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Some integral curvature estimates for the
Ricci flow in four dimensions

MILES SIMON

We consider solutions (M*, g(t)),0 <t < T, to Ricci flow on com-
pact, four dimensional manifolds without boundary. We prove in-
tegral curvature estimates which are valid for any such solution.
In the case that the scalar curvature is bounded and T < co, we
show that these estimates imply that the (spatial) integral of the
square of the norm of the Riemannian curvature is bounded by a
constant independent of time ¢ for all 0 < ¢ < T and that the space
time integral over M x [0,T) of the fourth power of the norm of
the Ricci curvature is bounded.

1. Introduction

We consider arbitrary smooth solutions to Ricci flow, %g(t) = —2Rc(g(t))
for all ¢t € [0,7T), on closed, four manifolds without boundary. We assume
that the scalar curvature satisfies R(-,0) > —1 at time zero. If this is not
the case, then we can always scale the solution by a constant to obtain a
new solution satisfying this inequality. The Ricci flow was first introduced
and studied by R. Hamilton in [HaThree|. We show that the following (and
other) integral estimates hold.

Theorem 1.1. Let (M*, g(t))ieo) be a smooth solution to Ricci flow on a
compact four dimensional manifold M* without boundary and assume that
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the scalar curvature satisfies infyr R(+,0) > —1 at time zero. Then

fomtisyentmat | [, weasambo

Rc\ )
< 227T2X 645 1 + 6643/ | L
(=1  RE0) 2 a0

10,645
+2 / / dug

co(M, g(0), S) 4 210645 / / R2(-, t)dpig(pydt
and
(L) [ Rl S)diys) < vOl(M.g(5) + 2a0( M, 9(0),5)
S
+2“664S/ /Rz(-,t)dug(t)dt
0 M
and

S S
(1.2) / / IRel2djuy syt < / vol(M, g())dt + 23¢o(M, g(0), S)
0 M 0

S
4 213645 /0 /M R?(-, t)dpgdt

S S
(1.3) /0 y | Rm [*dpugpydt < 4/ vol(M, g(t))dt
+ 2%(co(M, g(0), S) + 72X S)

215 645 / / d:“’g(t

for all0 < S < T, where x = x(M) is the Euler-characteristic of M, and

and

cl?(-
(1.4) co(M,g(0),S5) := 2271'2)((6’645 —-1)+ 645 /M Md,ug(o)

is defined in the statement above.

In the case that the scalar curvature is positive everywhere, a minor
modification of the proof of these estimates leads to similar estimates which
don’t contain volume terms: see Theorem [3.41
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In the remainder of the paper we consider the special case that T < oo
and that the solution has bounded scalar curvature, supzayjo, ) [R| < 1. In
this case we see, that the above estimates (and the proofs thereof) imply

sup / | Riem(-, t)* ditgy < 1 < 00
tGOT)

(1.5) / / IRe|*( ) dpgydt < cg < 00

for explicit constants ¢; = ¢1(M, g(0),T) and co(M, g(0),T) (see Thm. [3.6).

In another paper, [BZ], which recently appeared, the authors also con-
sider Ricci flow of four manifolds with bounded scalar curvature. Using
different methods, they also independently showed, in this case, that the
L? norm of the Riemannian curvature remains bounded as t /7T, and
they investigate the structure of the limiting space one obtains by let-
ting t /T see Theorem 1.8 and Corollary 1.11 of [BZ]. In a sequel paper,
[Si], we examine the structure of (possibly) singular Gromov-Hausdorff lim-
its (X,dx) := lim; ~p(M,d(g(t))) that occur when the scalar curvature is
bounded and T < co. This limit always exists, and we show that (X, dx)
is a CY-Riemannian orbifold, and that it is possible to flow this space for a
short time using the orbifold Ricci flow.

2. Background, previous results and notation

Here we list some integral curvature estimates that have been shown to hold
for the Ricci flow in a general setting. This is by no means an exhaustive
list. For more references, we refer to references in the papers we have listed
here.

In the paper, [HaSurface], the author showed that

/ (Rlog R)(-, )djuy) < / (RlogR) (-, 0)dpy (0
M M

for all ¢ > 0, for any solution to the normalised Ricci flow 2 59 =—2Rc+rg
on a surface (that is, on a two dimensional manifold) Wthh has R(-,0) > 0,

where 7(t) := %W (see Theorem 7.2 in [HaSurface]). In [ChowlI], the

author showed that

/ / r(t))2dpgpdt < oo

for any solution to Ricci flow on the sphere.
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In the paper [TZ], the authors proved integral curvature estimates for
solutions to the normalised Kéahler Ricci flow on compact manifolds with
bounded diameter and positive scalar curvature (these solutions exist for
all time and have bounded scalar curvature and diameter due to a result of
Perelman: see [ST]). In particular, they show there, that
Jar (| Riem |? + [Ricci|*) (-, £)dpgpy < A for all t > 0 for some A < co. This
estimate is obtained by showing that various integral quantities containing
derivatives of the potential function remain bounded as time increases, and
using then the Chern-Weil Theory (see Section 4 of the paper [TZ] for details,
in particular Lemma 4.2 and Theorem 4.5 there).

As we mentioned in the introduction, in the paper [BZ|] the authors
independently recently showed, that if the scalar curvature is bounded on
[0,T) and M™ = M* is a four dimensional smooth closed manifold, then the
L? integral of the Riemannian curvature remains bounded as ¢t /T, and
they investigate the structure of the limiting space one obtains by letting
t /T see Theorem 1.8 and Corollary 1.11 in [BZ].

Notation. We use the Einstein summation convention, and we use the
notation of Hamilton [HaThree].

Fori e {1,...,n}, % denotes a coordinate vector, and dz' is the corre-
sponding one form.

(M™, g) is an n-dimensional Riemannian manifold with Riemannian met-
ric g.

gij = 9( 82“ 8‘21.) is the Riemannian metric g with respect to this coordi-
nate system.

g is the inverse of the Riemannian metric (¢ gi, = 6,).

djig is the volume form associated to g.

Rm(g)ijr = 9 Riem;ji = Riem(g)ijx = Rijr is the full Riemannian cur-
vature Tensor.

Weil(g)ijw is the Weil Tensor.

9Rc;j = Ricciyj = Ryj = gklR,-kjl is the Ricci curvature.

R:= Rijklgikgﬂ is the scalar curvature.

IVT = VT is the covariant derivative of T" with respect to g. For ex-
ample, locally V175 = (VT')( 2,52, 2, dz®) (the first index denotes the
direction in which the covariant derivative is taken) if locally T' = 1}§kdmj ®
dzF @ 825.

|T| = 9|T| is the norm of a tensor with respect to a metric g. For example
for T = Tjskdxj ®dzF @ 2. |T)? = ¢ g7 grs T5TE

oz ijmn:
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Sometimes we make it clearer which Riemannian metric we are consid-
ering by including the metric in the definition. For example R(h) refers to
the scalar curvature of the Riemannian metric h.

We suppress the ¢ in the notation used for the norm, |T'| = 9|7, and
for other quantities, in the case that is is clear from the context which
Riemannian metric we are considering.

3. Integral Inequalities in four dimensions

In this paper we consider (unless otherwise stated) smooth families of Rie-
mannian metrics (M", g(t));c[o,r) on n dimensional compact, connected man-
ifolds without boundary which solve the Ricci flow equation

%g(t} = —2Ricci(g(t)),

for all ¢ € [0,T). We will mainly be interested in the case that n = 4.
The following evolution equations hold for the Ricci flow (see [HaThree])

;\RCP = A|Rc|? — 2|VRc|> + 4 Rm™ ' Re;;Rep
(3.1)

9 >
&R = AR + 2|Rc|*.

Applying the maximum principle to the evolution equation for R above,
we obtain the following well known fact: if R(z,0) > ¢ then R(z,t) > ¢ for all
z € M and all t € [0,T). In the following, we will assume (unless otherwise
stated), that the scalar curvature is bounded from below by —1 for all times:
if it is not then we may scale the solution g(-,t) by §(-,) := cg(-, L), where
¢ :=|inf,ep R(x,0)| > 0 to obtain a new solution (M,g(f))te[oj), where
T := T, which satisfies infy; R(z,1) > —1 for all 0 < £ < T

This means that the function f := gﬂ; is well defined.

In the proof of Lemma 3.2 of [CaoX] the two evolution equations above
were combined to obtain the following evolution equation for f := ﬁ‘ﬂj at
any point in space time where R + ¢ > 0 (see also 'Main Theorem’ in [Knopf],
where related evolution inequalities are shown).

|Z|? Ly |Re|* 4Rm(Rc,Rc)

s,
(3.2) &f =Af - R+ )3 (R + ¢)? (R+¢)
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where Rm(Rc, Re) is the function given locally by

Rm(Re, Re) = Rm™' Re;jReyy  and
Z = (VRicci)(R + ¢) — (VR)(Ricci)

is the tensor given locally by Ziis := (ViRec)is(R + ¢) — (Vi (R + ¢))(Reis).
The evolution equation for the integral of f is then given as follows.

Lemma 3.1. Let (M",g(t)):co,r) be a smooth solution to Ricci flow on a
four dimensional compact manifold M™ without boundary and assume that
infpr R(+,0) > ¢. Then

d - |Z|? 5 Rm(Rc,Rc)
00 G 1= [, (o 2 g R

R 2
for f = ‘Rﬂc'

Proof. Use the above evolution equation for f with the fact that %d,ug =
—Radyy (see [HaThree] for this last fact). O

As we mentioned above, there is no great loss of generality in assuming
infpr R(+,t) > —1 for all ¢ € [0,7T), and so we may choose ¢ = 2 (the special
case that R > 0 everywhere, in which case we choose ¢ = 0, will be handled
below separately). We will estimate the last two terms appearing on the right
hand side of the integral equality using: (i) the Euler characteristic Y,
(ii) the good (second) negative term on the right hand side of the above
equality

Theorem 3.2. Let (M*, g(t))epo,r) be a smooth solution to Ricci flow on a
four dimensional compact manifold M* without boundary and assume that

infar R(-,0) > —1. Then
d

(3.4) G [ s <2e [ (-f 4 oaf 4 2987 d,
tJm M

R 2
for f = ‘Rﬂz'

Proof. We estimate the third term appearing on the right hand side of (3.3|)

with Young’s inequality (remembering that we have now fixed f = gﬁz in
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the definition of f ):

Rm(Re, Re) < Rel*

. 4 : 2
(3.5) R+2) ~2R+2? + 8| Riem |
[Re’ iem |2 2 2 2 2
= o(r 4 g2 T O(IRiem " — 4[Re[* + RY) + 32[Ref” - SR

2
=5 +8l+ 32|Re|? — 8R?

where I = |Riem |? — 4|Rc|? + R? is the integrand occurring in the gener-
alised Gauss-Bonnet Theorem, and [ satisfies

(3.6) / I dp, =257y
M

where x = x(M) is the Euler characteristic of M (see notes in Appendix [A]).
Note that if M is not oriented, then this formula is correct with x (M) :=
i x(M) where M is the double cover of M ,which is oriented (see Theorem
13.9 [Led]), and x(M) is the Euler-characteristic of M. The second last
term of the above inequality is 32|Rc|? = 32f(R + 2) = 32fR + 64f < f{ +
210R2 + 64f. Hence

Rm(Re, R 2 2
(3.7) 4M < %+SI+%+210R2+64]"—8R2
Also,
f2
(3.8) —fR< T+ R?

Combining these two estimates we obtain

Rm(Rec, Re)

(3.9) —2f%+4 D)

— fR < —f2 4+ 81 +2'9R? + 647.
Using this inequality in the equality (3.3]) of the lemma above, we get
d |Z|? 5 . Rm(Re, Re)
— dpg = —2———— -2 4—————= — fR | d
i, 1= [, (R ey ) b
< / (—f* 4 81 + 2'9R? + 64 f)dp,
M

= 2872y + / (—f? +64f + 2'°R?)dp,
M
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as required. O
Integrating this inequality with respect to time, we obtain
Corollary 3.3. Let (M4,g(t))t€[07T) be a smooth solution to Ricci flow on

a compact four dimensional manifold M* without boundary and assume that
infp R(+,0) > —1. Then

[Ref(-,5) S [ _IRel'(,1)
010 [ st |, weg gt
cl?(-
< 2277y (€545 — 1) 4 55 /M mdﬂgm)

+210 645/ / dﬂg(t)dt
=: co(M, g(0), §) + 2" / / R2 (-, t)dpg sy dt
0o Jum
(3.11) /]Rc| S)dpig(s)

S
< vol(M, g(S5)) + 2co(M, g(0), 5) +2”664S/ / R2 (-, t)dpg(p)dt
0 M

and

S
(3.12) / IRe|dpty(sydt </ vol(M, g(t))dt + 23¢co(M, g(0), S)

1913, 645/ / R2(., B dpty eyt

S S
(3.13) /0 /M]lezd,u,g(t)dt§4 /0 vol(M, g(£))dt + 2% (co(M, g(0), S)
S
+7T2XS)—|—215664S/ / R2(-,t)d,ug(t)dt
0 M

for all0 < S < T, where x = x(M) is the Euler-characteristic of M, and

and

cl?(-
(3.14)  ¢o(M,g(0),S5) := 22772x(e645 —-1)+ i /M Mdug(o)

is defined in the statement above.
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Proof. Using the inequality (3.4)), we see that
(3.15) G FCOdg) + [P0
< 6764t28ﬂ_ X+664t/ 210R2(',t)d,ug(t)
M

Integrating this inequality from 0 to .S implies

B16) O [ Sy + e / [ Pty

648/ f d,ug(s / 664t/ f2(-,t)dug(t)dt
:/O <dt —64t/ £t dpgm) 64t/ f2 d,ug(t)>d
/ F (5 0)dpg(o0)
< / ~OMBS Pyt + / o / 219R? (-, t)dpy (t)dt
/ f(,0)dpg o)

S
= —4(e 645 — 1)7T2X+/ 6_64t/ 210R2(-, t)dpy (t)dt
0 M

+ /M f(a O)d:ug(O)

S
< 4(1 — e 2y +/ / 2OR (-, t)dpy (t)dt
0 M

+ /M F (5 0)dpgo)

which, after multiplying by €549, gives us the first integral inequality (3.10]).
The second inequality can be obtained from the first as follows.

|Rcl|? (R+1)

(3.17) |Re| < Ry 1
Ref  [R| 1
“R+1) 4 4

[Re[* | |Re|

“@R+1) 2 4
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in view of the fact that (in four dimensions) |R| < 2|Rc|, and hence

2|Re|?

(3.18) Rel< gy

+ 1.

The third inequality can be obtained from the first as follows.

4Re|* (R+1)2

2
(3.19) Re|? < R T
4Re[*  |RJ? L1
“R+1)2 8 8
4Re|*  |Re)* 1
_|_ —

~(R+1)? 2 8
since |R|? < 4|Rc|? in four dimensions, and hence

8|Rel*

2
<
[Rel” < (R+1)2

+ 1.

The last inequality follows from the third inequality in view of the gener-
alised Gauss-Bonnet theorem. ([

In the case that R > 0 everywhere, we may consider the function f =
‘Rgl that is we choose ¢ = 0. In this case, some of the terms in the integral
inequalities above simplify. In particular, the volume terms don’t appear.

Theorem 3.4. Let (M*, 9(t))icio,r) be a smooth solution to Ricci flow on a
compact four dimensional manifold M* without boundary and assume that
infar R(+,0) > 0. Then

(3.20) / Re|(-, 8)djiy(s) < 2a0(M, 9(0), 5)

+ 21018 /0 /MRQ(-,t)dug(t)dt

and

S
(3.21) / / |RC\2dug(t)dt < 23a0(M,g(0), S)
0o Jm
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and

S
(3.22) /O /M | Run Pdpyydt < 272X + 2ag(M, 9(0), 5)

+215 645/ / d:“’g(t dt

for all0 < S < T, where x = x(M) is the Euler-characteristic of M, and

[Re?

(3.23)  ag(M, g(0),8) := 2272y (e84 — 1) 4 €849 /M = (2 0)ig(0):

Proof. We repeat the argument given in the proof of Theorem [3.2] but we

use the function f = ‘RC| in place of f = g{ig We use the fact that |Re| =
[Rel?

Ry S 2% =2f1in four dimensions in the last part of the argument to get
(3.20) and (3.21)). The generalised Gauss-Bonnet theorem implies the last

inequality ((3.22]). O

In the rest of this paper we often consider solutions (M4,g(t))te[0,;p)
which satisfy the following basic assumptions.

(a) M* is a smooth, compact, connected four dimensional manifold with-
out boundary

(b) (M*, g(t))teo,r) is a smooth solution to the Ricci flow %g(t) =
—2Ricci(g(t)) for all t € [0,T)

(¢) T < o0
(d) suppgaxjo,ry Rz, )| <1

If instead of (d) we only have sup,/.jo,r) |[R(z,t)| < K < oo for some con-

stant 1 < K < oo, then we may rescale the solution g(-,?) := Kg(-, %) to
obtain a new solution (M,g(f))te[oj), where T := KT, which satisfies the
basic assumptions.

Note that a solution which satisfies the basic assumptions also satisfies
R(z,t)+2> 0 for all x € M for all ¢t € [0,7") and hence f := R—JZZ is a well
defined function.

For solutions satisfying the basic assumptions, a slight modification of
the above arguments leads to the following.
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Theorem 3.5. Let (M4,g(t))te[07T) be a solution to Ricci flow satisfying
the basic assumptions. Then

(3.24) i/M fdpy < 12872y + /M(—f2 +50f)dpg

for f = ‘15_5?'22’ where x = x(M) is the Euler characteristic of M.

Proof. Using almost the same argument given at the beginning of the proof
of Theorem [3.2], we see that

Rm(Re, Re)

(3.25) )

< f? 4+ 4I + 16|Rc|?,

where I = |Riem |> — 4|Rc|? + R? is the integrand occurring in the gener-
alised Gauss-Bonnet Theorem. The last term of the above inequality is
16|Rc|? = 16 f(R + 2) < 48f since R < 1. Hence

Rm(Re, Re) 9
(3.26) 47(R +9) < f7+ 414 48f
Also,
(3.27) —fR=—=f(R+2)+2f <2f.

Combining these two estimates we obtain

Rm(Re, Re)

2
(3.28) —2f2 +4 RrD

— fR < —f? +4I + 50f.
Using this inequality in the equality (3.3]), we get
d |Z|? 5 . Rm(Re,Re)
— dug, = 22— -2 4—— — fR | d
dt/Mf Ho /M< R+2)3 o (R+2) / Ho
< / (=2 + 41 +50f)dpu,
M

= 12872y + /M(—f2 + 50 f)dpg

as required. O
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Theorem 3.6. Let (M?*, 9(t))tejo,r) be a smooth solution to Ricci flow sat-
isfying the basic assumptions. Then we have the following estimates:

(3.29) IRel?(, t)dpgy < b(g(0),t) YV te[0,T)
(3.30) / | Riem [2(-, £)dpy(y < 32n°x + 4b(9(0),) V¢ € [0,T)
M

(3.31) /0 y \Rc\4(‘,t)d,ug(t)dt < b(g(0),t) Vte[0,T]

T
P —p)T (4-p)
332 [ [ RePC Oyt < (Ma(0).T) e H* (vol(M.9(0))
S0 as S AT
for all 0 < p < 4, where
(3.33) b(g(0),t) := 50e°% / [Re|?(+, 0)dpg(0) + 12877 x (€ — 1)

and x is the Fuler characteristic.

Remark 3.7. In the above inequalities, we may estimate b(g(0),¢) and

[6(9(0), )| by

b(g(0),t) < [b(g(0,2)] < c(g(0),T)
= 50507 / IRe|? (-, 0)dpg (o) + 1287 [x ™"

Remark 3.8. Note that b(h, s) := b(h, s) if h = ch and ¢ > 0,5 > 0 are ar-
bitrary, in view of the fact that [,, [Re(h)[?dus = [,, [Re(h)[?dy; in four
dimensions, as one readily verifies using the definition of Riemannian cur-
vature (see for example the definition given in Section 2 of [HaThree]).

Remark 3.9. In a recent paper, [BZ], the authors independently showed
(among other things) that sup,cio 1) [y ]Rc| (s t)dpg() < oo and

supyeo,r) Jus | Rm 2 (-, t)dpgry < 00 if (M*, g(t))sepo,r) is a solution to Ricci
flow satisfying the basic assumptions. Their method uses estimates on the
heat kernel, which are also proved in their paper, and their method is dif-
ferent from the method presented here.



720 Miles Simon
Proof. From Theorem (3.5) above we have
d 2 2
— | fdpg <1287°x + [ (—f"+50f) dug
and hence
(3.34) ( 503/ F(y8) digs ) < 650312877'2)(—6508/ f2dug(s)
M
Integrating both sides of this inequality in time from 0 to t < T, we get
¢
(3.35) 6_50t/ / f2d,ug (s)ds + 6_50t/ fdpge
M
128 _
/ F (5 0)dpg(0) + —=m?x(1 = e7),

Using the definition of f and the fact that 1 < (R + 2) < 3 we see that

|Re|”
3

|Re|”
R+2 7

and hence, using this in (3.35)), we see that
e—50t A o—50t
(3.37) / / Refdjiyoyds + / IRel2djuy 0

< 6_50t/ /M FPdpgsds + 6_50t/ fdpg)
0

< [0y (0) + Zr (1= )

12
/\RC! 0)dg(0) +787r x(1—e )

(3.36) <f= < |Ref”

50

This gives us the first (3.29)) and third (3.31]) estimate.
The second inequality, (3.30]), follows from the first inequality and the
generalised Gauss-Bonnet Theorem:

(3.38) / | Riem |* dpu, = 327%x + /M(4|Rc|2 — R?)dp,
M
< 327%x + 4b(g(0), 1),

as required.
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The equation for the evolution of the volume is (see Sec. 3 of [HaThree)
%VOI(M,g(t)) = — [y Rdpg(4), and hence using [R| < 1 we see that

d
—vol(M, g(t)) < = vol(M, g(t)) < vol(M, g(t)).
Integrating this inequality from 0 to ¢ we see that
e "vol(M, g(0)) < vol(M, g(t)) < e vol(M, g(0)).

Using Holder’s inequality and these volume bounds we get for p < 4 and
S<U<T

U
(3.39) /S/M|Rc|p('vl)dﬂg(l dl
S(/U/ |Re|*dpig(pydl )M (/ /dugu dz)l/q
</ / el dl) ’U—S\qef’(vol(M,g(o>>i

< [b(g(0), T)[% e (vol(M, g(0))+|U — S|

where % =1-I= @. This implies the fourth inequality, (3.32) above.
This completes the proof. O

In four dimensions, [,, |Rc|?duy and [, | Riem |?dp, are scale invariant
quantities: if § = ¢g, ¢ > 0, then

[ 1RePdu = [ [RePdi, and [ [RmPau, = [ (Koo,
M M M M

as can be readily verified using the definition of Riemannian curvature, as
we mentioned above.

These facts help us to obtain inequalities for scaled solutions, as ex-
plained below in the proof of the following theorem.

Theorem 3.10. Let (M*,g(t))icjor) be a smooth solution to Ricci flow
satisfying the basic assumptions. Let §(-,t) :=cg(-, 1) for 0 <& < T :=cT
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for any constant ¢ > 0, and let 0 < 5 < U < T. Then
(3.40) [ e Dy < W0},
(3.41) / |Riem|?( d,ug(t < 3272 + 4b(g(0), )

for allt € [0, T], where t 1= g In the case that we additionally assume ¢ > 1,
then we also have

/ / IRe|*( odl < 50eb(g(0), §) + 1287 x(F — 1)
where L =U — S, b(g(0),t) is defined above in (3.33) and t = ct, S = %

Remark 3.11. Note that b(g(0),t) is not equal to b(§(0),?) ) in general:
for fixed t € [0,T), the quantity b(§(0),f) — oo as ¢ — oo for ¢ := ct, if for
example y > 0. As we mentioned above, we do have however b(g(0),t) =
b(g(0),t) for all t > 0.

Proof. The first two inequalities follow from the fact that the left hand side
of the inequality is scale invariant (see the explanation given just before
the statement of this theorem). Now we consider the case that ¢ > 1. De-
fine (M, h(t)),c(0 j.=i7—g) t0 be h(s) :=g(-, S+ s). Then (M, h(s)) cp 1) 18
a solution satisfying the basic assumptions, and so we may apply the results
above to obtain

/ / IRe|*( d,u )dt
/ / Ref*(-, djangy

L)
= 5065“ / IRc|2(-, 0)dpn (0) + 1287 %x(e®F — 1)
= 50€5OE/ IRel?(-, S)dpy 5 + 1287 x (e S0L _ 1)
< 50eLb(g(0), S) + 12872x (7L — 1)

where the last inequality here follows in view of the first (scale invariant)
inequality (3.40). This finishes the proof. O
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The following corollaries are obtained using the above integral estimates.

Corollary 3.12. Let (M4,g(t))te[07T) be a smooth solution to Ricci flow
on a closed four manifold M satisfying the basic assumptions with T < oo.
Then

(3.42) /T/ |VRe|*dpgydt < B(g(0),T)

/ IRe(-,0)? dprgoy +b(g(0),T) + 2712 T

+ 26 ( (29T — /\Rc 0)2dpg(0) + 1287 g—i—T
9(0 50 50

Remark 3.13. Note that B(h,s) = B(ch,s) for all ¢ > 0, for all s> 0,
since this is true for b(h, s), and [, IRe|?dp, is invariant under scaling (as
we explained above).

Proof. As mentioned above, see (3.1)), the evolution equation for |Rc|? is
9 2 2 2
a’RC’ = A|Rc|* — 2|VRe|” + 4Rm(Re, Re).

Integrating this over space and time from 0 to T" we get

T
(3.43) / / VR Byt
0 M

g/ [Rel?(+, 0)dyg(0) / /4\Rm (Re, Re)| (-, t)dpg(rydt

< [ IReP(. 0y / / Re[4(-, D)y
/ /16|Rm t)dpgd
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Now we use the inequalities (3.30]) and (3.31) to get

T
(3.44) /0 /M [VRe|?dpg syt

T
< [ IReC,0)Pdngo) + blo(0).7) + 16 | (325 + ab(g(0), 1))
M 0

T
:/ IRe(+, 0)|*dpg(0y + b(g(0), T) + 16 - 32w xT + 16-4-/ bedt
M 0

= | [Re(,0)[Pdugo) + b(g(0), T) + 2°w*XT

M
6 507 2 2 T 1
=: B(g(0),T)
as required O

Corollary 3.14. Let (M?*, 9(t))tejo,r) be a smooth solution to Ricci flow on
a closed four manifold M with T' < co. Let K := supy,jo1) |[R| < 0o and
assume K > 1. Then we have the following estimates:

(3.45) /M Ref2(-, H)dpy(ey < b(g(0), Kt) ¥t € [0,T)

(3.46) | Riem (-, 1) dpgqy < 327y + 4b(g(0), Kt) V¥t €[0,7)
T

(3.47) / / Rel*(-, ) dpgqnydt < Kb(g(0), KT)

(3.48) / / |VRe|?dpg(ndt < K*B(g(0), KT)

where b(g(0), s), B(g(0), s) are as defined in (3.33)) and (3.42) (s € [0,00) is
arbitrary in the definition).

Remark 3.15. If K <1, then we may estimate the integrals involved using
Theorem [3.6] and Corollary [3.12]

Proof. Set g(-,t) := Kg(-, ) for £ € [0,TK =: T]. The result now follows
from Theorem 3 E and Corollary - applied to the solution g(-, )te[o ) in
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view of the fact that 7 = TK and the identities

/M Rl (-, #)djuye) = /M Ref2( )y,

/M R (-, )y = /M Rin (-, Ddpizs,

T T
/0 /MRC|4d,ug(t)dt: K /0 /M|Rc|4dug(t~)dt,

T T
/O /M]VRc]4dug(t)dt:K3 /0 /MVR(:]A‘dug(g)dt,

which all follow from the scaling, that is §(-,#) = Kg(-, %), and the fact that
B(g(0),s) = B(g(0), s), b(g(0),s) = b(g(0), s) for all s > 0, as we mentioned
above. g

Appendix A. Notes on the Euler characteristic

In the following, we assume that (M™, g) is an oriented smooth compact Rie-
mannian manifold without boundary (unless otherwise stated). The Pfaffian
is a second order polynomial obtained using the curvature operator: see sec-
tion 3 in [BG], for example, for a definition. In the case that the Riemannian
manifold (M*, g) we consider has dimension four, the Pfaffian Pf may be
written as Pf = ¢(| Riem |2 — 4|Rc|? + R?) vol, where vol, is the Riemannian
volume form. This may be seen by using the Formula 4.1 and Corollary 4.1
in [BG] ( using the orthonormal basis X, Xa, X3, X4 given at p € M com-
ing from Corollary 4.1 in [BG] we can calculate (| Riem |2 — 4|Rc|? + R?) vol,
and we see that it has the same value (up to a constant) of Pf at p given in
the Formula 4.1 of [BG] ). It is known (JAW], [Chern]), that the generalised
Gauss-Bonnet formula ¢(n) [, Pf = x(M) holds: for an intrinsic explanation
using modern day terminology, see [Br]. One may choose the generic vector
field Y occurring in the explanation of Bryant to be Vf, where f: M — R
is a morse-function (see section 6 in [Mi] to see that such functions ex-
ist). The Euler characteristic is x(M) :=cg —c1 +ca —cg+ -+ (—=1)"¢;, =
bop— by +by—bs+---+ (—=1)"b, , where here, b; is the ith Betti-number,
and ¢; is the number of critical values of degree ¢ : see Theorem 5.2 in [Mi].
So we have a [,(| Riem |* — 4|Rc|* + R?) vol, = x(M) for some constant a.
To see that the constant a in this formula is 32—1”2, calculate the left and right
hand side of this formula in the case that (M, g) is the standard sphere with
sectional curvature equal to one everywhere.
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