) t R

where we write Ajue = (|zi|> + e)l_ﬁi(azue/aziaz;) fori=1,...,p.
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Proof. We only prove the case when i = 1. We define F :=tp(—A| fe —2 f.), and we calculate

0 . _ _ .
(5 — A&)(—Alfe —2f0) =—IVaVfel? = IViVfel? =2Re(V fe, V(= A fe = 2f)) = Ry3 i fo i fek
< —(=A1f)? =2Re(Vf, V(=Aj fo —2f0).

F achieves its maximum at a point (pg, fp), where we may assume F(po, tp) > 0; otherwise we are
already done. In particular, py € B, (O, %r) by the definition of ¢ and fy > 0. Then at (po, f9), we have

9
0< (— - Age)F
o1

F (8
=—+lop| = —
fo

A A 2f FA 2t9Re( Vo, V F
P gé)(_ 1fe — fé)_a 2@ — 2k e< @, <_>>

top
(©)?% (4-7)

F 2 F Vi Vi
§£+tow(—(—A1fe) —ZWRe(er,W))JrC—(w +¢ )+2R2 5

where we use the Laplacian comparison and the fact that VF = 0 at (po, #p). The second term on the

right-hand side satisfies (we write F:= —A1fe—2 f; for convenience of notation)
2 F S ~ 2F |Vfe|l¢'|
lop| —(=Ar1f)" — 2@ Re(Vfe, Vo) | < top(—F? —4F fe —4(fo)* + — o R

Fly')?
Stow( F2—4F f. +2F|Vf.? +2R2 5

Flg')?
2R2902

~ F I
<top|—F*+ +efick (by Lemma 4.1)
fo R?

F2
=—+C
fog - 2R?¢p

+C F +C F
o R?’
Inserting this into (4-7), we get, for some constant C = C(n) > 0, at (po, ),

top F
R2
from which we obtain F(py, fy) < Cty/ RZ+C. By the choice of (py, tp), we can see that

F?>+CoF + +Clyz 20,

. 1 1
sup (—A1f€—2fe)§C<—2—|——> for all 7 € (0, R?),
By (0.R/2) R= 1t

which implies that, on B, (O, %R) x (0, Rz),
1 1
A, §u€+C< R2) (48)
Applying (4-8) to the function sup u. — u., we obtain, on By, (O, gR) x (0, R?),

1 1 1
[Aruel < |t +C( R2> OSCR Ue < C( + R2) OSCR Ue

by (4-6). Thus we finish the proof of the lemma. U
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Lemma 4.3. There exists a constant C = C(n) > 0 such that
_ 1 1
sup sup (|ViVjuel +1ViVjucl) < C(— + —2) OSCR U
i#] Bge (0.R/2) t R
forallt € (0, R?). Recall, here |V; Viue >=V; VjuEV;-Vjqugfggj (no summation over i, j is taken).

Proof. We only prove the estimate for |V; V,uc|. The other estimates are similar, so we omit their proofs.
By calculations similar to those used to derive (3-27), we have

0 _
(5 - A&) IViVa fe| <2Re(Vfe, VIVIVa fe]) + Z(|V1kaé| IVaVi fel +IVaVi fel IViIVE fel), (4-9)
k
and similar to (3-20),

0 _
(5 - Ag5>(_A1fe - AZfe) =< 2Re<vfe, V(_Alfe - AZfe))
= ANV fe P+ VIVl + VoV fel P + V2V feP). (4-10)
k
Combining (4-10), (4-9) and the Cauchy—Schwarz inequality, we get

0
(E—Age)uvl Vafel +2(= A1 fo— Az fo))

<2Re(Vfe, V(IVIVafel +2(= A1 fe= A f)) = Y _(IViVife P+ IVIVife P+ IV Vi fe P+ V2 Vi feP)
k

<2Re(Vfe, VIVIVa fe +2(= A1 fe— Ao f)) — 15 (IVi Vo fe | +2(— Ay fe— Az fo)7.

We define a cut-off function 7 similar to ¢ in the proof of Lemma 4.2 such that n = 1 on B,, (O, %R)
and n vanishes outside By, (O, %R) We write

G =(IViVafel + 2(=A1 fe — Ao fo) = 2f0).

Like we did for F in the proof of Lemma 4.2, we argue similarly that at the maximum point (py, f9) of G,
for which we assume G (po, tp) > 0,

o<(2_a, )< G2+CG+CG+CG+CGn/+nN+2G(/)2
- )7 T won R Tn R2TRT g R2p2 "
< (- 4y + ™8 L0 C
= Ton n R2 OR2 )
so it follows that G (po, to) < C(1 + fy/R?). Therefore by the definition of G, on B, (0, %R) x (0, R?),

1

. 1
IVIVa fel +2(=A1 fe — Ax fe) =2 fe < C(ﬁ + ;),

and thus by Lemmas 4.1 and 4.2, we conclude that, on By, (0, 1R) x (0, R?),

. |Viue|? 1 1 1 1
[ViVaoue| <tte +2|Aque| + 2| Aque| + 0. + Cue ﬁ"‘; <C ;+ﬁ OSCR Ue,

as desired. |
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4A2. Existence of a solution u to (4-2). We will show the limit function of u. as € — 0 solves (4-2).

Proposition 4.4. Given any R € (0, 1) and any ¢ € €°(9p Qp(0, R)), there exists a unique function
u€¢*1(Qp(0, R)")NCO(Qp(0, R)) solving (4-2). Moreover, there exists a constant C = C(n, B) > 0
such that, for any t € (0, R?) we have (defining Bg (r)#:= Bg(0, r)\S),

p 2
| ou 1 1
sup (Z|z,~|2—2ﬂx o +|D’u|2)§C<—+—2>(oscRu)2, (4-11)
Bg(R/2)* Zj t R
11
sup (D _(IViVjulg, + ViV u|gﬁ)+ ar1) SCL 5+ %) oseru, (4-12)
Bg(R/2* \[ Z;
- du 1 1)\7?
sup (Z|vgﬁAJ-u|+|vgﬂ(D’)2u|+ vgﬂa—')5c<—+ﬁ) OSCR U, (4-13)
Bﬂ(R/Z)# j—l t t

where by abusing notation we write 0SCg u := 0SCp (0, R)x (0, R?) U-

Proof. Let u, be the > '-solution to (4-4). The ¥°-norm of u, follows from the maximum principle
(4-3).

To prove the higher-order estimates, for any fixed compact subset K € Bg(0, R) and § > 0, standard
parabolic Schauder theory yields uniform ¢4+ “+®/2_estimates of u. on (K\7T3S) x (8, R?] for any
a€(0,1). Ase = 0, u. converges in (54+°"(4+“)/2(K\T58 N (8, R?]) to some function u which is also
EHe@+a/2 i (K\T5S) x (8, R?]. Letting 8 — 0 and K — Bg(0, R) and using a diagonal argument,

we can assume that b )2
%inc o, (4+a)/ (Bﬁ (O,R)#X(O,Rz])
e u ase— 0.

Letting € — 0, estimate (4-11) follows from (4-5); (4-12) is a consequence of Lemma 4.3; and (4-13)
follows by applying the gradient estimate (4-5) to the A, _-harmonic functions A ju, (D’ Y2u, and du, /ot,
and then letting € — O.

The gradient estimate (4-11) implies that, for any compact K € Bg(0, R),

C(n, K, B)(oscru)® o
< L

ou
sup | —
K\S;10Z;

for all 7 € (0, R?).

From this, for any ¢ € (0, Rz), we see that (-, ¢) can be continuously extended to S, and thus we have
u € CO%(Bg(0, R) x (0, R?)).

It only remains to show u = ¢ on dpQg(0, R). Fix an arbitrary point (qo, t) € dp(Qg(0, R)).
Case 1: 1o =0 and go € Bg(0, R). We define a barrier function ¢ (z, t) = e—don (2,90 —At _ 1, where A > 0

is to be determined. If A > 4n, we calculate

a
<— — Age)(f)l = e Yo (z.q0)*—At (_Aged%n + |qu2:" |§,€)e_d‘3" (2,40)2 =7t

at
2 2
=< <_)\. + Z(|Zj|2 + 6)1—,3_/ +(n— p))e—dq;n (z,q0)"—At <0.
j=1
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On the other hand, ¢ (qo, o) =0 and ¢ (z, ¢) <0 for any (z, 1) # (qo, tp). For any € > 0, we can find a small
neighborhood VNap(Qg(0, R)) of (qo, tp) such that, on V', we have ¢(qo, t0) +¢& > ¢(z, ) > @(qo, to) —¢&,
since ¢ is continuous. On dp(Qg (0, R))\V, the function ¢; is bounded above by a negative constant.
Therefore the function ¢, := ¢(qo, o) — & + A1(z, 1) < ¢(z, 1) for any (z, 1) € Ip(Qp(0, R)) if A> 1.
Therefore, by the maximum principle, ¢, (z, 1) <uc(z, t) forany (z, 1) € Qg (0, R). Letting € — 0, we have
¢, (z,1) <u(z, ). Letting (z, 1) = (qo, to) yields ¢(qo, t0) —& < liminf(; ;) go.1) #(z, ). Setting &€ — 0,
we conclude that ¢(qo, fo) < liminf(; ;)_ (4.1 #(z, t). Considering ¢fr (z,t) = p(qo, to) +& — Ap1(z, 1)
and using an argument similar to that above, we can get ¢(qo. fo) = limsup, ,_, 4, 1) #(z, ). Thus u
coincides with ¢ at (qo, o).

Case 2: to > 0 and go € dBg(0, R) N (S1 NSy). In this case z1(g0) = 22(q0) = 0. We define g) = —qo €
0Bg(0, R) to be the (Euclidean) opposite point to go. For some small § > 0, define

$2(z, 1) = don(z, 4p)* — 4R = 8(1 —10)°.
Then ¢»(qo0, z0) = 0 and ¢ (z,1) < O for any (z, 1) # (qo, o). We calculate 9;¢, — Ay ¢ < 0. By an
argument similar to Case 1, replacing ¢ by ¢, we get lim 1) (49.1) #(2, 1) = @(qo, t0).
Case 3: 19 > 0 and go € 0Bg(0, R)\(S1 NS2). As in Case 2 in the proof of Proposition 3.5, we define a
similar function G. Define ¢3(z, t) = A(dg(z, 0)> — R?) + G(z) — 8(t — to)? for A > 1 and small § > 0.

Then we can calculate that 0,3 < A, ¢3, ¢3(qo0, o) =0 and ¢3(z, 1) < 0 for any other (z, t) # (qo, to).
Similar arguments to those in Case 1 proves that

lim  u(z,t) = ¢(qo, to).
(z,t)—(qo,t0)

Combining the three cases above, we obtain that u coincides with ¢ on dp Qg (0, R). Thus the Dirichlet
problem (4-2) admits a unique solution u € <KO(Q,g(T,R)) N1 (Qp(0, R)®). O
Corollary 4.5. Given any functions f € %; o/ 2(Q_,g) and ¢ € €°(9p Qg), there exists a unique solution
veg?! (Qg) N %O(Q_,g) to the Dirichlet problem

v
ar
Proof. Let v, € €27 2+0/2(Qg) N ¢°(Qp) be the unique solution to the equations

:Agﬂv—i—f in Qg and v=¢ ondpQg. (4-14)

0V
ot
For any compact subset K € Bg(0, 1) and 6 € (0, 1), the standard Schauder estimates for parabolic
equations provide uniform &>t 2+®)/2_estimates for v, on K\7TsS x (62, 1). Then v — v for some
vE <52“‘*(2+"‘)/2(K\T58 x (82, 1)). Taking § — 0 and K — Bg(0, 1) and using a diagonal argument, we
2+a’(2+a)/2(Bﬂ\S x (0, 1)) to v and v satisfies the equation dv/dt = Ag v+ f

ocC

=Ag v+ f in Qg and Ve=¢ ondpQg.

get that v converges in ¢,
on Bg\S x (0, 1).

It only remains to show v € %O(Qﬂ) and v = ¢ on dpQg. The same proof as in Cases 1, 2 and 3
in Proposition 4.4 yields that v must coincide with ¢ on dpQg, since we can always choose A > 1
large enough that (for example in Case 1) ¢, /01 — Ag ¢ < infg, f < dve/0t — Ag ve. To see
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the continuity of v in Qg, because of the Sobolev inequality (3-42) for metric spaces (Bg, g.) and by
the proof of the standard De Giorgi—Nash—Moser theory for parabolic equations, we conclude that,
for any p € S and ¢y € (0, 1) there exists a small number Ry = Ry(p, tp) such that, on the cylinder
Q = Bg(p, Ro) x (to — 0’ fp), we have oscy ve < Cr® for any r € (0, Ryp) and some «’ € (0, 1).
Therefore oscy v <Cr "and v is continuous at (p, ty), as desired.

The uniqueness of the solution to (4-14) follows from the maximum principle. ]

Remark 4.6. Corollary 4.5 is not needed in the proof of Theorem 1.7. So by Theorem 1.7, the solution u
to (4-14) is in 732 (Qp) N4 0(Tp).

4B. Sketched proof of Theorem 1.7. With Proposition 4.4, we can prove the Schauder estimates for the
solution u € O(Q_,g) N %Z’I(Qz) to (4-1) for a Dini-continuous function f by making use of almost the
same arguments as in the proof of Theorem 1.2. We will not provide the full details and only point out
the main differences. For any given points Q, = (p, t,), Q4 = (¢, t;) € (Bﬂ( )\S) x (£, 1), to define
the approximating functions uy as in (3-44), we define uy in this case as the solution to the heat equation

ouy oA o A o
= =Bt + £(Qp) in Be(p) x (tp = F- 7 1p), we=u on dp(Be(p) x (tp = -7, 1)),

where ék( p) is defined in (3-48). We can now apply the estimates in Proposition 4.4 to the functions uy,
or uy — u_1, instead of those in Lemmas 3.3 and 3.4 as we did in Sections 3B, 3C and 3D, to prove the

Schauder estimates for u. Thus we finish the proof of Theorem 1.7. U

4C. Interior Schauder estimate for nonflat conical Kihler metrics. Let g =/ —1g;;(z,1) dz; 7% Ndzp be
a ‘5; */2 conical Kihler metric on Qg with conical singularity along S; thatis, g(-, 1) is a C conical

Kahler metric (from Section 3E) for any 7 € [0, 1], and the coefficients of g in the basis {e; A ek, ...} are

a -Holder continuous in ¢ € [0, 1]. Suppose u € g 2+a, (24a)/2

]
a_bt‘ = Agqu+f inQp (4-15)

(Qp) satisfies the equation

for some f € %“’“/Z(Q_ﬂ).

Proposition 4.7. There exists a constant C = C(n, B, «, g) such that

< Cllullzogq) + ||f|| el )

k
fluel %ﬁzm,(zw)/z (2p)

Q) —

Proof. The proof is parallel to that of Proposition 3.32. Given any two points P, = (x, t), Py =(y, t,) € Qg,
we may assume dp, = min{dp,, dp,} > 0, where dp, :=dp g(Py, 3pQp) is the parabolic distance of Py to
the parabolic boundary 87> Qp. Letpue ( ) be a positive number to be determined later. Define d := udp,,
Q:=Bg(x,d) x (t, —d~, 2 t.] the “parabolic ball” centered at Py, and 2Q = Bﬂ( , 2a’) X (x J‘d2, tx].

Case 1: dp g(Py, P)y) < %d. In this case we always have Py € %Q.

Case la: Bg(x,d) NS = @. As in the proof of Proposition 3.32, we can introduce smooth complex
coordinates {wy, w2, 23, ..., Z,} on Bg(x, d) under which gg becomes the standard Euclidean metric and
the components of g are ¥%%/? in the usual sense on Q. The leading coefficients and constant term f
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in (4-15) are both ¥*®/2 in the usual sense, so we apply the standard parabolic Schauder estimates (see
Theorem 4.9 in [27]) to get that there exists some constant C = C(n, 8, «, g) independent of Q such that

2
1] sc sy < C Uiy + 1 F ISz o) (4-16)
Let D denote the ordinary first-order operators in the coordinates {wy, wy, 23, ..., z,}. We calculate
dp g(Py, Py)
|Tu(Py) — Tu(Py)| < |D*u(Py) — D*u(Py)| + %(Wu(mn +|D*u(Py)))
4d77ﬂ(P)mP) 4d73,,3(Px» Py)
= T[ ]6)2+°‘ (2+oz)/2(Q) T[u]%zl(g)
8dp g(Py, Py)” dp g(Py, Py)”
= ﬂdZ——i-xol[ ]@’2+a (2+a)/2(Q) + Cﬂd+”u”9”0(Q)
and 4 5 v
pg(Px, Py
E( x) - E(Py) # ]/2+(x (2+a)/2(Q)

Recall 7 denotes the operators in 7" and d/9t; then by (4-16) it follows that

e THR) ~Tu(P)| €
Py a 2+(x
dP,ﬂ(Px’ Py)

c
1 gz g+ 27 I lleoco: (4-17)

Case 1b: Bg(x,d)NS # @. Let & € S be the projection of x onto S and P, = (&, 1,) be the corresponding
space-time point. Define Q= Bg(x,2d) x (t, — 4d?,t,]. As in Case 1b in the proof of Proposition 3.32,
we may choose suitable enough complex coordinates that 8ei& (ﬁx) =Jj and, for j, k > p + 1, we have
g j,;(Px) = 8 and the cross terms in the expansion of g in (3-114) vanish at P,. Thus (4-15) can be
rewritten as

ou

o
for some (1, 1)-form 7 as in the proof of Proposition 3.32. From the rescaled version of Theorem 1.7 we

= Aggt+ 1 -~ —130u+ f = Agu+ f, uee’(@ne>'(QY,

conclude that

| Tu(Pr) = Tu(Py)l

d2+a
dp,ﬂ(PX7 Py)()l

@
C(”“”cg()(g) + ||f||(gaa/2(g))

Hence

oo TP = Tu(Py)l

< ——(llu] +||f||<w ). (4-18)
B dp p(Pe, Py T 2t IENQ) ?

(o)
Case 2: dp g(Py, Py) > %d. Here we calculate (recall Qg := Bg(0, 1) x (0, 1])

d2+a|T”(Px)_Tu(Py)| <4d2+a|Tu|(Px)+|T”|(Py) <i[u]*

P dpp(Pe, Pye T de T e Q)
Combining (4-17)—(4-19), we obtain
2ia |[Tu(Py) —Tu(Py)| 8

P < —[ul

* dP,ﬂ(Px’ Py)a ne “s (Qﬁ)

(4-19)

(”u”cgo(g) + ”fl o(ot/Z(Q))

©) C
2 (FAl aa/2(g) P lullzocg)-
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Observe that, forany P € Qor P € O, we have dpg(P,0pQg) > (1 —2u)dp,. Then it follows from
the definition that

2) 2) 2+oz 2) 2)
||f|| aa/Z(Q) = CI’L ”f”(é)O(Q ) [f] (xot/Z(Q ) S CI’L ”f” oto(/Z(Q )
We calculate
2) ) 2 2
Tu
”f” ao(/Z(Q) — ”77” aa/Z(Q)” ” ua/Z(Q)+ ||f” aa/Z(Q)
< CilgT wer, o MWLy A 12U s o ) R,
€% (Qp) ¢y (Qp) @5 I (gy) ¢ (Qp)

* 24« * (@)

Cl[g] aa/z(g )M (C(M)[u]%z,l(gﬂ) +2u [u]%zw,(zw)ﬂ(g )) +M /1 w/z(Q )’

where in the last inequality we use the interpolation inequality, by which we also have

8

e [u](b,,zl =u [u] 2, 24a)/2

(o = “: (Qﬁ)-i-C(M)HMH%O(Qﬁ)-

If u is chosen small enough that u*(2C[g]* +1) < %, combining the above inequalities yields

%5 (Qp)
24a | Tu(Py) — Tu(Py)l
P dp g(Py, Py)®

1 * (2)
j[”]%zw.(zw)/z(gﬂ) + C(M)(””H%O(Qﬁ) + ||f||(g;,a/2(gﬂ))'

Taking the supremum over all P, # P, € Qg, we obtain

ul* <C(|ju .
[ ]%ﬂzw,(zw)/z(g y = al ||</0(Q,g) + ”f” ao(/Z(Qﬁ))

The proposition is proved by invoking the interpolation inequalities. (Il

Remark 4.8. It follows from the proof that the estimates in Proposition 4.7 also hold on Qg(p, R) :=
Bg(p, R) x (0, R C Qg, i.e., the cylinder whose spatial center p may not lie in S.

24w, (2+a)/2

It is easy to derive the following local Schauder estimate for g -solutions to (4-15) from

Proposition 4.7.

Corollary 4.9. Let K € Bg(0, 1) be a compact subset and ¢ € (0, 1) be a given number. With the same
assumptions as in Proposition 4.7, there exists a constant C = C(n, B, a, g, K, &9) > 0 such that

ullg2te.cteorzk xieg.17) = C(””H%’O(Qﬂ) + ||f||(g;"a/2(gﬂ))‘

With the interior Schauder estimates in Proposition 4.7, we can show the existence of %H“ 2t/ 2(Q )-

solutions to the Dirichlet problem

d
8—”; —Aqu+f inQ and u=¢ ondpQp (4-20)
for any given f € (5;‘ o 2(Q_ﬁ) and ¢ € €°(3p Qp). We first show the existence of solutions to (4-20) in

the case ¢ =0.
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Lemma 4.10. Let o € (0, 1) be given and u € €5+ ***2(Qp) solve (4-20), with ||u] . o0y < 00 and
||f||f;a,f/;(g ) < 00. Then there is a constant C = C(n, «, B, g, 0) > 0 such that
B B
(o (=0) (2—0)
il v g = CUMIEGT, + I I o )
Proof. The lemma follows from the definitions of the norms and the estimates in Proposition 4.7. O

Lemma 4.11. Suppose u € %ﬁz’l(@ﬂ) H%O(Q_,g) satisfies 0u/0t = Agu+ f and u =0 on 0pQg. For any
o € (0, 1), there exists a constant C = C(n, 8, g, o) > 0 such that

157y = 0 A (1< C sup d 211 (POI=CIAIGS G

where dp. = dp g(Py, 0pQpg) is the parabolic distance of P, to the parabolic boundary 0pQpg.

Proof. We write N := || f ||(C2(i33) < o0 and Py = (x, t,). Define functions

wi(Py) =(1—dg(x)®)? and wy(Py) =172,

A2

where dg(x) = dg(x, 0) is the gg-distance between x and 0. Observe that dp. = min{l —dg(x), 1, "} by
definition. By a straightforward calculation there is a constant cg > 0 such that
0 a
— —Ag)wi > co(1 —dg(x))° ™% and | — — A Jwy > co(t}/H)7 2.
ot ot
By the maximum principle we get
lu(Py)| < Nco_l(wl(Px) +wa(Py)) forall P, € Qg. (4-21)

We take the decomposition of Qg into different regions, Qg = 1 U 2>, where

Qi={P € Qp|1)>>1—dp(x)},

Q:={P, € Qp|1,/> <1—dp(x)}.
Inequality (4-21) implies that, on the parabolic boundaries 9p£2; and 9p€2>, we have |u(Py)| <2Nc, ! dj‘,x.
On ©; we have (d/dt — Ag)(ZNcalwl +u) > 0 and 2Nc0_1w1 +u > 0 on 3p2;, so the maximum
principle implies that 2Ncalw1 +u>0in Qy,ie., [u(Py)| < 2Nc(;ldgx in ;. Similarly we also have
2Nc61w2 +u > 01in ), and thus |u(Py)| < 2Nco_1dj‘§x in €2,. In conclusion, we get

u(Py)| <2c;'Ndj,  forall P, € Qg. O

Proposition 4.12. If ¢ = 0, equation (4-20) admits a unique solution u € ‘KHO’ (2Fe/ 2(Q )N %O(Qﬂ)
forany f € %a aﬂ(Q ).

Proof. Uniqueness follows from the maximum principle, so it suffices to show existence. We will use
the continuity method. Define a continuous family of linear operators as follows: for s € [0, 1], let
Ly :=1s(0/0t — Ag) + (1 —5)(3/01 — Ag,). It can been seen that Ly = 9/d7 — A, for some conical
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Kihler metric g, which is uniformly equivalent to gg and has uniform ‘5; /2 _estimate. So the interior
Schauder estimates holds also for L. Fix o € (0, 1). Define

2 2 2
=l e %A@ 1l o g, <00,
2 2
Byi={f € G5 Q) 111,52 o, < o0}

Observe that any u € B is continuous in Q_ﬁ and vanishes on 0pQg. L, defines a continuous family of
linear operators from 5 to B,. By Lemmas 4.10 and 4.11 we have

llullp, < C(||u||(go‘(f)g )—i— |Lsullg,) < C||Lsullp, forallsel0,1]and forall u € B;.

By Corollary 4.5 and Remark 4.6, L is invertible, thus by Theorem 5.2 in [18], L; is also invertible. [

Corollary 4.13. For any ¢ € ©°(9pQp) and f € 65"

ue %2—&-01 (2+(¥)/2(Q )Q%O(Qﬂ)

(Q,g), equation (4-20) admits a unique solution

Proof. The proof is identical to that of Corollary 3.39 by an approximation argument. We may assume

24w, (24a)/2

(NS %”O(Q_,g) and choose a sequence ¢y € %ﬂ (Q_/g) which converges uniformly to ¢ on Q_ﬂ The

equations

9
avtk_A v+ f—Agp  and vy =0 ondpQp

24w, (2+a)/2

admit a unique g -solution by Proposition 4.12. The interior Schauder estimates in Corollary 4.9

imply that u; := vr + ¢ converges in ‘KET& @272 {6 some function u in %;+a’(2+“)/ 2(Q,g) which

solves (4-20). The ¢ °-convergence u; — u is uniform on Q_ﬁ by the maximum principle, so u = ¢
on dpQg, as desired. O

We recall the definition of weak solutions and refer to Section 7.1 in [17] for the notations.
Definition 4.14. We say a function u on Qg is a weak solution to the equation du /9t = Agu + f if:

(1) u e L*0, 1; H'(Bg)) and du/dt € L*(0, 1; H~'(Bp)).
(2) Forany v € Hy(Bg) and ¢ € (0, 1),

/ au(x’t)v(x)a)g =—/ (Vu(x,t),vv(x»ng"i_/ f D).
By Ot Bg Bg

On can use the classical Galerkin approximations to construct a weak solution to du /0t = Agu + f
(see Section 7.1.2 in [17]). If f has better regularity, so does the weak solution u.

Lemma 4.15. If f € %;’a/z(Qﬂ), then any weak solution to

ou
EZAgM-Ff

belongs to %fra’ (@+2)/2 (9p).
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Proof. The Sobolev inequality holds for the metric g, so by the proof of the standard De Giorgi—Nash—
Moser theory for parabolic equations we have that u is in fact continuous on Qg. Since the metric g is
smooth on Qﬁ the weak solution « is also a weak solution in Q# with the smooth background metric, so
we have that u € %1(2):0[ (2ra)/2
to consider points at S. We choose the worst such point 0 € S only, since the case when centers are in
other components of S is even simpler. We fix the point Py = (0, 19) € Qg with 7y > 0. Fix r € (0, /7o).

By Corollary 4.13,

(Q#) in the usual sense by the class1ca1 Schauder estimates. Thus it suffices
y

v .
5= Av+f in Qg(Po,r):= Bg(0,7) x (to — 12, to]

with boundary value v =u on dp Qg(Py, r) admits a unique solution v € ¢ 24, (@+2)/25(Qp(Po. 1)) Then by
the maximum principle u = v in Qg(Py, r). Thus u € ‘KHO{ (@tD)/2

also works at other space-time points in Sp, we see that ue ‘g”a (2+a) / 2(Q ), as desired. (I

Corollary 4.16. Let (X, g, D) be as in Corollary 3.41, and let ug € C°(X) and f € 65> (X x (0, 1])
be given functions. The weak solution u to the equation

(Qp(Po, r)) too. Since the argument

ou
EZAgLH_f in X x (0, 1], Uli=0 = ug
24w, (2+a)/2 .
always exists. Moreover, u € ‘5 (X x (0, 1]), and there exists a constant C =C(n, g, f,a) >0

such that
”u||<€;+a'(2+“>/2(x><(1/2,1]) = C(”uO”CO(X) + ”f”‘f;"u/z(Xx(O,l]))'

Proof. The weak equation can be constructed using the Galerkin approximations [17]. The uniqueness
is an easy consequence of the maximum principle. The regularity of u follows from the local results in
Lemma 4.15. The estimate follows from the maximum principle, a covering argument as in Corollary 3.41,
and the local estimates in Corollary 4.9. ]

The interior estimate in Corollary 4.16 is not good enough to show the existence of solutions to
nonlinear partial differential equations since the estimate becomes worse as ¢ approaches 0. We need
some global estimates in the whole time interval ¢ € [0, 1] if the initial value uq has better regularity.

4D. Schauder estimate near t = 0. In this subsection, we will prove a Schauder estimate in the whole
time interval for the solutions to the heat equation when the initial value is O or has better regularity. We
consider the model case with the background metric gg first, then we generalize the estimate to general
nonflat conical Kihler metrics.

4D1. The model case. In this subsection, we will assume the background metric is gg. Let u be the

solution to the equation
du

ar
andu =¢ e %° on dBg x (0, 1], Wherefe%
the smooth approximating solutions u., Where Oiue = Ag te + f and ue = u on dpQg. But by letting

=Agu+ f in Qpg, uli=0 =0, (4-22)

e/ 2(Q,g). In the calculations below, we should have used

€ — 0, the corresponding estimates also hold for u. So for simplicity, we will work directly on u.
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We fix 0 < p < R <1 and define By := Bg(0, R) and Qr := By x [0, R?] in this section. Let u be
the solution to (4-22). We first have the following Caccioppoli inequalities.

Lemma 4.17. There exists a constant C = C(n) > 0 such that

sup f W' /f IVul? o dt < ( // uw dt—l—(R—p)2/ flot dt) (4-23)
rel0.07] B 88~ B (R—p)? Or B Ox B

and

sup / |Vu|§ﬂa);§+/ (|VVu|§ﬂ+|V€u|§ﬂ)w;dz
2,

te[0,p21 Y B,
1 . -
sc(m // |Vu|g,,wﬂdz+/gk(f—fze) w,,dt), (4-24)

where fr:=|0rl, foR fa) dt is the average of f over the cylinder QRp.

Proof. We fix a cut-off function n such that suppn C Bg, n =1 on B, and |Vnlg, <2/(R — p).
Multiplying both sides of (4-22) by n’u and integrating by parts, we get

d

— n2u2:/ 20U gyu+2n*uf = —2n2|Vu|§ — dun(Vu, V), +2n°uf
dt Jp, Bx Bx #

< [PV, O, o R = ) f2
Br

(R )2
Equation (4-23) follows by integrating this inequality over ¢ € [0, s?] for all s < p. To see (4-24), observe
that the Bochner formula yields

d _
5|Vu|2 < Agy|Vul* — |VVu|§ﬂ — |VVu|§,ﬂ —2(Vu, Vf)g
Multiplying both sides of this inequality by 7> and integrating by parts, we get

d _
— | n*Vul* < / —20(Vn, V|Vul*)g, — n*|VVul* — n*|VVul* = 21*(Vu, V f)
dt Bg Bgr

5/ An|Vu|[Vl|V|Vul| = n?|VVul]> = n*|VVul?
Bg
Anlf = fRIVAIIVul +20°1 f — frl|Aggul
5/ =31 (VVul® + VVul?) +100°|Vu V> +200°(f — fr)*.
Bg

Then (4-24) follows by integrating this inequality over ¢ € [0, s*] for any s € [0, p]. ]
Combining (4-23) and (4-24) we conclude that

sup f |Vu|2+// | Aggul®
te[0,R2/4] Y B2 ORr/2

a2 2042420
=i | /Q ORI gy + ORI g, (425)

By a standard Moser iteration argument we get the following sub-mean-value inequality.
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Lemma 4.18. Ifin addition f = 0, then there exists a constant C = C(n, B) > 0 such that

172
Sup'”'<c(<R p>2"+2// o ) |

Proof. For any p > 1, multiplying both sides of the equation by nzufr, where u, = max{u, 0}, and
integrating by parts, we get

d 772 p+1 /

— —u = u Vu —2nut (Vu,,V

ar Jp pe1" 5 —pn*ul Vg | = 2mul (Vuy, V).

By the Cauchy—Schwarz inequality and integrating over ¢ € [0, R?], we conclude that

2, p+l (p+1)/2 p+1 n
wp [t [ vont e s G2 —:A.
i (R— p>2 0x
By the Sobolev inequality we get

se[0,R?]
R? . R? | 1/n (412 (n—1)/n
+ + +
/ (772 P )H-l/n_/ (f ﬂzui ) ( (nu p )/ )2)1/(11 1))
0 JBg

< AI/HC/ / |v(7}u(p+1)/2)| < CA(nJrl)/n.
Bg

woo=([ )"

C1/(p+D)

H((p+ 1§, p) < mH(P-i-I,R),

If we write

the inequality above implies

where £ = (n+1)/n > 1. Writing p+1=2&* and py = p+(R—p)27¥, we then have H (py1+1, prs1) <
H(pr + 1, p). Iterating this inequality we get

172
o= [

Similarly we get the same inequality for #_ = max{—u, 0}. ]

Corollary 4.19. If in addition f =0, then there is a constant C = C (n, ) > 0 such that

2+2n 9 " g
// ua)ﬂdz‘<C // ua)ﬂ (4-26)

Proof. When p € [%R , R], the inequality is trivial; when p € [O, jR), it follows from Lemma 4.18. [
Lemma 4.20. If in addition f =0, then there is a constant C = C(n, ) > 0 such that, for any p € (0, R),

2n+4
//ua)ﬁdt<C // ua)ﬂ
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Proof. The inequality is trivial in the case p € [%R, R], SO we assume p < %R . First we observe that Agu
also satisfies the equations 9;(Agu) = Ag(Agu) and (Agu)|;—o = 0, so (4-26) holds with u? replaced
by (Agu)?, ie.,

/ (A,gu) dl‘ < C / (A,gu)

Qp

Since u|;—9 =0, we have u(x, t) = fot osu(x, s)ds, and we calculate
Ju I 0\ 2142

// u? < p* —| =p // (Agu)* < Cp4(—) // (Agu)?
ot 0y Or)2

’ 2n+6
/f u a)ﬂ dt (by (4-25)). [l

Lemma 4.21. Let u be a solution to (4-22). There exists a constant C = C(n, B8, a) > 0 such that

o (Agu)? < _c (Agu)2e dt + C([f] )2
pizia | | B = Rant2t2a 0 BH) ©p e r)
o

Proof. Let u = u; + u,, where

oup

W:Aﬂul‘i‘fR in Qg, uy=u onadpQg,

and

u

2 .
W=Aﬂu2+f—f1e in QOg, up =0 ondpQrg.

The function Agu satisfies the assumptions of Lemma 4.20. Thus
2 P 2n+4 2 n
(A dr < (%) (Apu) ol dt.
0, R 0x

Multiplying both sides of the equation for u; by iy = du»/d¢ and noting that it = 0 on d Bg x (0, R?),
we get

s /B it Agits + ia (f — fr) = /B 2(Viia, Vita) + it f — fr)
0
5/ Vi + § @)+ 2 — f?,
By Of

Integrating over ¢ € [0, R?], we obtain

f (i12)? < 2 f Viis|?
Or Bgr

/ (Apur)* < 2/ (ﬂ2)2+2/ (f = fR)? < CR™ ([ narr )
Or Or Or ’

+a / (f = I
t=R2 ORr

therefore
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Then for p < R we have

/ (Aﬁu)zssz (Aﬂu1)2+2/ (Aﬂuz)z
Oy
SC(IO 2n+4 // (Aﬁul) Q)ﬂ dt+CR2n+2+2Ol( f] oco(/Z(Q ))

The estimate is proved by an iteration lemma (see Lemma 3.4 in [22]). O

Lemma 4.22. Suppose u satisfies (4-22). There exists a constant C = C(n, B, a) > 0 such that, for any
€ (0, 3R),
/ (Apu— (Apu),) whdi < CMpp™ 242,
Q)
where
Mp = Nl + 52 1 ooy & ([ Lz,
R = pataq Mlgop) T paa I/ g0(0p) e r)

Proof. From Lemma 4.21, we get

1
2 2t L 2 2
[ canr = cor (i [ W}Aw) U g0,

1
§C,02+2"+2°‘<m / fQ ot 1 g+ Uz, p) (by (4-25))

< Cp2+2n+2a MR )

On the other hand, by the Holder inequality,

1 > c
(Agu), = 0, </Q (Aﬁu)wgd;) SW/Q (Agu)* < CMpp™
P P

The lemma is proved by combining the two inequalities above. (I
By Campanato’s lemma (see Theorem 3.1 in Chapter 3 of [22]), we get the following.

Corollary 4.23. There is a constant C = C(n, B, o) > 0 such that, for any x € Bg (O ) and R < -
[Ap ”](@”;'“/z(Bﬂ(x,R/mx[o,R2/41>
1 1
< C<—R2+a letll oy myxi0. 82D F g 1/ g0y xR 10,82 + [f]%;’a/z(Bﬂ(x,R)X[O,RZ]))' (4-27)

Lemma 4.24. There exists a constant C = C(n, B, a) > 0 such that, for any x € Bﬂ( ) and R < —

u

[Tulgeor gy rizxiomesap T [ Py

] ”/Z(B,g(x R/2)x[0,R2/4])

1
< C<m”u”%’()(B,g(x,R)x[O,Rz]) + ﬁ”f”%o(Bﬂ(x,R)x[O,Rz]) + [f](zf;’a/z(Bﬁ(x,R)X[O,Rz]))' (4-28)
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Proof. 1t follows from (4-27) and the elliptic Schauder estimates in Theorem 1.2 by adjusting R slightly
that, for any ¢ € [0, A—I‘RZ],

[Tu(-, t)]c2-“(8ﬂ(x,R/2))

1 1
< C(W”””‘KO(Bﬁ(x,R)X[O,RZ]) + ga 1 lwop <02 + [f]fg;"/z(gﬂ(x,ie)x[0,R2])>’

that is, in the spatial variables the estimate (4-28) holds. It only remains to show the Holder continuity of
Tu in the time-variable. For this, we fix any two times 0 <t <, < A%Rz and denote r := %m . For
any xo € Bg(x, 1R), Bg(xo,7) C Bg(x, 3R). By (4-27) and the equation for u, it is not hard to see that
the inequality (4-27) holds when Agu on the left-hand side is replaced by 1 = du/dt. In particular,

|t — ]2

<Apr forallye Bﬂ(x, %R)
where Ap is defined to be the constant on the right-hand side of (4-27). Integrating over ¢ € [#1, 2] we get

u(y, 1) —u(y, 1) —i(y, 1)t — )| < CAR(t — 1) T2,
Thus, for any y € Bg(xo, r),
lu(y, ) —u(y, t1) —u(xo, t1)(t2 — t1)|
< |u(y, ) —u(y, t1) —u(y, t1)(t2 — tp)| + i (xo, t1) — u(y, t1)|(t2 — t1)

< CARr(y—1)'"" 4+ Agr®(ta —11).
Write
u(y) :==u(y, ) —u(y, ty) —u(xo, 1) (12 — 1),
which is a function on Bg(x¢, r). We have that the function f =Agu=Agu(-,t)—Agu(-, ) satisfies
Ag by (4-27). It follows from the

the inequalities ”f”CO(Bﬂ(xo,r)) < Agr(t — )% and [f]cg’a(Bﬂ(Xo,F)) <

rescaled version of Proposition 3.32 that

- ”IZ”CO(B,g(X(),r)) ~ ~ 2
[Tl coyrg,rs2y = C 0, B, 0) (r—2 HI1f lleoBgxo.r) +ra[f]C0v°‘(B/g(x0,r))) <C(h—1)**Ag.
Therefore, for any xo € Bg (x, %R),

|Tu(xo, t2) — Tu(xo, t1)|
|ty — 11]%/2

< CAg.

It is then easy to see by the triangle inequality that (adjusting R slightly if necessary)

[T“]%;*“”(B,s(x,R/mx[o,R2/4]> = CAg,
as desired. The estimate for u follows from the equation &t = Agu + f. ]

Remark 4.25. By a simple parabolic rescaling of the metric and time, we see from (4-28) that, for any
O<r<R< 11—0,

lullzoon N flleoor
[Tulg;ﬂ/z(Qr) E C((R — r)2+a + (R _ r)a + [f](lg);’a/z(QR) . (4_29)




824 BIN GUO AND JIAN SONG

4D2. The nonflat metric case. In this subsection, we will consider the case when the background metrics
are general nonflat ¢ “/2_conical Kihler metrics g = g(z, t). Suppose u € %ﬂz TOCTO2 (04 satisfies

the equation

0
a_bt‘ =Agqu+f inQp  ul==0, (4-30)

and u € ¢°(3p Qp).

Proposition 4.26. There exists a constant C = C(n, B, «, g) > 0 such that

letll 202 gy 0,12y xp0,1a)) = € UNttlgoigyy +1f llgmarg,)-

Proof. Choosing suitable complex coordinates at the origin x = 0, we may assume the components of g
in the basis {€; A €, ...} satisfy ge;e, (-, 0) =484 and gj,;( -, 0) = § 1 at the origin. As in the proof of
Proposition 4.7, we can write (4-30) as

ou _ A
E:Aﬁu+n-\/—188u+f=:Aﬁu+f,

where 1 is given in the proof of Proposition 3.32. By (4-29) we get

T <C lull g0, 1 A ~ A
[ u]cé);‘vo‘/z(ér) = (R — I’)2+O‘ + (R _ I")a ”f”%’o(QR) + [f]<g;~a/2(§R) s

where QR = Bg(0, R) x [0, R?]. Observe that

1 1 1
—( ) ||f||50(QR) = R—r)® ——|I fll, €%(0R) + —(R — e ||n||ng(QR)||TM||c0(QR)
[7]] ota/l(Q )R

1 o0+ (= e

1
= (R—r) (¢ [TM]%;,a/z(éR) +C@)ullgog,)
and
[f]%,:'a/z(ék) = [f]%;’“/z(ék) =+ ”77||<6/0(§R)[T14]%;,a/2(ék) + ”TMH%/O(QR)[W]%;‘O‘/Z(QR)
~ - a _
= [f]%’;,a/z(QR) + [n]%;,a/Z(QR)R [Tu]%;’aﬂ(QR)

+ [n]%a,a/Z(éR)(€[Tu]%a,a/2(éR) + C(S) ||u ”%}O(é}e))

By choosing Ry = Ro(n, B, «, g) > 0 small enough and suitable ¢ > 0, for any 0 <r < R < Ry < -5, the

10’
combination of the above inequalities yields

T < Lr C ||u||c50(§R) 1 B
Titlggergy = alTulger@o + C\ (R ppe T g _pa 1 loe@n T g gy )

By Lemma 4.27 below (setting ¢ (r) = [Tulgaun & )), we conclude that
% i

[Tu]%;'a/z(Bﬂ(O,Ro/Z)X[O,R§/4]) =< C(HMH‘KO(Q'Q) + ”f”gﬁ‘“"/z(gﬁ))

This is the desired estimate when the center of the ball is the worst possible. For the other balls Bg(x, r)
with center x € Bg (0, %), we can repeat the above procedures and use the smooth coordinates w; =z J.j
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in case the ball is disjoint from S;. Finitely many such balls cover Bg (0, %), so we get

[TM] '“’/Z(Bﬁ(o 1/2)><[0 1/100]) C(”u”zfo(gﬂ) + ”f” O‘O‘/Z(Q ))

The proposition is proved by combining this inequality, the equation for u, interpolation inequalities, and

the interior Schauder estimates in Corollary 4.9. ]
Lemma 4.27 [22, Lemma 4.3]. Let ¢(t) > 0 be bounded in [0, T). Suppose, forany 0 <t <s <T,
we have

(1) < 3¢(s) + 4,
P =20+ T

for some a > 0and A, B > 0. Then it holds that, forany0 <t <s <T,

1) < A B
¢()—C(")<(s_t>a+ )

Corollary 4.28. Suppose u satisfies the equations

u .
oy =Rt f inQp ul—o=uoe C3%(Bg(0, 1)).

Then
”M||(6’ﬂ2+°“(°‘+2)/2(35(0,1/2)X[O,1]) = C(HM”%”O(Q;‘!) + ||f||<5;-0‘/2(gﬁ) + ””0”C§’°‘(Bﬂ(0,1)))
or some constant C =C(n, 8, a, g) > 0.
8

Proof. We set it = u —ug and f = f — Aguy. il satisfies the conditions in Proposition 4.26, so the corollary
follows from Proposition 4.26 applied to & and triangle inequalities. O

Corollary 4.29. In addition to the assumptions in Corollary 4.16, we also assume that ug € C *(X).
Then the weak solution to du /0t = Agu + f with u|—o = ug exists and is in %Ha [(2Fa)/2 (X, X[O 1.
Moreover, there isa C = C(n, 8, «, g) > 0 such that

||u “%}'92+a'(2+a)/2(X><[0,1]) S C(” f ||%;"Q/Z(XX[O, 1) + ”MO ||C§-"‘(X)) (4_31)
Proof. Observe that by the maximum principle we have
lullzox <o) = 1/ leox xo,17) + Nluollcoxy-
Then (4-31) follows from Corollary 4.28 and a covering argument as in the proof of Corollary 3.41. [
5. Conical Kihler-Ricci flow

Let X bea compact Kaihler manifold and D = Z D; be a divisor with simple normal crossings. Let wg

be a fixed C9* 8 (X ) conical Kihler metric with cone angle 27 8 along D and &, be a family of g o o/2

conical metrics which are uniformly equivalent to wq, with &y = wy and ||a)||(ga “Rxxo1) = Co We
consider the complex Monge—-Ampere equation

dp _ Io (@ ++/—100¢)" ny

or ~ % ol ’ (5-1)

(p|t=0 = 07
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where f € ¢ @/26(Xx[0.1]) g 5 given function. We will use an inverse function theorem argument
from [4] which was outlined in [21] to show the short-time existence of the flow (5-1).

Theorem 5.1. There exists a small T =T (n, B, wo, f, a, &) > 0 such that (5-1) admits a unique solution

@€ %ﬂzﬂ’aw)/z(x x [0, T)) forany a < o'.

Proof. The uniqueness of the solution follows from the maximum principle. We will break the proof of

short-time existence into three steps.
24a',(24+a’)/2

Step 1. Letu € %ﬁ (X x [0, 1]) be the solution to
0 .
a—’;:Agou—l—f in X x [0, 1],
ul—o =0.

Thanks to Corollary 4.29, such a u exists and satisfies the estimate (4-31). We fix ¢ > 0, so that, as long
as ||¢||c§="(X) < &, we have that @, 4 1= &, ++/—133¢ is equivalent to wy, i.e.,

Co_lwo <wp,y < Cowp and ||C?)t,¢”<5/;va/2 < Co.
We claim that, for T} > 0 small enough, ||u||%);+ﬂ»<2+a>/2(XX[o,Tl]) < e. We first observe by (4-31) that

N = ””||9:§+""<“'+2)/2(Xx[0,1]) = C”f”%;"“'/z()(x[o,l])‘
It suffices to show that [u](gﬁa’.(a#zvz( xx[0,7,7) 1 small, since the lower-order derivatives are small because
u|;—o = 0. We calculate, for any ¢, t; € [0, T1],
[Tu(x,t)) —Tu(x, )| |u(x, ) —u(x, )]
|t; — 1p]/2 |t) — tp]/?

if NTI(O‘/_O‘)/2 < }‘s. Forany x,y € X and ¢ € [0, T],

< N|t — 0| @2 < Lg

T 7t _T ’t 2Ta/2 /
| Tu(x, 1) = Tu(y >'§Nmin{1—,dgo(x,y)“‘“}5%8-
dgy(x, y)* ’

dg,(x,y)
The claim then follows from the triangle inequality.

We define a function

(& + /—130u)"
wn

)(x, t)— f(x,t) forall (x,7) e X x[0, T1].
0

ou
w(x,t):= E(X’ 1) —log(

It is clear that w(x, 0) = 0.
Step 2: We consider the small ball
B={peb; "X [0, D | 1§22 <&, ¢(-,0) =0}

in the space %ﬂHa’(ZM)/Z(X x [0, T1]). Then ul,cjo.7,] € B by the discussion in Step 1.

Define the differential map ¥ : B — ‘K;’ o/ 2(X x [0, T1]) by

9 D ++/—103¢)"
lv<¢>=—¢—log((“’ - = ?) )—f.
0

ot
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The map W is well defined and C', where the differential DV, at any ¢ € B is given by

ov ZJ v
DVy(v) = — — (8p)"v = Ap, v
for any
veTpB={vee; X x[0,T]) | v(-,0) =0},

where (§¢)’7 denotes the inverse of the metric &; + ~/—193¢. As a linear map,

o,0/2

D\I’(p T¢B — % (X X [0 T]])

is injective by the maximum principle and surjective by Corollary 4.29. Thus DW is invertible at any ¢ € B.
®/2(x% % [0, T;]) defines
a local diffeomorphism from a small neighborhood of u# € 13 to an open nelghborhood of w=W¥(u) in

aa/z(X x [0, T1]). This implies that, for any w € %a a/z(X x [0, T1]) with |lw — w||%;~a/2(XX[0,T1]) )
for some small § > 0, there exists a unique ¢ € B such that ¥ (¢) = w.

In particular, DV, is invertible, and by the inverse function theorem, ¥ : B — g

Step 3. For a small 7, < T} to be determined, we define a function

0, t €0, T],
wx,t—1), tell, Ti].

Since u € %H“ (242

. we see that w € €5 */*(X x [0, T1]) with M := lwlls’« 2 xx10.1p < 00. We
claim that 1f T, is small enough, then ||w w|| €52 (Xx10.1)) < 8. We write n = w — w. It is clear from

the fact that w( -, 0) = 0 that ||n]l40 < 8 if T is small enough.

Spatial directions: If t < T, then

_ _ a'/2 ) ,
|77(x»t) 77()’,’)| — Iw(-x’t) w(y’t)| S . 2T2 , (x y)(x —a §2MT(O[ —(1)/2‘
dgy (x, y)® dgy (x, y)* dgy (x, y)@™ % 2

If t € [T, T1] then

NG, 1) =nly, 0l |Jwkx, 1) —wy,n)—-—wk,t —N)+w(y, -1

dgy(x, y)* B dgy(x, y)*
To//2 /
=2M min{2—, gy (x, )" —“} <2MTy" ",
dg, (x, y)*

Time direction: If t,t' < T, then

_ 4 — / , ’
|77(x»t) U(x,f)| — |U)(.x,t) w(-xat)| < M|t_t/|(o[ —a)/2 < MTZ(OZ —Ol)/2‘
|l‘—l‘/|°‘/2 |t—t/|°‘/2

Ifr,t e [T», T1] then

InGx, 1) —n(x, )] |wx, 1) —wx,t) —wx, t —T) +wx, ' — D)
|t_t/|0t/2 - |t_t/|a/2

<2MT 2,
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Ift <T, <t <T then

InCx, 1) —n(x, )] |wx, 1) —w(x,t) +wlx,t'—T)|
t—r)e2 |t — 1'%/

<2MT ",

(o' —a)/2
T2

Therefore, if we choose 75 > 0 small enough that 2M < %8 , then we have

In(x,t) —n(x, ) In(x, 1) —n(y, 1) -

1 /
It —1/]o/2 dg (x, y)° <38 forallxeX, r,1' [0, T1].

It then follows from the triangle inequality that

NG, 1) =n, ) < In(x, 1) =n, Ol +In(y, 1) —n(y, )]
< 38(dgy(x, Y)* + |t —1'|%7%) < J8dp g, ((x, 1), (v, )"

In conclusion, [|w — wllggxx10.11) < 3, so by Step 2 we conclude that there exists a ¢ € B such
that W (¢) = w. Since W|;¢[0,7,] = 0 by definition, ¢|;¢[0, 7, satisfies (5-1) for ¢ € [0, T'], where T := T>.
This shows the short-time existence of the flow (5-1). O

Proof of Corollary 1.11. Recall that in (1-13) we wrote w;; = Q/]_[j(lsj |%lj)1—ﬂ./, where €2 is a smooth
volume form, s; and & are holomorphic sections and hermitian metrics, respectively, of the line bundle
associated to the component D ;. Choose a smooth reference form

x =+/—1301log Q — Z(l — BN/ —18dlogh;.
J

Define the reference metrics @; = wg -+t x which are CK; he'l ?_conical and Kihler for small 7 > 0. Let ¢ be
the ?o”ﬂz e (2He)/2_golution to (1-11) with f =0. Then it is straightforward to check that w; = &, ++/—193¢
satisfies the conical Kihler—Ricci flow equation (1-12) and w € <gﬁ“ %/2(X % [0, T]) for some small T > 0.

The smoothness of w in X\ D x (0, T'] follows from the general smoothing properties of parabolic

equations; see [37]. Taking d/d¢ on both sides of (1-11) we get

9
a_(f = A ¢ttty x and  @li_o = 0.
By Corollary 4.29, ¢ € ¢ *"/2(X x [0, T]) since tr,, x € ¥;"**(X x [0, T]). Therefore the
normalized Ricci potential log(w} /wy) exists in %ﬂz e @)/ 2(X x [0, T)). U
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