EVOLUTION EQUATIONS OF CURVATURE TENSORS ALONG THE
HYPERBOLIC GEOMETRIC FLOW

WEI-JUN LU

AssTrACT. We consider the hyperbolic geometric flow 3722 g(t) = —2Ricg introduced by
Kong and Liu [KL]. When the Riemannian metric evolve, then so does its curvature.
Using the techniques and ideas of S.Brendle [Brl [BS]], we derive evolution equations for
the Levi-Civita connection and the curvature tensors along the hyperbolic geometric flow.
The method and results are computed and written in global tensor form, different from the
local normal coordinate method in [DKL1]. In addition, we further show that any solution
to the hyperbolic geometric flow that develops a singularity in finite time has unbounded
Ricci curvature.

1. INTRODUCTION

Geometric flows are important in many fields of mathematics and physics. A geometric
flow is an evolution of a geometric structure under a differential equation related to a func-
tional on a manifold, usually associated with some curvature. The most popular geometric
flows in mathematics are the heat flow ([Jol,[MR], etc.), the Ricci flow ([BLNI, [Brl], [Tol,
etc.), the mean curvature flow ([Zhl]) and the Yamabe flow ([Brll Br2,|Ch1,ISS!| Rel).

The subject of Hamilton’s Ricci flow [Ha]:% g(t) = —2Ricy lies in the more general
field of geometric flows, which in turn lies in the even more general field of geometric
analysis. In Ricci flow we see the unity of geometry and analysis. As a fully nonlinear
system of parabolic partial differential equations of second order ([Del]), the Ricci flow in
many respects appears to be very natural equation.

Similarly, since the hyperbolic equation or system is one of the most natural models
in the nature, we feel the hyperbolic geometric flow (for short, HGF):g—:2 g(1) = —2Ricy
introduced by Kong and Liu [KL] in the year 2007, is also a very natural tool. Note that
the elliptic and parabolic partial differential equations have been successfully applied to
differential geometry and physics. A natural and important question is if we can apply the
well-developed theory of hyperbolic differential equations to solve problems in differential
geometry and theoretical physics. HGF is helpful to understand the wave character of
the metrics, wave phenomenon of the curvatures, the evolution of manifolds and their
structures (see [KL, [DKLI1} [Ko]). For more discussions for related hyperbolic flows and
their applications to geometry and Einstein equations, we refer to [Li].

In geometry, singularity is more difficult to define, especially when the structure is
governed by the hyperbolic system and the topology of the space is allowed to change.
A good example is the singularity developed in general relativity. The major problem here
is that one has very little understanding of the global behavior of nonlinear hyperbolic
systems when the spatial dimension is greater than one. It is almost for sure that a break
through will be accomplished in geometry if one knows this type of equation better (See
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[SYT]). HGF equation is quite difficult to solve in all generality unlike the nonlinear elliptic
problems with a well developed regularity theory. Although the short time existence of
solutions is guaranteed by hyperbolic nature of the equations, their (long time) convergence
to canonical geometric structures is analyzed under various conditions. So far, providing
results of this sort have been developed. Among them, one may find the related works in
[DKL2| Hel, KLXL [KLWI.

The goal in this paper is to work out the evolution equations for Riemannian, Ricci and
scalar curvature under the hyperbolic geometric flow. More precisely, we will concentrate
in obtaining the global forms of the evolutions under HGF. As for the local forms of the
evolutions, Dai-Kong-Liu [DKLI1] have obtained the following results.

To state our results, it will be convenient to assume that (M, g(?)),t € (0, T), is a family
of complete Riemannian manifolds evolving under hyperbolic geometric flow. In addition,
‘Ric’ and ‘scal’ denote the Ricci and scalar curvature of (M, g(¢)), respectively.

Theorem 1.1. Under the hyperbolic geometric flow %g(t)i i = —2Ric;j, the curvature
tensors satisfy the evolution equations
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where (X'} is a local normal coordinates around a fixed point p € M, B; ikl = 878V R pig iRrkst
and A is the Laplacian with respect to the evolving metric g(t).

Analogous results for the Einstein’s hyperbolic geometric flow and the dissipative
hyperbolic geometric flow occur in ([Hel]) and ([DKL2]), respectively.

Motivated by the techniques and ideas concerning the Ricci flow in S. Brendle’s paper
[Br, BS], we obtain the following main results with global forms under the HGF.
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Theorem 1.2. Let X,Y,Z, W be fixed vector fields on M. Then under the HGF (2.1)), we
have

& . .

ﬁR(X, Y, Z, W) = —Ricyu(R(X, Y)Z, W) + Ricyy(R(X, Y)W, Z)
+ (D zRicg)(Y, W) — (D yRicy)(Y, Z)

(1.4) — (DyzRice)(X, W) + (DY Ricyn)(X. Z)

220y 2), W) - 220

- 2g(t)(B(X, B(Y,Z)), W) + 2g(t)(B(K B(X,2)), W),

(DyB)(X,2), W)

where B(X,Y) := m(DXY)

Theorem 1.3. Let X, Y, Z, W be arbitrary fields on M. Then under the hyperbolic geometric
flow 2.1), the curvature tensors satisfy the evolution equations

2
—RX,Y,Z,W)=(AR)X,Y,Z, W)+ QRR)(X,Y,Z, W)

o
= Ricgp(X, RzwY) + Ricgy(Y, RzwX)

(1.5) + Ricy1(Z, Rx,yW) — Ricgy(W, Ry yZ)
58( ) 38( )

——((DxB)(Y,2), W) - 2——((DyB)(X.2), W)
- 2g(t)(B(X’, B(Y,Z)), W) + 2g(t)(B(K B(X,2)), W),

where Q(R) := R* + R* is a curvature tensor satisfying the first Bianchi identity, and given
a local orthonormal basis {ey, ..., e,}, R* and R¥ are difined by

RAX.Y.ZW):= 3 R(X.Y.epe)R(ep e Z W),

(1.6) P!
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Theorem 1.4. Let X, Y be arbitrary fields on M. Then under the hyperbolic geometric flow
@, the Ricci curvature tensor Ricgy and scalar curvature scalyy satisfy the evolution
equations, respectively

2
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where ey, ..., ey} is a local orthonormal basis of M, and | Ric |*= En] (Ric(e;, ej))z.
ij=1
The structure of the paper is as follows. In Section 2 we state the related concepts such
as HGF, Einstein HGF and present some examples of specific solutions to the HGF. In
Section 3 we give evolution equations for the Levi-Civita connection and prove the main
results in the introduction. In Section 4 we consider Ricci curvature blow-up at finite-times
singularities. Section 5 presents some expected problems.

2. HYPERBOLIC GEOMETRIC FLOW

Recall that Kong and Liu [KL] introduce a geometric flow—Hyperbolic geometric flow
(HGF), which is difference from the Hamilton’s Ricci flow, although these two flows share
a common Ricci term —2Ric,. The definition of HGF is as follows.

Definition 2.1. Let M be a manifold. The hyperbolic geometric flow is the evolution
2

0 .
2.1 ﬁg(z‘) = —2Ricy

for a one-parameter family of Riemannian metrics g(#), t € [0, T) on M. We say that g(7)
is a solution to the hyperbolic geometric flow if it satisfies (2.1).

Similar to the Ricci flow % g(t) = —2Ricy;), the HGF equation is a unnormalized
evolution equation. In [KLIJ, Kong and Liu also consider the normalized version of hyper-
bolic geometric flow, which preserves the volume of the flow. Considering the HGF and
the normalized HGF differ only by a change of scale in space M and a change of time ¢,
the normalized HGF equation reads such form as

2

0 0
(2.2) 580 = ~2Ricyq) + a(t) =-g(0) + b()8(®),

where a(t) and b(¢) are certain functions of z.
In order to further understand the relationship between the Einstein equation and the
HGF, Kong and Liu also introduce a so-called Einstein’s hyperbolic geometric flow.

Definition 2.2. Let R x M be a space-time with the Lorentzian metric ds* = df* +
gij(x, f)dx'dx’. Suppose the Einstein equations in the vacuum, which correspond to the
metric ds?, has the form

g 1 ,.08ij08pq 98ip 08jq
2.3 —g(t);j = —2Ric;; — =gl ——— + gM1———.
23) arzg()’ UT 28 T Tar T8 T ar
The equation (2.3)) is called Einstein’s hyperbolic geometric flow.

Motivated by the well-developed theory of the dissipative hyperbolic equations, Dai-
Kong-Liu [DKL2] introduce a new geometric analytical tool—dissipative hyperbolic geo-
metric flow defined by

2

dgip 08 08pq . 08ij
%g(f)ij - —2Ric,-j + Zquﬁﬁ — (d + zgpqﬂ)ﬁ

ot ot ot =~ ot
2.4)
+ 1 ((gpqagpq)2+3gpqagpq) .
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where d is a positive constant. The reason that (2.4) is chosen as the equation form of
dissipative hyperbolic geometric flow is that, in the case it possesses a simpler equation
satisfied by the scalar curvature.

In order to get a feel for the HGF (2.1)), we present some examples of specific solutions
(cf. [KL, DKL} [DKL2, [KLW, He]).
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Example 2.3. (i)(Trivial example) If the initial metric is Ricci flat, so that Ric;; = 0,
then clearly the metric does not change under (2.1I). Hence any Ricci flat metric g(¢) is a
stationary solution to the hyperbolic geometric flow. This happens, for example, on the flat
torus or on any K3-surface with a Calabi-Yau metric.

(i1)(Non-trivial example) A typical example of the Einstein metric is

ds(z) =12 dr? + r?d6* + r* sin’ 0dg?,

where « is a constant taking its value —1,0 or 1. We can prove that the metric
ds> = (—2Kt2 +cit+ cz)ds%
is a solution to the HGF (2.1))), where ¢; and ¢, are two constants.

Example 2.4. Consider the solution in conformal class with the following form

(2.5) &ij(t, x) = p(t)gi;(0, x).
Suppose that the initial metric g;;(0, x) is Einstein, that is, there exists some constant A such
that

Ric;j(0,x) = 1g;;(0,x),Yx € M.
Then (2.5) with p(f) = —A#> + vt + 1 and a real number v standing for the initial velocity, is
a solution to the equation (2.1)).

Example 2.5. For the Einstein’s hyperbolic geometric flow (2.3)), its exact solution has the
following form

h(t)
F(t,2)
where f,h and F are smooth functions with respect to variables. The x-invariance and y-

invariance show that the model possesses the z-axial symmetry. In order to guarantee that
the metric g;; is Riemannian, we assume F(,z) > 0 and h(1)/F(¢,z) > 0.

ds* = f(t,2)dz* + ((dx — p(t, 2)dy)* + F2(t, 2)dy*),

More interesting example comes from the Riemann surfaces with the initial asymptotic
flat.

Example 2.6. On a surface, the HGF equation (2.1) can be simplified as the following
equation for the special metric
2
o
Because the Ricci curvature is given by

(2.6) 8ij(t,x,y) = =Scal g;j(t, x,y).

1
Ricij(t, x,y) = ES cal(t, x,y) gij(t, x,y),

where Scal = 2K is the scalar curvature function with the Gauss curvature K. Note that
the metric for a surface can always be written (at least locally) as the following form

gij(t, x,y) = u(t, x,y)6ij,
where u = u(t, x,y) > 0. Thus
Scal = —bltAlog u.
This implies that reads
2.7) uy —Alogu = 0.



6 WEI-JUN LU

Define f = logu, then (2.7)) exchanges a quasilinear hyperbolic wave equation

(2.8) fu—eAu=—f,.
Consider the Cauchy problem for (2.8)) with the following initial data
(2.9) 1=0:f=¢efo(x), fi = fi(x)
and satisfying the slow decay condition

A A
2.10 < — ) =—
2.10) o < e i = o

where € > 0 is a suitably small parameter, and fy(x), fi(x) € C*® (R?); A, k are two suitable
positive constants, k > 1. Then there exist two positive constants ¢ and & such that for
any fixed € € [0, &, the Cauchy problem ~ has a unique C* solution on the
interval [0, T,.] with T, = 6~/ (for detail, see [KLW]).

3. EVOLUTION OF THE CURVATURE TENSORS AND PROOFS OF MAIN RESULTS

In this section, we derive evolution equations with global forms for the Levi-Cicvita
connection and the curvature tensors along the HGF. We employ the techniques and ideas
in studying evolution equations along the Ricci flow by S.Brendle (See [Bx] or [BS]]).

From now on, we assume that (M, g(¢)),t € (0, T), is a family of complete Riemannian
manifolds evolving under HGF.

3.1. Evolution of the Levi-Civita connection. Let X, Y be fixed vector fields on M (that
is, X, Y are independent of 7). We define

& 0
AX.Y) 1= =5 (DY), BX.Y) 1= = (DxY).

Observe that the difference of two connections is always a tensor, consequently, A, B are
tensors.
Proposition 3.1. Let X, Y, Z be fixed vector fields on M. Then

8W(A(X,Y),Z) = —(DxRicy)))(Y, Z) — (DyRicg))(X, Z)

3.1 0
+ (DzRicypn))(X, Y) — 2%(B(X, Y),2).

Proof. For g(t)(DxY,Z), we differentiate it twice with respect to ¢. This yields

9? d? 0
(2 5(s(DxY.2) = %?(DXY,Z) + 2%(3(& Y).2) + §((AX, Y), 2).

Since the Levi-Civita connection satisfies
28(t)(DxY, Z) = X(g(1)(Y, 2)) + Y(g(1)(Z, X)) — Z(g(1)(X, ¥))
- gOX, Y. Z]) + gO)(Y, [Z,X]) + gO(Z, [X, Y]),

(3:2) can be rewritten in form

_ o 18780 15g(n)
SUNAX.Y).2) = X(5 =52 (1.2)) + Y(5 —5 (2. X))
16750 18%(0)
25— X Y) — 3 (XY Z)
1 6%g(r) 19%g(r)
+ 35 (WZXD + 5 == (ZX. YD
_ P 9g(1)

Er (DxY,Z) - ZT(B(X’ Y),2).
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By definition of the HGF, we have

gO(AX,Y),Z) = —X(Ric(Y, Z)) - Y(Ric(Z, X)) + Z(Ric(X, Y))
+ Ric(X, [Y, Z]) — Ric(Y,[Z, X)) - Ric(Z,[X, Y])
6g(t)

(3.3)

+ 2Ric(DxY,Z) - 2——(B(X, Y), Z).

Note the A is a tensor, we conclude that

§M(AX,Y),Z) = =(DxRic(Y, Z) - (DyRic)(Z, X)

34
G4 + (DzRic)(X,Y) — ZE(B(X Y),2),

as claimed. 0O

3.2. Proof of main result 1: Theorem [1.2} Now we return to compute the evolution
equation for the curvature tensor. For convenience we need the second order covariant
derivative D% ,Z defined by

D% yZ := DxDyZ — DpyZ,
from which we have

R(X,Y)Z := DxDyZ — DyDxZ — Dixy\Z = Dy yZ — Dy Z.

Proof of Theorem[1.2] The second derivative of R(X, Y)Z yields

2 2 o 62
o 2R()( Y)Z = o 2Dx(DyZ) + 26 Dx( DyZ) + Dx( DyZ)
2 2 2

35) "3 —Dy(DxZ) - 2 0 DY( DXZ) DY( DXZ) 0 D[x nZ
= AX.DyZ) + ZB(X, B(Y, Z)) + DyA(Y, Z) ACY, DXZ)
—2B(Y,B(X.Z)) - DyA(X.Z) — A(DyY — DyX.Z)
= (DxA)(Y, Z2) — (DyA)(X, Z) + 2B(X, B(Y, Z)) — 2B(Y, B(X, 2)).

This implies
62

—RX, Y, Z W
72 )
2

= ﬁ

2 2
- a (t) (R(X, Y)Z, W) — g(t)(%R(X, Y)Z, W)

= 2R1Cg<r>(R(X, NZ,W) - g(DxA)Y, Z), W) + g()(DyA)(X, Z), W)
- 28(0)(B(X, B(Y, 2)), W) + 28(1)(B(Y, B(X, Z)), W).

(8((-R(X,Y)Z, W)
(3.6)
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Applying Proposition 3.1} we obtain
8(O((DxA)Y, Z), W)
= X(g(N(A(Y, 2), W) — g()(A(Y, Z), DxW)
- 8(N(A(DxY,2), W) — g(1)(A(Y, DxZ), W)
X( = (DyRicg))(Z. W) = (DzRic)(Y, W) + (DwRicy)(Y, Z)

d
- 2&(3(1/ Z),W)) + (DyRicy))(Z, DxW) + (DzRicy)(Y, DxW)

3.7) — (DpywRicg) (Y, Z) +2 98 )(B(Y 7), Dy W)

+ (DpyyRiceny)(Z, W) + (DZRlcg(t))(DXYa W)

— (DwRicyy)(Dx Y, Z) + 2ﬁ(3(DXY 7)., W)

+ (DyRicy))(DxZ, W) + (DDXZRng(r))(Y, W)

— (DwRicy)(Y, DxZ) + 2ﬁ(3(y DxZ), W)

= —(DxDyRicgq — DpyyRicgpn)(Z, W) — (DxDzRicgq — DpyzRiceq))(Y, W)

6
+ (DwaRng(l) - DDXWRng(Z))(K Z) g( )((DxB)(Y Z) W)

= —(Dy yRicy)(Z, W) — (D% zRicg)(Y, W)

P
+ (D% yRicg)(Y, Z) - 2i)((DXB)(Y Z), W).

Interchanging the roles of X and Y ylelds
g(((DyA)X, 2), W)
= ~(DyxRicy)(Z, W) = (D ;Ricy))(X, W)

+ (D} Ricgo)(X, Z) - 2£((Dy3)(x Z), W).

(3.8)

Moreover, we have

(Dx yRico)(Z, W) = (D3 xRice)(Z, W)

= ((Dxy — Dyx)Ricy)))(Z, W)

= (R(X, Y)Ricyn))(Z, W)

= Ricg)(R(X, Y)Z, W) + Ricy(R(X, Y)W, Z).
Substituting (3.6) with (3.7), (3.8) and (3.9), we get

g—;R(X, Y,Z, W)

= —Ricyn(R(X, Y)Z, W) + Ricy(R(X, Y)W, Z)

+ (Dy zRicg)(Y, W) — (D yRicy)(Y, Z)

— (Dy4Ricg)(X, W) + (D, Ricy))(X, Z)

+2@(<DXB)<YZ> W) -2 g()((DyBxx 2, W)

- 2g(t)(B(X, B(Y,2)), W) + 2g(t)(B(K B(X,2)), W),

3.9)

(3.10)

as claimed.
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3.3. Proof of main result 2: Theorem[1.3} We will show that the right-hand side in the
equation (3.10) for the curvature tensor equals the Laplacian of the curvature tensor, up
to lower order terms. To this end, we first give the following lemma (See [B1l]) which is
independent of any evolution.

Lemma 3.2. Let X,Y,Z, W be arbitrary fields on M. Then
(D3, zRicy)(Y, W) = (D yRicy)(Y. Z)
GB.1D) = (Dy Ricyy)(X, W) + (D3 Ricy)(X, Z)
= (AR)YX, Y, Z, W) + QR)(X, Y, Z, W) - Ricgip(X, RzwY) + Ricy (Y, Rz X),

where Q(R) := R* + R* is a curvature tensor satisfying the first Bianchi identity, and given
a local orthonormal basis {ey, .. ., ey}, R* and R¥ are difined by @ in Theorem

Proof. For the orthonormal basis {ey, ..., e,}, it is easy to show that

n
(D} fRicgn)(Y, W) = > (D} R)(ew, Y, ex, W),

(3.12) k=1

n
(DywRicg)(Y,Z) = > (D% yR)(ex, ¥, ex, 2).
k=1

Using the second Bianchi identity, by a direct computation we obtain

(3.13) (D3 ,R)(ex. Y, ex, W) — (D yR)(ex, Y, e, Z) = (D3, R)ex, Y. Z, W).

Thus we have

(3.14) (D Ricq@)(Y, W) = (D yRicg)(Y, Z) = an(Di,gkR)(ek, Y.Z, W),
k=1

and

(3.15) (D} 4Ricy)(X, W) = (D Rice)(X, Z) = znl(DiekR)(ek, X, Z,W).
k=1

Therefore, (3.14) and (3.15) yield
I := (Dy yRicy)(Y, W) — (D yRicy) (Y, Z)

(3.16) — (DyzRice)(X, W) + (DY Ricen)(X. Z)

= > (Do R)ew, ¥, Z, W) = (D}, R)(ew, X, Z,W)).
k=1

Now we consider to put Q(R) into (3.16). Note that

M (D} R~ D R er V.2 W)
k=1

(3.17) &
= > (R(X, ex, ex, eR(er, ¥, Z, W) + R(X; ex, Y, eR(e €1, Z, W)

=1
+ R(X, e, Z, ep)R(ex, Y, e, W) + R(X, ex, W, e/)R(ex, Y, Z, e)))
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and
> (D}, R~ D2 yR)(er X Z.W)
k=1
(3.18) n
= Z (R(Y, ex, ex, eDR(e;, X, Z, W) + R(Y, ex, X, ep)R(ey, e1, Z, W)
k=1
+R(Y, ex, Z, e))R(er, X, e1, W) + R(Y, ex, W, e))R(ex, X, Z, ¢))),
we have
((D},,R - D% xR)(er. Y.Z.W) — (D}, R — D%, yR)(er. X. Z, W)
k=1
= > (Ric(X, epR(e1, Y, Z, W) = Ric(Y, epR(e1, X, Z, W)
=1
(3.19)

n
+ " (R, ex, Y,en) = R(Y, ex, X, en)R(ews €1, Z, W)
k=1

+2 3 (R(X, e, Z,enR(ex, Y, e1, W) = R(X, ex, W, eDR(Y, e, Z €1)
k=1

By definitions of R? and R, together with the first Bianchi identity
R(X, e, Y,e1) = R(Y, e, X, e1) = R(X, Y, ey, e1),

(3:19) can be reduced as

n

(3.20) > (D3R = D2 yR)(ex, Y, Z, W) = (D}, R — D2 yR)(ex, X, Z, W)
. k=1

= —Ric(X, RzwY) + Ric(Y,RzwX) + (R* + R*)(X, Y,Z, W).

Hence, from (3:16) and (3:20) we have

1= QRYX, Y, Z,W)+ > (D, xR)(ew, Y, Z, W) = (D2 yR)(ex, X, Z, W)
k=1
- RlC(X, RZ,WY) + RlC(Y, RZ,WX)-

(3.21)

Next we consider to put AR into (3.20). Similar to (3.13), we have
DD L RX Y. ZW) = " (DL (R ex, ¥, Z, W) = (D2 yR)(ei, X, Z,W)).
=1 k=1

Moreover, we know
n
_ 2
AR=>"D2 R
k=1

Putting these facts together, (3.21) arrives at the desired equation.
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Proof of Theorem[I.3] By Theorem and Lemma we obtain the following wave-
character equation for curvature tensor

2
%R(X, YZ,W)=(AR)X.Y,Z, W)+ QR)X,Y,Z, W)
- Rng(r)(X, RZ,WY) + Ricg(,f)(Y, RZWX)
(3.22) + Ricy(Z, Ry W) = Ricoo(W, Rx.yZ)
Og(t Og(t
+ 2%((1);(3)(1& Z).W) - 2%«1%3)(& 2),W)

- 28((B(X, B(Y. Z)), W) + 2g(0)(B(Y, B(X, 2)), W).

]

3.4. Proof of main result 3: Theorem [1.4} Notice that the hyperbolic geometric flow
is an evolution equation on the metric g;;(f). The evolution for the metric is not only
implies a nonlinear wave equation for the Riemannian curvature tensor, but also for the
Ricei curvature tensor and the scalar curvature. This result (i.e.Theorems[I.4) is stated in
the introduction. Now we give its proof.

Proof of Theorem[I.4] Similar to (3.12), we have

(ARicy)(X,Y) = (Z(D?/_,ejRic))(X, Y)

J=1

(3.23) = > (D R)(X, e, ei)

ij=1
= Y (ARXe;, Y, ).
i=1

By definition of Q(R), we have

n
OR(X,e;,Y,e) = > (R(Xere),e0R(Y, e e e0)
i=1 i jk=1

G2 +2R(X, e}, Y, er)R(e;, e, ei, ex)

- 2R(€i, ej> K ek)R(X9 eja €, ek))'
Using the first Bianchi identity, we obtain
=2 3" Reeie;. Y.e)R(X. e}, ei.ex)

ijk=1

= - Z R(X3 €j, €, ek)(R(Y’ €k, €, Ej,) - R(Y’ €, €, ej))
i,j,k=1

=- Z R(X,ej,ei,er)R(Y, e, e, e;)

i,jk=1

. Z R(X,ei,ej,er)R(Y, e;, e, ep).

i, jk=1
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Hence (3:24) can be reduced as

N ORX.er ey =2 Y R(X.ep. VeoR(er e e er)
(325) i=1 i,jk=1

=2 > R(X,e;, Y, e0)Ricu (e, e0).
k=1

Moreover, we have

n

D [=Ricg(X, Rye,e) + Ricgn(es, Ry X)

i=1

+ Ricg)(Y, Rxc,ei) — Ricgp(ei, Rxe,Y)]

n
= Z [=R(Y, e;, e;, e))Ricy (X, €j) + R(Y, e;, X, e)Ricg (e, €))
(3.26) i

+ R(X, e;, e;,e)Ricy)(Y, e;) — R(X, e;, Y, ej)Ricg (e, €;)]
= Z [Ricg (Y, ej)Ricyr (X, ;) — Ricgr) (X, ej)Ricy (Y, e;)]

ij=1

=0.

Using Theorem|[I.3] or by (3:22)), together with (3.23), (3:23)) and (3.26), we get

62 n 62
aRicao(X.Y) = 21 saR(X.eY.e)
= (ARicgp)(X,¥) +2 D" R(X, e}, Y, e)Ricg (e, ex)
k=1
3.27
.27 dg(1)

o 0
+2 Z:‘ [&((DXB)(&', Y), e)) - 7((Dei3)(x’, Y), )]

ot

-2 Z[g(f)(B(X, B(ei, Y)), ei) — g(n(B(ei, B(X, Y)), ei)],
i=1

as the first claimed equality (1.7).
As for the second assertion (T.8), note that

—Scalyy = —Ric, (e, €;)
39 Calgn s Ricg(ei, €,
ot p ot

Z(ARng(t))(ei, e;) = Ascalg),

i=1

D Reeisejy e e0Ricyo(ej,e0) = ) Ricgo (e, eRicgn (e, ex) = [Ricgl,
ijk=1 jk=1
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it follows from (3.27) that

2

9 .
ﬁScalg(,) = ASCGlg(t) + 2|Rlcg(t)|2

=~ 0
+2 3 10D, BYere,e0) -

ag(n)

o (DeB)ej e, e

i,j=1
- 2 Z [g(t)(B(e]s B(eis ej))’ ei) - g(l)(B(els B(ejs ej))s ei)]’
i,j=1

as claimed. ]

4. CURVATURE BLOW-UP AT FINITE-TIME SINGULARITIES

In this section, we consider a maximal solution to the hyperbolic geometric flow which
is defined on a finite interval [0, 7). Similar to the result in Hamilton’s paper ([Hal], Theo-
rem 14.1), we show that such a solution must have unbounded curvature. The proof is due
to C. Udriste’s approach (See [Ud|, Theorem 6.1).

Theorem 4.1. Let M be a compact manifold, and let g(t), t € [0, T), be a maximal solution
to the HGF (2.1) on M. Moreover, suppose that T < co. Then

lim sup(sup |Ricg(p|) = co.
t—T M

Proof. We argue by contradiction. Assuming the Ricci tensor of g(#) is uniformly bounded
for all 1 € [0, T), that is, there is a positive constant m such that |Ricy;)| < m, t € [0,T). So
the solution g(#) can be extended to a larger time interval [0, T + &), where ¢ is a arbitrary
small number. Indeed, by (2.1, we have the relations

08~ 98 0 _ f ' Ri
c?t(t)_ at(O) 2 ) Ric(s, x)ds,

g(®) = g(0) + t%(O) - 2[ f Ric(s, x)dsdu, t € [0,T),
ot 0o Jo

which imply

153 U
o(t) — g(tr) = () — tz)(;—é;(O) -2 f f Ric(s, x)dsdu, 1, € [0,T).
5] 0

Hence we obtain

0
12(t1) — g(t2)] = (| a—f(m | +2mT)lty = 1ol.

The Cauchy Criterion shows that lim,_,7 g(¢) exists, while lim,_7 Z—f(t) and lim,_, 7 ‘%f(t)
exist since lim,_,7 Ric(t, x) exists (See Definition . Consequently, g(t), t € [0, T] is the
solution to a HGF.

In this case, g(f) may be extended from being a smooth solution on [0, T') to a smooth
solution on [0, T']. Then we take g(T), %(T) to be an initial metric in a short-time existence
theorem in order to extend the solution to a HGF for ¢ € [0, T + ). This contradicts the
assumption that [0, T') is a maximal time interval. Therefore, we complete the proof. O
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5. EXPECTED PROBLEMS

To conclude this paper, we present some expected problems. Now we have the global

forms of evolution equations ([.4), (I.5), (I.7) and (I.8) along the HGF (2.1)), so in the
future we are interested in the following problems:

1. For fixed (p,1) € M x [0,T], we denote by Kyax(p,s) / Kmin(p,?) the maximum /mini-
mum sectional curvature of g(¢) at the point p. Moreover, for abbreviation, we define

Kmax(t) = sup Kmax(p’ t)7 Kmin(t) = inf Kmin(p’ t)-
pEM PEM

Let {#;} be a sequence of times such that ]}im tr = T and Kpax () > % sup Kmax(?) for all

rel0.,4]
k. Then by Theorem[4.1] does the following relation hold

Kmin I
limsupJ <1, or

k—o0 Kmax(tk)
Kmin (t) _

=1?
=T Kmax(t)

2. (Preserved curvature conditions by the HGF) We know that if we want to study the
global properties of HGF, then it is important to find curvature conditions that are pre-
served under the evolution. How to develop such techniques? For instance, suppose M
is compact manifold, and let g(¢), ¢ € [0, T), be a solution to HGF on M, and consider a
appropriate ODE(x) %R(l) = Q(R(t)) + (certain term). Can we claim that nonnegative
isometric curvature ( [Br]) is preserved by the ODE(x)?
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