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HARNACK ESTIMATES FOR NONLINEAR BACKWARD
HEAT EQUATIONS WITH POTENTIALS ALONG THE
RICCI-BOURGUIGNON FLOW

JiAN-HoNG WANG

ABSTRACT. In this paper, we derive various differential Harnack esti-
mates for positive solutions to the nonlinear backward heat type equa-
tions on closed manifolds coupled with the Ricci-Bourguignon flow, which
was done for the Ricci flow by J.-Y. Wu [30]. The proof follows exactly
the one given by X.-D. Cao [4] for the linear backward heat type equations
coupled with the Ricci flow.

1. Introduction and main results

The study of differential Harnack estimates for parabolic equations origi-
nated with the work of P. Li and S.-T. Yau [24] who developed a gradient
estimate for positive solution of the heat equation on Riemannian manifolds
with nonnegative Ricci curvature. They also derived a classical Harnack in-
equality by integrating the gradient estimate along a space-time path which
could be used to compare the solution between different space-time points.
This result was generalized to Harnack estimates for some nonlinear heat-type
equations in [33] and for non-self-adjoint evolution equations in [34].

Apart from the work of P. Li and S.-T. Yau, many authors have also proved
a variety of Harnack estimates for various equations under different geometric
flows. It is well known that R. Hamilton proved Harnack estimates for the
Ricci flow [20] and the mean curvature flow [22]. In dimension two, a Harnack
estimate for the positive scalar curvature was obtained by R. Hamilton [19], and
then extended by B. Chow [10] when the scalar curvature changed sign. The
same techniques were used to obtain Harnack estimates for the Gauss curvature
flow and the Yamabe flow in [11] and [12], respectively. B. Andrews [1] derived
several Harnack estimates for general curvature flows on hypersurfaces. H.-D.
Cao [3] proved a Harnack estimate for the Kéahler-Ricci flow. R. Hamilton
[21] generalized the Li-Yau Harnack estimate to a matrix form on Riemannian
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manifolds with nonnegative sectional curvature. In [26], L. Ni also derived a
matrix Harnack estimate for the Kéahler-Ricci flow by using the interpolation
techniques.

On the other hand, the Harnack estimates for forward or backward heat-
type equations coupled with the Ricci flow could be found in [6,9, 13,14, 16,
19,31, 36], etc. Perhaps the most spectacular result is that G. Perelman [27]
proved a Harnack estimate for the fundamental solution to the conjugate heat
equation coupled with the Ricci flow without any curvature assumption (see
also [25] or [28] for details). Perelman’s Harnack estimate has an essential
application in proving pseudolocality theorems. However, it does not apply for
all positive solutions to the conjugate heat equation. Later, X.-D. Cao [4] and
S.-L. Kuang and Q. S. Zhang [23] established a Harnack estimate that works
for all positive solutions to the conjugate heat equation under the Ricci flow
on closed manifolds with nonnegative scalar curvature.

Motivated by the above works, we study the Harnack estimates for positive
solutions to the nonlinear backward heat-type equation

(1) o — A4 fInf R

on an n-dimensional closed manifold with the metric g = g(¢) evolving along
the Ricci-Bourguignon flow

dg .
(2) 3¢ = —2(fic—pRy),

where Ric and R denoting Ricci curvature tensor and scalar curvature, respec-
tively. v and p are real constants.

It is noticed that J.-Y. Wu [30] derived the Harnack estimates for the nonlin-
ear backward heat-type equation (1) coupled with the Ricci flow, and pointed
out that the equation (1) is closely related to the shrinking gradient Ricci soli-
ton according to the arguments of X.-D. Cao and Z. Zhang [7]. For a general
geometric flow, H.-X. Guo and M. Ishida proved the Harnack estimates for non-
linear forward and backward heat-type equations under various assumptions,
see [18] and [17], respectively.

The evolution equation that defined by (2) is named as the Ricci-Bourgui-
gnon flow (shortly RB flow) which was proposed by J. P. Bourguignon (see
[2], Question 3.24). As special cases, this family of geometric flows contains,
the Ricci flow (p = 0), the Einstein flow (p = 3), the traceless flow (p = 1)
and the Schouten flow (p = ﬁ) on account of corresponding to Ric tensor,
Einstein tensor, traceless Ric tensor and Schouten tensor, respectively. As
stated in [8], when p is nonpositive, by a suitable rescaling in time, the RB flow
can be seen as an interpolation between the Ricci flow and the Yamabe flow
(see [35]), obtained as a limit when p — —oo. The authors of [8] also proved

1

that, for any p < 1) the RB flow (2) has a unique solution for a positive

time interval on closed manifold with any initial metric gg. On the contrary,
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when p > ﬁ, due to the principle symbol of the operator on the right hand
side of (2) has negative eigenvalues, not allowing even a short time existence
result for the flow for general initial metric. Later, A. Fischer [15] studied a
conformal version of this low where the scalar curvature is constrained along
the flow.

For the nonlinear backward heat-type equation (1) with v =np — 1, i.e.,

of

(3) E:—Af—kflnf—k(l—np)Rf.
The corresponding linear version

of

5 = “Af+ A -np)Rf

is the conjugate heat equation with respect to the RB flow. Our main theorem
is the following Harnack estimates for the equation (3).

Theorem 1.1. Let (M™, g(t))cp0,r] be a nontrivial solution to the RB flow (2)
on an n-dimensional closed manifold and f(x,t) be a positive solution to the
equation (3). Letu=—Inf, 7=T —t, § = R;L (0),

max

n(1—np)* (1= (n—1)p)”
4((n—1)(n+2)p? —2np+1)

A(n, p) =

and
H=21-np)(1—(n—1)p)Au— ((n—1)(n—2)p*> —2(n—1)p+1)|Vul?
+ (np—1)’R + cg.
(i) If p < 0 and the curvature operator is nonnegative at the initial time,
then
(4) H — An,p) <0

for all (z,t) € M™ x [0,T) with T < ﬁ. Here

2(np—1)2{ 2(np—1)(1 = (n—1)p)° _1}
np (n—1D(n+2)p?—2np+1 '

(ii) If p = 0 and the scalar curvature is nonnegative at the initial time, then
(4) holds for all (z,t) € M™ x [0,T). Here c = —2, that is

C=—

2
2Au — |Vul> + R — =n — n <0.
T 4
(i) If 0 < p < ﬁ and the curvature operator is nonnegative at the
initial time, then (4) holds for all (z,t) € M™ x [0,T) with T < 3. Here

(1= np)? { (4 + (1= (n— 1)p)?
2n (n—1)(n+2)p? —2np+1

+1+p}.
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Remark 1.2. (i) J.-Y. Wu [30] has also proved the same estimates as Theorem
1.1 for the case p = 0 (see [30, Theorem 1.6]). At this moment, The RB flow is
the Ricci flow. However, our proof follows from a straightforward computation
of evolution equation for more general Harnack quantity as was done for the
Ricci flow by X.-D. Cao [4].

(ii) One interesting feature is that our Harnack estimates are not only like
the Perelman’s Harnack estimates, but also similar to the classical Li-Yau type
Harnack estimates for the corresponding nonlinear heat equation. In fact, it is
easy to see that our Harnack estimates have the following form

(5) aAu—ﬂ\Vu\Q—kaR—Clg—Cg <0.
Since u = —In f, (5) can be written as

Vi T n

| f£| - 03<f7 +lnf+R) S 04; +C5,

where «, 3,a,C1,Cs,Cs,Cy and Cj are positive constants only depending on
n and p, which is analogous to the classical Li-Yau type gradient estimate for
the nonlinear heat-type equation

of

a:Af—aflnf—bf

in manifolds with fixed metrics (see [29] or [32] for details).

By means of the same arguments, we will obtain the following Harnack
estimate for the nonlinear backward heat equation without any potential.

Theorem 1.3. Suppose that g(t):cjo,1) evolve along the RB flow with p < 0
on an n-dimensional closed manifold, and f(xz,t)(< 1) be a positive solution to

of
6 - =-A In f.
(6) i f+flnf
If the curvature operator is nonnegative at the initial time, then
2
IV /| < 1.1
f? T f

for all (z,t) € M™ x [0,T), where =T —t.

Remark 1.4. (i) Theorem 1.3 can be regarded as an extension of the Harnack
estimate for the equation (6) under the Ricci flow, which was obtained by J.-Y.
Wu [30].

(ii) According to the proof, it is obvious that (i) and (iii) in Theorem 1.1
and Theorem 1.3 will hold whenever the Ricci curvature is nonnegative, but in
general, the nonnegativity of the Ricci curvature is not preserved along the RB
flow except the case of dimension three. Nevertheless, the nonnegativity of the
curvature operator is preserved along the RB flow when p < ﬁ (see [8] for

details).
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The proof of the above theorems follows nearly from the techniques of X.-D.
Cao [4] for the Ricci flow, where calculations of evolution equation for a general
Harnack quantity and the maximum principle are employed. The main differ-
ence is that we derive the Harnack estimates for various nonlinear backward
heat equations coupled with the RB flow.

This rest of paper is organized as follows. In Section 2, we will prove the
evolution equation for a general Harnack quantity H (Lemma 2.1) and the
estimates for scalar curvature R under the RB flow (Lemma 2.3), which play a
key role in deriving main theorem. In Section 3, we will prove Theorem 1.1 and
Theorem 1.3 by modifying the Harnack quantity H, and give an application
of Theorem 1.3 which shows that any positive L!'-solution of the nonlinear
backward heat equation (6) can not blow up too fast.

2. Preliminaries

In this section, we shall derive the evolution equation of a general Harnack
quantity H and the estimates for scalar curvature R under the RB flow, which
are useful to prove the main theorem.

Throughout, M™ will be taken to be a closed manifold of dimension n. Let
g(t) evolving by the RB flow, and f(z,t) be a positive solution to the nonlin-
ear backward heat equation with potential term —yR. That is, (g(t), f(z,t))
satisfies the system

0
% — _3(Ric - pRy),
7 ot
) o
5= —Af+fInf =3RS,
where 7 is a constant.
Let u=—1Inf and 7 =T — t. By a direct computation, we have
0
(8) 2 Au— |Vul?> = yR — u.
or

Define the Harnack quantity
H = alAu — B|Vul® +aR + b+ cﬁ7
= T

where «, 3, a, b, ¢ are constants.
It is easy to see that the evolution equations for the Laplace-Beltrami oper-
ator A and the scalar curvature R with respect to the RB flow hold:

9) (%A)u = 2(Ric,VVu) — 2pRAu + (n — 2)p(VR, Vu),
OR o )
(10) i (1 —2(n—1)p) AR + 2|Ric|* — 2pR*.

Firstly, we derive the evolution equation of H which can be seen as a gen-
eralization of [4, Lemma 2.1].
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Lemma 2.1. Suppose that (g(t), f(x,t)) satisfies the system (7), and a > 3 >
0. Then

%—Ij < AH —2VH -Vu-— (W +2)H + (48 — 2a)Ric(Vu, Vu)
_ 2 _
n (g - LAS‘T ) _ ogpm) | vul? + (O‘Qp(;nf ﬂf) +2ap) R?
2a\(a — B) R a?
(11) —|—(T—)\a(l—np)—bv)?—i—(2a—m(1—np))R
_ _ _B))\2

+b(Mil)%+c(wil)%+%'%
+ (2a+ 287 — (n — 2)pa) (VR,Vu) — (ay + 2a — 2a(n — 1)p) AR
+ (Q(Oéaiﬁ) —20,)‘R’L'C|2+b'g+(26+ );)24‘8(3.:2&),

where X\ is a constant that will be chosen properly.

Proof. It is easy to calculate the first two terms in H by using (7), (8) and (9),
2 (0= (L g a2
= — 2(Ric, VVu) + 2pRAu — (n — 2)p(VR, Vu)
+ A(Au) — AlVul? = yAR — Au
and
%|Vu|2 = —2(Ric — pRg)(Vu, Vu) + 2(Vu, Vu,)
= A|Vu|? - 2|VVul|? — 4Ric(Vu, Vu) + 2pR|Vul|?
— 2(Vu, V|Vul?) — 29(VR, Vu) — 2|Vul?,
here we used the Bochner formula
A|Vul|? = 2|VVul? + 2(Vu, VAu) + 2Ric(Vu, Vu).
Using (8), (10) and the Bochner formula, we have
= a(A(Au) — A|Vul? + 2pRAu — 2(Ric, VVu)
—(n—2)p(VR,Vu) — yAR) — B(A|Vu|? — 2|VVu|?
— 4Ric(Vu, Vu) + 2pR|Vul|*> — 2(Vu, V|Vul?)
—2y(VR,Vu)) —a((1 — 2(n — 1)p)AR + 2|Ric|* — 2pR?)

b b
+ 2(Au—|Vuf® = yR) — b= — c—2 — alu + 28|Vul> — =,
T T T T
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A straightforward computation gives

%—H = AH — 2a(Vu, VAu) — (ory +a+a(l-2(n- l)p))AR
-

+2B8(Vu, V|Vul?) + (287 — (n — 2)pa) (VR, Vu) — 2aR;ju;;
—2(a — B)|uij|* — 2a|Ric|* + (48 — 2a) Ric(Vu, Vu)

b b b
- ;|Vu|2 — %R — T—Z - %L + 2apRAu — 26pR|Vul? + 2apR?

— alAu + 23|Vul* — b?u

By the definition of H, we have

b
VH -Vu = a(Vu, VAu) — (Vu, V|Vul?) + a(VR, Vu) + —|Vul>.
T
This implies

2b
—&mvmVAuy+m%v%vaF>:—2VH-Vu+2MVRJm>+;jvm?

Moreover, since

—2(a = B)|uij + ﬁ(&j — pRgi;)?

= —2(a — B)|uij|* — 2aR;juij + 2apRAu

o s aPp(np—2)
2o S

Hence,

OH
5y = OH =2VH - Vu—2(a = B)lu; + ﬁ(&j — pRgij)|?
+ (2a+ 287y — (n — 2)pa)(VR,Vu) — (ay + 2a — 2a(n — 1)p) AR

(12) + (48 — 2a) Ric(Vu, Vu) + (2 —28pR)|Vul|* — aAu + 28| Vu|?

! a?p(np —2)
+ — 2a)|Ric)® + (————=2 + 2ap) R?
by bu cn bu
-SR-S -5

Notice that

A
—2(a — B)|ugj + 2(%_5)(3“ — pRgi;) —

2
Zgij‘

= —2(a—B)lui; + ﬁ(sz — pRgij)|2 i 2)\(047—— B) (Au n ol —np) R)

(o= B)nx’
T
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_2Me-f) B)Au = —72/\(27__ b (H + B|Vul> — aR — bg — cﬁ),

T T
and
A 2bu
—aAu+28Vul? = —2H +a(Aut —2 (1— _na
alAu + 25| Vul + af u+2(a—ﬁ)( np)R 27)—% =
+ (2a — O[72(1 —np))R+ (2c+ Aﬁ)ﬁ
2a—f) P 2 T
Using the elementary inequality and o > 8 > 0, then
@ A
— 9% — y i — i) — —gqi]?
(cv B)‘U1+2<a_5)(RJ pRyi;) 27_93|
e nA
Au+ —-——(1— - —
ta(dut g -k - 50)
2(a—B) e nA,2
< 7P A - -2
@ nA
Aut —2 (- _n
ta(dut g mmf-50)
< na?
~ 8(a—p)
Substituting these into (12) and rearranging each terms, the desired result (11)
follows. (|
In the same way. Let v = —1In f — h(7), where h(7) is any smooth function

on 7. Define v n
F =aAv— BV +aR + b=+ c—.
T T
Then the following holds:

Lemma 2.2. Suppose (g(t), f(x,t)) satisfies (7) and o > > 0. Then

ESAF—QVF'VU—(M+2)F+(9—M

or aT T %

2A(a — B) _1)1_'_0(2)\(04—5) _1)71
! 72 !

= Xa(1 —np) — by) R + (48 — 2a) Ric(Vv, Vo)

T

— 26pR)|Vul?

T2

+

+
+ (Q(Ciﬂ) — 24)|Ric]? + (O‘zp(g‘f ;)2) +2ap) R?
W.:2+b;’+(2a2(;)‘im(1np))z%

+(2e+ %O‘)g + 8(20125) + (2a+ 287 — (n — 2)pa) (VR, Vu)
— (ay+2a —2a(n — 1)p)AR — @ - @

7
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where X 1s a constant.

Proof. In fact, notice that

bh
v=u—h(r), F=H — (T)
T
Therefore
Av = Au, Vv=Vu, AF =AH, VF =VH,

and

8£ B 8£ bh(T) B bh! (1)

or  or T2 T

Following from the same direct computations as in the proof of Lemma 2.1, we
obtain the desired result. (I

For the purpose of proving main theorem, we also have the following re-
sults about the estimates of scalar curvature R which come from the evolution
equation of R under the RB flow and the maximum principle.

Lemma 2.3. Suppose that g(t).c[o,r] evolve by the RB flow on a closed mani-
fold M™ of dimension n, and the curvature operator is nonnegative at the initial
time. Let § = Rl (0) > 0. Then

max

(a) If p< 0 and T < ﬁ, then

1
0<R<——
pT

for all (z,t) € M™ x [0,T).
(b) If0< p< ﬁ and T < 3, then
1
0<R<—
shvs 2T

for all (z,t) € M™ x [0,T).

Proof. The evolution of R under the RB flow is
on
ot

We have known that the nonnegativity of the curvature operator is preserved

by the RB flow. This implies that Ric > 0, R > 0, and we have |Ric|? < R
the evolution equation of scalar curvature satisfies

= (1-2(n —1)p)AR + 2|Ric|> — 2pR*.

OR
En <(1-2(n—1)p)AR+2(1 - p)R%.
Applying the maximum principle to this inequality yields
1
13 R<—m—+—
(13) —6-2(1—p)t

on [0,T), where T < ﬁ.
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(a) When p <0 and T < ﬁ, we have
o+ pT 6 —2(1—p)T
ottt p_ 6-21-p)T >0,
2—p 2—p
that is,
o+ pT
0<t<T< +p .
2-p
This is equivalent to
1 - 1
§—2(1—p)t ot
Hence 1
0<R<——.
pT
(b) When 0 < p < ﬁ and T < £, (13) also holds on [0,7) with T' < $.
Moreover, since
) ) 2T -9
——>=->T>t>0> .
21—-p) " 2 2p
This is equivalent to
0<2r<d—2(1-p)t.
Hence 1
0<R<—. 0

2T
3. Proof of Theorem 1.1 and Theorem 1.3

In this section, Theorem 1.1 and Theorem 1.3 will be proved which mainly
based on the above lemmas and the maximum principle. We will take suitable
constants «, 3, a, b, c, A and derive the desired conclusions.

Proof of Theorem 1.1. Fixing v = np — 1 and taking into account eliminating
the terms (VR, Vu) and AR in (11). Let

2a+28(np—1) — (n — 2)pa =0,
anp—1)+2a—2a(n—1)p=0.

Choosing
a=2(1-np)(1—(n—1)p), 8= (n—-1)(n—2)p*—2np+2p+1,
then a = (1 —np)? and

a_ﬁz(n—l)(n+2)p2—2np+1>0Whenp<

2(n—1)
Setting b = 0, \ = aL—B’ then (11) can be simplified as
OH 2 1 na?
— <AH-2VH -Vu— (= +2)H -2 = 2y —
5, < VH -Vu (T +2) B(pR + 7_)|Vu| + 8a—7F)
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2 2
‘4‘4*%%*%&%%ﬂé%?ﬁg?+@ﬁ—2aﬂﬁqvmvu)

a_ﬂ(l—np))g—i-( a

2(a— )
a’p(np —2) 2 _ a’
( 2 B) +2ap)R* + (2a a5

(i) p < 0 and the curvature operator is nonnegative at the initial time.
In this case, a straightforward computation gives

(14) + (2a — — 2a)|Ric|?

(1 —np))R.

Oé2

a>03>0, A>0,48—-2a <0, ——— —2a < 0.
2(a—p)
Since the nonnegativity of the curvature operator is preserved along the RB
flow when p < 0, which implies Ric > 0, R > 0. Moreover, we have |Ric|? < R2.
By dropping some negative terms of (14), (14) can be reduced to

0H 2 1 a?p(np — 2)
— <AH-2VH -Vu— (= +2)H -2 - 2y T _R?
5 < VH -Vu (T+ ) 5(pR+T)|Vu| + 20— 5) R
2aR a? n a? n na?
i S, 2t o T
+—F(c+ 2(04—5))72 +2aR + (2c + 2(a_ﬂ))T * Sa—p)
Since 0 < R < —p% which comes from (a) in Lemma 2.3, we have
OH a? a?(np—2) 2a,n
— < AH—-2VH - -—)=
or — VH Vut(c+ 20a—=08) 2npla—p5) np)7'2
2 a? a.\n na?
—(CHH 426+ YD
(T+ M+ (c+4(a—5) np)7+8(a—ﬁ)
Choosing ¢ = —(2(§iﬁ) + ‘;j;’(f:?) - 727‘;) < 0, then
O0H 2 na’
— < AH —-2VH- —(=4+2)H+ ——.
or — VI - Vu (T+ JH + 8(a—p)
Adding — 522 to H, then
0 na? na? na?
ey - LS Yy N § ; QUL R\ v § & LS
a7 ( 16(a—6))_ ( 16(a—ﬁ)) VI 16(a—5)) Vu
2 na’ na?
(249 (H - _
G+ - 5505 " a—p)
na? na?
< A(H - —2V(H .
( 1aa—ﬁﬂ v( 1aa—ﬁﬂ Vu
2
no
(249 (H -
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It is easy to see that H — #"_25) < 0 for 7 small enough. By using the
maximum principle yields

’I’LO[2

H-——<0
16(a — B) —
for all 7, hence for all (z,t) € M™ x [0,T) with T' < 2(1 PR
(ii) p = 0 and the scalar curvature is nonnegative at the initial time.
In this case, « =2, =1,a =1 and X\ = 2. Hence (14) can be simplified as

0H 2 2R
— < AH —-2VH - Vu—( +2)H———|—(c+2)£+(20+2)2—|—ﬁ.
or T 72 T 2
It is well known that the nonnegativity of the scalar curvature is preserved
along the Ricci flow. Choosing ¢ = —2 and adding —7 to H yield

687'(H_Z) <A(H—Z)—2V(H— Z> Vu—(2 +2)(H—g).

Notice that

n
H--<0
1S
for 7 small enough. Applying the maximum principle yields
n
H--<0
1S

for all (x, )EM" [0,T).
i) 0< p < and the initial curvature operator is nonnegative.
( -1)
In this case, according to the same arguments as (i), we have
2

o
a>p>0 A>0, 48 —2a >0, m—2a>0,
and
Ric>0, R >0, |Ric|* < R%
Moreover,

(4B — 2a) Ric(Vu, Vu) < (48 — 2a)|Ric||Vu|* < 48R|Vu|*.
Hence (14) can be simplified as

%ﬂ < AH —2VH-Vu— (2 +2)H +48(R — i)|vu|2

2 2
%4—(20—!— Na—P) 7

2 , na’
—— —2a+2ap)R* + —.
2(a = p) ) 8(a =)
Since 0 < R < 5= which is based on (b) in Lemma 2.3, we obtain
OH 2 a? a\n
— < AH —-2VH -Vu-— 2)H +2 —_t+ —)—
5 u—(=+2) +(C+4(a—ﬁ)+ )

) + 2aR

+2a£+(
T
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e+ a? N o? +a+ap)n na?
c 22
20a=08) 8n(a—=pH) 2n  2n

72 8a-p)

. 2 2
Choosing ¢ = —(Q(S_ﬂ) + 8n(‘2‘v_6) + 5.+ %fb) < 0, then

OH 2 na?

— <AH-2VH -Vu—(-+2)H+ ——.

or ~ b (7' HH+ 8(a—f)
The following proof is exactly the same as (i). Therefore,

na2

BCCEUR

for all (z,t) € M™ x [0,T) with T < 3. O

Remark 3.1. (i) From Lemma 2.2, we can see that Theorem 1.1 also hold if u
is replaced by v only by changing « into v in the conclusions.

(ii) We can derive classical Harnack inequalities by integrating the Harnack
estimate in Theorem 1.1 along a space-time path. Since the method is standard,
we omit it.

In the following, we consider the positive solution to the nonlinear backward
heat equation (6) without any potential when the metric evolved by the RB
flow on a closed manifold M™. Assume 0 < f < 1. Note that this property is

preserved as time ¢ evolves. In fact, let w = —In f and @(x,7) = u(z, T —7) =
u(zx,t), then

9

8{‘ = Ad— |Vl — i

If the initial value 0 < f(z,0) < 1, i.e., @(z,0) > 0. Using the maximum
principle and the Gronwall inequality, one can show that

U(J),t) = 72(33, 7—) Z ﬂmin(T) Z eiTamin(O) > Oa

that is,
0< f(z,t) <1
for all (z,t) € M™ x [0,T).

Proof of Theorem 1.3. In the proof of Lemma 2.1, let us take o = 0,8 =
—1,a=0,b=—1,c=0and 7 =0, then
H=|Vu?- 2.
T
Comparing with the equation (12), we have

H 1
%—T = AH—2VH-Vu—(;+1)H—2\VVu|2—|Vu|2—4Ric(Vu,Vu)+2pR\Vu|2.

The nonnegativity of the initial curvature operator implies Ric > 0 and R > 0.
Combining with the assumption of p < 0, we obtain

a—HSAH—2VH-Vu—(1+1)H.
or T
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Since U
=|Vul* - =<0
T

holds for 7 small enough. Applying the maximum principle yields

o w_ VP 1 1
for all (x,t) € M™ x [0,T). O

<0

Remark 3.2. Following the same arguments, we show that Theorem 1.3 also
holds if 1 < f < A (A is a constant) only need to set u = ln , e,
2

(15) VI 71 =

f I
By means of the inequality (15), we can derive the following corollary which
shows that any positive L!-solution of the equation (6) cannot blow up too
fast.

Corollary 3.3. Suppose that g(t).cjo,m) evolve by the RB flow with p < 0 on
an n-dimensional closed manifold M™, and the initial curvature operator is
nonnegative. f(x,t) (> 1) be a L'-solution to the equation (6). Let T =T —t,
then there exists a constant C depending on the geometry of g(t)icjo,r) such
that o

fns S
for all (z,7) € M™ x (0, min{1,T}].
Proof. Let f(:v,T) = f(z, T — 1) = f(x,t), then

0

8f Af - flnf.
Since the solution and the flow are well defined in M™ x [0,T], there exists
(x0,70) € M™ x [0,T], such that

n..

P 7% f(z,7) = 72 f(20, T0)-

In particular,

N\§

max  f(z,7) <

L. f~($0,70) %f(IO,To)
M"X[TO,T()}

w\s

Let A = 2% f(x0,70) > 1. Applying (15) to f(z,7) in M"™ x X [3, 7o, then
2
(16) o‘v'f' (.%' ’7'0) In —= .
f? f(z,70)
Let h(z,7) =In =2 f( Tler? (16) can be rewritten as

1
’V\/h(x,ro)| < N
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Let ~v(s) : [0,1] — B, (x0,1/70) be a minimal geodesic between v(0) =

(w0, 70) and (1) = (z, 70) for any x € By (xo,/T0), where B, (0, /7o) denot-
ing the ball of radius /7o measured by g(79) around the point x¢. Integrating
along 7(s), then

VRGm) = VA m) = [ VARG s
1
< [ [9VAEGT R 6)lds

1 1
2vm VT g

<

Hence

1 1
sup \/h(l’,’fg) § \/h(x(),’ro) + 5 = \/%+ 5
BTo(wOW/ﬁ)

By the definitions of A and h(x,T), we obtain

f(x,70) > C1f(x0,70),

where C1 is a constant only depending on n.
Notice that there exists a constant Cy depending on the geometry of (M™,
g(70)) such that (cf. [5])

VOIQ("’O) (BTO (xOv \/%)) > 027'0%

as long as 0 < 79 < 1. Therefore,

C1czTo%f(Io,To) <

/ Fas o) (2) < | F(w, 70)dping ().
B, (x0,+/T0) M™

By the choice of (xg, ) and f € L', then

[1]
2]

3]

(4]

[5]

f(x7t)=f~($77')§ . 0

3
m\:‘ Q
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