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For a certain class of completions of C*-bundles, we show that the existence
of Calabi extremal metrics is equivalent to geodesic stability of the Kihler
class, and we prove the exponential C*™ convergence of the modified Calabi
flow whenever the extremal metric exists, assuming that the manifold has
hypersurface ends. In particular, we solve the problem of convergence of
the modified Calabi flow on the almost homogeneous manifolds with two
hypersurface ends which we dealt with in a 1995 Transactions paper. As
a byproduct, we found a family of Kihler metrics, called extremal soli-
ton metrics, interpolating the extremal metrics and the generalized quasi-
Einstein metrics. We also proved the existence of these metrics on compact
almost homogeneous manifolds of two ends. For the completions of the C*-
bundles we consider in this paper, we define what we call the generalized
Mabuchi functional; the existence of extremal soliton metrics on these man-
ifolds is again equivalent to the geodesic stability of the Kihler class with
respect to this functional.

1. Introduction

It was shown in [Guan 1993; 1995a] that in every Kéhler class of a compact almost
homogeneous manifold with two ends there is a unique Calabi extremal metric,
and also that there is a unique extremal metric in a given Kihler class on certain
completions of a C*-bundle if a certain function & defined on the bundle there
is positive. In [Guan 2003] we showed that the existence of this unique extremal
metric is equivalent to the geodesic stability of the Kihler class. It is natural to ask:

If the Kihler class is geodesically stable, does the modified Calabi
flow converge pointwise to the extremal metric?

The answer is yes, and we show it in this paper for manifolds with hypersurface
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ends. (We shall treat in a later article the case of ends of higher codimension, which
is technically more involved.) Specifically, we prove:

Theorem A. Let a compact, almost homogeneous manifold with two hypersurface
ends be given. For any given initial metric fixed by a maximal compact Lie sub-
group of the automorphism group and any positive integer k, the modified Calabi
flow converges exponentially in the C* norm to a unique extremal metric.

We also explain how the positivity of the function & of [Guan 1995a] is equiv-
alent to geodesic stability, and how the convergence of the modified Calabi flow is
natural in this case.

Similar questions for Riemann surfaces have been solved by Chrusciel [1991]
and reproved in [Chen 2001; Struwe 2002]. See also [Chang 2000; 2001] and
references therein. (The second of these papers dealt with a conformal version of
the surface Calabi flow, which in general is not the same as the usual Calabi flow.)
Our manifolds are the first examples in higher dimensions that are not related to
conformal geometry.

In Section 2 we define the class of completions of C*-bundles on which we shall
prove the existence of the extremal metrics. A Kéhler metric is extremal if

R—HR = ¢,

where R is the scalar curvature, HR is the averaged scalar curvature and ¢ is the
potential function of a holomorphic vector field.

To interpolate extremal metrics and the quasi-Einstein metrics of [Guan 1995b],
which are a kind of Kihler-soliton metrics as a generalization of Ricci-soliton
metrics, we define extremal solitons. A Kéhler metric is an extremal soliton if

R — HR = ¢1 + A¢n,

where A is the Laplacian and ¢, ¢, are potential functions of holomorphic vector
fields. Recall too that a Kéhler metric is a quasi-Einstein metric or Kdahler-soliton if

R—HR = Ad,

where ¢ is the potential function of a holomorphic vector field. When the Kihler
class is the Ricci class or the negative Ricci class, we have exactly the Kéhler Ricci-
soliton. Kéhler Ricci-solitons were first studied by H. D. Cao [1996], Koiso [1987;
1990] and Tian, which was motivated by Hamilton’s similar work on Ricci-solitons
in the Riemannian case. (In that direction, there are some interesting results in
[Koiso 1990; Guan 1995b; Tian and Zhu 2002].)

Still in Section 2 we consider the existence of extremal solitons. This generalizes
the results in [Guan 1995a; 1995b]. We prove there:



EXTREMAL SOLITONS AND MODIFIED CALABI FLOW 93

Theorem B. There is a family of extremal soliton metrics in every Kdhler class on
a compact almost homogeneous manifolds with two ends, which interpolates the
extremal metric and the generalized quasi-Einstein metric we obtained before.

Even for extremal metrics and quasi-Einstein metrics the results are more gen-
eral than those in [Guan 1995a] and are relatively new, but the methods are the
same and we just use a more general setting. In Section 2 the manifold need not
be a CP! bundle.

In Section 3 we explain the equivalence between the existence of Calabi extremal
metrics and geodesic stability. Detailed calculations can be found in [Guan 2003,
p. 279-280]. We also calculated the modified Mabuchi functional for the manifolds
under consideration.

Moreover, we define a new functional, as a generalization of the modified Mabu-
chi functional. We call it the generalized Mabuchi functional and obtain:

Theorem C. There is an extremal soliton metric in a given Kdhler class on the
manifold with respect to two given holomorphic vector fields if and only if the
generalized Mabuchi functional is geodesically stable.

In Section 4 we deal with the short time existence of the modified Calabi flow
for the compact Kihler manifold. We apply a linearization method there.

It turns out that there are two kind of curvature flow equations for extremal
soliton metrics. The first one, which we used around 1993, is the modified Ricci

Sflow

ad
Elogdetgz —R+ HR + ¢ + A¢y,

where g is the Kihler metric. This is a quasi-second-order fourth-order heat equa-
tion. It has fourth-order derivatives of the potential function of the Kéhler metric,
just as those in the equation of the metrics with constant scalar curvatures. '

One might regard the major terms as a heat equation for log(det g,/ det go).
That was the motivation for our considering this equation back in 1992; see [Guan
1995b].2 However, I could only solve the equation for metrics assuming a certain
condition; the condition can be checked to hold for many concrete cases, but |
could not prove it for all of our cases (see Section 11). Then I started to look at the
modified Calabi flow (see below). Although the modified Ricci flow has a fourth-
order equation, it behaves more like a second-order heat equation. One might apply
the maximal principle. But the Calabi functional might not be decreasing under this
flow; for instance, an extremal metric with a nonzero ¢ in the Ricci class might

IThis flow was recently used by Simanca [2005] to the extremal metrics. However, there are
some serious mistakes in his paper. For example, Proposition 3.10 there is not correct. See the end
of our last section for counterexamples on the simplest manifold CP I

2L also gave a talk on this matter in 1996, invited by Professor Paul Yang; see again [Guan 1995b].
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achieve the minimal of the Calabi functional and yet not be a stationary metric
of the Ricci flow even up to an action of a one-parameter group of holomorphic
automorphisms (again, see the end of Section 11).

The second equation is the modified Calabi flow, also called the Calabi—Robin-
son—Trautment equation:

iF:R—HR—Qh — Ag,
ot
where F' is the Kéhler potential. This is a fourth-order heat flow equation.

From Sections 5 to 10 we show the convergence of the modified Calabi flow
to the extremal metrics for the special case in the second section that the ends
are hypersurfaces. Because of our setting for the problem we have to deal with
weighted Sobolev inequalities, which seems a little more complicated than those
in [Chrusciel 1991]. We believe that this is the first step toward the similar problem
for the toric manifolds we dealt with in [Guan 1999]. From our argument one sees
that the convergence is very natural, compared to the more complicated situation
for the modified Ricci curvature flow in [Koiso 1987; 1990; Guan 1995b; >2007b].
We apply our formula of modified Mabuchi functional where the geodesic stability
is hidden.

We also use a family of higher-order Calabi functionals which are essential for
our higher order estimates.

In the last section we compare the modified Calabi flow with the modified Ricci
flow and explain why we think that the modified Calabi flow is more natural.

2. Existence of the extremal solitons on certain completions of line bundles

Our results can be regarded as a continuation of [Koiso and Sakane 1986; 1988;
Koiso 1990; Guan 1993; 1995a; 1995b; 1999; 2003]. For the reader unfamiliar
with those papers we state, without detailed proof, several lemmas and Theorem
2.10 below, which mostly can be found in [Guan 1995a] (Lemmas 2.2 and 2.3 are
from [Guan 1999]).

Let p: L — M be a holomorphic line bundle over a compact complex Kéhler
manifold M and & a hermitian metric of L. Let L° be the open complement of the
0-section of L and let s € C*®(L%p be defined by s(I) = log ||, (I € L?), where
| |n is the norm defined by . Now consider a function T = 7(s) € C®(L%)g
depending only on s and monotonically increasing with respect to s.

Let J be the complex structure of L and J that of M. Consider a Riemannian
metric on L of the form

(1) g=dt’+drold) +g,
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where g(I) = p*g:(sqy) (m), with m = p(l) € M and g, a one-parameter family of
Riemannian metrics on M. Define a positive function « on L° depending only on
T by u(t)? = g(H, H), where H is the real vector field on L corresponding to
the R* action on L°.

Lemma 2.1 [Koiso and Sakane 1986; 1988; Guan 1995a, p. 2257]. Suppose that
the range of t contains 0. Then g is Kdihler if and only if go is Kdhler and g, =
go — UB, where B is the curvature of L with respect to h and U = fof u(r)dr.

The following assumptions are made throughout this paper:

(D) Lisa compactification of LY and 3 is the restriction of a Kihler metric of L
to LV,

(2) The range of 7 contains 0.
(3) The eigenvalues of B with respect to g, are constant on M.

(4) The traces of the Ricci curvature r of g on each eigenspace of B are constant.
These constants are called the trace eigenvalues.

Condition (4) here is much more general than what’s in [Guan 1993; 1995a],
where we just require that the eigenvalues of r be constants.

Our results cover some results which appeared in recent years: for example,
when g has a constant scalar curvature and B has only one eigenvalue.

Let (z], ..., 2" be a system of holomorphic local coordinates on M, where
n = dime M. Using a trivialization of L°, we take a system of holomorphic local
coordinates (z°, ..., z") on L° such that 3/8z° = H — /=1 JH.

Here we notice that z° corresponds to wy in [Guan 1999, p. 552], and s can be
regarded as Re(z") near the point under consideration. So s corresponds to x; in
[Guan 1999]. As in [Guan 1995a], we let ¢ = u? as a function of U; we also let
F be the Kihler potential as in [Guan 1999, p. 552]. Then, by comparing [Guan
1995a, Lemma 2] (or Lemma 2.5 below) with [Guan 1999, p. 552], we have

’F

a7~ S0 =20

(The map F we used in [Guan 1999] is one-quarter of the usual potential func-
tion in the Kihler geometry. The difference might cause a constant factor in the
calculations, e.g., for Lemma 2.2 and the Calabi flow equation, but does not affect
our conclusions.)

The preceding equation yields:

Lemma 2.2. 20 =93°F/ds°.
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10 l(d_f>2_ dr _
From H =2 35 we have4 s =@ and s = 2u. Hence

T s K 82
U:/ udr:/ 2u2ds—/ —zds
0 5(0) © 95

so dF/ds = y; up to a constant as in [Guan 1999, p. 552]. This leads to:
Lemma 2.3. U is the Legendre transformation of s.

Here we use the Legendre transformation in [Guan 1999] instead of the moment
map in [Guan 1995a] since we need the new insight in later sections.

Remark 2.4. We shall see in [Guan > 2007c; 2006; > 2007a] that the function
U here, the Legendre transformation in [Guan 1999] and the miraculous function
U from [Guan and Chen 2000; Guan 2003; 2006] are special cases of the parallel
coordinates along the curves in the Mabuchi moduli space of Kéhler metrics on
compact almost homogeneous manifolds with actions of reductive groups.

Let X;, X; (0 <i < n) be the partial derivatives 8/9z', 9/8z' on L° and
X;, X; (1 <i <n) the partial derivatives 9/9z', 3/37' on M.

Lemma 2.5 [Koiso and Sakane 1986; 1988; Guan 1995a, Lemma 2]. We have
gO() = 2u2, gO; = Zu)A(ZT‘E, gr”— =8ij +2)?,"L’ -)?j?‘f,

where 1 < i, j < n. For the point P € L° considered, we can choose a local
coordinate system around m = p(P) € M such that (3/3z')t = 0 at m, making
Xt = X t=0at P. Then if f is a function on L° depending only on T, we have

df S T df
XoXof =ust (uSL), XiXof =0, RiX;f=-tu;%L,

if f is a function on L° depending only on t. The Ricci curvature at this point is
- d d 2 ~ ~ *
oo = —ue (uL10g2Q)) . Ry = 0,75 = p7ry 4+ bu-t log2 Q) - By,

where Q = det(g, L. g:)- In particular, we have the scalar curvature

= A 1 d
: =5 (i)
2 0 204U Q¢
where ¢ = u? as a function of U and A(U) = Q Zi’j ro l-jvgi](TU). We also have
@' (minU) =2 and ¢'(max U) = —
Lemma 2.6 [Futaki et al. 1990; Mabuchi 1987; Guan 1995a, Lemma 3]. We can
regard U as a moment map corresponding to (g, JH) and g, as the symplectic

reduction of g at U (t). Furthermore, g is extremal if and only if R = a + bU for
some a, b € R.
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Set My = U~ '(minU) and My, = U~ !(max U). These are complex submani-
folds, since they are components of the fixed point set of H —+/—1 J H, which is
semisimple. Let Dy and D, be the codimensions of My and M, in L.

Lemma 2.7 [Guan 1995a, Lemma 4]. Suppose there is another Kdhler metric g
on L in the same Kiihler class, which is of form (1) on L. Let

Vv VvV vV vV v Vv .V
9,8, U, 0", A", 9", u

be the corresponding metric and functions of s. There is a unique corresponding
tV such that gy = go. In this case, min U = minU (or max U" = max U) and
0V =0, AV = A hold. So we may write D =max U and —d = minU. Then

ow)=(1+9)" "0y (orow)=(1-Y)" " 0p).

where Q _g4 (or Qp) is a polynomial of U such that Q_;(—d) #0 (or Qp(D) #0)
and

AU) = Do(Do — 1)%(1 + %)DO_2Q—d mod <1 - %)DO_I
(oww DD A (12 ) 0p moa (1-2)™7),

Proof. Set g — 55¢. Then

d d
8=+ hullB,; = (o), — (U - 1ul2)B;

for 1 <i,j <n. SoatminU (or maxU) we have g;; = gwi&, meaning there is
7o such that ng(ro) go. By choosing 7V such that tV(19) = 0, one sees that
min UY = min U and maxU" = max U, as desired.

The last statement follows from the fact that the scalar curvature R is finite on
both My and M. O

To proceed, we will need normalization. By rescaling we have the following.

Lemma 2.8 [Guan 1995a, Lemma 5]. For any given a; € R, g is an extremal soliton
if and only if g§¥ = a12§ is an extremal solution. We can choose U = ale ~+ ay for
any ay € R, allowing us to assume that max U —min U =2 and min U = —1, then
max U = 1.

For example, if L= CP™! then My is a point, Mo, = M = CP". In this case
L is the one point completion (compactification) of the hyperplane line bundle L
over M with M., as the zero section. The anticanonical line bundle is (n + 1) L.
Therefore r9;; =n+ 1 and Q = (1 4+ U)". The Kéhler metric at U = 0 is the
curvature of L, and therefore A =n(n+ 1)(1+U)" L.
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From Lemma 2.6, it can be seen that, if g is an extremal soliton metric, then
3) R=a+bU+cA,U

for some a, b, c € R with a ¢ = cU +d.
By Lemma 2.5 we have

Af=§&ﬁ5(&f(,6f
_~(_)OA_" ~a0v_ v ~(_)a"_" ~aby_ v
=g XgXof +8" XaXof +8 " XgXaf +87 XaXp f

2(xoxof)+0+0+g“”(X X5 f)
= %uiQA%f) +g?_b(— 24%%&&)
(o)1) = o) (S5 1) 8 B

%dU(‘pdaé]f>+2 ( 7 f)QdUQ_%dU(wQ%f>’

1 d
A2 = 5545 (0075 U +d) = 35500
. [LRQAU A 1 g
=R- I odu @‘EdU(dUQ‘p) (@+bU)

Letm=[' RQdU/[' QdU,a=[' QdU and B=[' UQdU. Then

1 1
- B L d [ d
/IRQdU_/l(A 2 dU(d Q(p))dU

1 d ! 1 d d !

EW(Q‘”) L =ima(eggeregpo)l
1
2

(Q()-(=2) = 0(=1)-2) =5+ (1) + Q(-1),

where 8 = ! AdU. Therefore, m = (5 + Q(—1) + Q(1)) /a.
Hence
U

U
“) cgoQ:—%(Q(p)—2/1(a+bx)Q(x)dx+2/ A(x)dx +c;.

-1
IfU=—-1,wehave 0= -20Q(—1) —0—0+cy, thatis, c; =20(—1).
If U =1, we have 0 =2Q(1) — 2aa — 2bB + 26 + 2Q(—1). Therefore, a =
m—bf/a.
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Moreover,

1 -1

U )
(5) an:ch( / < f ’ (—2(a+bx) Q(x)+2A(x)) dx—|—2Q(—1)> ecyderf),

with a constant f. We denote the right-hand side by @ (U).
IfU=—-1,wehave 0 =¢%(0+ f),so f =0. If U =1, we have

1 )
(6) 0:/ </)(—2(a+bx)Q(x)+2A(x))dx+2Q(—1)>ecydy.

1 —1
Set
U
(7) p(U):/l 2(A(x) — (@+bx)Q(x)) dx +20Q(—1).
Then (4) yields

1
p@)= [ 2(@+500w) - Aw) dx - 200
U

By the last statement of Lemma 2.7, we know that p(U) is nonnegative near —1
and nonpositive near 1. Since the right-hand side of (6) goes to —oo (or +00)
when ¢ goes to +00 (or —00), there is at least one solution c¢. We pick the smallest
such ¢. We therefore have:

Lemma 2.9. For any b, there is a solution c for (6).

Theorem 2.10 [Koiso and Sakane 1986, Guan 1995a, Lemma 6]. There is an
extremal soliton metric in the Kiihler class of g for a given b provided that °(U) =
®(U)/(QevY) is positive on (—1, 1).

If we let b = 0 we have the (generalized) quasi-Einstein metric, as in [Guan
1995b].

To obtain an extremal metric we just let c =0 and solve (6) to find a and b as we
did in [Guan 1995a, p. 2259] (see Lemma 2.6 there). Letc=0, §; = f_ll xXAdx,y=

fll x2Qdx, then (6) becomes
1 y
0 :/1 (@ +b) Q@) = M) dxdy — Q(=1)
1l
:/1/ ((a+bx)Q(x) —A(x))dydx — Q(—1)

1
=/ (I-x)((a+bx)Q—A)dx — Q(-1)

—1
— aa+bB—af—by —8+8— 0(—1) = ma+8;—Q(—1)—aB—by —8
= ma+81—Q(—l)—mﬂ—l-g(ﬂZ—ay)—é.
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The coefficient of b cannot be zero since
1
at> + 2Bt +y =/ (t+U)*QdU >0
-1

for any ¢. Therefore, there is a unique solution of b.

Lemma 2.11 Guan 1993: 1995a; 1995b]. Let the Ricci curvature r have nonneg-
ative trace eigenvalues. For b fixed, the function ® as above is always positive in
(—1, 1), and the solution c in Lemma 2.9 is unique.

Proof. Assume r has no negative trace eigenvalues (we will consider a more relaxed
condition in Corollary 2.13). Since the derivative of QpeV is p(U)eV, we have
that

®) i< *CUi<Q Uy) =2AU) —2(a+bU)QU)
v qu'cve T “ '

Diagonalizing B, we see that Q is a product of polynomials of degree 1. Let

—al_]<-~<—a;1<b1_]<-~<b_1,

denote the distinct roots of Q for which some corresponding Ricci curvature r;; is
nonzero, where a;, b; are positive. Set

P q
SU)=U _]—[1(1+aiU) _l_[l(l —b;U), PWU)=UQW)/SW),
i= j=

VW) = ( (Y (@) W)e?) )) /rw).

Then W is a polynomial of degree p + ¢ and ¥ (a) = —k,S’(a) for some root a of
S(U)/ U, where k, € R" since r is nonnegative. We can see that S’ (a) is nonzero
and that its sign is opposite the sign of S’ at the roots before a and after a (if
they exist). Because S$'(0) > 0, we have S’(—a;l) <0and S'(b;") < 0, that is,
\If(—a;l) > 0 and \Il(bl_l) > (. Now there are p — 1 (or g — 1) zero points of ¥ in
(—al_l, —a;l) (orin (bl_l, bq_l)) if p, g are not zero (one may also check the case
of g =0or p=0). If ¢ has nonpositive points in (—1, 1), thenin (—1, 1), Q¢ has at
least two maximal and one minimal points, since ¢(—1) =¢(1) =0, p(—1+€) >0
and (p(l — e) > ( for € small enough. So there are at least 4 zero points of ¥ in
(—a, b 1. The polynomial W has at least (p — 1)+ (g — 1) +4 = p+q +2 zero
pomts ie,W(U)=0,Qp=ci+cre Y. But p(—1) = ¢(1) =0, hence Q¢ =0,
which is a contradiction. This proves that & is positive on (—1, 1).

To show the uniqueness of ¢ we only need to prove that the function p(U) in
(7) has only one zero in (—1, 1). If p(U) has two zeros in (—1, 1), it has at least
three, since it is nonnegative near —1 and nonpositive near 1. So W has at least
four zeros in (— a, by ) a contradiction. U
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Corollary 2.12 [Guan 1995a; 1995b]. For every Kdhler class of a compact almost
homogeneous manifold with two ends, there exists an extremal soliton metric for
any given b. In particular, there is always an extremal metric and a (generalized)
quasi-Einstein metric.

Proof. By [Huckleberry and Snow 1982, Theorem 3.2], every compact Kéhler
almost homogeneous space is a completion of a C*-bundle over a product of a torus
A and a C-space N with two homogeneous Kihler spaces as two ends. Hence a
maximal compact subgroup of the identity component of the automorphism group
of this manifold is G = A x § x S!, where A is also the Albanese torus and S is a
maximal compact subgroup of the identity component of the automorphism group
of N. If g is any Kihler metric, gg = fheG h*g dm is a Kdhler metric of form (1),
where m is Haar measure on G; clearly g¢ is invariant under G. Also the Ricci
curvature of A x N is nonnegative. Now the condition in our assumption follows
from the property of invariant cohomology (1, 1) classes for such manifolds; see
[Dorfmeister and Guan 1991, p. 326, proof of the Proposition]. g

If b = 0 we can show more. Say that the trace eigenvalues are nonnegative on
one side if they are nonnegative for all —a;” ! or for all b;l in the proof of the
Lemma 2.11.

Corollary 2.13 [Guan 1995a; 1995b]. If the trace eigenvalues only change sign
once and are nonnegative on one side, there is a (generalized) quasi-Einstein
metric. In particular, the completion of the Hodge line bundle over a Hodge
manifold with a constant scalar curvature admits a (generalized) quasi-Einstein
metric.

Proof. In the proof of Lemma 2.11, if » = 0, the polynomial p’ is one degree

lower. By ignoring the root at which the trace eigenvalue is negative and changing

the sign, the proof still goes through. By the argument in the proof of the [Koiso

and Sakane 1986, p. 177, Theorem 5.4], we have our corollary. O
3. Geodesic stability

For any K#hler manifold X with a given Kéhler form wq, any K#hler form in the
same Kihler class can be written as

w=wy+iddf.

Therefore, a curve of Kihler forms corresponds to a family of functions f;. The
tangent corresponds to f, which is also a function on X. The Mabuchi metric is

©) k(1. ) = fx Fifac.



102 DANIEL GUAN

The Mabuchi metric to be considered as an infinite version of the Riemann
metric, in [Guan 2003, p. 279-280] we found that on the manifolds considered in
the previous section, the existence of the extremal metric is equivalent to a certain
stability, which we called geodesic stability, of the Kéhler class.

In [Guan 1999], we found that the geodesics of the Mabuchi metric come from
linear paths of the Legendre transformation of the pair (F, s). The Legendre trans-
formation of (F, s) is (G, U), where G (s) = s F; — F, which can be considered as
a function of U.

For a family of Kihler metrics in a given Kihler class, we consider G as a
function of U and a time ¢. Let G(t, U) and é(z, U) be the first and second partial
derivatives with respect to ¢. Then:

Lemma 3.1 [Guan 1999, p. 552]. The geodesic equation is G(t, U)=0.

Under the Legendre transformation, we always have (0 F/dt)(¢t, s) = —G(t, U).
Since along the geodesics we have

3?F 32G\ !
2(p = — = _—
0s2 oU?

(see Lemma 2.2), we conclude that (@)~ = 292G /dU? is linear.
In [Guan and Chen 2000, p. 819] we saw that the modified Calabi flow is the
gradient flow of the modified Mabuchi functional

b
(10) M(wo,w1)=—/ f f(R—HR - ¢p)old,
a JX

where ¢ is the function corresponding to the extremal vector field E in [Futaki
and Mabuchi 1995]. In our case, ¢ = a+bU — HR for the values a, b in (3) with
c=0.

For a Ricci-soliton metric, Tian and Zhu obtain a modified Futaki invariant

Fp(Y) = / Y(h—¢p)e? o,
X

where £ satisfies Ricci(w) — w = ddh. This actually comes from a generalized
Mabuchi functional

1
M (@0, 1) = /O /X (V. V(h - p)etraldr.

Here we shall use a generalized Mabuchi functional with two given potential
functions ¢, ¢» of holomorphic vector fields E, E»:

1
Mg, g, (w0, @1) =f / (Vf» V(y —¢2))€¢2wndl,
0 Jx
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where y satisfies R — HR — ¢; = Ay.
For the case of an extremal metric, we calculated in [Guan 2003, p. 280] the
derivative of the modified Mabuchi functional along a geodesic. This leads to:

Lemma 3.2. The generalized Mabuchi functional is independent of the path which
we choose and is convex along the geodesics. If we formally set

1
(11) Mg, £, (®) =/ ($—1—1In%)e®QdU,
-1

where G = ¢° /¢ (see Theorem 2.10 for the definition of ¢°), then

MEl,Ez(a)O’ C()l) = MEl,Ez((pl) - MEl,Ez((pO)'

Proof. First we assume the existence of an extremal soliton and deal with the
extremal metric case. The derivative of the modified Mabuchi functional along the
geodesic is

1
/ 106" — ) dU,

1

where ¢ =1/ (((,00)_1 +th"). Integrating over ¢, we obtain our formula.
In general, if there is an extremal soliton, we deduce from the equality

A 1 1
that

/X (Vf, V(y = ¢2))e”o"
. 1 U |
= /(f)/(PQ(@(/ | (2A —2(a +bU)Q)dU _ ((PQ)/ —C(pQ))ECUdU
- / (G) (=pW)e +(pQe)) AU = / (G) ((9Qe) = (9" Qe ")) dU

. 1 0
__ / ()t~ ") QeVau =~ / ~ e ¢"0eVau

1 .
=§f<pw (¢ — 9" QeVau.

Then we integrate with respect to ¢, and get our desired formula.
The formula implies that the functional is independent of the path chosen. It is
also clear that the second derivative of the functional is

2
/(%((pl)> ©*0eVdU > 0. O
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Corollary 3.3. For any given E|, E, there is at most one extremal soliton metric
of the given form.

For the case of extremal metric, we notice that the formula of [Guan 2003,
p. 280] is true even if ¢° in Theorem 2.10 is not positive everywhere on (—1, 1).
In general we have a similar formula

1
| w0t
—1

for the slope of the generalized Mabuchi functional; this follows from our calcu-
lation above and the fact that & = G and G” = h”. If we fix a metric with a given
function ¢, along the geodesic connecting ¢y and ¢, we have ¢ = ((¢g) ™' +1h") 1.
The maximal geodesic ray cannot be infinite if 2" < 0 at some point, and the limit
of the slope is +o0.

If »” > 0, we have an infinite geodesic ray with f_ll h"¢?QeVdU as the limit
of the slope, which is finite. We call it the generalized Futaki invariant F (/) along
the given maximal geodesic ray. Regarding it as a functional of 1" we see that ¢°
is positive on (—1, 1) if and only if F(h) > C fil |h") 9o Q dU for some positive
number C and all 4 with nonnegative 2”. We name this last condition geodesic sta-
bility. Thus the existence of the extremal metrics is equivalent to geodesic stability.
Similar results are also true for extremal solitons.

Here we would like to explain the stability a little bit more. If the solution ¢
exists, the norm fll |h"1¢°Q dU is equivalent to the norm

1
/ I |(14+U)P (1 —U)P>aU.
—1

Therefore:

Theorem 3.4 [Guan 2003, p. 280]. For the manifolds in Section 2, a Kdihler class
has an extremal soliton metric with two given holomorphic vector fields if and only
if the given Kdhler class enjoys geodesic stability.

Remark 3.5. With the formula in [Guan 2003, p. 279] we can also obtain a formula
for the modified Mabuchi functional without referring to ¢° by integrating as in
the proof of our Lemma 3.2. From a direct method for finding the minimal of the
functional we can get another method for finding ¢°.

Remark 3.6. Combining Theorem 3.4 with the results in [Guan 2006; > 2007a;
2005b; 2005a], we can prove that a Kédhler class on a compact almost homogeneous
manifold of cohomogeneity 1 admits a unique extremal soliton metric with two
given holomorphic vector fields if and only if the given Kihler class is geodesically
stable.
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Remark 3.7. Just as in [Guan 2003], the generalized Futaki invariant does not
depend on the initial metrics but only depends on the direction. In the present case
the moduli space is flat and the directions at each initial metric can be regarded as
parallel vectors. In general, we do not expect the moduli space to be flat. Therefore,
we have the fourth geodesic stability principle: Instead of parallel vector fields we
should use maximal geodesic rays with the same infinite points.

4. General result on short time existence
The modified Calabi flow (see [Guan and Chen 2000, p. 820]) is
(12) f=—Alogdet(g) — HR — ¢ — Ady,

where ¢, ¢, are the functions corresponding to two holomorphic vector fields
E\, E,. After changing the Kéhler metric by a function v, the functions ¢, ¢, are
changed by E;(v), E>(v) [Futaki and Mabuchi 1995]. Since we always consider
the case in which the metrics are invariant under a maximal compact group of
the holomorphic automorphism group and J E, J E; are Killing vector fields, the
potentials of E| and E; are always real. We have Ej(v) = %(Ek(v) + E;(v)),
k =1, 2. The linearization is

o= —A% — v 3R —¢)) — L(Elv + Elvp) — AE>(v),

where the indices i corresponds to z; in the local holomorphic coordinates (zy, .. .,
Zis ..., Zn). Multiplying by v and observing that the functions E, Eé, R, 12" are
smooth, as is the volume, we obtain

d 2
— | vdV
dt

5—/(Av)de—FC]/deV—I-Cz/|vv,.Jv|dV+C3/|vi|dV+C4/Av|vi|dV

3/4 1/4
5—(1—e)/(Av)de—i-Cs/vde+C6</(Av)2dV) (fvde)

S—(l—é)/(Av)de+C5/v2dV

1/2 12 2 1/2
+ (/(Av)zdv) (e(/(Av)de) + f(/zﬂdv) )
5—(1—36)f(Av)2dV+C/deV§C/v2dV,

for some constants Cy, C,, C3, C4, Cs, Cg, C, and € that can be chosen as small as
we want. Here we have applied [Aubin 1982, p. 93, Theorem 3.69] to the last two
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terms and the formula

2 2
/|vijf| =—/v,~v;j]v=—/vivj;j=—/ vivjjflf:/vi;vjj:/(Av)

to the third term. We also have applied repeatedly Young’s inequality

2

b
abfcaz-l——
c

by choosing suitable ¢’s which are related to €.

Let A= f v2dV, then A < CA: then (d/dt)(e~C"A) <0. Therefore, if A(0) =0
then A = 0. This allows us to use the argument in [Kobayashi 1987, p. 212]. To
do that we only need to replace Theorem 5.9 in that reference by [Huisken and
Polden 1999, Theorem 7.9] (see also Theorem 7.14 therein; this result was hidden
in Struwe’s argument [2002, p. 255]). The difference between the two norms used
in these references is of little import for a finite time, as explained in [Huisken and
Polden 1999, p. 76, lines 23 to 25]. We initially used our method here to [Guan
>2007c] (see our last section for example), and in that case it was enough to apply
Theorem 5.9 in [Kobayashi 1987, p. 212].

We can also apply a different kind of linearization,

dv=—A%v+B(t,z, ),

with B only related to the third derivatives of the given family of metrics g such that
we can get our equation back if we let 39v = g — go. The preceding argument shows
that A = f v2dV is bounded for a short time, and that if A(0) < C; we have A < C|
for sufficiently short interval of time [0, T]. In the same way, by multiplying A2v,
we obtain that Av is bounded in L2, and so is VZv. Similarly, by assuming a
good initial value condition we can get the higher order estimates; see [Huisken
and Polden 1999, p. 76]. This enables us to apply the linearization and contraction
method for our original equation (12) (compare [Struwe 2002, p. 255]). We do this
as follows. Taking the initial metric as the given family of metrics go(#) = go for
the linearized equation we can get a solution of a family of metrics g;(¢) in a short
time. We then use the new family g; as the given family of metrics in the linearized
equation and get a solution of another family g,(¢) of metrics. We apply Newton’s
method by iterating the preceding argument and obtain g; (#). We now claim that the
map from g;+1—g; to gi+2—gi+1 1s a contraction. More precisely, given any metric
g(t), we have a family of metrics h(t) = F(g) such that h(¢) — g(¢) corresponds
to the solution of the linearized equation. The map Fi(g, h) = (F(g), F(h)) is a
contraction related to a seminorm that measures the difference & — g. For example,
as above, we have B = fo‘s (v] — v2)%dt < 8C, where C is a constant related to the
semi-B-norm of the preimage of the pair (gg + i90v, go + iaévz). We see that
when § is small enough, we have a contraction. This should lead to another proof.
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Therefore, we have short time existence by the usual linearization argument:

Theorem 4.1. The short time existence of the modified Calabi flow holds for any
compact Kdhler manifold with two given complex conjugates of Killing vector
fields, i.e., holomorphic vector fields with real potential functions.

5. Setting up the equation of the modified Calabi flow in our cases

From now until Section 10 we shall focus on the case ¢, = 0, that is, the extremal
metric case. We recall some results on the modified Calabi flow (12). Let

Cal(w) = / (R— HR — ¢p)*o"
M

be the modified Calabi functional.

Lemma 5.1 Guan and Chen 2000, p. 820; Guan 1999, p. 550. The modified Calabi
flow is the gradient flow of the modified Mabuchi functional with respect to the
Mabuchi metric on the space of Kihler metrics. Its derivative is the negative of the
modified Calabi functional, and its second derivative is 2 | ¥ 1 Rap ™.

In our case, the evolution equation of the Kéhler potential function F along the
modified Calabi flow is given by

. oF ~
—G(t, U)ZE(Z‘,S)ZR—CZ—I?U

Recall that G = s F; — F is the Legendre transformation of F (see the paragraphs
before and after Lemma 3.1). Considering G as a function of ¢ and U, we use U
as the free variable. We need to estimate the function G and its derivatives.

We use ' and * for the partial derivatives with respect to U and ¢, respectively.

The function ¢ determines the metric, as we have seen before; thus we pro-
ceed by estimating ¢ and its derivatives as functions of ¢t and U. Note that if we
differentiate with respect to U twice, we obtain
G// — i — Ié//.

2¢?

In this way, we change the modified Calabi flow into a flow of the function ¢.

To make things simpler we assume that

(13) Dy =Dy =1

from now through Section 10. That is, we assume the manifolds that we are con-
sidering are just CP! bundles and we defer other situations to another paper. Since
the modified Calabi functional

1
Cal:/(R—HR—¢E)2 ”:A/ (R—a—bU)*QdU,
X -1



108 DANIEL GUAN

is decreasing with a constant A = [ "/ [ Q dU > 0 and is always positive, by (2)
we have

/(2A —(Q¢)’ —2(a+bU)Q) %U <C.

Now, since (Q¢")” =2A —2(a+bU)Q —see (5)—and Q is a polynomial of U,
we get
0477\ 2 0N/ 2dU
J(@w=atyav < b [(@w—e) G <c
with a constant B > Q (since Q is a polynomial of U).

By the Sobolev embedding theorem, Q¢ is Cc+3 ,since p(—1)=0and ¢'(—1)=
2 by the last sentence of Lemma 2.5. Therefore, a subsequence of Q¢ converges
to Q¢ in C I+3. We must prove that ¢ converges to ¢;. First we want to see
that ¢ cannot have a zero in (—1, 1) since the modified Mabuchi functional is
bounded and ¢; has a continuous first derivative. If ¢;(Up) = 0, because U is the
minimal point we have (pi(Ug) =0and ¢ (U) < C(U — Uyp) for a positive number
C. Also gofl > (C(U — Upy))~! is not integrable. This will be in contradiction to
the boundedness of the modified Mabuchi functional.

Now applying the Sobolev embedding theorem to the modified Mabuchi func-
tional, which is just [ dt [ (G)2dV, we see that G is continuous on ¢ almost every-
where, since G is given and continuous near t = 0. It follows that if a subsequence
of ¢ converges to some other ¢,, then ¢y = ¢;. Thus, under the modified Calabi
flow, ¢ converges to ¢; in C 143,

Set § = R —a — bU. The equation for ¢ is

(14) ¢ =2¢*5",

with (—1) = ¢(1) =0, ¢'(—1) = —¢'(1) = 2. By our short time existence result
(Theorem 4.1), this equation has a solution for ¢ € [0, T') for a positive number
T. For later reference, note that the fact that ¢ is C* implies the same for the
solutions of the original metric, but the converse is not true. However, by the
weighted Sobolev inequalities we shall see also later on that there is an integer kg
such that if the original metric solutions are C2*%0, then ¢ is C*. Hence there is
equivalence between the C* properties.

The function ¢ has the disadvantage that ¢ (—1) = ¢(1) = 0; that is, even if ¢ is
smooth and bounded, it might be negative at some point. Hence, we let ¢ = ¢ e?,
which gives

Now

and (—1) =6(1) =0.
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6. Estimate of the C° norm of 6 and the derivative of the modified Calabi
functional on [0, T')

From [Guan 2003, p. 281] we know that the derivative of the modified Calabi
functional is

-2 / (@S")?QdU.

We’d like to see that this is bounded for ¢ € [0, T). To see this we A = ¢S”. Then
d . .
(15) —(/AszU> :ZfAAQdU:2/A(¢S”+go(S”))QdU

dt
=2 A(2</)2<S”)2 - <p(i(¢Q)”)//> QdU =

2¢7 v\
—a[reau-2 [ s (25 ) oav

:4fA3QdU—2/((<pQA)”)2%].

The following is similar to [Caffarelli et al. 1984, p. 262 (A)]:

Lemma 6.1. For u(x) = x*v(x) and v(x) € Co(R), 1 <r < 400, 1 <k,

< C “x|—k+lu/

|| u

L L

In particular,

1 1/r 1 1/r
(/ ((1—x2)_ku)’dx) gc(/ ((1—x2)—k+1u/)’dx) ,
-1 -1

for u(x) = (1 — x> w(x) and w(x) € C[—1, 1].

Proof. Without loss the generality we may assume that u(x) = 0 if x < 0 and
x > a > 0. Integrating by parts,

/(x_ku)rdx = —/ x((x*u)Ydx = rk/(x_ku)rdx —r/x_’”lur_lu/dx.
0
Therefore,

(rk—1) /(x_ku)rdx :rfx_rk+lur_lu’dx

1/r (r=1/r
Sr</(x_ku)rdx> (/(x—k+1u’)’dx> ,

— 1\ /=D
(I"k 1) ||x|_ku

r

which implies

—k+1u/

L < |Ixl .
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When r = +o00 we just take the limit and get sup |x *u| < sup |x **+1u'|, proving
the first part of our lemma.

For the second part, we let v(x) = (1 — x)fw(x). Then we apply the argument
above, and get

0 1/r 0 1/r
(/ ((1—x2)—ku)fdx) < </ ((l—i—x)_ku)’dx)

—1 —1

1 1/r
</ ((1+x)—ku)’dx)

—1

1 1/r
C(/ ((1+x)—k+1u/)rdx)
-1
0 1/r 1 1/r
§C(C1</ ((1—x2)_k+1u/)’dx> +(/ ((1—x2)_k+1u/)ra’x) )
—1 0

We apply the same argument to [0, 1], and get the second part of our lemma. [l

IA

A

Now we apply the condition (13), which implies that Q is a positive polynomial
of U on [—1, 1], and the boundary conditions of (14). We obtain

Ci(1—x%) <90 < Cr(1—x%),

for positive constants C1, C, depending on ¢. in the next paragraph we show that
on [0, T') these two inequalities hold with constants independent on ¢. This is the
same as saying that 6 is uniformly bounded (we need only apply the argument
below to a subsequence of t+ — T if needed, since if the above estimate does not
hold, it does not hold for a convergent subsequence of ¢ with a subsequence of 7).

Since ¢ = ¢ e? with (—1) =6(1) =0, the fact that (¢ Q)" and hence ¢” has a
bounded L? norm (this is basically from the boundedness of the modified Calabi
functional, see the discussion at the bottom of page 107) implies that (@%@ —1))"
has a bounded L? norm. Therefore (¢°)~!(¢°(e? — 1))’ and (¢°)~'(e? — 1) have
bounded L? norms. Hence, (¢’ — 1) = €6’ also has bounded L? norm, and
¢’ is uniformly continuous. Therefore, ¢’ can be extended to t = T. Because
¢'(—1)=—¢'(1) =2 atr =T, we see that

D =M =1,

By uniform continuity, this means there is €g > 0 such that when the distance
d(U, {—1, 1}) is less than €y we have ¢’ > «. By uniform convergence, this is also
true for ¢ close enough to T. Therefore, ¢’ is bounded from O near the boundary
points —1, 1. We also conclude that % has no zero a € [—14€p, 1 —€p]; otherwise,
since (¢?)’(a) = 0, there is a number ¢; > 0 such that for any small M > 0, there
isa s > 0 such that ¢/ < |U — a| whenever €; > |U —a| > M and T —t < §,
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that is, the modified Mabuchi functional | (e7% —140)dU will turn to +o0 since
limy_ —oo (e —140)/e % =1 and e=? — 1 +60 > 0 always. Therefore, ¢’ is also
bounded away from zero. Thus 6 is bounded and continuous, and (—1)=6(1) =0
at t = T. This proves that the constants Cy, C; are independent of ¢.

We have

(16) f (p~'A)2dU < C, / (' (9QA))2dU < C, / ((pQA)")?dU.

Now
¢ ' (pQA) = QA"+ ¢ A(Qy)
and
@QA) =2(9Q)A' +A(pQ) +¢9QA",
giving
/ (A)?dU < C; f (9 QA)?dU,
(17) / AU < C / (¢ QAY)?dU,

/ (9QA")dU < C; / (pQAY")?dU.
The last inequality is true because
2
/ (A(9Q)")2dU < sup(A2) f (¢0)")?dU = C ( / A dU) <G / (A)dU.

Similarly, we have (see [Lin 1986])

fA3dU§sup{|A|}fA2dU§/|A/|dU /AZdU

1/2 172
< (/(A’)2dU) /Asz < C(/((goQA)”)sz) /A2Q du.

Combining this with (15) and Young’s inequality ab < ea® + €~ 'b%, we get
d 2 2 g 11N\2 au
(18) o A“QdU )< C A“QdU ) —(1—¢) | (pQA)) 6
If welet L= [A?QdU, we get L <CL?and
(19) d (nL)<CL
dt -

But —2L is the derivative of the modified Calabi functional, so fOT L dt is bounded.
Integrating (19) we conclude that L is bounded on [0, 7).
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This implies that ¢; is C3+2 for points other than —1 and 1. In particular, S’ is
continuous in (—1, 1). So we have a good inner estimate.
7. Estimate of C? norm of oonl0,T)

For the boundary estimate we shall again apply a Hardy inequality, since ¢ has
zeros at U = —1 and U = 1. This is another place where the condition (13)
applies, otherwise Q also has zeros at the boundary. In our case we should have
the Hardy inequality as follows:

1 1

(20) f (§)dU <C / 9*($")?QdU;
—1 —1

see, for example, [Caffarelli et al. 1984, p. 262 (A)]. Since

1 1
/S’(1—U2)dU:S(1—U2)|1_1+2f SU dU =0,
-1 1

we observe that S’(a) = 0 for some a € (—1, 1). Then

/u (8')?dU = fa(U +1)(8)%dU = U + D), —2/u (U +1)S'S"dU
1 -1 -1

) a 1/2 a 1/2
52(/ (S/)2dU) (/ ((U+1)S”)2dU) ,
-1 -1

ie., [“(S)?dU <4 [* (1 +U)S")*dU. Similarly,

1 1
/ (§)2dU <4 f (U =1S"*dU.

Combining these two inequalities we obtain our Hardy inequality. That is, S is in
the Holder space C'/? since [ §dU =0 and S is continuous. Therefore, ¢; is C2.

Even without using the fact that S’(a) = 0 for a point a € (—1, 1) we can still
have our conclusion. In fact by [Friedman 1963, p. 19, (8.2)], we have:

Lemma 7.1. If u € L*[—1, 1] and
1
/ (2= D> ™) dx
—1

is bounded, then u*=Y is L? bounded. In particular, u*=2 is continuous.

Proof. We apply [Friedman 1963, p. 19, (8.2)] to the closed interval [—0.5, 0.5]
and see that both ‘fu(k_l)dx‘ and |fu(k)dx| are bounded. That is, the average
of u*~D and the difference of u*~1 at two points is bounded, which implies that
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u*=1D(0) is bounded. Applying the argument above we get
0 ) ) 0 1/2 /10 1/2
/ (u(k_l)) dx < (u(k_l)(O)) +2(/ (u(k_l))zdx> (/ ((x—l—l)u(k))zdx) .
-1 -1 -1

Now with Young’s inequality we have the first part of our lemma. The second
part follows from the Sobolev embedding theorem. O

8. Estimates of H* and C* norm of ¢ on [0, T)

To obtain H* norm estimates of ¢ we let O be an operator such that O () = gu”.
Then A = O(S). We let O be the dual of O. If u € C{°(R), we have that

(pQuv)”
du.
0 0

/uO*(v)QdU:/O(Lt)deU:/gou”deU:/u

Therefore, O*(v) = (¢ Qv)’/ Q.

Let B= Q0 (¢ QA) = O*(A) and A; = O(B), B; = O*(A;), A; = O(B;_)).
We shall estimate K = [ B>QdU. Let L; = [ A?Q dU.

We have

. 1/2 12
K:S/A1A2QdU—2/AdeUgc</Ade> (/A“du) —2L;.

As before we have that

2
(1) fA“dU < sup{Az}/Asz < (f |A/|dU> fA2dU

< C/(A/)szU/AZdU <C / B>QdU.

Therefore,
(22) K<cL/?Kk'?*-2L,.
Again, by Young’s inequality we have K < C;K and hence 3(InK)/dt < C,,
where C; only depends on the number L.

Therefore, K is bounded by a function of the bound of L. Thus, (¢ QA) has a
uniform C'/? norm.

By (17), f(A’)2dU is bounded. Therefore A is continuous. Also ¢ QA’ is
continuous.

By (16), [(S” )2dU is bounded and the H* norm of ¢ is bounded. Therefore S’
is continuous, since S’ has a zero point. Thus ¢ is continuous.

Since ¢” is bounded, so is (¢°(e? — 1))”. By Lemma 6.1 (¢°) (¢’ — 1))
and, hence, (¢°)~'(e? — 1) are bounded. So (¢ — 1)’ is bounded, i.e., (¢?) and 6’
are bounded.



114 DANIEL GUAN

By the boundedness of ¢, there are two numbers ¢, d such that
& —1—(c+dU)1-U>»=1-U»%f
with f] continuous. The numbers ¢, d are determined by 6’(—1) and 6’(1), which
are bounded by the C” norm of 6’. Now,

(9%’ =1 = (c+dU)(1 —U?))?
is bounded. So are
@) (@ =1 = (c+d) (1 =U?))",
@) (@ = 1= (c+dU) (1 -U?))’,
(@) 72" =1 = (c+dU)(1 = U?),
as are (¢9) "1 (e? —1—(c+dU)(1—U?)) and (¢’ —1—(c+dU)(1—U?))". Thus
(?)” and 6" are bounded.
In the same way we have:
Lemma 8.1. If ™ has L™ bound, then so does 6%V,
Proof. We only need to prove the case in which 7 is a finite number. If ¢ is L”

bounded, %~ is C? bounded. So is =2, By applying a similar argument as
above with Lemma 6.1 and L” norms we have our Lemma. O

Therefore, the H> norm of 6 is bounded.

9. Estimates of higher order derivatives on [0, T')

To get higher-order estimates, we try to estimate L; and K; = f Bl.zQ dU. We can
regard these functionals as higher order Calabi functionals.

Lemma 9.1. If L;, K; are bounded fori <1,j < (resp. i, j < 1), then B]_,
(resp. A)) is bounded in L? norm and Bj_ is bounded (resp. (¢ QA;)" is bounded).
Moreover, 9?2 (resp. o) and 1@+ (resp. p* 2+ are bounded
and continuous.

Proof. This is an extension of Lemma 7.1. When L is bounded we already see that
@ is bounded. Also
((pS’)/=§0/S/+(pSN

is L? bounded. So ¢S’ and, hence, p¢® are bounded. When K is bounded,
(¢ QA)' is bounded, and so are ¢ A’ and ¢2S”. Therefore, ¢?¢® is bounded. The
lemma is true for / = 0.

If Ly, L, K are bounded, then B’ is bounded in the L? norm. B is bounded.
¢ '(9QA) is bounded. ¢~ 'A = S” is bounded. Hence, o™ is. A’ = (pS") is
bounded, so ¢S” is bounded. But

(9QA) = (*Q)"S" +2(¢*Q)'S" +¢* 05,
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which means that ¢2S® is bounded. Hence ¢%¢© is bounded. But the derivative
(QDB/)/ — (p/B/ + (pB//
is also L? bounded. Therefore, @B’ is bounded. Moreover,
(,DB/ — (P(QUQA)W — (p(((pZQ)//S// + 2((p2Q)/S/// + ¢2QS(4))/’
which means that ¢>QS® is bounded. Hence ¢3¢ is bounded.

If Ki, L, K, Ly are bounded, so is (¢QA;)". Hence, QA and ¢*>B", as well
as B', are all bounded. Now B’ = (Q ' (¢*>05")"), (¢*>QS")" is bounded. Since
S” is bounded, there are two numbers c, d such that ¢>S” — (¢ + dU)¢* = ¢> fi
for a continuous function f;. Then <p‘1 (8" — (c+dU)) is bounded as before, so is
(8" —(c+dU)) = §” —d. Therefore, S and ¢ are bounded. Hence ¢ S® and
¢*S are both bounded. Therefore, because A; = ¢B” is bounded, so is ¢>5©,
and because (9 QA;)’ is bounded, so is ¢*S. So ¢*p® is bounded.

The same argument works for all /. We can also apply the proof of the next
lemma. 0

Furthermore if we let O;(u) = gu’ and O,(u) = u’, then we call O, the pure
derivative and O; the coupled derivative, and we have:

Lemma 9.2. If L;, K; are bounded fori, j <l (resp. i <, j <), then

0,0, 0,9

is bounded for at most 21 4+ 3 pure derivatives O, and at most 21 + 2 coupled
derivatives Oy (resp. at most 21 +2 pure derivatives and 21+ 1 coupled derivatives)
in (Oj,, ..., 0;). Moreover, it is L? bounded for at most 21 + 4 pure derivatives
and 2l + 2 coupled derivatives (resp. 21 + 3 pure derivatives and 21 + 1 coupled
derivatives).

Proof. If L is bounded, then ¢® is L? bounded and ¢” is bounded.
050105 9 =3 (05'9)(0;"¢).
m<k

When 0 < m < 2 the first factor is bounded and the second factor is also bounded.
When m = 0 we have ¢, which is also bounded. We also have that

05010, 9 =) " (079)(03"p).
m<k

When 0 < m < 3 the first factor is bounded and the second factor is L? bounded.
When m = 0 the whole term is L? bounded since L is bounded.
If L, K are bounded we want to see that

Oil te Oik 0, 020]1 T 0j3—k¢’
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with three pure derivatives and two coupled derivatives is bounded if and only if
Oi,-++ 0;,0,010j,--- O}, 0,
is bounded. Actually, the difference between them is
Oi,-- 0 (9" 020j,--- 0}, )
=y Y. Ok 04,0) 0y 04, 0,0 0j ,9),

m=k (ky,....km)C(i1,....0x)

where (kq,...,ky) is an ordered subset of the ordered set (iy, ..., ix), having
(l1, ..., lg—p) as its ordered complement. When 0 < m < 3 the first factor is
bounded, and likewise is also bounded, the second factor being a sum of products
of two bounded factors. When m = k = 3 the second factor is ¢’ and is bounded,
and so is the first factor, being a sum of products of two bounded factors. An easier
alternative proof is that we use 2 in the place of 3 in the above argument first, then
do the case for 3. The proof is similar for the L? bounded case.

The same argument can be carried out for all / by induction. O

Lemma 9.3. If L;, K; are bounded for i, j <l (resp.i <I, j <l), then L (resp.
K)) is bounded.

Proof. If L;, K are bounded for i, j </, then
Ll.+1 =—2K;q1 +4/ A,2+1AQ dUu

l
+8 f B111((070) 0*(A0((00)'75))) 0 dU.
k=0

Let O = 0,0, with Oy () = gu’, O»(u) = u'. Then O* = 0304 with O3 (u) =
O~ ' and O4(u) = (9 Qu)’. We see that O; (uv) = O; (u)v+u0;(v) fori =1,2,3
and

O4(uv) = (p Quv)' = (9 Qu)'v + ¢ Quv' = O4(w) v + QuO1 (v).
Let Os = QO; then
(0*0) 0*(A0((0*0)'7*5))
= Z (Oil Oiz T OimA)(Ojl sz T 0j4k—m+20(0*0)l_k5)’
with half, i.e., 2k+1, of the O; and O; being O; and Os. If we forget the derivatives
coupled with ¢, then there are at most 2k 4143 pure derivative of ¢ from the first
factor. Also there are at most 2k + 1 4 1 coupled derivatives from the first factor.

Therefore, if k <[, then the first factor is bounded. The second factor has bounded
L? norm since K; is bounded.
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So we only need to check the term in which k = [ and the first factor has 2/ 44
pure derivatives. Then the second factor has only 3 pure derivatives and at most
21 + 2 coupled derivatives. Therefore, in this case, the second factor is bounded.
However, again the first factor is L? bounded. Therefore,

Lit1 < CiLiyy + Co.

By integration, we see that In(C; L,y + C») is bounded. Hence L, is bounded.
If L;, K; are bounded fori </, j <1, we have

[
K, =—2L;; +SZ fA;H((OO*)k(A(OO*)’_kOS))QdU
k=0

and

(00H*(A(00*"'*05) = Z Oy, -+ 0;,A)(0), -+ 0}, (00" 05),

Im

with half, i.e., 2k, of the O; and O; being O, and Os. If we forget the derivatives
coupled with ¢, there are at most 2k 4 3 pure derivatives of ¢ from the first factor.
Also, there are at most 2k 4+ 1 coupled derivatives from the first factor. Thus, if
k < 1, the first factor is bounded. The second factor is L2 bounded since L; is
bounded.

Therefore, we only need to check the term in which £ =/ and the first factor has
21 + 3 pure derivatives. Then the second factor has only 3 pure derivatives and at
most 2/ 4 1 coupled derivatives. In the case there are 2/ 41 coupled derivatives we
can treat the first one of them as pure derivative if [ > 0, then we treat this term as
having 2/ coupled derivatives with 4 pure derivatives. Therefore the second factor
is bounded. But the first factor is again L? bounded, so f(l < C, showing that K;
is bounded. O

Therefore the C* norm of the solutions are uniformly bounded on [0, 7). The
solution can be extended to [0, T'].

10. Long time existence and convergence

From the general short time existence we now obtain long time existence.

The derivative of the modified Calabi functional is —2L and has a subsequence
of ¢ such that L turns to zero. Therefore, the modified Calabi flow converges to ¢;
in C! and in C? with a subsequence. The modified Calabi functional is decreasing
and tends to zero, giving us that ¢; = ¢°.

Moreover, by (20) and the inequality

Cal= —2L < —C; /(S’)sz <-C, / $2dU = —C, Cal
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we have Cal < Cal(7g)e " with k = C,, and Cal converges to zero at an exponential
rate.
By integrating (19) we have

t
(23) L(t) < L(tp) expC/ Ldt.
fo
For any € we can pick é such that § expd < €, and then pick ¢y such that L;; <§
and 2 ftjoo Ldt < (2/C)§ as the modified Calabi functional at #y. Then L(¢) < €
for any ¢ > fy. Therefore, lim,_, ;» L =0. Now, > f;H L dt converges to zero at
an exponential rate. With (23), we see that L also converges exponentially to zero.
In this case, (21) becomes [ A*dU < €K when t is big enough. Therefore, (22)
becomes

K <eL’K'? -1,

when ¢ is big enough. Hence K < €K. But from (18) we have
+00 +00
2(1—¢€)) K dt + L(tp) SCE/ Ldt <Ce 0.
o o

In particular, ftjoo K dt < Ce ¥ when 1y is big enough. Therefore,

t
K(t) < K(t) +e/ K dt, < K (ty) + Ce™ k0

fo

for t > t9. Picking a ty such that K (#p) small enough, we see that K < €. Thus

. . t+1 _ _
lim, , . oo K = 0. Moreover, since /t+ K dt < Ce ¥, we have K < Ce ™ for

some positive C and k.
In particular, lim;_, ;.o A =0 and A converges at an exponential rate.
Furthermore, the argument in the proof of Lemma 9.3 shows the following:

Lemma 10.1. If L;, K; < Ce ™ fori <1 (resp. Liy1, K; < Ce™ fori <1), then
Livt < —2Kis1 +Ce™ (KT + Lis1)  (resp. Kj < —2Lp41 +Ce™ L)),
Therefore, if L;, K; < Cr—* fori <1, then L, < €(L;41 + Ce ). So

(24) L1 < (Li41(to) + Ce  0)ef.

But we also have Kl <21 —€)Lj4+1 + Ce ™k, meaning that
+00 C
2(1 —61)/ Ly dt+K; < Ee_kt.
t

Thus ftﬂrl Liy1dt <Ce™™ and L;;; < Ce ™  for some C, k > 0.
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Similarly if Liy;, K; < Ce ™ for i <, then K; < Ce " and K; < K;(t0) +
(C/k)e*’“o. But we also have Ll < —2(1—€)K;+ Ce ¥, which implies

+o00 C
2(1 —61)/ Kidt+L; < ze_k[.
'

Hence ft’H K;dt < (C/k)e ™ and K; < Cie™™ for some Cy, k > 0.
From these estimates we see that ¢ converges exponentially to ¢° in any C™ norm.
Therefore:

Theorem 10.2. In the cases of Dy = D = 1, i.e., when the surface has hypersur-
face ends, the modified Calabi flow converges exponentially in C"™ norm for any m
to the extremal metric on our manifolds whenever the Kdihler class is stable.

11. Evolution of metrics in a Kéhler class along the modified Ricci flow

Now we consider the problem of finding (generalized) quasi-Einstein metrics [Guan
1995b] in a given Kihler class by the following modified Ricci flow equation:

(25) %g = —Ric(g) + HRic(g) + Ly, 8.
By contraction we get
(26) %logdetg=Alogdetg+HR+trgLVRg.
We can easily see that these two equations are equivalent. Once we have a
solution g, for (26), we get
— Ric(g) + HRic(g) + Ly, g = 30 f,

for some f with fM fdVe=0and Af =(3/9r)logdetg. Let g, ;s = go,,-]+aiéju.
Then f = (d/dt)u+ C(t), where C(¢) is a function that only depends on ¢. Thus,
(d/dn)g;; =9 5jf, which means that g; is a solution of (25).

Now we consider the short time existence of (26). With

h = (exp(=V1))«g,

that equation is equivalent to

0
27 Elogdeth = Alogdeth + HR.
Set h, = ho + 99 F,. Then linearized equation of (27) is then
8 2 Py
(28) EszA U+R”vij-,

where v; 7 = 9;0;v.
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We want to prove that (28) has unique solution. Multiplying it by 2Av and
integrating, we get

d -
E/(Av)zz—2/|VAv|2+2/AvR’Jvl-jr+2fAF(Av)2

1/2 1/2
scl(/(w) (/Zlviﬂz) +cz/(Av)2=C/<Av>2,
ij

where C1, C; are constants not depending on ¢t and C = C; + C;. Letting v(t) =
[(A$)?, we get dv/dt — Cv < 0, that is, (d/dt)e ™ "v < 0. Thus e~ v is de-
creasing, so v = 0 if v(0) = 0. Thus, we have the short time existence for the
evolution.

In the general case of the extremal soliton metrics, we consider the equation

d
o log(det(g) = —R+ HR + 1 + Ag.

The linear equation is

3 .7 iT . -
S Av= A%+ (R — ¢y ) v, 5 + A(E,(v)) + S(E{vi + Ejvy).

The proof for short time existence still holds, since for the extra terms we have

/ AVAE;(v)dV = —/(5Av, IE>(v))dV

1/2 1/2
gc(/ |VAU|2dV> (f |vjj-|2dV)

1/2 1/2
:c(f |VAv|2dV) (f(Av)%lV) ,

12 12
/AvEl(v)dV §C(/(Av)2dv) (/ |v,-|2dV)
3/4 1/4
§C(/(Av)2dV> </v2dV> gxl‘l/ZC/(Av)de,

where A; > 0 is the first eigenvalue of the Laplacian A. We also used Young’s
inequality in the calculation.

In this paper we only consider the special situation of the completions of C*-
bundles studied in previous sections. To avoid confusion we use d; to denote the
partial derivative of ¢ for a function of s and ¢, i.e., with respect to the coordinates
of the manifold; and we use d/dt to denote the partial derivative of ¢ for a function
of U and ¢, i.e., with respect to the moving coordinates. Equation (25) can be
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written as

1 1 A1 , c ,
(29) aatw(s,t)+§3zQ(S7f)=—§+E(<PQ) +a+bU+E(<PQ)

0
And since 3, H(U (s, 1)) = 0, we get 3, <(p(s, t)%(s, t)) — 0, which implies

d _
@) =0 Y0(s, 1).

Combining these two equations we get

oo+ Lavsn=24+ w0y +atbU+ - (w0
g @UG. o s, =0 Eth a E‘PQ-

We view this as a first order equation in d,U, and get the solution

30) 94U 1/UA( ) dx+—( Q)/+1/U( +bUYQ() di+Sp— 4

U =—— x)dx+— — a xX)dx+-¢p——.

0/, 207% "0 270
Letting U = —1, we obtain d = Q(—1). Therefore,
Q) ¢

p
ol =——
' 2020 T2¢
with p as in (7).
Now, we let ¢ = (1 4+ 6)¢" with ¢° being the extremal soliton solution. Then
we combine (29) and (30) to get

0/ _ ( 09/)2
0 o))" 0" Y

This is basically a nonlinear heat equation, meaning that a short time solution exists.
Now we want to prove that the long time solution of (31) exists and converges
uniformly to O at an exponential rate. Set p; = p/Q. The desired result can be
proved by the maximum principle as in [Koiso 1990], under the following condition
on C:

31 2¢0%9 = 0’0" + (1+6)0 (¢O<£>/ —~ (<p°)’<£)) Lo

The function ¢°(p1) — (¢°) py is negative on [—1, 1].

In general, this is very difficult to check since p might not be a product of linear
factors, as in [Koiso 1990].

This is additional evidence that the modified Calabi flow is more natural than
the modified Ricci flow.

Moreover, it has long been known that the generalized Mabuchi functional is
decreasing under the modified Ricci flow but the Calabi functional is not. For
example, let our manifold be CP!. Then 0=1,A=0, goo =1-U?, pU)=-2U,
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20 =(1—-U»>(14+60)0" =201 —U»0' — (1 -=U>*O")? -2(1+6)0(1 +U?),
and R = —2"'¢", Cal =272 [ (¢")%dU,
: 1! 1"t L @ "o 1
Cal == (p(de:— o odU + ¢ ¢
2 ) 2/ —1
We also let & = A(1 — U?); then ¢ =24A, 0’ = —2AU, 6" = —2A. Therefore,
29 = —2(1 - UH* (A1 + A1 — U?) +2AU% + A*(1 + U?))
—2(1 = U*)(—2AU* + A(1 + U?))i
= 2401 -UD(1+ A1 - U420 + 1+ UH +1)
= —4A(1 —U»*(1+ A1+ U?).

We have ¢/|1_1 =0. Since 1 +6 > 0 we have
1>—A(1-U?,

and this holds if and only if —A < 1, or equivalently A > —1. We have
1

Jim Cal = Aliml(—48A2) / (1+A(L+U»)(1-UH%dU
— — — — —1

1
= 48/ U*(1—U?*?dU > 0.
—1

Therefore, there is a negative A near —1 such that the Calabi functional Cal (same
for the modified Calabi functional since they are only different by adding a con-
stant) is not decreasing under the modified Ricci flow.
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