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Perelman’s WW-functional on manifolds
with conical singularities

XIANZHE DAI AND CHANGLIANG WANG

In this paper, we develop the theory of Perelman’s W-functional on
manifolds with isolated conical singularities. In particular, we show
that the infimum of W-functional over a certain weighted Sobolev
space on manifolds with isolated conical singularities is finite, and
the minimizer exists, if the scalar curvature satisfies certain condi-
tion near the singularities. We also obtain an asymptotic order for
the minimizer near the singularities.

1. Introduction

Let (M, g) be a smooth compact Riemannian manifold without boundary.
We recall some Riemannian functionals introduced by G. Perelman to study
Ricci flows[Per02]. The F-functional is defined by

(1) T9.9) = [ (Ry+ IVt avol,

where R, is the scalar curvature of the metric g, and f is a smooth function
on M. Let u = 6_5, then the F-functional becomes

(1.2) F(g,u) = /M(4|Vu]2 + Ryu?)dvol,.

The Perelman’s A-functional is defined by

(1.3) A(g) = inf {S’(g,u) y /M u?dvol, = 1} .

Clearly, from and (L.2), A(g) is the smallest eigenvalue of the
Schrodinger operator —4A, + R,. Starting from this point of view, we have
extended Perelman’s theory for the A-functional to a class of singular man-
ifolds, namely manifolds with isolated conical singularities in [DW18].
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To take into account of scale, Perelman also introduces W-functional and
p-functional on smooth compact manifolds in [Per02]. They play a crucial
role in the study of singularities of Ricci flow. The W-functional is given by

(4) W fir) = [ [r(Ry+ VSR + £ = i 1)ne—fdvolg

)2
1

=—=T 1 — ~dv
= G0+ o [ (= me v,

where f is a smooth function, and 7 > 0 is a scale parameter. As in F-
. _1 .
functional, let u = e~ 2, then the W-functional becomes

1

(1.5) W(g,u,7) = w

/M[T(Rgu2 + 4|Vul?) — 2u? Inu — nu?]dvol,,.

The p-functional is defined by
(1.6)

1
u(g,T)_inf{W(g,u,T)\uECOO(M), u >0, n/ uzdvolg_l},
(4r)> Jm

for each 7 > 0. It is well-know that for each fixed 7 > 0 the existence of
finite infimum follows from the Log Sobolev inequality on smooth compact
Riemnnian manifolds, while the regularity of the minimizer follows from the
elliptic estimates and Sobolev embedding. The nonlinear log term makes it
trickier than the eigenvalue problem (see, e.g. §11.3 in [AHI0] for details).
For noncompact manifolds, the story is different, and the W-functional on
noncompact manifolds was studied in [Zhal2]. On the other hand, Ricci flow
and Perelman’s theory on 2-spheres with conical singularities were studied
in [PSSW14].

In this paper we study the W-functional and p-functional on compact
Riemannian manifolds with isolated conical singularities. Recall that, by a
compact Riemannian manifold with isolated conical singularities we mean
a singular manifold (M, g, S) whose singular set S consists of finite many
points and its regular part (M \ S,g) is a smooth Riemannian manifold.
Moreover, near the singularities, the metric is asymptotic to a (finite) met-
ric cone C(g 1)(IN) where IV is a compact smooth Riemannian manifold with
metric hg which will be called a cross section (see §1 for the precise defini-
tion). Our main result is the following theorem.

Theorem 1.1. Let (M",g,5) (n > 3) be a compact Riemannian manifold
with isolated conical singularities. If the scalar curvature of the cross section
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at the conical singularity Ry, > (n —2) on N, then for each fized 7 > 0,

= 1} > —00.
L2(M)

Here HY(M) is the weighted Sobolev space defined in .

Moreover, there exists ug € C*°(M \ S) that realizes the infimum in (L.7).
Furthermore, if (M"™,g,S) satisfies the asymptotic condition AC, defined
m , then near each singularity, the minimizer satisfies

(1.7) inf{W(g,u,T) |u€ H (M),u >0, u

(4mT)%

(1.8) ug=o(r-%), as r—0,

for any a > 5 — 1. Here r is the radial variable on each conical neighborhood
of the singularities, and r = 0 corresponds to the singular points.

Remark 1.2. The same result holds for n = 2 without the geometric con-
dition on the cross section, just as in the case of the F-functional in [DW1IS§],
Cf. Remark 1.2 there. The proof requires only slight adaptation of the argu-
ments presented here; namely one uses the LP (1 < p < 2) Sobolev inequality
(Proposition to control the logarithmic term.

Remark 1.3. In a recent paper [Ozul9], T. Ozuch studied Perelman’s
functionals on cones and showed that the infimum in (1.7)) is finite.

In [DW18], we have shown that the infimum of the F-functional over
the weighted Sobolev space H(M™) (n > 3) is finite if Ry, > (n —2) on
the cross section. For 2-dimensional manifolds with conical singularities, no
assumption is needed and the finiteness of the infimum of the F-functional
essentially follows from Cheeger [Che79]. In order to control the term in-
volving Inu in the W-functional, similar as in the smooth compact case,
one uses Log Sobolev inequality on compact manifolds with isolated con-
ical singularities, which follows from a L? Sobolev inequality on compact
manifolds with isolated conical singularities. Then we conclude that the in-
fimum in is finite. The L? Sobolev inequality on compact manifolds
with isolated conical singularities is established in [DY]. Clearly, it suffices
to establish the inequality on a metric cone. For this, a Hardy inequality
on model cones, which follows from the classical weighted Hardy inequality,
will play an important role.

Then we use the direct method in the calculus of variations to show the
existence of a minimizer of the W-functional, following similar strategy as
in [AH10] for the smooth compact case. However, there are new difficulties
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in the singular case that we need to overcome. For example, the scalar cur-
vature, which appears in the W-functional, blows up at the singularities.
Thus in order to deal with the limit for the term involving Inu in the W-
functional, instead of using the compactness of classical Sobolev embedding,
we need to use the compactness of certain weighted Sobolev embedding ob-
tained in Proposition [3.6) below. Then the regularity of the minimizer follows
from the classical elliptic equation theory, since this is a local problem.

Finally, we use certain weighted Sobolev embedding and weighted elliptic
estimates to obtain the asymptotic behavior for the minimizer. These
weighted Sobolev embedding and weighted elliptic estimates follow from
classical Sobolev embedding, interior elliptic estimates, and an useful scaling
technique. The scaling technique can be applied in this problem because of
the obvious homogeneity of a model cone along the radial direction. And
the scaling technique has been demonstrated to be very useful in studying
weighted norms and weighted spaces on non-compact manifolds. For a brief
survey about its applications, we refer to §1 in [Bar86].

In a subsequent paper [DW19] we will generalize some of the results here
to the case of non-isolated conical singularity.

2. Manifolds with isolated conical singularities

As mentioned in the introduction, roughly speaking, a compact Riemannian
manifold with isolated conical singularities is a singular manifold (M, g)
whose singular set S consists of finite many points and its regular part (M \
S,g) is a smooth Riemannian manifold. Moreover, near the singularities,
the metric is asymptotic to a (finite) metric cone C(g1)(IN) where N is a
compact smooth Riemannian manifold with metric hg. More precisely,

Definition 2.1. We say (M",d,g,21,...,2x) is a compact Riemannian
manifold with isolated conical singularities at x1,...,xk, if

1) (M,d) is a compact metric space,

2) (Mo, g|a,) is an n-dimensional smooth Riemannian manifold, and the
Riemannian metric g induces the given metric d on My, where My =

M\{xl,...,xk},

3) for each singularity x;, 1 <i <k, their exists a neighborhood U,, C

M of x; such that Uy, N{x1,...,z} = {x;i}, Uy, \ {wi},glU%\{xi})
is isometric to ((0,&;) X Nj, dr* +r2h,.) for some g; >0 and a com-
pact smooth manifold N;, where r is a coordinate on (0,&;) and h, is
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a smooth family of Riemannian metrics on N; satisfying h, = ho +
o(r*) as r — 0, where a; > 0 and hg is a smooth Riemannian metric
on Ni.

Moreover, we say a singularity p is a cone-like singularity, if the metric g
on a neighborhood of p is isometric to dr? + r>hgy for some fixed metric hg
on the cross section N.

In our case, as usual, one does analysis away from the singular set.
And in the above definition, we only require the zeroth order asymptotic
condition h, = hg + o(r%), as r — 0, for the family of metrics h, on the
cross section N with parameter » > 0. However, in some problems we need
certain higher order asymptotic conditions for h, as follows. We say that a
compact Riemannian manifold (M",g,x) with a single conical singularity
at x satisfies the condition ACY, if

(2.1) YV (h, — ho)| < C; < 400,
for some constant Cj;, and each 1 < i < k, near x.

Remark 2.2. For simplicity, in the rest of this paper, we will only work
on manifolds with a single conical point as there is no essential difference
between the case of a single singular point and that of multiple isolated
singularities. All our work and results for manifolds with a single conical
point go through for manifolds with isolated conical singularities.

For the simplicity of notations, we will use (M", g, z) to denote a com-
pact Riemannian manifold with a single conical singularity at x, because the
metric d is determined by the Riemannian metric g.

3. Sobolev and weighted Sobolev embedding

In this section, we recall certain weighted Sobolev spaces on compact Rie-
mannian manifolds with conical singularities. Then we establish the identi-
fication of some of them with the usual (unweighted) Sobolev spaces. More-
over, we also review and establish some Sobolev and weighted Sobolev em-
bedding on compact Riemannian manifolds with isolated conical singulari-
ties.

Various weighted Sobolev spaces and their properties have been intro-
duced and intensively studied in different settings, e.g. on complete non-
compact manifolds with certain asymptotic behavior at infinity (see, e.g.
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[Bar86], [Can81], [CBCSI], [CLWI12|, [CSCBT7g| [Loc&1], [LP87], [LMS85],
[McOT9], [NWT3], and [Wanl8]), or on various interesting bounded domains
in R™ (see, e.g. [KMR97], [Kuf85], [Tri78], and [Tur00]).

We recall the weighted Sobolev norms and spaces and weighted C* norms
and spaces on compact Riemannian manifolds with isolated conical singu-
larities studied in [Beh13]. They are given as in (3.2), (3.4), and below.
Similar weighted Sobolev spaces on compact Riemannian manifolds with iso-
lated tame conical singularities have been introduced and studied in [BP03].
A general discussion from the Melrose calculus viewpoint is given in [Ma91],
which also includes nonisolated conical singularity.

Let (M™,g,x) be a compact Riemannian manifold with a single conical
singularity at x, and U, be a conical neighborhood of z such that (U, \
{7}, 9lu,\fa}) is isometric to ((0, €0) x N, dr? +7%h,). Let x € C®(M \ {z})
be a positive weight function satisfying

(3.1)

=3 =

1 if ye M\ Us,
x(y) = . ]
if y=(r,0)cU, C M, and r< ¢

and 0 < (x(y))™' <1 forallye M\ {z}.

For each k € N, p > 1, and ¢ € R, the weighted Sobolev space Wf’p(M)
denotes the completion of the space of compactly supported smooth func-
tions on M \ {z}, C5°(M \ {z}), with respect to the weighted Sobolev norm

’ :
(3.2) ||uuw;m<M>=< /M (Zx”“”*ﬂvzu\p) dvolg> ,
1=0

where Viu denotes the i-times covariant derivative of the function u. For
the simplicity of notations, as in [DWI8], we set H*(M) = W:’_QE(M ), and
2

(3.3) [l Feary = /(ZX i)\Viu|2>dvolg.

For each k € N and § € R, Cf (M) denotes the space of k-th times
continuously differentiable functions on M \ {z}. The weighted C* space
C¥(M) is defined as

(3.4) C3 (M) = {u € Coe(M) | [[ull o (ary < 00},
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where [ - [[cx(ary is the weighted C* norm defined as
k: . .
(3.5) llox ary = sup X Viu(y),
(0 ;yeM\{x}

for u e CF .
As usual, W*P(M) denotes the completion of C§°(M \ {x}) with respect
to the usual Sobolev norm

- :
(3.6) umwwmw:(@<§]wmﬂdmg).

=0

We now recall a weighted Hardy inequality (see, e.g. 330 on p. 245
n [HLP34]), and from which derive a Hardy inequality on metric cones.
Later we will see that the Hardy inequality on cone will play an important
role for establishing Sobolev embedding on manifolds with isolated conical
singularities.

For p > 1 and a # 1, we have

0 p [ee)
an [T s () [Tir@pe

for any f € C5°((0,00)).

This weighted Hardy inequality implies a Hardy inequality on an n-
dimensional metric cone (C(N) = (0,00) x N*1 g=dr?+1r2h) over a
smooth compact Riemannian manifold (N"~! h). Indeed, for p > 1 and
k € N with pk # n, and any u € C§°(C(N)),

ulP NulP(r,0) ,_
/ L}JdeOlg:// 7‘ ’r;k )7" 1drdvolh
C(N) N Jo
_ / / |uyp(r,9)r"*1*p’fdrdvolh
< ) / / 7, 0)r" 1 PE=D) gpgyol,,
In — pk|

|VU’
3.8 < dvoly.
(3:8) <”—p/€|> /(J(N) rp(k=1)

Here, for the first inequality, we used the inequality (3.7)) for each wu(r, )
with fixed 6 and a = pk + 1 — n. The last inequality follows from |Vu|, =
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1
( %’2 + %2|VNU|,2L> * where Vy is the covariant derivative on N with re-
spect to the metric h.

Then combining with the Kato’s inequality, |V|V¥u|| < |V¥*1u] for any
smooth function v and non-negative integer k, this Hardy inequality on
metric cones directly implies the following equivalence between the weighted
Sobolev norms and the usual Sobolev norms.

Lemma 3.1. Let (M™, g,x) be a compact Riemannian manifold with a
single conical singularity at x. For each p > 1 and k € N with pi # n for
alli=1,2,...,k, if (M™, g,x) satisfies the condition ACk_1 near x defined
in ([2.1)), then we have for any u € C3°(M \ {z}),

(39 lulwrson < lullwes, o < Clomp Bllullwesqan,

for a constant C(g,n,p, k) depending on g,n,p, and k.
Consequently, we have W:_pﬁ(M”) = WkP(M™) for eachp > 1 and k €
N with pi #n for alli=1,2,.." k.

Even though we have obtained that some weighted Sobolev norms are
equivalent to the usual Sobolev norms, sometimes it is still more conve-
nient to use weighted Sobolev norms. For example, a certain homogeneity of
weighted Sobolev norms on metric cones has been demonstrated to be very
useful in §8 in [DW18] and the proof of Proposition below. Moreover,
we only have equivalence between the usual Sobolev norms and weighted
Sobolev norms for special weight indices § = k — 2 with k,p, and n satis-
fying certain conditions. But, in some problems, we have to use weighted
Sobolev norms with more general weight indices, e.g. in §4 and §5.

Another application of the Hardy inequality obtained in is the fol-
lowing Sobolev inequality on the metric cone (C'(N) = (0,00) x N*™1 g =
dr? +r2h).

Lemma 3.2. For 1l <p<n, and any u € C§°(C(N)), we have

(3.10) [ullLacnyy < ClIVull e cvy)
for a constant C only depending on the cross section (N"~1, h) and p, where
q=5.

Sketch of the proof of Lemma[3.2} The Sobolev inequality in Lemma [3.2
has been established in [DY] for the case p = 2. And no essential difference
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between p = 2 case and general case in Lemma [3.2] For proof we refer to
[DY]. The basic idea is to choose a finite sufficiently small open cover for the
cross section (N™~1 h) so that each piece can be embedded into Euclidean
unit sphere S*~! and the metric h restricted onto each small piece is equiva-
lent to standard metric on the Euclidean unit sphere. Then on the cone over
each small piece the metric A is equivalent to standard Euclidean metric on
R™. Then we choose a partition of unity {p;}}*, subject to the open cover
chose for (N1 h). If we let 7 : C(N) — N be the natural projection. Then
an important observation pointed in [DY] is the pointwise estimate:

(3.11) |V (7*pi)|(r, 0) < Cir~t,

where C; is a constant, and V is the covariant derivative with respect to
g = dr? + r2h on the cone. Then combining and (3.11)), one can easily
obtain Sobolev inequality in Lemma 3.2

By applying the Kato’s inequality again, Lemma [3.2] implies the follow-
ing Sobolev inequalities and Sobolev embedding on compact Riemannian
manifolds with isolated conical singularities.

Proposition 3.3. Let (M™,g,x) be a compact Riemannian manifold with
a single conical singularity at x. For each 1 < p < n, we have

1) for any uw € Cg°(M \ {z})

(3.12) ullwraary < C(M, g,p, k) lullwes
for any 1 < q < q, where C(M, g,p, k) is a constant, and l < k and q
satisfy % = ]% — kgl >0,

2) hence continuous embedding WHP(M) C WH4(M), for any 1 < q < q,

Thus, the Sobolev embedding on compact manifolds with isolated conical
singularities relies on the weighted LP-Hardy inequality for p > 1, which
is known not to be true in the case of p = 1. So in general, we do not
have Sobolev embeddings on manifolds with isolated conical singularities
in the case of p = 1. However, in [Beh13], Behrndt has established weighted
Sobolev embeddings for all p > 1 on compact manifolds with isolated conical
singularities as follows by using a homogeneity of weighted Sobolev norms
on metric cones and a scaling technique, which is used in [Bar86] in the case
of asymptotically Euclidean manifolds.
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Proposition 3.4 ([Beh13|], Theorem 2.5). Let (M",g,x) be a compact
Riemannian manifold with a single conical singularity at x satisfying the

condition ACy_1 defined in (2.1)).
1) For each 1 <p <mn, § € R, we have for any u € C§°(M \ {x})

(3.13) lellwraary < Cllwllwpr

forany 1 < q < q, a constant C = C(g,n,p,k,1) is a constant, | < k,

and q; satisfy é = % — % > 0. Therefore, we have continuous embed-

ding WEP(M) € WEI(M), for 1 < k and ¢ < q.
2) For any u € Wf’p(M) with k> 3+ 1, we have

(3.14) lullczary < Cllullyrr

for a constant C' = C(g,n, k). Therefore, we have continuous embed-
ding Wf’p(M) C CL(M). Moreover,

(3.15) \Viu(r,z)| = o(r~*%) as r— 0.

Remark 3.5. The local version of weighted Sobolev inequality in (3.13])
has been established in Theorems 2.1 and 2.2 in [CLWI2| by a different
method.

The weighted Sobolev embeddings in Proposition are special cases
of embeddings obtain in Theorem 2.5 in [Beh13] with the same weight index
0. Here we also obtain the asymptotic behavior in for functions in
certain weighted Sobolev spaces similarly as in Theorem 1.2 in [Bar86].
This asymptotic behavior will be used in obtaining an asymptotic behavior
for the minimizing function of the W-functional near the singularities on
manifolds with isolated conical singularities.

In Theorem 3.3 in [BP03|, on a compact Riemannian manifold with
isolated tame conical singularities M"™ of dimension n, the continuous em-
bedding W, 2n (M™) € LI(M™) for k> 1 and 2 < ¢ < 2% with n > 5 has
been shown, and these can be considered as special cases of Proposition
since || pa(nr) < HuHqu (v forall k> 1and 2<¢ < 21 with n > 5

Finally, we show the following compactness property for a weighted

Sobolev embedding obtained in Proposition [3.4] This compactness property
will be used in showing the existence of the minimizer of the W-functional.
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Proposition 3.6. Let (M",g,x) be a compact Riemannian manifold with
a single conical singularity at x. The embedding Wll_ln(M) C LYU(M) is com-
pact for any 1 < q < -25.

Proof. The embedding follows from W' (M) c W9 < L9(M) for 1<
q < ;%5 The first inclusion is given in Proposition The second inclu-
sion follows from ¢(1 —n)+n > 0 and the definition of weighted Sobolev
norms (3.2). Thus, we only need to show the compactness of the embed-
ding. For that we will use the idea of the proof of Lemma[3.2| described right
after the lemma.

Choose 0 < e < {3 sufficiently small so that C3.(N) = (0,3¢) x N C M
is a conical neighborhood of x, and on Ca(N),

1
5(90 = dr? +r’hg) < (g = dr® + 12h,) < 2(go = dr? + r?hy).

Then choose a smooth function ¢; on M \ {z} with ¢ =1 on C(N) C
M\ {z}, supp(¢1) C C2e(N), 0 < ¢1 < 1, and ¢1]c, (v) = ¢1(r) is a radial
function. And set ¢y =1 — ¢ on M \ {z}.
Let {um}p—1 C C°(M \ {z}) C Wlljn(M) be a sequence with bounded
1,1 .
W, 2, (M) norm, i.e.

(3.16) T /M<Wum| + xlum])dvoly < 4,

for some uniform constant A, where x is the weight function given in (3.1).
We choose a finite sufficiently small open cover {U;}!2, of N"~1, such
that U; can be embedded into the Euclidean unit sphere S"~!, and

1
(317) §gS"*1 < hO‘Ui < zgS"*la

for all 1 <14 < ip. Consequently, Coc(U;) = (0,2¢) x N can be embedded into
R™ as ®; : Cze(Ui) — Bl(O) C Rn, and

1 * *
(3.18) 1 &ilgr) < (9= dr® + %) |, v, < 497 (gre),

for all 1 <14 <ip, where B;(0) is the unit ball centered at the origin in R™.
We also choose a partition of unity {p;};2; subject to the open cover
{U;}i2, of N™~1. Then for each 1 <i <ip, and m € N, (7*(p;) - ¢1 - um) ©
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&, € C5°(B1(0)), and
[(7*(ps) - D1 - Um) © ‘I’Z1||W1,1(m)
N /B © (IV((7*(pi) - 61 - tm) © D7) |g + [(7*(p4) - b1 - um) © B;7]) dvoly,,
1 0

< [V @)lolor - unl) 0 8745 (V61 w)y) 0 @; vl
B, (0)

[ ) 61 ) o 8 ol
B, (0)
1
< 4n+10/ <|Um’ + |Vum]g + |um|> dvolg
Cae(N) \T

< 4"+1c/ (Wt + X[t} dvol,
M

= 4n+1CHumHW11f,L(M) <4mO- A,

where C' and A are constants independent of m and 7.

Then we choose a finite open cover {V; ;021 for the compact manifold
M \ C.(N) with smooth boundary (N, e?h) such that the metric g on M
restricted on each Vj is quasi-isometric to the standard n-dimensional unit
ball or a subset of the unit ball, say ¥; : V; — B1(0) C R™. We also choose
a partition of unity {v; ;:0:1 subject to the open cover. Then for each 1 <

j <jo,and m €N, (¢ - ¢ - up) 0 U5 € C°(B1(0)), and

(319) W5 G2 ) 0 W5 sy < O lmllwsscan
< C/HumHWll,ﬁl’(M) < C - A,

for constants C’ and A independent of m and 7.

Then for each fixed 1 < ¢ < "5, by the compactness of usual Sobolev
embedding on the closed unit ball in R™, we can choose a subsequence of
{um}2, which is still denoted by {un,}, such that {7*(p1) - ¢1 - um oo
is a Cauchy sequence in LY(M). And do this for i = 2,...,ip, and then
j=1,...,70, and the subsequences from each step. Finally, we can ob-
tain a subsequence of the original sequence {u,,}, which is still denoted
by {um}, such that all {7*(p;) - 1 - um } for 1 <i <ig and all {1); - P2 - up, }
for 1 < j < jo are Cauchy sequences in LY(M). Therefore, {u,,} is a Cauchy
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sequence in L4(M), since

(3.20) 1wm — e || La(ary

< Z 17 (pi) = 1+ wm — 7 (pi) - P1 * U || Loy
i=1

Jo
) - b2t — 5 - G2 [l Lo (ary-

J=1

This completes the proof, since C3°(M \ {z}) is dense in W}2' (M). O

4. Finite lower bound of W-functional

In this section, we show that on a manifold with a single conical singular-
ity (M",g,z) the W-functional has a finite lower bound over all functions
in H'(M). By the work in [DW18] about the A-functional on these mani-
folds, the key here is to obtain a bound for the term | M u? log udvoly in the
definition of the W-functional.

By using the L? Sobolev inequality on compact manifolds with isolated
conical singularities obtained in Proposition for the particular case of
k=1,p =2, it is well-known that we can derive the following Logarithmic
Sobolev inequality (see, e.g. Lemma 5.8 in [CLNOG]).

Lemma 4.1. Let (M™, g,x) be a compact Riemannian manifold with a
single conical singularity at x. For any a > 0, there exists a constant C(a, g)
such that if uw € WH*(M) with u > 0 and |[ul|f2(a) = 1, then

(4.1) / u? Inudvol, < a/ |Vul?dvol, + C(a, g).
M M

Then for any a > 0, and u € H (M) = VVll’_2ﬁ (M) c Wh2(M) with u >
0 and H

2

=1, we have
L2 (M)

1
U
(4mr) 4 ‘
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Wi(g,u,7) = 1 - / [T(Ryu? + 4|Vu|?) — 2u? Inu — nu2]dvolg
(4r7)2 Jpr
> 1,1/ 7(Ryu? + 4|Vul?)dvol,, —a / |Vul*dvol,
(4nT)z S
- gln(élm') - Cl(a,g) —
-
_ W /M(R u? + (4 - f) Vul?)dvol,
(4.2) -3 1n(47r7) - C(a,g) —n.

Moreover, for each fixed 7 > 0, by Remark 1.3 in [DW1§]|, we can choose
a sufficiently small a > 0 such that

inf{/ (Ryu® + <4 - ﬂ) IVu|?)dvol, | u € H (M), u > 0, M = 1}
M T (4mT) s

> —00,

if Rp, > (n — 2) on the cross section of at the conical singularity.
Thus, we have

Theorem 4.2. Let (M",g,x) be a compact Riemannian manifold with a
single conical singularity at x. If the scalar curvature of the cross section at
the conical singularity Ry, > (n —2) on N, then for each fized T > 0,

= 1} > —00.
L2(M)

Moreover, there exists ug € C°(M \ {x}) that realizes the infimum.

(4.3) inf{W(g,u,r) |u€H1(M),u>O,H u

(4mT)%

Proof. We have seen that the infimum is finite with the condition R, >
(n —2). Now we show the existence of the minimizer uy by using direct
methods in the calculus of variations by the following two steps.

Step 1. Let
(4.4)

m:inf{W(g,u,T) |u € HY (M),u >0,

=U =15 > —o0,
(47['7')4 LQ(M)



Perelman’s W-functional on manifolds 679

and {u;}°, be a minimizing sequence, i.e.

1
(4.5) u; > 0, Hnuz =1, forall i,
(477) 4 L2(M)
and
(4.6) lim W (g, u;, 7) = m.
1—r 00

By the work in [DW18], there exist constants A = A(g), C1 = C1(g, A),
and Cy = Cy(g, A), such that for any u € H'(M)

Here, the left inequality follows from Theorem 5.1 in [DW18] with the con-
dition Ry, > (n — 2), and the right inequality follows from the definition of
the weighted Sobolev norm || - [|g1(a7) and the fact that M and the cross
section NV are compact.

Then by (4.2) and (4.7)), there exists a constant B such that
(4.8) il (ary < B,

for all . Thus, by Theorem 3.1 in [DW18], there exists a subsequence of the
minimizing sequence {u; }, which is still denoted by {u; }, weakly converges to
ug in H'(M), and strongly converges to ug in L?(M) for some ug € H*(M).

Consequently, ug > 0 a.e., and =1.

L g
(4m1) 4 L2(M)
Step 2. Now we will show that W (g, up, 7) < lim W(g,u;, 7) = m, and
71— 00

then ug is a minimizer.
For any u,v € HY(M), let

(4.9) (u,v)4 = /M((Rg + A)u - v+ 4(Vu, Vv))dvol,.

Then by (4.7), (u,v) 4 is an inner product on H'(M), and it induces a norm
|- |4 that is equivalent to H'(M) norm. Then we have

(4.10) luil% = lluoll % + 2(uo, ui — uo) 4 + llu; — uoll%

2 "UO||?4 + 2('&0, U; — UO)A-
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Becasue ug € H'(M) and u; weakly converges to ug in H'(M), one has

(4.11) 'lim (uo, U; — UO)A = 0.
71— 00
Thus,
(4.12) lim ug|% > [Juol%-
1—00
Then combining with lim |[u;l|z2(ar) = [[uollz2(ar), We obtain
11— 00
(4.13) lim [ [7(Ryu? + 4|Vu;|*) — nu?]dvol,
1—r 00

> / [7(Rguf + 4|Vuo|?) — nug]dvoly.
M

So it suffices to show that [, u? Inudvoly — [, ugInugdvoly, as i —
00, for a subequence of the minimizing sequence {u;}. As in the proof of
Proposition 11.10 in [AHI0], V(u?Inu) = (2ulnu + u)Vu, and for any v >
0 there exists constants a,b > 0 such that |ulnu| < a+ bu'*™?. Then for

sufficiently small v > 0, we have

/ |V (u? Inu;)|dvol, < / lu; + 2u; Inw;| - [Vu|dvoly
M M

< (/ |2a+ui‘2dvolg> ’ </ ’Vud?) 2
M M
+2b </ |ui|2+27> : (/ |Vui|2dvolg> :
M M

(4.14) < 0y,

for a constant C3 independent of i. Here, we use the Sobolev embedding

HY(M) c WY2(M) C LY(M) for 1 < ¢ < 22 And also

n

/ x|u? In w;|dvol, §/ X|uil - |a—|—bu3+7|dvolg
M M

< </ X2|ui|2dvolg> : (/ la + bu;+7|2dvolg> :
M M

< lJuill i (ar) (a(Volg(M)ﬁ +b (/M qu~l2+2”dvolg> >
(4.15) <y,
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for a constant Cy independent of i.
Thus,

(4.16) |uZ In Uil (ary < Cs + Cu,

for all ¢ (including ¢ = 0). Then by Proposition the sequence v; := u? Inu;
has a subsequence that converges to some v in L'(M). Moreover, u? Inu;
has a subsequence that converges to u3 Inug almost everywhere on M, since
u; converges to ug in L2(M). Thus vg = u2 Inug in L*(M), and so by passing

. 21 _ 2
to a subsequence we have lll)nélo Jay ui Inuidvoly = [, ugInugdvoly.

Now we have obtained a minimizer ug € H*(M), and ug is a weak solu-

tion of the elliptic equation

2 n m
(4.17) —4Au+ Rgu — —ulnu — —u — —u =0,

T T T
where m is the infimum of the W-functional. The regularity of ug and ug > 0
can be shown locally. Thus the proof is the same as the compact smooth
case, for details, see, e.g. p. 179 in [AHI10]. d

5. Asymptotic behavior of the minimizer

In this section, we obtain an asymptotic order for the minimizer near the
singularity by using a weighted elliptic bootstrapping. For this, we need the
following weighted LP elliptic estimate. In the following, we set

1
Proposition 5.1 (cf. Proposition 2.7 (ii) in [Beh13]). Let (M",g,x)
be a compact Riemannian manifold with a single conical singularity at x

satisfying the condition ACy defined in 1) If ue Wg’p(M), and Lu €
Wy (M), then

(5.2 lullwzran < € (IEulanan + lulweran) -
for a constant C = C(g,n, k,J).

This weighted elliptic estimate follows from the usual interior elliptic
estimates and the homogeneity of the operator L the same as the Laplace
operator for an exact cone. Combining this weighted elliptic estimate and
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the weighted Sobolev inequalities in Proposition implies the following
asymptotic order estimate for the minimizer of the W-functional near the
conical singularities.

Theorem 5.2. Let u be the minimizer of W-functional obtained in Theo-
rem . If the manifold satisfying the condition ACy defined in (2.1), then

we have
(5.3) u=o(r %), as r—0,
for any a > 5 — 1.

Proof. Since u satisfies the second order elliptic equation

2
(5.4) Lu=“ulnu+ 227
T T

u,

and u € VV]L1 Qn (M), where m is the infimum of the W-functional, by the
weighted Sobolev embedding in Prop031t10n we have u € Wo’p (M), for
any 1 < p < 2.
Because for each v > 0 there exists a constant a(y) such that |ulnu| <
a(7y) + |u|'t7, we have ulnu € W(O’p )(1_1_7)( ) C W(O’p )(H—v) o (M) for any
1<p<( )m and any v > 0. So we have LuEW(’p (M),
since u € W —5( ) C Wl’fﬂ)(l_w)_Q(M).
Thus, by Proposition uGVV(Zl’T_’%)(1+ )( ) for any 1<p< 2 2n o (141w)
and any v > 0. If 2 < n < 6, then by (2) in Proposmonwe have obtained

that u = o(r=®) as r — 0 for any o > § — 1, since v > 0 could be arbitrarily
small.

5)(1+7)—2

If n > 6, then using Proposition again, we have u € W( 2)(14+) (M)
forany 1 <p < m—m?m and any v > 0, and ulnu € W(1 2)(14)2 (M)

for any 1 <p< [(n_Q)(Q{L+7)_4] (l}rw) and any v > 0. Then as before we

have LuEWO’ﬁg)(Hv)Q_Q(M), and by Proposition we have u €

(1
2.p 2n 1
W(l_g)(lﬂ)g(M), forany 1 <p < [(n—2)(1+7)—4 T+

For n = 6, we can choose p > 1, such that 2 > % = % > 2v(1+ ). And
then by (2) in Proposition we have obtained that u = o(r=*) as r — 0
for any o > 5 — 1, since v > 0 could be arbitrarily small.

2n 1 2n
For 6 < n < 10, because -2) (L) 1] (1) < =6 (1T

p > 1 such that 2 > % > % for sufficiently small v > 0. Thus v =
o(r—®) as r — 0 for any o > § — 1, since v > 0 could be arbitrarily small.

) and any vy > 0.

> We can choose



Perelman’s W-functional on manifolds 683

Then for each fixed n > 10, by repeating this process finitely many times,
we can always obtain that u = o(r=®) as r — 0 for any o > 5 — 1. O
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