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ABSTRACT

This is an expository paper. We will discuss some recent development in Kdhler—Ricci

flow on Fano manifolds.
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1. INTRODUCTION
Ricci flow was introduced by Hamilton in the early 1980s [27], and it preserves the
Kaihlerian structure. The Kihler—Ricci (abbreciated as KR) flow is simply the Ricci flow
restricted to Kdhler metrics. If M is a Fano manifold, that is, a compact Kihler manifold
with positive first Chern class ¢q (M) > 0, we usually consider the following normalized
KR-flow:
do(t)
A
where wg and w(¢) denote the Kihler forms of a given Kidhler metric go and the solutions

= —Ric(w(1)) + 0(t), ®(0) = wo, (1.1)

of Ricci flow with initial metric go in 27wc¢; (M), respectively.' Then the flow preserves the
Kihler class, i.e., [@(¢)] = 2mwc1(M) for all ¢. In particular, the flow preserves the volume
of w(t).

We may write solutions of (1.1) as

w(t) = w; = wy + v—laé(pt >0

for some Kéhler potential ¢ = ¢;. Let i be a Ricci potential of the background metric wy
such that
Ric(wo) — wo = v/—190h.

In 1985, Cao [11] first reduced (1.1) to solving a parabolic complex Monge—Ampere (MA)
equation in the space of Kihler potentials as follows:

9 w?
ﬁ:log—ﬁ+<p—h. (1.2)
ot g

By using the maximum principle, he proved that (1.2) has a global solution w; for all ¢ > 0.
Thus the main interest in (1.1) is to study the limit behavior of w(?), as well as ¢; of (1.2).
In particular, if ¢, has a smooth limit, w(#) will converge to a Kdhler—Eintein (KE) metric.
Hence, (1.1) also provides an approach to study KE-metrics on a Fano manifold. Compared
to the continuity method used by Yau [68] and Aubin [4], Cao’s argument also gives a vari-
ant proof via KR-flow of the existence of KE-metrics on a compact Kihler manifold with
negative or trivial first Chern class.

In the one-dimensional case, i.e., M = S2%, Hamilton proved the convergence of
(1.1) to a round sphere under the assumption of positive curvature of wg [28]. Later, Chow
removed the Hamilton’s condition [18, 19]. But both proofs depend on the uniformization
theorem. An independent proof for the convergence of (1.1) on S? was given by Chen—
Lu-Tian [13]. As a consequence, they gave a proof of the uniformization theorem by using
the Ricci flow.

Motivated by the Frankel conjecture, there are many influential works published for
KR-flow on C P" under the assumption of positive (or nonnegative) bisectional curvature,
for instance, see [6, 16,26,41], among other references. In particular, Chen—Sun-Tian gave a
proof of the Frankel conjecture by employing the Ricci flow [14].

1 For simplicity, we will denote a Kihler metric by its Kihler form thereafter.
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Because there are some well-known obstructions for KE-manifolds (cf. [25, 4e]),
a Fano manifold may not admit a KE-metric, in general. Thus, the solutions ¢; of (1.2) may
develop a singularity. It makes the investigation more complicated, when studying the limit
behavior of the flow (1.1). In this paper, we will introduce some basic tools, as well as some
recent developments of the KR-flow, including Perelman’s fundamental estimates for KR-
flow, the smooth convergence of KR-flow, the progress on Hamilton-Tian conjecture and
the KR-flow on G-manifolds with singular limits.

2. KAHLER-RICCI SOLITONS

A special class of solutions of (1.1) are related to KR-solitons. A KR-soliton on a
Fano manifold M is a pair (X, ), where X is a holomorphic vector field (HVF) on M and
w € 2mcy(M) is a Kéhler metric on M such that

Ric(w) —w = Ly (w), 2.

where Ly denotes the Lie derivative along X. If X = 0, the KR-soliton becomes a KE-
metric.

In 1985, Bando—Mabuchi proved the following uniqueness result for KE-metrics on
a Fano manifold [7].

Theorem 2.1 (Bando—-Mabuchi). For any two KE-metrics w and ' on a Fano manifold M,
there is a 0 € Aut(M) such that
o =oc*w,

where Aut(M) is the group of holomorphism transformations of M.

Bando-Mabuchi’s uniqueness theorem was generalized to KR-solitons by Tian and
the author in 2000 [58,59]: a KR-soliton on a compact complex manifold, if it exists, must
be unique modulo Aut(M ). Furthermore, X lies in the center of Lie algebra of a reductive
part Aut, (M) of Aut(M). We call such an X a soliton HVF, which is also unique modulo
Aut(M). In fact, it is determined by the modified Futaki invariant, regardless of the existence
of KR-solitons [59].

An important class of examples of KR-solitons were found in toric manifolds by
Wang—Zhu in 2004. They solved (2.1) for a soliton HVF and torus-invariant metrics on a
Fano toric manifold by using the technique of real MA-equations.

Let o; = exp{t Re(X)} be a 1-PS in Aut(M). Then it is easy to see that the induced
metrics by o, from a KR-soliton w,

w(t) =00 = o+ V—130¢,, (2.2)

are solutions of (1.1), as well as ¢, are solutions of (1.2). In particular, a KE-metric is a static
solution of (1.1).

Note that ¢; in (2.2) is not uniformly bounded. Thus, we usually study the conver-
gence of (1.1) or (1.2) in the sense of geometric metrics modulo holomorphism or diffeo-
morphism transformations; see [14,16,55,56, 60, 61, 65,66,72,73], etc.
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3. PERELMAN’S ESTIMATES
There is a fundamental estimate for (1.1) established by Perelman in 2003 [43].

Lemma 3.1 (Perelman). Let hy be a Ricci potential of w; in (1.1). Then there are constants
¢ > 0and C > 0 depending only on the initial metric wo such that the following are true:

(1) diam(M, wy) < C, vol(B,(p), w;) > cr3h;
(2) Foranyt € (0,00), there is a constant ¢y such that h; = —q'S, + ¢; satisfies
Ihellcoomy =€, [Vhtllo, = C,  |[Ahtllcoary < C. 3.1

Perelamn’s proof of Lemma 3.1 depends on the W -functional and the argument in
proving noncollapsing of Ricci flow in the pioneering paper of his solution of the Poincaré
conjecture [42]. A detailed proof of Lemma 3.1 can be found in a paper by Sesum-Tian [45].
We note that /i, is a Ricci potential of w;. Thus (3.1) means that the Ricci potential is uni-
formly bounded along the KR-flow (1.1) as well as the scalar curvature.

For Kihler metrics g in 2wc1 (M) on an n-dimensional Fano manifold M, Perel-
man’s W-functional can be defined with a pair (g, f) by (cf. [62])

W(g. f) = @r)" /M[R(g) VSR + fle o, (32)

where f is a real smooth function normalized by

e @ w . .
/M & M &

Then Perelman’s entropy A(g) is defined by
Ag) = i;lf{W(g, )| (g, f) satisfies (3.3)}.

The number A(g) can be attained by some f (cf. [44]). In fact, such an f is a solution of the
equation

2Af 4+ f —|DfI> 4+ R = A(g). (3.4)

In particular, ' = 6y if wg = wks, where 6y is a potential of soliton HVF X associated
to the KR-soliton wg s [61]. As a consequence, one can further prove that the minimizer of
W(g, ) is uniquely associated to g near a KR-soliton (cf. [47]).

The first variation of A(wg) with wg € 27c; (M) has been computed [61, 62],

SM(wg) = —(27)™" /M(Ric(g) — g + Hess f. 8g)e_fa)g.

Then it is easy to see that A(w;) is monotonic along the flow (1.1). Thus the smooth limit of
w; in Cheeger—Gromov topology should be a KR-soliton. In particular, if the curvature of w;
is uniformly bounded, then by the regularity of Ricci flow [46]. together with the noncollapse
property in Lemma 3.1(1), there exists a sequence of w; which converges smoothly to a KR-
soliton in Cheeger—Gromov topology.

Since the scalar curvature of w; is uniformly bounded along (1.1) by Lemma 3.1(2),
the monotonicity of the entropy A(w,) implies a uniform log Sobolev inequality associated
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to w;. It was proved by Zhang that this log Sobolev inequality is equivalent to the following
Sobolev inequality [7e]:

n—1

(/ |1/f|”2‘n‘w?)n SCs(/ |VI//|§>,wzn+/ |1/f|§,,¢07), Yy e C*(M), (3.5)
M M M

where C; is a uniform constant independent of ¢.

4. SMOOTH CONVERGENCE

As we know, the smooth limit of KR-flow (1.1) should be a KR-soliton. Thus it
is natural to study the convergence of KR-flow on a Fano manifold which admits a KR-
soliton. In 2002, Perelman first announced the convergence result on KE-manifolds in his
distinguished paper [42] (see the last paragraph in the introduction part). In 2007, Tian and
the author gave a proof of Perelman’s result with discrete Aut(M ) [6e]. The proof is based
on an inequality of Moser-Trudinger type established by Tian in his seminal work on KE-
mertrics [51]. Then in 2013, we avoided using the Moser-Trudinger inequality and so gave a
complete proof of Perelman’s result for the convergence of KR-flow on KE-manifolds [61].
In the general case of KR-solitons, we have proved the following convergence result in [56].

Theorem4.1. Let (M,wgs) be a Fano manifold which admits a KR-soliton wg s € 2mwc1 (M)
with respect to an HVF X. Let Kx be a compact 1-PS in Aut(M) generalized by Im(X).
Then for any Kx-invariant initial metric wg € 2mwc1 (M), the flow (1.1) converges to wks
exponentially modulo Aut(M).

Proof of Theorem 4.1 is reduced to solving the following modified KR-flow equa-

tion:
dw(t
c;f ) _ —Ric(w(t)) + w(t) + Lxw(t), »(0) = wo. 4.1)
Analogous to (1.1), (4.1) is equivalent to
0 ;)
2 —log =2 + ¢ + X(p) + Ox — h. 42)
ot wy

where Oy is a potential of X associated to wg. We will deform the Kx -invariant initial metric
wp from wg s by a path w* (r € [0, 1]), for example, w® = Twy + (1 — T)wgs, to prove the
convergence of ¢; in (4.2) for any initial @®.

The first step is to prove the convergence of Kidhler potentials ¢, in (4.2) for an
initial metric wg very close to wks. This is related to the stability problem of KR-flow (4.1).
We use a contradiction argument employing the fact of uniqueness of KR-solitons with the
help of the regularity of (4.2) on M x [—1 4 ¢, 1 + ¢] for any ¢. In a subsequent paper [73],
the author actually proved that ¢, is convergent to a Kéhler potential exponentially (without
any holomorphism transformation). Moreover, the Ky-invariance condition for wy can be
removed. But we do not know whether the convergence is still with an exponential rate after
holomorphism transformation, in general.
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By the first step, we see that there is 79 < 1 such that the flow (4.1) is convergent
for the initial metric w® with any t < 7. It remains to prove that the convergence still holds
for w™. We can also use a contradiction argument. A key estimate is to show that the energy
level L(w™) of the flow for the initial metric w™ satisfies

L(w™) = Jim Mw;®) = Moks). 4.3)
—> 00
In fact, we prove

Proposition 4.2. Suppose that M is a Fano manifold which admits a KR-soliton (wks, X).
Then for any Kx-invariant initial metric o of KR-flow (1.1), it holds that

L(w) = 2r)™"(nV — Nx(c1(M))). 4.4)
where
Nx (cl(M)) = /M O (w)e? @ " 4.5)

is a holomorphic invariant for HVFs, which is independent of w € 2mwc1 (M), and 0x (w) is

a potential of X associated to w with a normalization

/ eOx (@) yn =/ " =V. (4.6)
M M

The proof of Proposition 4.2 depends on an estimate of the asymptotic behavior
of minimizer f; in (3.4) for metric w; of the flow (1.1) via the Sobolev inequality (3.5)
[56, LEMMA 3.3, PROPOSITION 4.2].

Remark 4.3. (1) For a Ky-invariant initial metric wq, ¢, in (4.2) is convergent to
a Kihler potential exponentially as in the first step (without any holomorphism
transformation).

(2) In case of Fano toric manifolds, the author proved the convergence of (1.2)
for a torus-invariant initial metric wq after torus transformations by using the
technique of the real MA-equation [72]. As a consequence, the result gives an
alternative proof of Wang—Zhu’s theorem [67] for the existence of KR-solitons
on toric manifolds via the Ricci flow.

5. H-INVARIANT
The invariant Nx (c;(M)) in (4.5) can be defined for any Y € n,(M) as follows
(cf. [56]):

H(Y) = Fy(Y) + Ny (c1(M)), (.1

where
Fy(Y) = / Y(he — Oy (@))e? @ o
M

and
Ny (c1(M)) = /M By (w)e?” @™,
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Here w is chosen as a K-invariant metric in 27r¢c; (M) and Im(Y') generates a compact 1-PS
in Aut, (M) so that Oy () is a real potential of HVF Y. Note that Fx (-) is just the modified
Futaki-invariant and so Fx (X) = 0 [59]. Thus,

H(X) = Nx(c1(M)).

Moreover, H(Y) can be also written as (cf. [56, (5.3)])
H®Y) = [ Oy (w)e" w™, (5.2)
M

where the Ricci potential 4, is normalized by

/eh“’w”:/w”:V
M M

and is Oy (w) given in (4.6). Thus if we do not care about the normalization of 0y (),

H(Y):/ ey(a))ehww"—mn[lf eeY(“’)a)”:|, VY € n,(M).  (5.3)
M V JIu

In the above formula, (—H(-)) is usually called an H -invariant in the literature [9, 22, 29,
3e], which can be defined for any special degeneration induced by C *-actions on M as the
generalized Futaki-invariant of Ding—Tian [23].

By calculating the H -invariant for the special degeneration arising from the KR-
flow (1.1) with the help of Hamilton—Tian conjecture [51] (also see the next section), Dervan—
Székelyhidi recently proved (4.4) for any w € 2w ¢y (M) [22]. As a consequence, they removed
the assumption for a Ky -invariant initial metric wy in Theorem 4.1 as follows.

Theorem 5.1 (Dervan—Székelyhidi). Let (M, wks) be a Fano manifold which admits a KR-
soliton wgs. Then for any initial metric wy € 2mwc1(M), the flow (1.1) converges smoothly
to wks in the sense of Kdhler potentials modulo Aut(M).

There are other applications of H -invariant to the uniqueness of limit of KR-flow
and the optimal degeneration of Fano manifolds; we refer the reader to recent papers [9, 29,
35,65].

Remark 5.2. As we see, Dervan—Székelyhid’s proof of Theorem 5.1 depends on the Hamil-
ton—Tian conjecture. It would be interesting to give a direct proof without using the conjec-
ture as done for Theorem 4.1 in [56].

6. A NEW APPROACH TO THE HAMILTON-TIAN CONJECTURE

In [51], Tian proposed the following conjecture (a folklore conjecture of Hamilton—
Tian (HT-conjecture) [5,17,42,57]):

Any sequence of (M, w(t)) contains a subsequence converging to a length space
(Mo, wso) in the Gromov—Hausdorff topology and (Mso, wso) is a smooth KR-soliton out-
side a closed subset S, called the singular set, of codimension at least 4. Moreover, this
subsequence of (M, w(t)) converges locally to the regular part of (Moo, oo ) in the Cheeger—
Gromov topology.
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The HT-conjecture asserts the existence of a singular limit of (1.1) with local reg-
ularity. The above Theorem 4.1 (and Theorem 5.1) confirms the conjecture for the Fano
manifold admitting a KR-soliton. In this case, the convergence of flow w; is smooth in the
sense of Kihler potentials, in particular, the curvature of w; is uniformly bounded. However,
it has been found in some special Fano manifolds with large symmetric group action that
the curvature of w; cannot stay uniformly bounded [37] (also see the next section). In other
words, there are examples of Fano manifolds on which the KR-flow develops singularities
of type IL. Thus, in general, there is no smooth limit of a KR-flow.

The Gromov—Hausdorff convergence part in the HT-conjecture follows from Perel-
man’s noncollapse result and Zhang’s upper volume estimate [71]. There is significant
progress on this conjecture, first by Tian and Zhang in dimension less than 4 [57], then
by Chen—Wang [17] and Bamler [5] in higher dimensions. In fact, by using the tools of geo-
metric measure theory, Bamler proved a generalized version of the conjecture for a Ricci
flow with uniformly bounded scalar curvature. His result can be also regarded as a version
of Ricci flow for Cheeger—Colding compactness theorem [12] for Riemannian metrics with
a bounded Ricci curvature.

In this section, we discuss an alternative proof of the HT-conjecture in a joint work
with Wang [66]. Precisely, we prove

Theorem 6.1. For any sequence of (M, wy) of (1.1), there is a subsequence t; — 0o and a
Q-Fano variety Moo with kit singularities such that wy; is locally C*°-convergent to a KR-
soliton wso on Reg(!\;loo) in the Cheeger—Gromov topology. Moreover, wo can be extended
to a singular KR-soliton on Moo with a L®-bounded Kdihler potential Yoo and the comple-
tion of (Reg(Myo), o) is isometric to the global limit (M, wl,) of wy; in the Gromov—
Hausdorff topology. In addition, if v is a singular KE-metrics, Yoo is continuous and M
is homeomorphic to Mo which has Hausdorff codimension of singularities of (Moo, )
equal to at least 4.

Compared to the proofs by blowing-up arguments in the two long papers [17] and [5],
our proof of Theorem 6.1 is purely analytic by using the technique of the complex MA-
equation. In Theorem 6.1, we also obtain a structure of Q-Fano variety with klt singularities
for the Gromov—Hausdorff limit in the HT-conjecture.

The proof of Theorem 6.1 is based on a recent result of Liu—Székelyhidi on Tian’s
partical C 0_estimate for polarized Kéhler metrics with Ricci curvature bounded below [39].
In a paper of Zhang [69], it has been observed that Liu—Székelyhidi’s result can be applied
to prove a partial C®-estimate for a sequence of Kihler metrics raised from the flow w; of
(1.1). We note that the HT-conjecture also implies a partial C°-estimate for the flow (1.1)
(cf. [15,57]). Thus we actually prove that the HT-conjecture and the partial C°-estimate for
the KR-flow are equivalent.

Let (M, L, ®) be a polarized manifold such that w is a Kihler metric in 27¢q(L).
Choose a Hermitian metric 4 on L such that R(%) = w. Then for any positive integer [, we
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have an L2-inner product on H°(M, L}, w),
@wﬂ=/@mmwM,V%h€HmWUw) 6.1)
M

Thus for any orthonormal basis {s*} (0 <« < N = N(I)) of H°(M, L, ), we define the
Bergman kernel by (cf. [48])

N
o1(M, w)(x) = Z{s“}z@ (x), VxeM, 6.2)
i=0

which is independent of choice of the basis {s*}.
The following fundamental result was proved by Liu—Székelyhidi [39].

Lemma 6.2 (Liu-Székelyhidi). Given n, D,v > 0, there is a positive integer | and a real
number b > 0 with the following property: Suppose that (M, L, ®) is a polarized Kdihler
manifold with w € 2mcy (L) such that

Ric(w) > —w, vol(M,w) > v, diam(M,w) < D. (6.3)
Then for any x € M, one has
pi(M, w)(x) = b. (6.4)

An inequality like (6.4) was called a partial C °-estimate by Tian [49,5e,52,53], which
plays a critical role in his proof of YTD-conjecture [54]. The upper bound of p; (M, @) can
be also obtained by using the standard Moser iteration (for example, see [31, LEMMA 3.2]).

By (6.4), we can write w as a metric with bounded Kéhler potential using the Fubini—
Study metric as the background metric. In fact, if the orthonormal basis {s*} (0 < a < N)
defines an embedding ®, then we have

1 1 -
w = ®* (760175') - 7«/—1 d0log p; (M, w).
By the gradient estimate for s* (cf. [24,49]) and the lower bound (6.4) for p; (M, w), it holds
that
1

d* (Ta)ps) <C@,D,v)w. 6.5)
This is because
S R0l V5% Vs (Fae(Vs 5*) (azols®, Vs*)

p1 (M, w) 7 (M, )

As in [69], we modify metric w; to n; so that (6.3) is satisfied by solving the following

*(wrs) =

MA-equation:

(10)" = (@ + V=190k,)" = e" o], supk, =0, (6.6)

M
where /; is a uniformly bounded Ricci potential of w; chosen as in Lemma 3.1. By Yau’s
solution to Calabi’s problem [68], (6.6) can be solved, and by Moser iteration (cf. [58]) we

have

lke] < C(llhellcocary. wo) < A. (6.7)
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By (6.7), each orthonormal basis of H%(M, K3/, w;) is comparable to any one of
H(M, KA_/, n¢). Thus by Lemma 6.2, we prove [66, PROPOSITION 2.7],

Proposition 6.3. Given any sequence wy, (i — 00) of flow w;, there is a subsequence of wy;,
which is still denoted as wy,;, such that (6.4) holds for w;, and the embedding of M by an
orthonormal basis {s7. } of H°(M, K;}, wy,) in C PN converges to a normal variety M.

Denoting the embedding of {57} by ®;, we have M; = ®;(M) converging to a
normal variety My by Proposition 6.3. Thus

1 _
(@Y oy, = JOFS + V—130¢;, (6.8)
where ¢; = —}(CDI._I)*(log p1 (M, w;)) satisfies
lpi| = C. (6.9)

Moreover, by the gradient estimate for s‘z’j [31, LEMMA 3.1],

[V, = Cs(llhslcon. Cs.n)1571, (6.10)
where C; is the Sobolev constant in (3.5). Thus as in (6.5), we get
1 *
7wFS|Mi < C(@i_l) wy; . (6.11)

By (6.9) and (6.11), we can derive a local C k.e_estimate for ¢; via the parabolic
equation (1.2). In fact, we may choose exhausting open sets 2, C M. Then by Propo-
sition 6.3, there are diffeomorphisms \IJ; 1Ry - Mi such that the curvature of wpslfzg,
is C*-uniformly bounded independently of i, where Q;, = \Ili, (£2y). For simplicity, we let
@; = T0Fs| .-

The following key estimate was obtained in [66, LEMMA 3.1].

Lemma 6.4. There exist constants A, Cy,, A, such that

lpil <A in M;, (6.12)
C, '@ < (P ) 0y, < Cyd; in QL (6.13)
lillcragsy < Ay (6.14)

The estimates (6.12)—(6.14) in Lemma 6.4 can be extended to Kihler potentials ¢7
of metrics wy, 15 associated to the background &;, where s € [—1, 1] and ¢ satisfies

(@7 Y 0, = & + V—100¢;.

By Lemma 6.4, we see that w;; (by taking a subsequence) is locally C *°-convergent
to a KR-soliton we, on Reg(Moo) in the Cheeger—Gromov topology, which can be extended
to a singular KR-soliton on My, with a L>°-bounded Kihler potential ¥ in the sense of
full MA-measure [8]. In the case of KE-metrics ws, one can further show that the local
limit of n;; on Reg(Moo) associated to wy; in (6.6) is just weo. Thus in this case, we can
actually prove that the Gromov—HausdorfF limit (M, w.) is homeomorphic to Mo, and
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the Hausdorff codimension of singularities of (Moo, @/,) is at least 4. The Q-Fano structure
of Mo with klt singularities can be proved as in [8,31,54].

Remark 6.5. The uniqueness of Q-Fano structure of M, in Theorem 6.1 is independent
both of the sequence and initial metric wy € 27w ¢y (M). We refer the reader to recent papers
[15,29,65].

7. KR-FLOW ON G-MANIFOLDS
In this section, we discuss the KR-flow on a Fano G-manifold, which develops sin-
gularities of type II [37]. In this joint paper, Li, Tian, and the author prove

Theorem 7.1. Let G be a complex reductive Lie group and (M, J) be a Fano G-manifold.
Suppose that (M, J) does not admit any KR-soliton. Then any solution of KR-flow on (M, J)
with an initial metric wy € 2mwc1 (M, J) is of type IL.

Here by a G-manifold we mean a (biequivariant) compactification of G which
admits a holomorphic G x G-action and has an open and dense orbit isomorphic to G
as a G x G-homogeneous space [1-3]. Clearly, toric manifolds form a special class of G-
manifolds with G being the torus group.

A criterion theorem for the existence of KE-metrics on Fano G-manifolds was estab-
lished by Delcroix [2e] several years ago.

Theorem 7.2 (Delcroix). Let M be a Fano G-manifold with associated moment polytope P.
Let P be the positive part of P defined by a positive roots’ system ® = {a} of G. Then
M admits a KE-metric if and only if the barycenter of Py with respect to ® 4 satisfies

bar(P;) € 2p + E, 7.1
where & is the relative interior of the cone generated by ® and p = % Zae¢+ o.

Delcroix’s proof obtains a prior C°-estimate for a class of real MA-equations on
the positive cone a; C a = R’ (7 is the rank of G, i.e., the dimension of a maximal torus
in G) defined by @ as done for toric Fano manifolds in [67]. Later, Li, Zhou, and the author
gave another proof of Delcroix’s theorem by verifying the properness of K-energy and also
generalized the theorem to the case of KR-solitons [38].

By Theorem 7.2, it is possible to classify all Fano G-manifolds which admit a KE-
metric or KR-solitons. For example, for the rank r = 2, there are two SO4(C)-manifolds
and one Sp,(C)-manifold which cannot admit any KR-solitons, see [2e,21,37,74]. Thus The-
orem 7.1 provides a class of examples of Ricci flow with singularities of type II on Fano
manifolds.

By the HT-conjecture and the uniqueness result in [29, 65], we may assume that
the initial metric wy in Theorem 7.1 is K x K-invariant. Here K is a maximal compact
subgroup of G. The proof of Theorem 7.1 includes two main steps by using a contradic-
tion argument under the assumption of uniformly bounded curvature: first, proving that the
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Cheeger—Gromov limit (M, Joo) of any sequence of K x K-invariant metrics on (M, J)
is still a G-manifold; second, showing that the complex structure J, of limit will not jump
from J. It is useful to mention that the above two steps work for any sequence of K x
K-invariant metrics in 2wc1 (M, J) and can be also generalized to any sequence of K x K-
invariant metrics with uniformly bounded curvature on a polarized G-manifold. For example,
as an application one can establish an analogue of Theorem 7.1 for Calabi’s flows [16] with
singularities of type II on polarized G-manifolds.

7.1. A direct proof of Theorem 7.1 for a sequence of
In the following, we present a more direct proof of Theorem 7.1 from a paper jointly
with Tian [63]. We turn to prove

Theorem 7.3. Let w; (= wy,;, t; — o0) be a sequence of (M, w;, J) in the flow of (1.1)
with a K x K-invariant initial metric wg € 2mwcy(M, J). Suppose that the curvature of w;
is uniformly bounded. Then w; converges to a KR-soliton in the sense of Kdhler potentials
on (M, J). In particular, (M, J) admits a KR-soliton.

We need to recall some notation and facts proved in [37]. Let { £y, . .., E, } be a basis
of the Lie algebra g. Then the right (left) action of G induces a space of span{ey,...,e,}
of HVFs with Im(e,) € ¥ on M, where £ is the Lie algebra of K. By the partial C°-
estimate as in Section 6, there is a sequence of Kodaira embeddings ®; : M — CPVN
induced by an orthonormal basis {s’} in H°(K;;", w;) such that the image ®;(M) = M,;
converges to the image oo (Mso) = Mo in the topology of complex submanifolds, where
@y : Mo — C PV is the Kodaira embedding induced by an orthonormal basis {s5°} in
HY%K Mo Woo)-

Let span{é‘i, e ,éfl} be a space of HVFs on M,- induced by ®;. It has been proved
in [37, (4.6)] that for each a, (€%, ®;) converges to an HVF (£°, ®so) on Mo in the sense
of [37, DEFINITION 3.1], where @; = %wpswi and Do = %wpsww. Moreover, the basis
{és°, ..., e5°} induces an effective G-action on Moo.

Let TC be a torus subgroup of G acting on Moo with a basis {X1,..., X} of
a = J¥ N tC. Then it can be regarded as a subgroup of the maximal torus group 7C in
CPN.LetWy,...,Wy41bethe N + 1 hyperplanes in C P where 7 does not act freely.
Thus for any induced HVF X of X €t€ on A;Ioo, one has

(£ e Moo | X(8) =0} C | W (1.2)
o
Let @ denote an open dense G-orbit in M. Since M has finitely many G x G-orbits
[1,2], there are basis points x5 € M\O,§ = 1,...,k, such that
M = 0| J(G x G)xs. (7.3)

8
Note that the closure of each G x G-orbit (G x G)xg is a smooth algebraic variety whose
dimension is less than n. Then, up to a subsequence, the closure of ®; ((G x G)xg) converges
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to an algebraic limit in C PV . As a consequence, ®; (M \ @) has an algebraic limit D M, in
Mo C CPN.
Let (500 = I\;Ioo \ DMOO be an open set in MOQ. We set

0% = O \ (U W‘,) and 0% = ®1(0%) C Mw. (7.4)
o
Note that
e’ = (CD;I)*é;’o, a=1,...,n.
Thus
X(x0) #0, VXxoo € 0%, X €span{e®,.... e} (7.5)

Fix a point Xo, € (500. We choose £; € M — %o and let x; = <I>l-_1(fc,-) € Oco.-
Then X; — Xoo € Mo in the Gromov—Hausdorff topology. Let x| = (xl.l, ..., X]) €abe
the real part of local partial coordinates z; in [37, sEcTIoN 2.1]. Without loss of generality, we
may assume X; € a4 since the metric w; is K x K-invariant. By the argument in the proof
of [37, LEMMA 4.4], we have actually proved the following key lemma.

Lemma 7.4. Suppose that the center of g is zero. Then there is an absolute constant A such
that

P = P4+ 1 < A (7.6)

Proof of Theorem 7.3. Let ¥, ! be Weyl-invariant convex functions on a associated to the
background metric wy = v/ —100% and K x K-invariant metrics w;, respectively. It suffices
to prove that

lpil = [v' —y|=C 1.7)

for some absolute constant C [56].
We first consider Case 1: G is semisimple. Then by Lemma 7.4, (7.6) holds. Thus,
by [37, (4.18)], there is a small Euclidean ball B, in a such that

det(y,)(x") > 8o, Vx' € B Nag. (7.8)

Moreover, as in the proof of [37, (4.23)], there is an open set B’ C B, N a4 such that for any
a € &, we have

(0. VY (x) = co. VX' €B. (7.9)
Thus, by the metric matrix (2.3) in [37, LEMMA 2.1], we get
1
aow < w; < —w in AL, (7.10)
ao

where a is a small absolute constant and
A;:{zeAg|x;eB'} (7.11)

isanopensetof A, = {z = (z!,...,z") | |2/ — x!| < &}.
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We claim that there are a point z}, € A/, and an absolute constant C; such that
¢i(z) = supg; —C1 and = ¢;(z5) = sup(—¢i) — Ci. (7.12)
M M
By the Green formula, we have
1
sup ¢; < —/ pio] + C,. (7.13)
M V Jm

On the other hand, by the Sobolev inequality (3.5) and the Green function estimate [7], there
is an absolute constant A; such that the Green function G, (-, -) associated to w; satisfies

/ Gl‘(xa')w;l == 0 and Gt(X,') 2 Al-
M

Thus as in (7.13), we also have
1

sup(—¢;) < 7/ (—pi)w]' + Cs, (7.14)
M M

where C3 is an absolute constant.
For any small number § < 1, we let M5 = CEV and M éf = % Set

Es = {Z €A, i) < Sup ¢ —Ms}
and
Ej = {2 € L1 (~0i(2)) = sup(—g) — M3},
Then, by (7.13) and (7.14), it is easy to see that
meas,(Es) <8 and mess,y, (Eé) <6é.
By (7.10), it follows that
meas,, (Es), measa)(Eg) —0 asé—0.

Note that meas,, (A7) is strictly positive. Hence (7.12) must be true.
By (7.12), we get

oscy @i < sup@; + sup(—¢;) + C < Cy.
M M

Recall that wy = wgp + v/ —185(,05 satisfies the following complex MA-equation:

09y (wo + ~ —135%)"
= log - +
s wy

os—h, se[-14+1t,t; +1]. (7.15)
Then by Lemma 3.1, we may assume that ¢, satisfies (cf. [68])

0
lps| < C and ‘%
as

<C, Vsel[-141t,t4+1].

Thus by the regularity, we get
l¢illcke = C. (7.16)

As a consequence, @; converges to a KR-soliton on (M, J) [42,6e].
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Next we deal with the general Case 2: The center g, of g is not zero. Let a, C a
be the real part of g.. By the above case 1 and the argument in the proof of [37, LEMMA 4.4]
(Case 1 on page 14), we may assume that |x/| — oo as i — oo and

(0.x]) <A, VYaedy, (7.17)
for some absolute constant A, where @ is a positive roots’ system. Write x; as
xj = x4+ x!,
where x? € a.. Then
(o, x]) = (. x]) < A. (7.18)

Let
P = v + D).

Then g}i (x) is still a Weyl-invariant convex function on a and it still satisfies equation (7.15).
Moreover, by (7.18), x/" is uniformly bounded if a. < a. Thus we can argue as in Case 1 for
1/~/i such that (7.16) holds, while the e-cube A, of dimension n centered at x; in (7.11) is
replaced by

Bom e = o) |2 =] <o)

w; = c?),' = V—laélﬂi

converges to a KR-soliton in the sense of Kéhler potentials on (M, J). The proof is com-
plete. |

7.2. Examples by Li-Li

By Theorems 7.1 and 6.1 for the HT-conjecture, the limit of KR-flow should be a
singular KR-soliton on a Q-Fano variety M if a Fano G-manifold M does not admit a KR-
soliton. It is interesting to study the degenerate structure of Moo from M. Recently, Y. Li
and Z. Li classified A;Ioo for the case of G = SO4(C) in [35].

It is known that there are three possible Fano compactifications of SO4(C) of dimen-
sion 6 (cf. [21]). By Theorem 7.2, one of the compactifications admits a KE-metric and the
other two cannot admit any KE-metric (cf. [74]). Since SO4(C) is semisimple, the latter two
also cannot admit any KR-soliton. Thus by Theorem 7.1, the limit Mo, of a flow on these
two manifolds should be a singular Q-Fano variety.

By studying the minimizer of H -invariant (see Section 5) for G x G-equivariant
special degenerations on a Fano G -manifold, Y. Li and Z. Li proved that the minimizer can be
attained by a G x G-equivalent special degeneration with a center fiber of G x G-spherical
variety [35]. In the case of G = SO4(C), they further showed that the two G x G -spherical
varieties corresponding to the two non-KE-manifolds above are both relatively modified K-
polystable. By Han—-Li’s uniqueness result for the minimizers of H -invariant [29] and the
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fact that the Perelman’s entropy (see Section 3) attains the maximum along the KR-flow

[15,22,65], these two spherical varieties should be limits I\;Ioo of KR-flows.

Remark 7.5. (1) Examples in [36] show that the singular limit Moo of KR-flow on

a G-manifold cannot be a Q-Fano variety of G-compactification, in general.
We expect itis a G x G-spherical variety as in the above case of G = SO4(C).

(2) To the best of the author’s knowledge, there is no known example of Fano man-
ifold M with discrete Aut(M) on which the solution of a KR-flow is of type II.
In fact, we do not know whether there is a Fano manifold with discrete Aut(M)
on which the limit of a KR-flow is a singular KE-metric. In the latter, M must
be K-semistable (cf. [34,65]).
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