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A GENERAL RICCI FLOW SYSTEM

Jia-YonGg Wu

ABSTRACT. In this paper, we introduce a general Ricci flow system, which
is closely linked with the Ricci flow and the renormalization group flow,
etc. We prove the short-time existence, the entropy functionals, the higher
derivatives estimates and the compactness theorem for this general Ricci
flow system on closed Riemannian manifolds. These basic results are
useful tools to understand the singularities of this system.

1. Introduction

Let (M™,g) be a closed n-dimensional Riemannian manifold. Consider B
be a local 2-form defined up to the addition of an exact 2-form on M, and
H = dB denotes a well-defined 3-form on M. Then the B-fields can be intro-
duced, see [8,15,17]. Furthermore, let u be a smooth function on M, some-
times the function u is also called the Lapse function. We say that a family
(M, g(t), H(t),u(t)) is a solution to a general Ricci flow system (GRF system
for short) if

L1 Org = —2Rc+ h/2 + 20,du @ du
(1.1) OH =ArgH and Ou = Au,

where Rc is the Ricci curvature of the manifold M, h a two-form, written in a
local coordinates as h;; = gklgm"Hikajln, a, a constant depending only on
n, App the usual Laplace-Beltrami operator on forms associated to g(z,t) and
A= gij Vlv]

The coupled geometric flow (1.1) is related to the Ricci flow [6] and the so-
called renormalization group flow [12]. Note that the idea of coupling the Ricci
flow with another flow also appeared in [9-11,16]. In this paper, we mainly
discuss the short-time existence, the entropy functionals, the higher derivatives
estimates and the compactness theorem for this general Ricci flow system on
closed Riemannian manifolds. Many of our results obviously extend previous
results in [6,11,16].
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If H =0 and u = 0, the GRF system (1.1) reduces to the Hamilton’s Ricci
flow [6], which is an effective tool to solve the Poincaré and Geometrization
Conjectures.

The system (1.1) when function u identically equals to constant naturally
arises in physics, which can be interpreted as a certain nonlinear sigma model.
We regard the special case as the B-field flow. The B-field flow was studied
in [12], where they introduced an interesting functional, similar to Perelman’s
F-functional. Note that B-field flow was also interpreted as the connection
Ricci flow [16].

Also, the case H = 0 preserved by (1.1) was studied in [11] and the system
can be reduced to the static Einstein vacuum equations. A main motivation
to study (1.1) with H = 0 stems from its connection to general relativity.
An important issue in the numerical evolution of the Einstein equations is
the construction of good initial data sets which have to satisfy the so-called
constraint equations.

The structure of this paper is organized as follows. In Section 2, we prove the
short time existence of the GRF system (1.1). In Section 3, we give interesting
entropy formulas, similar to the Perelman’s entropy functional. As applications,
we prove the nonexistence of the nontrivial steady or expanding breathers for
the GRF system. In Section 4, we compute the evolution equations for many
geometric quantities and their derivatives along the GRF system. In Section
5, we obtain the Bernstein-Bando-Shi type derivative estimates for geometric
solutions of the GRF system. In Section 6, we prove the compactness theorems
for the GRF system, which is a useful tool to understand the singularities of
the GRF system.

The proofs in this paper will often involve local computations. Therefore,
we assume a coordinate system {z',...,2"} is fixed in a neighborhood of ev-
ery point x € M. In order to facilitate the computations, we often implicitly
assume that {z!,..., 2"} are normal coordinates. We use the standard short-

hand: Given a real-valued function f on M, the notation f; stands for g gfi, the
1o}

notation f;; refers to the Hessian of f applied to 577 and %, and similar for
higher derivatives. The notation R;; refers to the corresponding components
of the Ricci tensor, i.e., R;; = Rc(%, %). For a real-valued function u on
M, uu; = du® du(%, %). The subscript t designates the differentiation in
t € [0,T). Throughout this paper we use the Einstein summation convention,
meaning that we sum over a repeated lower and upper index from 1 to n. In
normal coordinates, the summation can be over two lower indices. We also
write A *x B for a linear combination of contractions of components of the two
tensors A and B when the precise form and number of these terms is irrelevant

for the computation.
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2. Short time existence

In this section, we will use the DeTurck’s trick to prove short time existence
and uniqueness of the GRF system (1.1) on closed manifolds.

Theorem 2.1. Let M be a closed n-dimensional manifold and the initial data
(g, H, @) be given. Then the initial value problem

9.1 3tgij = *QRij + ]./Qh” —+ 2anuiuj
(2.1) 0:H=ArgH and Owu=Au

with the initial data (g(x,0), H(x,0),u(x,0)) = (§, H, @) has a unique smooth
solution on some time interval [0,T), where h;; = g* g™ H;jn Hjin -

Since the second and third terms on the right hand side of the first equation
of (2.1) have not any second-order expression on the metric g, they do not
affect the principal symbol. So the principal symbol of (2.1) is the same as the
principal symbol of the Ricci operator. Therefore the considerations used by
R. Hamilton [6] concerning the Ricci flow are also true for the system (2.1).

In the following, we shall find a strongly parabolic system which is equivalent
to the system (2.1) by the application of a diffeomorphism. This is referred to
as DeTurck’s trick [4]. We shall employ Shi’s method [14] and first calculate
evolution equations for solutions pulled back by such a diffeomorphism.

Let V € X(M x[0,7)) be a smooth time dependent vector field and denote
the induced 1-parameter family of diffeomorphisms by ;. Then the diffeomor-
phisms satisfy at every x € M the following ordinary differential equation:

d

7#t(@) = V() with  po(z) = 2.

Lemma 2.2. Suppose (g, H, 1) is a solution to the system (2.1) on closed man-
ifolds on [0,T). Let o : M — M be the 1-parameter family of diffeomorphisms
generated by V. Then the pullbacks satisfy the system

(22) OH=ArpH —d(H,V) and O = Au+du(V)

with the same initial values as (g, H,@) on M x [0,T), where {V;} is the asso-
ciated 1-form to V.

Proof. Denote by {y*}a=1,... n the coordinates where g, H and @ are repre-
sented by Gas, Hapy and 4. Define new coordinates by z' := (y o ¢)" for
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i=1,...,n. We follow the same calculation of [14] without any unchanged
except the following extra two terms of the system in the new coordinates {«'}

. T oy® 0y° - o oy® ou oy? ou
Pt (haB) = Bt Op B hi; and @} (uau,@)ij = or @%W = Uity

Meanwhile the evolution of H with respect to new coordinates is
OH = ¢; (0,H + LyH) = ¢; (ALpH + Ly H)
= gﬁ: (ALBﬁ — d<H, V>) = ALBH — d<H, V>,

where we used H is a closed 3-form. In the end, the evolution of u satisfies

Opu(w,t) = Opu(y,t) = uy + iliatya = A+ ﬂ(9tya~

dy oy~
Note that
o e = Oy oyP . 0x Oxd
_ =af _ YI i Y TNT L, —
Au = g*"V,Vgu = BIS 8xjg 95" OyP ViVju= Au
and
o d “ @ o aya k
o = ((Gior@)) = (Vo))" = (D)) = v
Therefore 5
in
) t) = Au+ —VF,
tu(xa ) u -+ 83;"‘
We also notice that the initial data remain the same under this coordinate
change since @y = id. Therefore we finish the proof of the lemma. O

If we choose a suitable vector field V', then the system (2.2) is strictly par-
abolic.

Lemma 2.3. Let Vi = g™"(I" —T% ). Then the system (2.2) is strictly
parabolic on M x [0,T), where T': . denotes the connection with respect to the
initial metric g, which is time-independent.

Proof. To check that the system is strictly parabolic, we rewrite the equations
such that all derivatives are with respect to the (fixed) initial metric § and
examine the leading order terms in coordinates. Here we use the following
identity
ann - Ffmn = 1/29” (Vmgnl + Vng?nl - vlgmn)

to replace Christoffel symbols of g by derivatives Vg and work in normal co-
ordinates for § such that I, = 0 at the base point. From Lemma 2.1 of [14],
we have

(2.3)

2:9ij = 9°°VaVi9ii— 9" 9k G" Rjato—9" 9 3" Riatv+1/29" 9™ Higern H i,
+2anuu; + 1/29° gM (@igka@jglb+2@a9jk@lgib—Q@agjk@bgu
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—Q@jgka@bgiz—Q@igka@bgjo .

Similarly, by the Bochler formula, the equation for 3-form H is roughly
computed as follows (In fact we only need to understand the second-order
derivative of H):

OtH;jr, = AppH — d(H,V)
= AH”k + (Rm * H)”k + (Rm * VH)ijk
(2.4) = g"V,VyH;ji + (Rmx H)ijp + (Rm x VH)u,
= 9"*VaVsHijk — 9" Tty Hyjie — 9Ty Hipte — 9Ty Hij
+ (Rm* H)jp + (Rm*VH)j.
The evolution equation of w is given by
Ou = Au+ du(V) = ¢°°V,Vyu + u, VP

(25) abyr © abpp ab (TP P abyr ©
=g""VaVpu — g*Th up +up - g (Ih, = T0,) = 9"V Vi,
where we used be = 0. The principal symbol of system (2.2) in these coor-
dinates is given by the coefficient matrices of the second derivatives of g, H
and u. By (2.3), (2.4) and (2.5), we conclude that the system (2.2) is strictly
parabolic. O

Now we can finish the proof of Theorem 2.1.

Proof of Theorem 2.1. From Lemma 2.3, we know that the system (2.2) is
strictly parabolic. It is a standard result that for any smooth initial data
(g, ﬁ,ﬂ), there exists € > 0 depending on the initial data such that a unique
smooth solution (g(t), H(t), u(t)) to the system (2.2) will exist for a short time
0<t<e.

We observe that 1-parameter family of diffeomorphisms ¢;, which is defined
by

d .
79t(@) = —V(ge(2)) with  ¢o(z) = z.

Note that this 1-parameter family of diffeomorphisms can be seen as the inverse
of ¢;. We claim that ¢; exists as long as the solution of (2.2) exists. Because
M is compact, it follows from Lemma 3.15 of [2].

In the end, from Lemma 2.2 we have § := ¢fg = (¢; ')*g, H := ¢;H =
(o7 Y)*H and @ := ¢fu = (7 )*u is a solution of the system (2.1).

To address the uniqueness, we follow the ideas relating harmonic maps to
the GRF system. The basic idea is to write the ODE for ¢; given in (2.6) in
terms of the metric g. We can rewrite the solution to (2.6) as the harmonic
map heat flow

(2.7) 0rdr = Ag(1),5 Pt

(2.6)
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where g is a fixed background metric on M. We refer the reader to Lemma
3.18 of [2] for the detailed discussions.

We now prove the uniqueness of the solution to (2.1) with the same initial
data. Let (gi(t), Hy(t),u1(t)) and (g2(t), Ha(t),ua(t)) denote two solutions
to (2.1) on some time interval. Let ¢;(¢f) denote the solution to (2.7) with
respect to g;, which exists because (2.7) is strictly parabolic on the underlying
manifold is compact. Note that g;(t) = (¢; ")*gi(t), Hi(t) = (o7 ) Hi(t)
and u;(t) = (¢; )™ ;(t) is a solution to (2.2). Since (g1(0), H1(0),u1(0)) =
(92(0), H2(0),u2(0)) and solutions to (2.2) are unique, (g1(t), H1(t),u1(t)) =
(g2(t), Ha(t), u2(t)) as long as they exist. But both (¢1); and (¢2); are solutions
of (2.6) generated by the same vector field

Hence (¢1); = (¢2);. This implies g1(t) = ($1);g1(t) = (d2);92(t) = g2(t
Hi(t) = (91) Hi(t) = (¢2){ Ha(t) = H2(t) and w1 (t) = (¢1)7us(t) = (d2)Fua(
= 25(t) and hence the uniqueness follows.

o=

3. Energy and monotonicity

In this section, we will generalize some results of Perelman’s F-functional
under the Ricci flow to the GRF system case.

3.1. Entropy and the gradient flow

Definition 3.1. A solution (g(t), H(t),u(t)) to system (1.1) on M™ is called a
GRF system soliton, if it varies only along a 1-parameter family of diffeomor-
phisms or by scaling. Therefore it satisfies

Org(t) = Lxwyg(t) +c(t)g(t)

where X € X (M x [0,T)) is the generator of the diffeomorphisms and ¢ :
[0,T) — R is the scaling factor, depending on time only. If X = Vh is the
gradient of a smooth function h, the soliton is called a gradient soliton. We
say that the soliton is shrinking, steady or expanding, if ¢ < 0, ¢ =0 or ¢ > 0,
respectively.

Definition 3.2. Let M be a closed n-dimensional manifold and (g(t), H(t),
u(t)) be given as the system (1.1). Following the idea of Perelman, the entropy
of the system (1.1) is defined as follows

Flg(t), H(t), u(t), f(1)) = /M (R+|VFI? = 1/12|H” — a|dul*) wdp

restricted to function w satisfying | Ay wdp = 1 along this system, where f is
defined implicity by w = e~ 7.
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Suppose w satisfies the conjugate heat equation
(3.1) wy = —Aw + Rw — 1/4|H *w — o, |dul?w.
It follows then that % /  wdp =0 and moreover f satisfies
(3.2) Oif = —Af+ V> = R4+ 1/4|H|* 4 a|dul?.

Theorem 3.3. Suppose M is a closed n-dimensional manifold. Let (g(t), H(t),
u(t)) be a solution to the system (1.1) and f be the solution of (3.2). Then
(3.3)

d
—F = 2/ ‘R” - 1/4Hikajkm - O[n’U,in + fij
M

2
dt € "

1
+§/ |(d*H)¢j—Hkiijf‘2e_fdu+2an/ |Au—du(V f))* e~ dp,
M M

where (d*H);; = —Vkaij. In particular this entropy is non-decreasing. Equal-
ity holds if and only if the solution is a steady gradient soliton. In this case
(g9, H,u)(t) satisfies at all times t:

(d*H)ij—Hi;VEf =0 and  Au—du(Vf) = 0.

Theorem 3.3 is still true on complete manifolds as long as the integration by
parts can be justified. To prove Theorem 3.3, we start with the following two
lemmas.

Lemma 3.4. Given (M™,g) a manifold and H a closed three-form on M, then
(1) Vihij = ¢V, |H[> + (d*H)™" Hjpp,
(2) VIVihy; = 2(ALpH,H) + tA|H> + |d*H|*.

Proof. We refer the reader to Lemma A .4 of [16] for detailed discussions. [

Lemma 3.5. Let (g, H,u) be a solution to system (1.1) and let f be a solution
to the equation (3.2). Define V := 2Af — |[Vf> + R — 1/12|H|?> — a,|dul?.
Then

) (0 + A)V = 2|Ryj—1/4hy—anuuy+fis|* +1/2 | (d* H)ij— Hyiy V¥ f |
+ 20, |Au — du(Vf)[> +2(VV, V).
Proof. The proof is straightforward by direct computation. First, we have
(O + A)2Af
= 2(2R;;—1/2h;;—2anusuy, f;;) —2 (1/2V'hy; — 1/4VI|H|?) V7 f
+ 20 A f+H|V fP—R+1/4|H [*+ou,|du) —da, Au-du(V f)+2AA f
= (4R;;—hij—danuiug, fi;) +2A|V f2—2AR+1/2A|H |* 4200, A| dul?
+(1/2VI|H|* = V'hi;, VI ) —da, Au-du(V ).



260 J.-Y. WU

Second,

(0 + A)(=2|Vf?) = 2(V(Af~|Vf*+R—-1/4|H|* ~ay |dul*), V f)
+ <1/2hij+2anUin—2Rij7 flfj> —A‘VfP

Third,
(0r + AR = 2AR + 2|R;j|* — 1/2A|H|? + 1/2V,;V,hij — 1/2(R;j, hij)
— 2oznA|du|2 + QQanvi(uin) — QOLHR”"LL@'U]‘.
Fourth,
(0 + A)(—1/12|H|?)
—1/12[(6Ri;—3/2h;; —6nu;ug, hij)+2(Hy, H)+AH|?)
= (1/8hj+an /2uiu;—1/2R;j, hij)—1/6(AppH, H)—1/12A|H|?.

For the last term of V', we have
(D +A) (—an|dul?)
= —ozn<2Rij—1/2hij—2anuiuj,uiuj>—2an<Vu,VAu)—anA|du\2
= 20y, Rijuiujutay /2hjuiu;+202 |dul* =20, (Vu, VAu) —a, Aldul?.
Combining the above five calculations gives
(9 + A)V = A[VFP~1/12A|H—1/6(A L s H, H)+1/29,V b,
+(1/2VI|H[* = V'hij, VI ) + (1/2h;;—2Ry5, fi f;)
+ 2[Ry — 1/4hi; + fi* =251
(3.5) +2({V (Af=|VfI*+R—-1/4|H*~a,|du|?) , V f)
— 40tn <’U,Z‘Uj, f”> —4anR¢juiujJranhijuiujJrQai|du|4
— da, Au-du(V f)+2a, |du(V f) 2
+ 200,V Vi (uitf) =200, (Vu, VAu) —a, Al dul?.
Note that

2| Rij—1/4hij+ fij | —4om (uiug, fij)—4om Rijuiuj+anhijugu;+2as |dul*
= 2 |Rij — 1/4}12] — anuiuj —|— fij|27
20, V; Vi (0iud;u) — 20, (Vu, VAU) — ay Aldul? = 20, (Au)?

and

AV FI2=2|fi; 2 =2(Rij, fifi) = 2(VAF, V).
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Hence (3.5) reduces to

(Or + A)V=—1/12A|H|*~1/6(A g H, H)+1/2V;V,h;;
+(1/2VIH|> — V'hi;, VI £)+(1/2hi;, fi f5)
+2|Ryj — 1/4hij — anusu; + fi)° +2 (VV, Vf)
—1/3(V|H|?, V) + 200, |Au — du(Vf)[*.

Now using Lemma 3.4 we know that

—1/12A|H|* = 1/6(ArpH, H) + 1/2V;V;h;; = 1/2|d* H|?

(3.6)

and
(1/2VI|H > = V'hij, VI f) = 1/3(V|H[*,V ) — ((d"H)sj, Hei; VF f) .
Substituting the above two equalities into (3.6) gives (3.4). O

Now we can give the proof of Theorem 3.3.

Proof of Theorem 8.3. Since wV f = —Vw, then
O+ A)(Vw) = (0 + A)Vw + V(0 + A)w+2(VV, Vw)
=2 \Rij—1/4hij—oznuiuj—|—fij |2w—|—1/2 |(d*H)ij—Hkiijf|2 w
20, |Au — du(V )P w+V - (8 + A)w,

where we used Lemma 3.5. Therefore
(3.7)

d d
7/ (Vw)duz/ —(Vw)du—k/ (Vaw) - [~ R+1/4|H >+ an|dul®] du
= 2/ [|Rij—1/4hij—anuiuj—l—fij|2+an|Au—du(Vf)|2} wdp
M
+1/2 ‘(d*H)ij—Hkiijffwdu-l—/ V- (O+A)wdp
M M

+ / V- [~Rw + 1/4|H[*w + ay,|dul*w] dp.
M
Since w satisfies (3.1), the theorem follows from (3.7). O

Similar to Ricci flow, we can also consider the following system

0:9ij = —2R;j + 1/2hi; + 2a,uu; — 2V, Vi f

OH =AppH — d(H,V f) and Oyu = Au — du(Vf),

where the restricted function f satisfies the following conjugate heat-type equa-
tion

(3.9) of = —Af — R+ 1/4H* + ay,|dul?.

It follows that % Me’fdp = 0. From this, we can easily obtain the same

monotonicity formula (3.3) for the modified GRF system (3.8) coupled with

(3.8)
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(3.9). More importantly, (twice) positive gradient flow of the functional F(g(t),
H(t), u(t), f(t)) is (3.8) coupled with (3.9).

Below we will see that the GRF system (1.1) coupled with (3.2) is equivalent
to the modified GRF system (3.8) coupled with (3.9) by diffeomorphism.

Proposition 3.6. Let (g(t), H(t),u(t), f(t)) be a solution of the modified GRF
system (3.8) coupled with (3.9) on [0,T]. We define a 1-parameter family of
diffeomorphisms W(t) : M — M by

d _
(3.10) %\I/(t) = Vg f(t) with W(t) =idy;.

Then the pull back metric g(t) = W(t)*g(t), the pull back 3-form H(t) =
U(t)*H(t), the pull back u(t) = U (t)*u(t) and the dilation f(t) = f(t) o U(t)
satisfy the GRF system (1.1) coupled with (3.2).

Proof. By Lemma 3.15 of [2] the system of (3.10) is always solvable. Now we
compute

Oug = V()" (0u9) + ¥(1)" (L, 79)
= W(t)* (—=2Rc(g) + 1/2hij + 20, U55)
= —2Rij + 1/2h” + 2anuiuj.
Since H is a closed 3-form, we also have
O H = (t)* (8tH+LngH>
= w(t) (AppH — d(H,Vyf) + Ly, H)
— U(t) (AppH) = AppH.
To obtain the formula for %1;, we compute
Byu = (t)* (ata + Ly, fa) 0k (Aa — du(Vf)+ Ly, f—a) = Au.
In the end,
3tf = 3t(fo \I/) == atfo v + <(?]?) o \IJ,at\II>§
~ 7 5 - _ = 2
= (=Af = R+ 1/4H[; + an|dul3) o ¥ + [(Vf) 0 |
= —Af — R+ 1/4H? + an|dul* + |V f]?. O
From the above property, we see that the system (1.1) coupled with (3.2) is
a gradient-like flow. In other words, the system (1.1) is not a gradient flow of
a functional on the space of smooth metrics on a manifold with respect to the
standard L?-inner product, but its modified system (3.8) coupled with (3.9) is

a gradient flow. This phenomenon also appears in the Ricci flow, found by G.
Perelman [13].
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3.2. Expanding entropy

It is worth noting that, due to the lack of scale-invariance of the evolution of
g, the obvious generalization of the Perelman’s shrinking entropy does not gen-
eralize to the our case. However, the Feldman-Ilmanen-Ni expanding entropy
[5] can be extended to the case of our system. In particular we define

W—i—(gaHau,f’T) = /M [T (R+ |Vf|2 - 1/12‘H|2 - an|du|2) - f+ +TL:| wdlu‘

restricted to function w satisfying fM wdp = 1 along the GRF system (1.1),

where 7 :=t —T > 0 and f; is defined by w =
the equation

ﬁ. Suppose w satisfies
w; = —Aw + Rw — 1/4|H|*w — o, |dul*w
It follows then that % / a wdp =0 and moreover f, satisfies
n
2t —T)"

Theorem 3.7. Let (g(t), H(t),u(t)) be a solution to the system (1.1) and fy
be the solution of (3.11). Then

(B11)  Ohfy = —Afy + [Vf2 = R+ 1/AHP + anlduf? -

(3. 12)
2 —f
HE o 9ij et
W+ = 27—/ ’ 7 ka 7 anuzu] (f+)l] (t T) (47T7')n/2d,u
+—/ (" H)y — Hoy V| =
2 M k"L] + (47'('7')”/2 p“
+20,7 [ A= du(Vfy)P g 5 ) e g
where (d*H );; = —V* Hyj. In particular this expanding entropy is non-decreas-

ing. Equality holds if and only if the solution is an expanding gradient soliton
with H = 0. In this case (g, H,u)(t) satisfies at all times t:

Gij
Rij — anuiug + (f4)i; + 2(t7_ﬂT)

Au—du(Vfy)=0 and H=0.

207

Proof. We assume 7 = t. Define V. := 2Afy — |V f[?+R— 5 |H|? — oy, |dul?.
Let W :=tV, — fi + n. Note that Lemma 3.5 still holds if f is replaced by
f+. Hence

(0 + AW

= V42t |Rij—1/4hs—anuiuj+(fi)ij|” +t/2 |(d*H)ij_Hkijka+’2
+ 20t |Au — du(V f ) + 2t (VV, VL)
CIVLL? 4+ R — 14| H|? — ap|dul? + %
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— 2Af, +2R — 1/3|H[? — 2ay,|dul® + % L2 (VW, V£

N 2
+ 2| Rij—1/Ahij— i+ (f4 )i P+ /2 (A" H )ij— Hyi; V7 £+
+ 20t |Au — du(V f4)]?
= 2t ’R”—l/llhw—anulu]—&—(er)”q_% 2

+ 20t |Au — du(V f)|> +1/6|H24+2 (VW, V f) .
If we let vy := [7 (2Af4 — [V 1|2 + R— L[H|? — ap|dul?) — f4 + n] w, then
(O + A)vs
= (0 + A)(Ww)
= w(O+A)WHW (0, +A)w+2 (VIV, Vw)

I 2 t % 2
% ’LU+§ ’(d H)ij—Hkiijer]w

+ 20t |Au—du(V f1))* wt1/6| H|*w+Rvy —1 /4| H 204 — o, |dul?vy .

2 ¢
+5 (" H)ij—Hiy V" [+

=2t Rij—1/4hij —anuiuj+(f+)ij+

In the end, Theorem 3.7 follows by the above equality and the relation

d
ZW, = / (0 + A — R+ 1/AH]? + avndul?) vy dp.
M

From the definition of W, , we see that W, has the following property:

Proposition 3.8. If o : M — M is a diffeomorphism and ¢ > 0 is a constant,
then we have

(1) Wyle*g,. 9" H, o™ u, 0 f,7) = Wy(g,H, u, f, 7).
(2) W+(Cg7H7u7f7CT):W+(97H7u7f77-)'

3.3. Steady and expanding breathers

Definition 3.9. A solution (g(t), H(¢),u(t)) to the system (1.1) on a manifold
M™ is called a breather if there exist times t; < t9, a constant ¢ > 0 and a
diffeomorphism ¢ : M — M such that g(t2) = co*g(t1), H(ts) = cp*H(t1) and
u(te) = co*u(ty). When ¢ <1, c=1or ¢ > 1, we call (g, H,u)(t) a shrinking,
steady or expanding breather, respectively.

The soliton is a special of the breather. If we consider the GRF system
as a dynamical system on the space of M(M) x /\3(M) x C°° (M) modulo
diffeomorphisms and homotheties, the breathers correspond to the periodic
orbits whereas the solitons correspond to the fixed points. Since the GRF
system is a heat-type system, we expect that there are no periodic orbits except
fixed points. In the following we will confirm it for the steady or expanding
case.

To study the steady breather, we introduce the A-functional, which is similar
to the Ricci flow case.
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Definition 3.10.
Mg Ho) = int {7 (9(0) 1) o). £0) | £ € =), [ e Tau=1}.
M
Taking v = e~ f/2, we have

(3.13) Mg, H,u) =inf {Q (g(t), H(t),u(t),v(t)) ’ /M vidp=1,v > 0} )
where
G (g(t), H(t),u(t),v(t)) := /M (4| Vo> + Rv? — 1/12|H|*v* — a,|dul*v®) dp.

It is easy to see that the Euler-Lagrange equation for (3.13) is
Lv := —4Av + Rv — 1/12|H|?v — ay,|dul*v = (g, H, u)v.
Meanwhile we have the following existence and regularity of minimizer of G.

Lemma 3.11. The inf in the definition of \(g, H,u) is attained by a unique
positive and smooth minimizer vy. Moreover,

(1) the minimum value XN(g, H,u) of G is equal to A\ (g, H,u), where A\ (g,
H, u) is the lowest eigenvalue of the operator —4A + R — 1/12|H|? —
an|dul?, and

(2) wvo is the unique positive eigenfunction of

—4Awy + Rug — 1/12|H|?vo — o |dul?vo = Mg, H,u)vo
with L?-norm equal to 1.

Proof. The proof involves the Sobolev embedding theorem and the standard
regularity theory for the second-order linear elliptic equations, similar to the
Ricci flow case. See Lemma 5.22 of Chapter 5 in [1] for detailed discussions. O

Remark 3.12. In Lemma 3.11, (2) can be stated that: The minimizer fo =
—2logwg of F(g(t), H(t),u(t),) is unique, C*°, and a solution to

Mg, H,u) = 2Afo — |V fol> + R — 1/12|H* — v, |dul?.
We summarize the properties of the functional A on closed manifolds.

Proposition 3.13. (1) (Bounds for X) Let A be defined as above.
Rdpu
Ruin — 1/12|H|? . — anldul? .. < Xg, H <fM .
(2) (Diffeormorphism invariance) If ¢ : M — M is a diffeomorphism, then
MA@ g, H, p"u) = Ag, H, u).
(3) (Emistence of a smooth minimizer) There exists a minimizer f € C°° (M)
with [, e~'dp =1 such that X(g, H,u) = F(g,H,u, f).
(4) (Scaling) M(cg, H,u) = ¢~ \(g, H,u).

In the following we claim that A(g, H,u) is also a monotonic quantity.
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Proposition 3.14. If (g(-), H(:),u(-)) is a solution to the GRF system (1.1),
then A(g(t), H(t),u(t)) is non-decreasing in time.

Proof. Given ty € [0,T7], let fo be the minimizer of F(g(t), H(t),u(t), f(t)) at
to. Then A(g(to), H(to), u(to)) = F(g(to), H(to), u(to), f(to)). Let f solve the
backwards heat-type equation

Of = —=Af+|VIP = R+ 1/4H” + agldul*>  with f(to) = fo
on the time interval [0,%]. Then £ F(g(t), H(t),u(t), f(t)) > 0 for all t < tg.

Also the backwards heat-type equation preserves the constraint [ M e Tdu=1.
So A(g(t), H(t),u(t)) < F(g(t), H(t),u(t), f(t)) for t < ty. Thus

Ag(t), H(t),u(t)) < F(g(t), H(t),u(t), f(t))
< Fl(g(to), H(to), ulto), f(to)) = Mg(to), H(to), u(to))-
Hence A(g(t), H(t),u(t)) is non-decreasing in time. O

As an application of the functional A we prove that:

Theorem 3.15. Let (g(t), H(t),u(t)) to be a solution to the GRF system
(1.1) on a closed manifold M™. If there exist t1 < to with A(g(t1), H(t1),
u(t1)) = Ag(ta), H(tz),u(tz)) (i-e., the solution is a steady breather), then
(9(t), H(t),u(t)) is a steady gradient GRF system soliton.

Proof. Suppose there exist t1 < t2 with A(g(t1), H(t1), u(t1)) = A(g(t2), H(t2),
u(tz)). Let fo be the minimizer for F at ta, so that F(g(t2), H(t2), u(tz)) =
Ag(t2), H(t2), u(tz)). Take f(t) be to the solution to (3.2) on [t1,t2] with the
initial data f(t2) = f2. By (3.3) and the definition of A, we have
Ag(t), H(t1), u(tr)) < F(g(t), H(t), u(t), f(t))
J:( (t2), H(t2), ultz), f(t2))
Ag(ta), H(t2), u(t2))

for t€fty,t2]. Since A(g(t1), H(t1), u(t1)) = Mg(te), H(t2), u(tz)) and A(g(t),
H(t), u(t)) is monotone, then F(g(t), H(t),u(t), f(t)) = Ag(¢t), H(t),u(t)) =
const for t € [t1,t2]. Therefore, by (3.3), we have

Rij — 1/AH o H;F™ — auguy + fi5 = 0,
(d*H)ij_Hkijka =0 and Au—du(Vf)=0

for t € [t1,t2]. Hence (g(t), H(t), u(t)) is a steady gradient GRF system soliton.
(]

Below we focus on the expanding breather. First we define the functionals
o and vy as follows:

Definition 3.16.

—f+
b (g Hywyr) = i { Wi, Hou, for)| ec=0u), [ oEau=1y,
am (4mT)n/2
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V+(ga Ha ’LL) := inf {/"L“F(g? H,’U,/T)‘T € R+} :
By the definitions of functionals p4 and v, we have the following property:

Proposition 3.17. If o : M — M is a diffeomorphism and ¢ > 0 is a constant,
then
(1) U+(<P*g7<P*Ha QO*U,T): /.L+(g,H,U,T), U+(<,O*g,<,0*H, 90*“): V+(97H7u)'
(2) ﬂ+(Cg’H’uv CT) = u+(g’H’ua7—)7 V+(Cg7H7u) = V+(gvH7u)'

Now we study the existence, smoothness, and monotonicity of these quanti-
ties.

Lemma 3.18. Let M™ be a closed manifold. If (g(-), H(-),u(-)) is a solution
to the GRF system (1.1) on M™, then we have

(1) the inf in the definition of py is achieved by a unique w. Moreover,
s (g(t), H(t),u(t),t — T) is non-decreasing in time, and is constant
only on an expanding soliton with H = 0.

(2) If vy <0, then the sup in the definition of vy is achieved by a unique
7. Moreover, vy (g(t), H(t),u(t)) is non-decreasing in time, and is con-
stant only on an expanding soliton with H = 0.

Proof. This proof is identical to that of Theorem 1.7 of [5]. In particular, we
have the following two formulas

d d
a.u’-‘r(g(t)? H(t)a u(t)7t - T) = @W-F(g(t)a H(t)7 U(t), wvt - T)v
where w realizes the minimum at time ¢, and

d d

v glt), H (1), u(t) = p (g(t), H(t),u(t),7)

where (w, ) realizes the minimax at time ¢, hold. If py and vy are fixed
constants, by the monotonicity formula (3.12), the results follow. O

In the same way, using the functional p, we prove the nonexistence of the
nontrivial expanding breathers.

Theorem 3.19. Let (g(t), H(t),u(t)) to be a solution to the GRF system (1.1)
on a closed manifold M™. If (g(t), H(t),u(t)) is a expanding breather, then it
in fact is a steady gradient GRF system soliton with H = 0.

Proof. Let (M, g(t), H(t),u(t)) be a expanding breather with

(3.14) g(t2) = cpg(t1), H(t2) =cp"H(t1), u(tz)=cpu(t1),

where t; > t; and ¢ > 1. Define 7(t) := t+2=¢% so that % =1,7(t) = 2=k,
T(t2) = % and 7(ty) = er(t1). Let fy be the minimizer for Wy at t,, so
that

W+ (g(tQ)v H(tQ)a u(tQ)’ an T(tQ)) = ,U,+(g(t2), H(t2)7 u(t2)7 T(tQ))'
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Take f(t) be to the solution to the equation (3.11) on the time interval [ty, 5]
with the initial data f4 (t2) = f2. By (3.12) and the definition of p4 we obtain
pe (g(t1), H (), u(te), 7(t1)) < Wi (g(tr), H(t1), u(tr), f4(t1), 7(t1))

< Walg(t), H(t),u(t), f+(t),7(t))
< Wa(g(ta), H(t2), u(te), fo. 7(t2))
= py(g(t2), H(tz), ults), 7(t2))
for all te[ty,t2]. Since (3.14) and 7(t2) = ¢7(¢1), by Proposition 3.17, we know
that
pa(g(tr), H(tr), u(tr), 7(t1)) = pa (g(t2), H(tz2), u(tz), 7(t2))-
Furthermore using the fact that W, is increasing, therefore we have
W (g(0), H (1), u(t), £ (1), 7() = es (g(2), (1), u(t), (1)) = const
for t € [t1,t2]. Thus fy(t) is the minimizer for Wy (g(t), H(t), u(t), f+(t), 7(t))
and 41, =0, so by (3.12), we have

gi;
Rij — anuiu; + (f+)ij + 2(t71]T) =0,
Au—du(Vf)=0 and H=0

for ¢ € [t1,ts], where T = “4=L2_ Therefore the result follows. O

4. Curvature evolution equations

In this section we compute evolution equations for curvature tensors, 3-
forms, the Lapse functions and their derivatives under the GRF system (1.1).
We first recall the following result for a general flow (see [2], Lemma 6.5).

Lemma 4.1. Given (M",g(t)) with 0,g;; = vij;, then
8t1—‘§j = 1/2¢" (Vv + Vv — Vivyg),
O Rijri = 1/2[ViVi05,+V Vv =V Vivji—V,; Vivg]
+ 1/2(Rijpivrp—Rijprvip),
OiRij = —1/2[Apvi; + V;Vjv — gP? (V;V,v,4 + V,;Vpuig)],
R = —Av+ ¢gP1¢g"(V, V045 — Rprvgs ),
where A, i= Avij+2Rip 100 — RipVjp— RjpVip, Rijri = gkafjl andv := gijv,»j.
Using the above formulas, we have:
Proposition 4.2. Under the GRF system (1.1), we have
OtRijki = ARyjp1 + 2(Bijki — Bijik — Biijk + Bikjt)
— RpjkiRpi — Ripki Bpj — Rijpi Rpr — RijkpRpi
(4.1) + 1/4(Rijpihip — Rijprhip)
+1/4(ViVihj, + V;Vihi — ViVihj — V;Vihix)
+ 20, (V; ViuV;Viu — V;V,uV,; Vi),
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where Bijr = RpiqjRprqr, and

(4.2)
9 (VFRm) = A(V*Rm)+>_ VORms+V R+ > VO H+V” H+V" Rm
a+B=k a+p+y=k

+Y  VOHsVIH+Y VT usv iy
a+pB=2+k a+pB=k
+Z duxV>tusVP Rm+ Z V2o usxV P usV I Rm.
a+pB=k—1 a+B+y=k—2

Proof. Let v;j = —2R;; + 1/2h;; + 2, 0;udju. We observe that quantities

—2R;;, 1/2h;; and 2a,,0;u0;u are independent in some sense. So we can com-
pute the evolution of curvature under the metric evolving by those three quan-
tities separately.
If 0,9;j = —2R;;, by Hamilton’s Ricci flow result, the evolution equation of
curvature is the first and second lines on the right hand side of (4.1).
If 0,9;j = 1/2h;j, using Lemma 4.1, we see that the evolution equation of
curvature is the third and fourth lines on the right hand side of (4.1).
If 0,9:; = 20, 0;u0ju, using Lemma 4.1, we have
O Rijr1 = o [ViVi(ujug) + Vi Vi(uiw) — ViVi(uju) — Vi Vi(ugug)]
+ o [Rijpi (ukup) — Rijpr (uiup)]
= UjtiUk + UjiUhs + UjiUgl + UjUkls + Uik UL + UikUlj + Ui Uk + Uik
T Ujki U — UjpUl — Ui Ul — UjUlks — Uglj Uk — Uil ULy — Ui Ukl
— wiUklj + o (Rijprurup — Rijpruity)
= 20, (Ukiy; — Wjktri),
where uj; = V;V;V;u. Note that the above computation involves the com-
munication formula V;V;Viu — V;V;V,u = R;;;,Vpu. Hence (4.1) follows by
adding the above three evolution formulas.
Below we shall prove (4.2). Note that under a general geometric flow 0,g;; =
v45, for any tensor A, we have 9,;VA = V0;A + A x Vv and
[V,A]JA =VAA—-AVA=Rm+xVA+VRmx A.
Therefore, under the GRF system (1.1), we have
O VRm = VO Rm + Rm +« V (Rm + H « H + du * du)

_ V(ARm+Rm*Rm+H*H*Rm+ 3 vaH*vﬁH+v2u*v2u)
a+pB=2
+Rm x V(Rm + H %« H + du * du)
=AVRm+VRm*Rm+ »  V*HxV’HxV'Rm
a+B+y=1

+ Z VYH*VP H+V?uxV3u + Vu * V2u * Rm.
a+B=3
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This finishes the proof of the case k = 1. Now by induction, we assume that
we have gotten the evolution formula of V7 Rm for all 1 < j < k. We begin by
computing
d:(V*Rm)
= 9,V(V*"1Rm)
= VO, (V¥ 1Rm) + (VF"'Rm) « V(Rm + H * H + du * du)
= V{A(V’“lRm)Jr > VORms«VPRm+ Y VHx«V’H+xVRm
a+pB=k—1 a+fB+y=k—1
+ VRV HE Y Vw3 dus v usVo Rm
a+B=1+k a+B=k—1 a+pB=k—2
+ Z V2+°‘u*V2+ﬁu*V7Rm] +(V* L Rm)«V (Rm+H* H+4duxdu)
a+p+y=k—-3
= A(V*Rm)+> | V*Rm+«VPRm+ Y VH+V?H+V"Rm
a+p=k a+pB+y=k

+ Y VOHRVAHY D VsV Pt Y dus vt eus VI Rm
a+p=2+k a+B=k at+B=k—1

+ Z V2t ux V2P uxV7 Rm.
a+p+y=k—2

This completes the inductive step. Hence we prove (4.2). O

By the above curvature evolution equation under the system (1.1), we have:

Corollary 4.3. Under the GRF system (1.1), we have

(4.3) 8, Rm = ARm+ Rm+Rm+ HxHxRm~+ Y VOH*V?H+V?uxV?u;
a+p=2

O|Rm|? < A|Rm|? — 2[VRm|? + C|Rm[* + C(|H|? + |dul?) - |Rm/|?

(4.4) +C > |VUH| - |VPH|-|Rm| + C|V?ul* - |Rml;
a+p=2

(4.5) 9 |V*Rm|”
< A|V*Rm|=2 [V Rm|C [V*Rm| Y [V Rm||V° R
a+pB=k
+C|V*Rm|- > |VPH||[V'H|[V*Rm|
a+pB+y=k
+C|V*Rm|- > [VOHVPH|+C|V*Rm| - [V*oul-|V> Py
a+B=2+k a+pB=k
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+C|VFRm|- Y |dul- [V ul-|V? Rm|
a+p=k—1

+C|VFRm|- Y |V2+O‘u|-|V2+Bu|~|V7Rm|+C’|du|2-|VkRm|2.
a+pB+y=k—2

Proof. Evolution formula (4.3) is obvious. Next we will prove the second evo-
lution formula. By the evolution equation (4.1), we have

dy|Rm|* = 2Rm % (0,Rm) + Rm x Rm % (Rc + H * H + du * du)

= 2Rmx (ARm—i—Rm*Rm—i—Rm*H*H—i— ZVO‘H*V/BH—i—VQu*VQu)
a+pL=2
+ Rm* Rm* (Rc+ H « H + du * du)

< A|Rm|? = 2|VRm|* + C|Rm|* + C (|H|? + |du|?) - |Rm|?

+C Y |VOH| - [VPH[ - |[Rm| + C|V?ul* - |Rm].
a+p=2

Hence (4.4) follows. In the end we will prove (4.5). Using
0, |V¥Rm|” = 2 (9,(V*Rm), V*Rm) + (Rm+HxH-+dusxdu) x (V* Rm)>

and combining with (4.2), then (4.5) follows. O

Proposition 4.4. Under the GRF system (1.1), we have

(4.6) 0,(VH)=A(VH)+ Y  VRm+«V’H + HxH+VH + duxV>usH
a+pB=1

and for all k > 2

0:(VFH) = A(V*H) + Y V*Rms«VPH +> " V*H+VPH«VH

(4 7) a+B=k a+pB+y=k
+Y 0 dusVusVIH + Y VsV us VT H.
a+p=k—1 a+p+y=k—2

Proof. Recall that O.H = AH + H « Rm. Hence

W(VH)=VOoH+ H+«V(Rm+ H* H+ du® du)
=V(AH+ Hx* Rm)+ H+«V(Rm+ H x H + du ® du)
= AVH + Rm«VH +VRm « H+ HxH«VH + duxV?uxH

and (4.6) follows. In the following, we assume the evolution equation V7 H for
all 1 < j < k holds as in (4.7) and we want to prove this also holds for the case
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j=k.
O (VPH) =V (0,VF ' H) +V* ' H«V (Rm+H+H+du ® du)
= V|AVIH) £ Y VORmVAH + Y VOHAY BV H
a+B=k—1 a+p+y=k—1

—|—Z duxV o usx VP H + Z V2+“u*v2+5u*V7H}
atpf=k—2 a+p+y=k-3
+ VP H«V(Rm~+HxH+du ® du)

= A(VFH) + > V*RmsVPH + Y VOH+VPH+V H

a+p=k a+pB+y=k
+> 0 duxV VI H + Y VsV us VT H.,
at+pf=k—-1 a+B+y=k—2

This completes the proposition.
By Proposition 4.4, we have:
Corollary 4.5. Under the GRF system (1.1), we have
OVH? < AVH[?=2|V?H’+C|VH|- > |V*Rm||V’H]
a+p=1
+ C (|H? + |dul?) - [VH[*+C|dul - |V?u|-|H|-|VH|
and for all k > 2
(4.8)
O VFH|?
< AVFHP=2[VM HP+C|IVRH|- Y [V H|- VP Rm|
a+B=k
+C|\VFH| Y IVH[VPHIVYH| + CIVFH| - dul-[V*Tul [V H
a+Bty=k a+B=k—1
+C|dul* |[VFH? + C|VFH| - > [V Fu] - V2P| [V H|.
at+ftry=k—2
Proof. The proof of this corollary is similar to that of Corollary 4.3.
Proposition 4.6. Under the GRF system (1.1), we also have
Oe(uij) = Aluis) + 2Ripjqupg — Riptijp — Rjpuiip — 20| dul*uy;

(4.9)
— 1/4(V1hjk + thm - thij)uk;

(4.10) 0, (V*TFu) = A(V*Fu)+ Y~ VFeusVP Rm
a+pB=k
+ Z dux V2T ux V258,
a+B=k—1
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+ Y VRV du) VR

a+pB+y=k—2
+ Y VIHVIHAV T,
at+B+y=k
Proof. We calculate
(4.11) O (uyy) = ViV; (Opu) — (9,T%;) up.
Note that
ViVj(u) = V;Vj(ViViu)
= Vi(ViV;Viu + RjprpVpu)
= ViViViViutRikipVpViu+Rikkp Vi Vpu—Vi R, Vyu
—R;,V;Vyu
= ViV ViVjut+-Vi Rigjp Vpu+Rikjp Vi VputRigjp Vp Vit
— Ry V;iVpu—V; R, Vyu—R;p ViVyu
= A(uij)+2Ripjqupg—Riptijp— RjpUip+ Vi Rikjp Vpu— ViR, Vpu
and

— (0uL%;) ur = g™(ViRj1 + V Ry — ViRij)uy,
— 1/4gkl(Vihjl + thil — Vlhij)uk + gkl(—QanViVjul)uk.

Substituting the above two formulas into (4.11), then (4.9) follows from the
second Bianchi identity.

For the second part, we prove (4.10) by induction where the claim for V2%
is proven in (4.9). Plugging in the induction hypotheses for V2**u, we compute

O (V) = V (9, V*THu) + V2wV (Rm+HxH+du * du)
=V [A(V2+ku)+z V2t us VP Rm+ Z dusx V2T usx V2 8y

a+B=k a+pB=k—1
+ Z Vs V2B us VY udt | dul?- Vg
a+p+y=k—2
+ Z VHO‘H*VﬁH*VHVU]
a+pB+v=k

+ V2R« V(Rm+H * H+du * du).
This can be rearranged to yield the claim for V2+(*+1yq, O

In the same way, we have:

Corollary 4.7. Under the GRF system (1.1), we have
04| V2ul? < AIVZul|? = 2|V3u|* + O(|Rm| + |H|? + |du|*)|VZu)|?
+C|H|-|VH|-|du| - |V*u]
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and for all k >0,

(4.12)
OV < AV -2V 4 OV Ry > [V - VP Rim)
a+pB=k
+ C|V2 Tty - Z |du| - V2Tl - V2 Py
a+pB=k—1
+ C| V2 Hy| - Z |V - V2 By - | V2T
a+B+y=k—2

+ C(H? 4 |dul?) - [V Hry?

+ OV Ry Y [V H] - [VPH| - [V ).
a+pB+y=k

5. Estimates of Bernstein-Bando-Shi type

In this section we will prove derivative estimates for geometric solutions of
the system (1.1). These estimates are generalizations of the Bernstein-Bando-
Shi (BBS for short) estimates for Ricci flow. Our proof follows that in [14], see
also [2,3].

The evolution equations for u and |du|? give us good control on the behavior
of the derivative of the Lapse function.

Proposition 5.1. Let (g(x,t), H(z,t),u(x,t)) be a solution to the system (1.1)
<

on a closed manifold M™ on 0 <t <T. Then we have
(5.1) inf wu(z,0) <wu(z,t) < sup u(z,0);
zeEM™ rEM™N
(5.2) sup |dul?*(z,t) < max |du|*(x,0);
zeEMn zeEM™
(5.3) sup |du|*(z,t) < !
’ zel\g)" T 200t

for all (z,t) € M™ x (0,T].

Proof. Since M™ is closed, we can obtain (5.1) by applying the maximum
principle to u; = Aw. Similarly, using the maximum principle to the following
equation

Oldul* = Aldul® — 1/2|Hipui|® — 2|Vul* — 200, |dul*
to obtain (5.2). In the end, we will prove (5.3). Note that
Orldul? = Aldul? — 1/2|Hypui|* — 2|V2ul? — 20, |du|? < Aldul? — 20, |dul*.

Applying maximum principle, we have |du|? < 1= for all (z,t) € M" x

(0,T]. 0

We also have the following result.
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Theorem 5.2. Let (g(x,t), H(x,t),u(x,t)) be a solution to the system (1.1)
on a closed manifold M™ on 0 < t < T and Cy and Cy are arbitrary given
nonnegative constants. Then there exists a constant C(n) depending only on n
such that if

|Rm($a t)|g(m,t) <C: and |H(z)|g(m,0) <y
for all (z,t) € M™ x [0,T], then
|H(-75at)|g(z,t) < 02 . eC(n)~C1t
for all (z,t) € M™ x [0,T].
Proof. Note that
OHiji = AH;j;; — RipHypjie — RpijqHpge — RpikgHpjq
+ RjpHpik + RpjigHpak + RpjrqHpiq
- Rkapij - Rpkququ - RpquHpiq
Hence
O |H> < A|H|>-2|VH|* + C(n) - C, - |H|?
+ QHMPijp(ZRij—1/2hij—2anuiuj)
< A|H|2 +C(n)-Ci - |H|2
Let p(t) be the solution to the corresponding ODE: 9;p? = C(n) - C; - p? with
p(0) = Cy. By the maximum principle, we have |H(z,t)|? < C3-eC-Cit O

Note that the above two theorems may not hold on non-compact manifolds.
Because we may not apply the maximum principle directly on non-compact
manifolds.

In the following, we will derive the Bernstein-Bando-Shi derivative estimates
of the GRF system (1.1) on complete manifolds. First we give the maximum
principle on non-compact manifolds under the GRF system (1.1).

Theorem 5.3. Let (g(x,t), H(x,t),u(x,t)) be a solution to the system (1.1)
on a complete manifold M™ on 0 <t < T. Assume that g(t) > g., where g,
is a complete metric, and that R.(t) := infyr [R— 2|H> — ay|dul?] is finite
and integrable on [0,T). Let v(x,t) be a Lipschitz weak subsolution to the heat
equation: vy < Agyyv such that there exist a constant b >0 and O € M™ where

T
0 M

where d.(O, ) denotes the distance with respect to g. and vy = max{v,0}. If
v(z,0) <0, then v(x,t) <0 on M x [0,T].

Proof. See Theorem 7.42 in [3]. O

Using the above theorem, we have our main result in this section.
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Theorem 5.4. Let (g(x,t), H(x,t),u(x,t)) be a solution to the system (1.1)
on a complete manifold M™ on 0 <t <T and K; (i = 1,2,3) be an arbitrary
given positive constant. Then for each > 0 and each integer m > 1 there
exists a constant Cy, depending on n, K1, Ko, K3, max{3,1} and m such that

if

(5.4) |Rm(z,t)|ges) < K1, |[H(2,t)|gs < Ko and  [du(z,t)|gz4) < K3
for all (z,t) € M™ x [0, %], then

m— m m Cm
|v lRm(xat”g(;t,t) + |v H(xat)|g(w,t) + ‘V +1u(xat)|g(x,t) < W
for all (z,t) € M™ x (0, %]

Proof. The proof is by complete induction on m. First consider m = 1. In the
discussion below the constant C' may change from line to line and depends on
some or all of n, K1, Ko, K3, max{/3, 1}, and m. By Corollaries 4.3, 4.5 and 4.7,
we have

0i|Rm|*> < A|[Rm|*~2|VRm|> + C Y |V H|- |V H|+C|V?u|* + C;
a+pB=2

O|VHP< AVH|*-2|V?H|*+C|VH|->_ |V*Rml|-|[V°H|
a+pB=1
+C|VH % C|VH|-|V?ul;

o V2ul? < A|V2ul? - 2|V3u|? + C|V2ul* + C|VH| - [V2ul;
O|HI> < A|H|? - 2|VH|* + C; ou® = A(u?) — 2|Vul%;
Orldu)? = Aldul?® — 1/2|Hypui|* — 2|V2ul? — 20, |dul*

< Aldul* = 2|V2ul* - 2a, |dul*.

Now we consider the quantity v := t [[Rm/|? + [VH|? + |V2ul?] + A|H|* +
Bldu|?, where A and B are both positive constants, to be determined later.
Using the above evolution formulas, we compute

(5.5)
v < t[A|Rm|2—2|VRm|2+C|V2u|2+C|V2H|+C\VH\2+C
+ A|VH]?=2|V2H|>*4+C|VH|-|VRm|+C|VH|-|V?ul
+ A|V2u|? - 2|V3u|? + C\VH\-\V%@ HIVHP+|[V2ul? + C
+ A[AJHP = 2/ VH + C| + B|Alduf* - 2|V2ul* — 2a,|dul*]
< Av+ t[()|v2u|2 +C|V2H| + C — 2|V2H|? + C|VH|? — 2|v3u|2}
—2A|VH?* - 2B|V?u|?* - 20, Bldu|* + |VH|* + |V?u|*+C
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< Av+t [C|V2u|P+C+C|VH|?|-2A|V H[*=2B|V2u[*+|V H *+|V?u[*+C

=Av+ (Ct+1-2B)|V2u|? + (Ct + 1 — 2A)|[VH|* + Ct + C,
where for the third equality we used C|V?H| — 2|V?H|? + C < 0.

As along as A and B are chosen large enough such that Ct+1—2B < 0
and Ct4+1—2A <0, by (5.5), we have v; < Av + C. Since v(0) < C, by
Theorem 5.3, we apply the maximum principle to above inequality v(z,t) < C

for all (x,t) € M™ x [0, %] This proves the theorem in the case m = 1.
Next we shall prove the theorem for m = 2. Consider the following quantity

v =t [|[VRm*+|V2H[*+|V3u[?] + tE [|[Rm[*+|VH|*+|V?u|?]
+ A|H|? + Bldu|?,

where A, B and E are all positive constants, to be determined later.
Note that by (4.5), (4.8) and (4.12), using the fact: |VH|+ |[V3u| < tl%
(the case m = 1), we have

0| VRm|* < AIVRm|?*—2|V?Rm|*+C|V Rm|*+C|VH|-|VRm)|
+ C|V3H|-[VRm| + C|VH|-|V*H|-|VRm|
+ |V2u|-|V3u|-|VRm|+C’|V2u|-|VRm|

< A|VRm\2—2|v2Rm|2+C|VRm| +— |VRm|+C\V3H| |V Rm|

11/2

|V2H| |VRm|+—7 |V3u| |VRm|

t1/2 $1/2

< A|VRm2—2|V2Rm|2+<0+f>|VRm|2
+ |V3H >+ |V2H|*+|V3u*+-C,
0| V2H|? < AIV2PH|>-2|V3H|*+C|V2H|-|V?>Rm|+C|V*H|-|VH|-|VRm)|
+ C|V2H|? + C|V?H|-|[VH|-C|V?*H|-|VH|-|V?u|
+ C|\V2H|-|V3u|+C| V2 H|-|VZu|?
C
< AIVEHP?2|VPH|*4+C|V2H| |V*Rm|+—

+1/2
c 2 2 3
SIVEH|+CV2H |V

|V2H|-|VRm|
+ C|V*H* +
< A|VEH|-2|V2H|[*+|V?Rm|*+— |VRm|+<C+C) |V2H|?

+ |V3u|*+C
and
O V3ul? < A|V3ul?—2|V*u2+C|V3u| | V2u|- |V Rm|+C|V3ul|?
+ O|V3ul|-|V2ul?* + C|V3ul- V2 H|+C|V3u|-|VH|?
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+ C|V3u|-|VH|-|v2u|
< A|VAu|2-2| V42—
+ C|V3u|-|V*H|

vp |V3u| |V Rm|+C|V3u|*+— |V3u|

C C .
< A\V3u|272|v4u|2+?|VRm|2+ (C+t2) |V3u|>4+|V2H|*+C.
Hence we have

0|V Rm|>4-0,| V2 H|*+0,|V3ul?
< A|VEmAA|VZH|2A| V3>~ | V2 Rm|* | V2 H|?

—2|V4u|?+ <C+f> |VRm2+< >V2H| +<C+ >|V3u| +C.

Using the fact: |VH| + |VZu| < we also have

t1/27
3t|Rm\ —l—@t\VH\ +3t|V2u|2
< AIRm[*+A|VHP+A|V2ul?
— 2\VRm|2—2|V2H|2—2|V3u\2+§ + C|V?H|+C+C|VH||VRm|
< A|Rm\2+A\VH\2+A\V2u|2—\VRm|2—|V2H|2—2|V3u|2+%+0.
By the above evolution formulas, we obtain
vy < 2t [[VRm|* + [V2H> + |V3u|?] + E [|[Rm|* + |[VH|* + |[V?u|?]
o, [O|VRm|> 0|VZH]? 09|V3ul?
+t + +

ot ot ot
8|Rm|2+3VH2+8|V2u|2]
ot ot ot
+ A [A|HP=2|VH[*+C] +B [A]du*-2|V?u|*—2a, |du| ]
< Av+ 2t [[VRm|* + [V?H? + [V3u?] + E [|Rm[> + |VH|* + |V?u]?]
+[C( +t)|[VRm|* + C(#> + t)|V2H|> + O(t* + 1)|V3u|?] + Ct?
— t|E|VRm|*+E|V?H*+2E|V3u|?|+ EC+tEC—-2A|VH|?
— 2B|V2u|?*+AC.

o

Taking E large enough compared to C, the above inequality reduces to
vy < Av+E [|[Rm|? + |[VH? + |V?u|?] —2A|VH|[*—2B|V?u|*+C.

Choosing A and B large enough compared to F, we conclude v; < Av+C. Since
v(0) < C, by Theorem 5.3, using the maximum principle, we have v(z,t) < C
for all (x,t) € M™ x [0, %] This proves the theorem in the case m = 2.
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In the following, we shall assume by induction that given m € N and m > 3,
. , , C.
(5.6) VI T RmM(x, )| g + VI H (2, 1) g(e) + 1V (@, )| g < tT/Jz
for j =1,...,m, and want to prove

(5.7)
m m m Cm+1
IV Rm(2, )| g0y + V" T H (2, )| g (0,0 HIV ™ 202, 1) g (10 < ey
Let
— thrl [|VmRm\2 + ‘vm+1H|2 + |vm+2u|2]

+ Y Et [V Rm|? + [V HI? + [V ul?] + AJH|? + Bldul?,
i=1
where A, B and F; are all positive constants, to be determined later. By
Corollary 4.3, Corollary 4.5 and Corollary 4.7, using (5.6), we have
(5.8)

C
|V Rm|? < AV Rm[> 2|V Rm|*+C|V™ Rm|*+—— |V Rm|
t 2

1 1
+C (G + g ) IV B+ CIV™ 281 |9 R
C c
t1/2‘ 1/2|
= A|V™Rm|? - 2|]V™ M Rm|? + C|V™ Rm/?

VT H| | V™ Rm| + V| - |[V™ Rm)|

1 1 1
e <tm/2 temtian ) V™ Rm|+C|V™ 2 H| - [V" Rm|
2 2

C m m C m m
tw,\v TH| - |[V™Rm| + 1/2|v2+ ul| - V™ Rm)|
< A|V™Rm|? — 2|V Rm|? + [V HP + OV H)?

1 1 m 2 24m_ |12 1
+C’<tm tm+1+ +1> [V Rm|” + C|V=""u| +¥+C’,

where for the last inequality, we used the following Young inequalities:

C|V™2H|-[V™Rm| < |V "2 H|*+C|V™ Rm|?,

C
W|V’"+1H|-\V’”Rm| < C|V"‘+1H\2+—\VmRm\2,

c c
t1/2|v2+mu| V™ Rm| < C|V*ma|?4+ = |vam|2
rn+2 |va | m +1|va |2+7
and
tm/2|v Rm| < 2|V Rm|*+C, e V™ Rm| < s |V Rm|*+C.
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In the same way, we have
(5.9)
C
oV H? < A\Vm“H|272|Vm+2H|2+C|Vm“H\2+tmﬁ|Vm“H|
e

C
+ CIV T LH] - [V R + 5 [V H] - [V R
9

o |vm+1H| + C|vm+1H| . |V2+mu|
2

1 1
< AV HPE 2|V HP4C (Hth) .|vm+1H\2+;

C
+ |Vm+1Rm|2+?|VmRm|2+C|V2+mu|2

and
(5.10)

C
OV |? < AV 22| VAT 2L C| VAT P —— | V2T
t—=2

C c

+ ;\V”’”ul\vamHth [V +C| W2y ||V |
2 2

1

tm+1

1
< AVETy2 2|V Ty 2O <1+ ) ~|v2+mu\2+;
+ C|V™Rm|*+C |V ™™ H|?.
Combining (5.8), (5.9) and (5.10), we get
at (\V’”Rm|2+|Vm+1H|2+|V2+mu|2)
< AV Rm*+AVTH HP AV uf? — 2|3

> ‘|Vm+1H‘2

_ ‘Vm+1Rm‘2 o ‘vm+2H|2 + C <1 + =,

tm tm+1

1 11 1
+C < + + t+1> V" Rm|* +C (1 - th) ~|V2+mu|2+¥+0.

Using formula (5.6), we also have

S Et 0|V T Rm + [V H|? 4 [V ]
=1
=1

< ZEiti{ANi_lRmP +A|VIH?? + AV )2 - 2|VIRm|? — 2|V H|?

j j 1 1 1 ,
— 2Vl + OV Rmf? + O (t Ter T t> [V Rl

) ) c . ) c . )
+ O|V’+1H|-|V“1Rm\+t—l\VZH|-|V“1Rm|+F|V’+1u|-|V“1Rm\
2 2
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C|ViH]|

it1
t—=

+C|V'H|* + + C|ViH|-|V'Rm |+ \v1H| |V~ Rm)|

C|V’H|

+ OV H|- |V | + OV T a2+ C+ |Vitty|
|v1+1u| |V~ Rm)| + |Vl+lu| + |Vt |VZH}
< iEiti{A\Vi_1Rm|2+A|ViH|2+A|Vi+1u\2—2|ViRm|2—2|Vi+1H|2
=1
_2|Vi+2u|2}
+ZEtl{C C\V2+1H|

i=1

. C
+F|V1Rm| tm(wl LRm|+|V H|+| VT )}.

Therefore combining the above evolution formulas, we conclude that

(5.11) v < AvH(m+ D)t™ [[VRm |+ V™ H P24V 2]

+t"HC 1+ VT H
tm+1
111
+C< Tty +1> |V™Rm|*

1
24+m, |2
+C (1+tm+1> W2y +;+c}
+) Bt [|VIT Rm PV H PV )]
=1
+ ZEiti{—2|ViRm\2—2\Vi+1H\2—2|Vi+2u|2}

m

+ ZE tl{ t%vi“m

C , c o, , )
IV Rml e (V7 Rl 4V |49 ) |
2 2
—2A|VH|*-2B|V?u|? + AC
< Ao O™t 1) [V Rm >+ |V H P+ V72 u)?]
m—1
+ Z (Z + 1)Ei+1ti [lszm|2+‘Vz+1H|2+|vz+2u‘2]
=0
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+3 B {—2 |viRm|2—2|vi+1H|2—2|vi+2u\2}

i=1

+ ciEiti/2{|vi+1H|+|viRm|}
=1

+ Ozm: Eit%{\Vi’lRm|+|ViH|+|V”1u\}
i=1

— 2A|VH]?-2B|V?u|*+ (A+ i E)c

i=1

Now choose (i + 1)E;41 = E;, E; = M " where M is constant which is deter-

R

mined later. We also notice the following estimate

CiEiti/z{N”lH\HViRm\}
=1

1N (i A 1 .
< Eitz{ i+1 7|2 i 2} o2 E,.
< 2; VL H P4V Rl 4 ;

Hence the above inequality (5.11) reduces to

vy < Av+C (" ™ +t41): [[VRm[*+ |V H? + [ V72
m

4 ZEiti{_ ‘ViRmF —|Vi+1H|2—|Vi+2u|2}
i=1

5.12 mo e . |
(5:12) +cd EitT{|V1_1Rm|+|V’H|+\V"+1u|}
=1

— 2A|VH|*—2B|V?u|? + (A +y E)c
i=1
We also see that
CZEJ%{W”RM +IViH|+ |vi+1u|}
=1

m—1
- CE1+CE1|VH|+CE1\V2u|+CZEi+1t§{\ViRm|+\Vi+1H|+|Vi+2u|}
i=1
< CE, + CE,\|VH| + CE,|V?u| + C(E;, Eiy1)
m—1

1 . . . .
+ 5 Z Eitz{|szm|2+|Vz+1H‘2+|vz+2u|2}.
=1

Therefore (5.12) becomes
vt < AU+C(tm+1+tm+t+1)- [|vvrsz|2+|vm+1H|2 =+ |vm+2u|2]
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1
_ §Emtm{ |VmRm|2 +|Vm+1H|2+|Vm+2’LL|2}

- 2A|VH|272B|V2u|2+(A+ i Ei)C
=1

Keep in mind F; = % Now we choose M large enough and get

v; < Av + CE\+CE|VH|4+CE,|V?u|+C(E;, Eiy1)
— 24|VH?-2B|V?ul*+(A+ " E;)C
=1

At last, choosing A and B large enough compared to Fy, we have v; < Av+C.
Since v(0) < C, by Theorem 5.3, the maximum principle gives v(z,t) < C for
all (z,t) € M™ x [0, %] This proves the theorem for the case of m + 1. O

Remark 5.5. We do not know if condition (5.4) guarantee the existence of
solutions to (1.1) on complete manifolds. For closed manifolds, if we replace
conditions |H (z,t)|g) < Ko and |du(x,t)|4¢4) < K3 by [H(xz,0)|40) < K2 and
|du(z,0)|400y < K3, then Theorem 5.4 still holds. In fact, by Proposition 5.1
and Theorem 5.2, bounds of two quantities at initial time imply their bounds
at any time.

Following the arguments of [2], we extend these estimates to obtain bounds
on the curvatures and all of their derivatives on compact manifolds.

Corollary 5.6. Let (g(x,t), H(x,t),u(z,t)) be a solution to system (1.1) on
closed manifolds M™ on [0,T]. If there exist v > 0 and K; > 0 (i = 1,2,3)
such that

|Rm(xvt)|g(x,t) < Klv |H(x70)|g(x,0) < K2 and |du(m70)|g(ac,0) < KB
for all (z,t) € M™ x [0,T], where T > 3=, then for all m € N, there exists a
constant Cy, depending only on n, K1, Ko, K5, max{3,1} and m such that

‘Vm_lRm(xa t)'g(z,t) + |va(xat)|g(m,t) + |vm+1u(x7t)|g($»t) <Cn

for all (z,t) € M™ x [M,T].

Proof. Let 71 := min{y,1} and ¢, € [&
Additionally, let ¢ = t—Ty. We define (g(=
of the initial value problem

6{@@' = —QRij + 1/2711']' + 2an8ia6ja

8;H:ALBFI and Oru = A
with (g(0), H(0),u(0)) = (g(To), H(Ty),u(Tp)). Since solutions to the GRF

system (1.1) are unique, g(t) = g(t + Tp) = g(t), H(t) = H{t + Tp) = H(t)
and a(t) = u(t + Tp) = u(t) for t € [0, 2]. We assume that |Rm|; < K and

, T be arbitrary. Define Tp := to — 2.
x,1), H(z,t),u(z,t)) to be the solution

lQ\ N‘Q
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|H(z)|; < K for t € [0,], so that we can apply our BBS estimates with
B8 = 1. Then there exists a constant C,,, such that

V™ Rml|y + |V™H|; + V™ |, < 51/2
for all (x,t) € M™ x l 2]. Note that for ¢ € [, 2], we have t™ > Qng.
In particular, taking ¢ = v, /K, we see that
V™ R, to)| + [V H (. t0)] + [V (e, to)| < mizcvn
for all x € M™. Since t(, was arbitrary, the result follows. 1 O

6. Compactness theorem for the GRF system

Given a sequence of solutions (My,gi(t)) to the Ricci flow, Hamilton’s
Cheeger-Gromov-type compactness theorem in [7] states that in the presence of
injectivity radii and curvature bounds we can take a C*° limit of a subsequence.
The role of the Hamilton’s compactness theorem is primarily to understand sin-
gularity formation. In this section, we state a similar phenomenon in the GRF
system, which is also a useful tool to understand the singularities of the GRF
system.

Definition 6.1. Given a sequence of complete Riemannian manifolds My,
with origin O, Riemannian metrics gi, 3-forms Hj; and smooth functions
ug, we say that the sequence (My, g, Hg, ur, Ok) converges to the limit
(Moo, Goos Hoos Uoo, Ooo) if there exist a sequence of compact set Uy, exhaust-
ing M., and a sequence of diffeomorphisms ®; of U, in My, to M such
that @, takes O to Oy and the pull-back (®}gx, @ Hy, Piur) converge to
(goo, Hoos Uoo) uniformly on compact sets together with all their derivatives in
M.

Remark 6.2. The above convergence is the topology of C*° convergence on
compact sets. If the limit exists, it is unique up to a unique isometry preserving
the origin.

Let inj,(O) denote the injectivity radius of the metric g at the point O. For
sequences of manifolds we have the Hamilton’s convergence theorems in [7].

Theorem 6.3 (Hamilton’s compactness for metrics). Let {(Mg, gk, Ok) tren
be a sequence of complete pointed Riemannian manifolds that satisfy

|V£Rmk|k < Cp on My,

for allp > 0 and k where C}, < 00 is a sequence of constants independent of k
and

injg, (Ok) = o
for some positive constant vg. Then there exists a subsequence {ji}ren such
that {(Mj,, ;.. Oj.) tken converges to a complete manifold (My, goo, Oco) as
k — oo.



A GENERAL RICCI FLOW SYSTEM 285

Using above compactness theorems for the fixed metrics (i.e., t = 0), we can
get the compactness theorems for the GRF system on complete manifolds.

Theorem 6.4. Let T4, To be given such that —oo < Ty <0< Tp < 0. Let
{(Mp, g (t), Hr(t), ur(t), Or) tren be a sequence of complete pointed solutions
to the GRF system fort € [Ta,To) satisfying
(6.1) sup |Rmyg|i(t) < Co  forallt € (Ta,To),

M

k
(6.2) sup |Hg|k(Ta) < C§  and  sup |ug|(Ta) + sup |dug|x(Ta) < CY,
Mj, My, M

where Co, Gy and Cf are all finite constants independent of k and inj,, ) (Ok)
> 1o for some positive constant vy. Then there exists a subsequence {ji} such
that {(Mj,, g5, (t), Hj, (), uj, (), 0j,)} converges to a complete pointed solution
to the GRF system (Meso, goo(t); Hoo(t), Uso(t), Oso),t € (Ta,To) as k — oo,
where k € N.

Remark 6.5. Proposition 5.1 and Theorem 5.2 state that uniform bounds on
|Rmy|, and initial bounds on |Hg|, and |uk| + |duk |k imply uniform bounds on
|Hi|x and |ug| + |dug|r on [Ta,To) on compact sets. Moreover, their bounds
also imply the bounds of all their derivatives (see Theorem 5.6 in Section 5).

To prove Theorem 6.4, in fact we only need to extend the convergence at
one time to convergence at all times. First, we show that the following key
lemma.

Lemma 6.6. Let M™ be a closed manifold with the background metric g, U a
compact subset of M, and (gi(t), Hi(t),ur(t)) a collection of solutions to the
GRF system in neighborhoods of U x [8,1], where 8 < 0 < 1. At timet =0
on U, let

(a) cg(V,V) <gp(V,V) < Cg(V,V) foralV e T, M,

(b) |VPgi| <C, forallp>1,

(¢) |VPHi| < C’;, for allp >0,

(d) |VPug| < CA'I’,’ forallp>0
and in addition

(e) sup [VRRmglr <C, forallp >0,

Ux[B,¢]

(f) sup IViHylw < C), for allp >0,
UXx[B,%¢

(g) Sl[lp ] |Viurly < C)) forallp>0
Ux[B,%

with constants ¢, C, C'p, 0;7’ CA’I’)', Cyp, C,, C} independent of k. Then we have

(1) 29(V,V) < gr()(V.V) < Cy(V.V),
(if) sup |VPgx| <C, forallp>1,
Ux[B,¢]
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(ili) sup |VPHg| < CN'Z’) for all p >0,

UX[8,4] i
(iv) USl[lﬁpw] |VPu| < C)) forallp >0
(8,

on any (z,t) € U x [3,4], where &, C, Cp, C!, and C! are all independent of k.
Proof. Let V be a vector field on M. For all k, using (e), (f) and (g), we have
Ogr(t)(V, V) = =2Rci()(V, V) +1/2hy, () (V, V) + 2amdyu(t)dpu(t)(V, V)

and
|Rer(8)(V, V)] < Ci(n)Cogr(t)(V, V),
b () (V, V)] < Co(n)|[Hi (D) Rgr(1)(V, V) < Ca(n)CG gr()(V, V),
|diu(t) © diu(t) (V, V)] < [diu() gDV, V) < C{2gr()(V, V)

which gives

—2Rey,(H)(V, V)4 (V, V) 420 diu(t)dyu(t) (V, V)
gV, V)

dlog gr(t)(V, V)|
ot o

S A07

where Ag depends on n, Cy, C} and Cf'. Throughout the proof of this lemma,
we will let 0 < ¢ < @ be arbitrary. Then we integrate to obtain

t
Aot > / 10, log gi(7)(V, V)| dr
0

>

t
/ 0, log gy (7)(V, V)dr
0

s BV V)
8 )V, ) ‘ '

Hence by the assumption condition (a) we have
eg(V,V) = C7lemMVg(V,V) < g(t)(V, V) < Ceo¥g(V,V) i= Cg(V, V),

This completes the proof of (i).
We observe that the difference I'y, — I' is a tensor. Taking I' to be fixed in
time, we then get

0:(T = T}, < C(n) - [IVi(Rew) |k + [Vie(hio) [k + [ Vi(dug @ duy)|x]
< C(n)Cy + 2C(n)| Vi (Hy) |k - [Hi |k + 20 (n) |V (ug) |k - [dug|x
< C(n)C1 + 20 (n)CLCY + 2C(n)CLC! = A,.
Since Vgi ~ T (t) — T ~ V¥(t) — V, we deduce
0V gr(t)] < c(n)[0; (Tk(t) = T)| < e(n)C" |0y (Ty(t) — D), < c(n)C" Ay,
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where constant C’ comes from (i) which is already proven. Integrating again
yields
Vot = Va0 + [ 0.9t
< Ve (0)| 4 ¢(n)C' Ayp < Cy + ¢(n)C" Ay := Cy.
Now we consider |H(t)|. By (f) and (i), we have
[Hi(t)] < C - [Hi(t)]x < C- Cp = Cy,

where C' is determined by (i). We also notice that |- | = | - |, on functions.
Therefore by (g)

lur ()] = lue ()]s < Cf = CF.
Using the fact that V is independent of time, we have
OV H, =VO.H, =V [ArH + Rmy,  Hy|
= (V = Vip)ArHy + Vi Ay Hy + VRmy « Hi, + Rmy, « VHy,
= Vi * Ay Hi + ViArHi + (V — Vi) Rmy, « Hy, + Vi Rmy, x Hy,
+ Rmy, % (V — Vi )Hy, + Rmy, x Vi Hy,
= Vg * ApHy + Vi ArHy + Vg x Rmy, * Hy, + Vi Rmy, x Hy,
+ Rmy, %« Vg * H, + Rmy % Vi Hy,

where we used Vg, =~ V¥ — V. Then by (e), (f), (i) and (ii) for p = 1, the
above equation implies

|0:VHy| < C|Vgi| - |AgHi| + C|ViArHi| + C|Vgg| - |Rmygl| - | Hy|
+ C|V;€Rmk\ . |Hk‘ —+ |Rmk| . ‘Vka| < Bj.
As above,
t
IV H,(8)] < [VH(0)] +/ 0V Hy(7)| dr < O + By := C1.
0
Similarly using (g) and (i), we calculate for the differential:
Vur(t)] = |dur(t)] = [Viuk(t)] < C - [Viur(t)|e < C- € := CY.
We can estimate |V2uy(t)| by the estimate |Vgy(t)]. Since
6tv2u;€ = V2Akuk = (V — Vk)d(Akuk) + de(Akuk)
= Vi * ViApug + Vi(Aguy),
using (g), (i) and (ii) for p = 1, we have
’atVQ’uk’ < C|ng| . |V;€Akuk| + C|V%(Akuk)| < D,.

Using (d), an integration gives

t
|V2u(t)| < |V2ui(0)| +/ |0, V2uy,(7)| dr < CY + Dot :=
0



288 J.-Y. WU

Higher derivatives of (g, Hy, ux) with respect to g can be estimated in pairs
(VPgr, VP Hy,, VPTLuy) for all p > 2. The technique is similar for all p > 2, so
we only state the case p = 2 as reference. Note that

OV2g, = V2 (=2Rcy, + 1/2hy, + 20, duy, @ duy,)

(6.3) 2 2 3 2 2
= V*Rep,+HpxV*H,+V H,xV H,+Voup, QVur+Vou,QVauy.

We can rewrite some of these terms to be
(6.4)
V2Rey, = (V=V)VRep+Vi(V—Vi)Rep+ViRey,

= Vg * [(V=Vi)Rer + ViRer] + Vi (Ve * Rey,) + Vi Rey,
= Vgp* [Vgp*Rep+Vi Rey] + Vi Vs Rep+V gpx Vi Rep+Vi Rey,
= Vgp* [Vgp*Reg + ViRey] + VZgrRey + Vi Rey,,

where in the last equality we used
(6.5) ViVar = Vi + (Vi = V)V = Vg, + Vg, + V.
Substituting (6.4) into (6.3), we have
0:V2g1| < C(n)CCo|V2gx| + C(n)CCHV?Hy| + CF [V3uy|
(6.6) +(CH2 + (CH2 +C(n)C [C‘%Co +C101 + 022}
< Ay [|V2gi| + [V2Hy| + [VPu|] + C,

where we used (a)-(g) and (i)-(iv) for the case p =0, 1.
Doing the same calculation for V2Hj, we have
O V?Hy = V?[ArHy, + Rmy, + Hy]

= (V-V)VALH+Vi(V=Vi) A Hy+ViAp Hy,
+ V2Rmy, ¥ Hy + Rmy, * V2Hy, + V Rmy, x VHy,

= Vgp*[(V=Vi) A Hy+ Vi A He |+ Vi (Vgpx A Hy )+ Vi AL Hy,
+ V2R Hy+ Rmyp V2 Hy+(V =V ) RmyxV Hy+V i Rmy+V Hy,

= Vgi*[Varx A He+ Vi A Hy [+ Vi (Vg Ap Hy )+ V3 Ay Hy,
+ V2 Rmyx Hy+Rmyx V2 H+V gk RmgxV Hy+V i Rmy+V Hy,.

Therefore following the arguments above, we get:
(6.7) |0: V2 Hy | < Ay [|V2gi| + |V2Hi|] + C,

where we still used (6.5), (a)-(g) and (i)-(iv) for the case p =0, 1.
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Compute the evolution equation of V3u, we have
0 V3uy, = (V=V)VdAup+Vi(V—V1)dAru,+VidAguy
= Vgi* [(V=Vi)dAup+ViAgug| +Vi(VgrrdApuy)+VidAgug
= ng*ng*VkAkuk—Fng*VﬁAkuk
+ Vng*VkAkuk+ng*ng*VkAkuk—i—V%Akuk.
This leads to the estimate
(6.8) |0, V3| < A5|V2gs| + C.
Putting (6.6), (6.7) and (6.8) together and realizing that | - | is independent of
time, we arrive at
10y (|V2gx| + |V2Hi| + |V3ur|)| < A[|V2gk| + [V2Hy| + [V3u|] + C.

Since |V2gx(0)| 4+ |V2Hi(0)| 4 |V3u(0)] < Cy + €4 + €Y, which is bounded,
we can integrate in time to obtain

(6.9) V29(0)] + [V Hi(8)] + |Vur(t)] < Co + Cg + Cy.
Hence we have estimated in pairs (VPgy, VP Hy, VPTtuy) for all p = 2.

We would like to derive some recursion formulas for higher derivatives.
0 VPgr = VP (=2Rcy, + 1/2hy + 2, duy, @ dug,)
(6.10) g T
= VPRep+ YV Hps VP Hyt > VI VP 0y
i=1 i=1
If the estimates hold for p < N with N > 2, then we shall estimate them for
p = N. First we have

N
VY Rey (1)] = ‘ S VNV — Vi)V Rey + kaRck)

(6.11) =t

N
<Y VNV = Vi)V T Rey| + |V Rey -
i=1
Note that we can rewrite V — V ="' — 'y as a sum of terms of the form Vgy.

When i = 1, we can bound |VN~1(V — V;)Rey| by a sum of terms of the
form |[VN=Igy| - |[VIRep|, 0 <j < N —1.

When 2 < ¢ < N, we can bound ’VN_i(V - Vk)V?chﬂ by a sum of
terms of the form ‘VN_i_j+1gk| - |VIViT1Rer|, 0 < j < N —i. Furthermore,
we can also bound |V/Vi~'Rey| = [((V = Vi) + Vi) V"' Rei | by a sum of
terms which are products of |Vf;+i_1Rck‘, 0</¢<j, and |[Vig|, 1 <€ <.

Hence by the assumption of Lemma 6.6, the induction assumption and the
equivalence of |- | and | - |, we get from (6.11)

VN Rep(t)] < Chn VN gr| + CHe.
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By induction, we have that |V? Hy| and |VPuy| bounded for all p < N. This
allows us to estimate from (6.10)
100V gio| < O IV gul + CRIVY Hy| + +CIVN | + C
< An [|VVgi| + VN Hy| + V¥ T lu|] + C.

Doing the same calculation for VP Hy, we have

(6.12)

p

(6.13) 0, VP Hy = V" [ApHy + Ry,  Hy| = VPALH+Y | V' Rmy« VP~ Hy,.
i=1

We assume the cases hold for all p < N with N > 2, then we shall estimate

them for p = N. As above, in the right hand side of (6.13), we find

IVNARH| < Oy VN gil + CR, [V Rmy(8)] < Cx [V gi| + CF;
and the others are bounded by induction.
Hence from (6.13), we get
(6.14) 0V Hy| < An [[VNgi| + VYV Hi|] + C.

Compute the evolution equation for VP*1u, we have
N+l ‘
VN Ty = Vi(Agug) « Vg + Y Vi(Agug) x P(VOgk, ..., VN 7igy)
i=2
+ Vk(Akuk) * P(Voglﬁ CE) VN_lgk‘)a

where N > 2 and P is a polynomial in the components of the derivatives of g
of the designated order. We have the following estimate by induction.

(6.15) |0, VN | < An|VNgi| + C.
Combining (6.12), (6.14) and (6.15), we have
10 (|VN g+ | VN Hye |+ | VN g )| < A VY g+ VN Hy [+ VN |] + C.

Note that at time ¢ = 0, [VNgy| + [VVNHy| + |[VVTluy| is bounded by the
assumption of Lemma 6.6. Then we integrate in time to give this quantity
bounded for all time. Hence this finishes the proof of the lemma. O

Now we use Theorem 6.3 and Lemma 6.6 to prove Theorem 6.4.

Proof of Theorem 6.4. We want to use the convergence theorem as stated in
Theorem 6.3. Assume for the proof that Ty, To < oco. We also assume that the
injectivity radius is bounded below by some positive constant at time ¢ = 0.
Using Proposition 5.1, Theorem 5.2, Theorem 5.4 and Corollary 5.6, the as-
sumptions (6.1) and (6.2) of Theorem 6.4 imply that their uniform bounds and
uniform bounds on all derivatives of Rmy(t), Hy(t) and ug(t) on all compact
sets; namely,

(6.16) |Hy |k + |ug| + |dug|x < C(n, Co, Cy, Cy, T)
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and
(6.17) |V ' Rmgli + |V Hili + V7 gk < Cra(n,m, Co, Ch, CY, T)

for all m > 1, where C' and (), are both independent of k. Now we apply
Theorem 6.3 to get a convergent subsequence of (Mg, gr(0),x), also denoted
(M, g1(0),x), at time ¢t = 0 to a limit (Meo, h, Zs) in the sense of Definition
6.1, ie.

(6.18) klim Vi (®rgr(0)) — Vith|p =0 for all m > 0.
— 00

We will apply Lemma 6.6 at time ¢ = 0, h as the background metric, and
Drg(t), PrH(t) and Pfuk(t), t € (Ta,To) as the sequence. Let [8,9] C
(T4, TO), 0 € [B,¢], and U C My be compact. Since we have convergence of
@5 g1 (0) to the limit metric h at t = 0, the following is true:

(a) ®;9x(0) is equivalent to h on U, that is, ch < ®}g,(0) < Ch holds for
all k big enough and some constants ¢ and C' independent of k.

(b) The covariant derivatives of ®%gx(0) with respect to h are uniformly
bounded on U x {0}. From (6.18) we have |V7*(®%gx(0))|n < Cp, for
all m > 1 independent of k.

(c) By assumption and the equivalence of metrics, by (6.16), |®;Hy(0)], <
C|H(0)|), < €. Moreover for m > 1, we can use the equivalence of
metrics and the fact that V’g%gk(o) — Vi at t = 0 to obtain

Vi (21HK(0)[n < CIVE (@rHK(0))|o: g, (0)
< CIVgs g0y (PrHE(0)) 01 g, (0) < CIVR (Hi(0))] < C7,

for k big enough independent of k, where in the last line we used (6.17).
(d) Using the similar method of (c), we can obtain |V7*(®Fuz(0))|n < C
for k big enough independent of k, where m > 0.
And in addition (6.16) and (6.17) imply (e), (f) and (g) in Lemma 6.6 are
satisfied.
This allow us to apply Lemma 6.6. Then we have
(i) eh < Digr(t) < Ch on U x [8,4],
(ii) sup |VP®igp(t)|n <Cpn forallm>1,

Ux[6.9] )

(iii) sup |Vp®@;HE(t)|, < C), forallm >0,
UX[89) )

(iv) sup |VP®@iuk(t)|n < CJ,  for all m >0,
Ux[B,¢]

where ¢, C, Cy,, C! and C”, are all independent of k.

At last by Arzela-Ascoli theorem, we find a subsequence converging uni-
formly on every compact subset of My, x (T4,Tp). In addition the limit
Goo(t) = limy_ oo Phgx(t) agrees at time ¢ = 0 with h since it already con-
verged there by construction. Let Hoo(t) 1= O Hy(t) and us(t) := @fur(t).
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Since the convergence is smooth and taking the limit commutes with all deriva-

tiv

es, we see that {goo(t), Hoo (), oo (t), Oxo(t)} is also a solution of the GRF

system (1.1) and it satisfies the same bounds on derivatives and the injectivity
radius. This finishes the proof of Theorem 6.4. O
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