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BOUNDS ON VOLUME GROWTH OF GEODESIC BALLS UNDER
RICCI FLOW

QI S. ZHANG

ABSTRACT. We prove a so called k non-inflating property for Ricci flow, which provides
an upper bound for volume ratio of geodesic balls over Euclidean ones, under an upper
bound for scalar curvature. This result can be regarded as the opposite statement of
Perelman’s k non-collapsing property for Ricci flow. These two results together imply
volume doubling property for Ricci flow without assuming Ricci curvature lower bound.

1. STATEMENT OF RESULT AND PROOF

In [P], Perelman proved the fundamental x non-collapsing property for Ricci flow. One
version of it roughly says that the volume ratio between a geodesic ball and Euclidean
ball with the same radius is bounded from below by a positive constant, provided that the
scalar curvature is bounded from above in a space time cube.

In this short note, we prove that the opposite result is also true. i.e. the above volume
ratio is bounded from above by a positive constant, provided that the scalar curvature
is bounded from above in a space time cube. In the case of normalized Ricci flow on
compact Kéahler manifolds with positive first Chern class, the upper bound holds for all
time. An upper bound for the volume ratio is useful in the study of Kahler Ricci flow. See
for example the papers [Se], [CW] and the references therein. The current result seems to
remove one of the obstacles in the program to prove convergence results, although many
other obstacles remain.

To make the statement precise, let’s introduce notations and definition. We use M to
denote a compact Riemann manifold and g(t) to denote the metric at time ¢; d(x,y,t) is
the geodesic distance under ¢(t); B(x,r,t) = {y € M | d(x,y,t) < r} is the geodesic ball
of radius r, under metric g(t), centered at z, and |B(x,r,t)|y is the volume of B(x,r,1)
under g(t); dpg () is the volume element. We also reserve R = R(x,t) as the scalar
curvature under g(t).

Definition 1.1. A smooth, compact, n dimensional Ricci flow (M, g(t)) is called k non-
inflated at the point (xg,to) under scale p if the following statement holds.

For any r € (0, p), suppose:

1. the Ricci flow is defined in the space time cube

{(x,t) | d(z,z0,t0) <7, tE [to— 1% 1]},

2. for some positive constant o, R(x,t) < 7o for all (x,t) in the above cube.
Then, there exists a positive constant k, which may depend on o such that

’B(.%'o, r, tO)’g(to) S HT”.
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Remark. Recall that in the k non-collapsing property, the condition on the scalar curvature
is R(z,t) < ;lg in the space time cube. Obviously this condition is included in our condition
R(z,t) < 3% in the same space time cube.

The main result of the note is the following theorem. Even though the proof is very
short, it actually uses a combination of several results: a variation of global bounds for
the fundamental solution of the conjugate heat equation ([CZ]) whose proof relies on
Perelman’s Harnack inequality in [P] and uniform Sobolev inequality under Ricci flow,
and also Perelman’s scalar curvature and diameter bound for Kéahler Ricci flow, and the
general idea that heat kernel lower bound implies volume upper bound in [GHLJ.

Theorem 1.1. (a). Let (M, g(t)), O:gi; = —2R;;, t € [0,t9] be a smooth, compact, n
dimensional Ricci flow. Then for any xo € M, the Ricci flow is k non-inflated at (xg,to)
under scale \/tg. Here k depends only on g(0), tg and the constant « in the bound for the
scalar curvature.

(b). Let (M, g(t)), 0igij = —Rij + gij, t € [0,00) be a smooth, compact, n real dimen-
stonal, normalized Ricci flow on compact Kdihler manifolds with positive first Chern class.
There exists a positive constant k > 0, which depends only on the initial metric g(0) such
that

|B(x,r,t)] < kr"
forallz e M, r >0 and t > 0.
Proof. (of part (a)).
Step 1.
Picking any r € (0,+/tg), we assume:
1. the Ricci flow is defined in the space time cube
Q(zo,to,7) = {(z,t) |d(z,z0,t0) <7, tE [tg—r> to]},

2. for some positive constant o, R(z,t) < t(%t for all (x,t) in the above cube Q(zg, to, 7).

Let [, t be two moments in time such that 0 < [ < t < tp, and x,2 € M. Let
G = G(z,l;z,t) be the fundamental solution of the conjugate heat equation
(1.1) Au—Ru+ Ou=0
which is coupled with the Ricci flow. Fixing z,l, we know that G, as a function of x,t
satisfies the heat equation i.e., for ¢ > [,

AG(z,l;x,t) — G (2, l;x,t) = 0.

Hence

d
a/ G(z,l;x,t)dug(t)(x) :/ [AIG(z,l;az,t)—R(a;,t)G(z,l;x,t)]d,ug(t)(x)
M M

—— | R.06( b g 2).
From the scalar curvature equation
AR + 2|Ric|*> — 0;R = 0,

we deduce 5
AR+;W—@R§Q
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which implies, via the maximum principle that, either R(-,0) > 0 or
1
(1/min R(-,0)) — (2t/n)"
Therefore, either % N G(z,l;2,t)dpgey(r) <0 or
d 1
— s, t < ;x,t
dt /M G(Z7 l7 x, )dﬂg(t) (:E) = (—1/111111 R(, 0)) n (2t/n) /M G(Z7 l7 x, )dﬂg(t) (:E)7

which yields

(1.2) / Gz, s )iy () < 1+ C(1 4t — 12,
M

min R(-,t) >

Here C only depends on min R(-,0) and n, and C' =0 when R > 0.

Step 2.

Next we prove the following heat kernel bounds on G(z,1; x,t) which is similar to The-
orem 2.1 in |CZ]. The method is also similar. The improvement is on the coefficients of
the bounds which rely on the initial metric ¢(0) instead of on g(I). This will be useful in
proving the volume ratio bound.

z,T, 2 -1 7—1
(tCIJZ()i)/g _202%6_\/t1jflt Vt—sR(z,s)ds SG(Z,Z;ﬂf,t) < &1 J (t)

B

(1.3)

Here
J = J(s) =exp[—a —sf —ssupR (-,0)],

and « and 8 are positive constants depending only on the Sobolev constants of (M, g(0))
and the infimum of Perelman’s F' entropy for (M, ¢(0)). The proof of this theorem uses
uniform Sobolev inequality under Ricci flow and Perelman’s differential Harnack inequality
for G ([P]). Moreover, if the scalar curvature is positive, then J(t) is independent of ¢.

Recall that as a function of (z,t), G = G(z,[;x,t) is the fundamental solution of the
forward heat equation associated with the Ricci flow, i.e.,

(1.4) {%g(t) = —2Ric,

(5 = Au.

We study the forward heat equation (L4) first.

Let v = u(x,t) be a positive solution to (L4). Given T' > 0 and t € (I,T'), define

p(t) = (T =)/(T -1),

so p(l) =1 and p(T') = co. By direct computation, using the idea of Davies,

1/p(t)
g = 2| ([ O g ) |

p'(t 1
= pz((t)) [llpge) In /M wPO (, t)dpgy + ﬁ( /M uP® (2, t)dpug p)

‘ [ /M PO (I w)p!(£)djiy ) + (1) /M O~ (Au — Ru)dpy J

>(1/p(t))—1
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Using integration by parts on the term containing Au and multiplying both sides by

p2(t )HuHig we infer

p(t )IIUHW Ot |lullpeey

== O I [ ety + o ulop' ) [ O mute g

= POGO -~ Dl [ 0O T0P i ~ P Olll | R0 g

Dividing both sides by ||u||,), we arrive at

P () ul[5) 0% [l

—— F Ol 0 [ Oy +p(OF @) [ 0 g,
M M
—4[p(t) — 1]/ [V (P O72) Py —pz(t)/ R’ dpy .
M M
Define v(x,t) = % then ||v]|2 = 1 and
v Inv? = p(t)v? Inu — 20% In ||[uP®/2|,.

Merging the first two terms on the righthand side of the above equality and dividing both
sides by HquEg, we find that

P ()0 In [|ul o)

:p/(t)/ v lnv2dug( )—1) / |Vol? diigp) (t)/ Rv2d,ug(t)
M M

—/0) [ neidug — 4lp(t) = 1) [ (To + Ry
M M

+{Ap0) ~ 1 =220} | TRy — 10°0) [ Ry,

Notice the following relations,

Alp) —1) 4t -DT —-1-(t—-1) B P _ .
0 = T_1 <T-I O =T-1
1) 2 _ N (1)) — (T )2
(T-1)< A(p(t) p%t)) pe(t) Al -DH(T Z)Tftl D)-T-D" _,
Hence
P (£)0 In ||
<p'(t) [/M v? lnvzd,ug(t) - % /M(|Vv|2 + isz)d,ug(t) + Tsup R (z,t)].
Take € such that
L A0-1 .,
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in the log-Sobolev inequality (6.2.8) in Section 6.2 of [Z2], we deduce that

p* (1) In[lullyy < 9'(8) | —nln/4(p(t) — 1)/p'(t) + L(t) + T'sup R~ (x,0) |,

where, duet062§T—l§T,

L(t) = (t+ B+ a
<2TB + «

for some positive constants o = «(Ag, By, Ag,n) and S = (Ao, Bo, Ao, n). Here Ay, By
are the coefficients in the standard Sobolev inequality for (M, g(0)) and A is the infimum
of Perelman’s F' entropy for (M, ¢g(0)). We stress that these depend only on initial metric.
Here we also used the fact that

sup R™(z,t) < sup R (z,0),

which is a consequence of maximum principle and the evolution equation of scalar curva-
ture O, R = AR + 2|Ric|*.
Observe that p'(t)/p*(t) = 1/(T — 1) and

A(p(t) = 1)/p'(t) =4t = O[T =1 (t = D]/(T - 1).

Hence we have

1
OrIn flull e < T——l{ — gln[él(t -DT—-1-(t-D]/(T-D]+L(T)+TsupR (z, 0)}
This implies, after integrating from ¢ =1 to t = 7', that

[uC, Dlloe 7 In(4(T — 1)) + L(T) + T'sup R~ (z,0) + n.

In ———~— <
lu(- DIl 2

Since
’LL(QS‘, T) = / G(Z7 l; x, T)U(Z, l)d:ug(l)a
M
the above inequality implies that

exp[L(T") + T sup R~ (z,0)]
ar—nyr

(1.5) G(z,l,2,T) <

where L(T) is defined above as
L(T) =2TpB + «.
Since T is arbitrary, we get the upper bound by defining J~! = L(T) + T sup R~ (z,0).
Note the constants S and « may have changed by a factor.
In case R(x,0) > 0, by Section 6.2 in [Z2], we have 8 = 0. So the above bound becomes

exp()

(1.6) Gz, l;z,T) < AT - )

proving the upper bound.
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Next we prove the lower bound. Let ¢t < ¢ty and u = u(x,t) = G(x,t; ¢, ty). We claim
that for a constant C' > 0,

C __1_ rto s—sm 5)d
G(x()? t; x()y to) 2 me 2T ft m (Z‘O 8) 5.
where 7 =ty — t here and later in the proof. To prove this inequality, define a function f
by
(47TT)_n/2e_f = 1.

We need to apply Perelman’s differential Harnack inequality for the fundamental solution
along any smooth space-time curve () (see [Pl Corollary 9.4]). Here we pick the curve
~(t) to be the fixed point xg, we have,
1
R(‘T07t) - —f(l'(),t)

_8tf(x07t) S 2

For any to < t; < tg, we integrate the above inequality to get

I
f(xo,tg)\/to — 1ty < f(xo,tl)\/t() —t1 + 5 Vig — SR(%(), S)dS.
to

N | —

When t; approaches tg, f(zo,t1) stays bounded since Gz, t1; zo, tg)(to—t1)™/? is bounded

between two positive constants, which is a direct consequence of the standard asymptotic
formula for G (for example, see [C++, Chapter 24]). Hence for any ¢ < ¢y, we have

1 to
—tJi
Consequently
1 t
(1.7) G(xo,t;x0,t0) > ¢ e 2/t I vlt‘)_sl';z(ﬂﬁovs)d&"

(47T)n/2

As observed earlier, the function G(xg,t;-, ) is a solution to the standard heat equation
coupled with Ricci flow, which is the conjugate of the conjugate heat equation. i.e.,

A,G(x,t;2;1) — 0,G(x,t; 2,1) =0,

here A, is with respect to the metric g(!). Therefore it follows from [Z1, Theorem 3.3] or
[CH, Theorem 5.1] that, for 6 > 0,¢1,co > 0, and yo € M,

G($07 t; xo, tO) <c Gl/(1+6) (gjO) t, Y0, tO)K(S/(l—Hs) ecde(xo,yo,t())/T’
where K = sup;((-+)/2,t) G(Z0, ¢, *,-). The upper bound
-1
< ¢ (t) ’
= (to —t)"/?
together with the lower bound (7)) imply that, with § =1,
J(to) 6_202d(x0’y0’t0)2/7—e_ 1 ftto Vto—sR(zo,s)ds

to—t
(to — t)"/2 7
which is the desired lower bound.

Step 3.

G(zo,t;90,t0) > €1
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In (I3), we take z = g, t = tg and | = tg — r? where r is the given number in (0, \/%).
By the assumption on the scalar curvature R(x,t) in the definition of k¥ non-inflating,, we
obtain, for x such that d(zg,z,tg) <,

2 _1 qto i "5
G(zo,to — 25 2,19) > LJ(T )6_2026 P drgr2 Vio=sR(@s)ds

r,'»n
2 _1 rto o
> clJSLT )6—2626 Tftofrz to stofsds‘
r

Thus, when d(zg, z,ty) < r, we have
2
caJ(r )e

TTL

G(zo,to — 7‘2;:17,750) > —2c3—20r

Substituting this to (L.2]), we deduce

1+C(1+r2)"2 > / G(zo,to — 12, t0)dpg (1) (%)
M

> / G(zo,to — 7‘2§$at0)d“g(to)($)
d(z0,x,t0)<

c1J (%) _on 94
> %6 2c0—2 / dﬂg(to)(l‘)-
d(zo,z,t0)<r

Since 72 < to and J(r?) > J(to), this implies
|1 B(0,7,t0) g0y ™ < [1+ C(1+ to)"?1e*> 2% 1T (k).

Taking
ko= [1 4+ C(1+ to)"/2e?2 2L 711y,
we obtain
‘B(xo, r, tO)‘g(to) < Kr”
proving part (a) of the theorem. Note x depends only on ¢y and g(0) in general, and if

R >0, then x only depends on g(0), due to the aforementioned property on the constant
J in (L3), and the fact that in the expression of x, the constant C' = 0 when R > 0.

Proof. (of part (b)). Since the normalized Ricci flow is smooth, we only need to prove
the result for t > ¢ for some positive constant c¢y. According to Perelman (see [ST]), the
scalar curvature R = R(z,t) and diameter of the manifold are uniformly bounded for all
time. Using the scaling

~ 1 ~
t=—In(1—2t t) = =g(t
n(—20), g(t) = (i),
we see that §(t) is the standard Ricci flow in the time interval # € [0,1/2) such that
R(x,1) < -
(et < 15

where « is a positive constant. Pick ¢ € [1/4,1/2) and 7 € (0,1/2). Then for all s €
[t — 7% ¢] and © € M, we have
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Now we can just apply part (a) of the theorem to conclude
{y | d(y,=,3(t)) < 7:}|g(£) < KF"

where k depends only on the initial metric g(0) and «. This is so because the total length
of time interval is 1/2 for £. After scaling we obtain, for r = (1 — 2£)~ /27 = ¢!/27,

|B(3§,T‘,t)|g(t) < gr™.
Since 7 can be any number in (0,1/2), we conclude that for r < €*/2/2, and all t > In2,
|B(z, T, t)|g(t)r_" < k.

Since the diameter of (M, g(t)) is uniformly bounded, the above holds for all > 0 with
perhaps a different constant «. O
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