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Abstract

In this work, we obtain a short-time existence result for harmonic map heat flow cou-
pled with a smooth family of complete metrics in the domain manifold. Our results
generalize short-time existence results for harmonic map heat flow by Li-Tam (Invent
Math 105(1):1-46, 1991) and Chen-Zhu (J Differ Geom 74:119-154, 2006). In par-
ticular, we prove the short-time existence of harmonic map heat flow along a complete
Ricci flow g(#) on M into a complete manifold with curvature bounded from above,
under the assumption: (i) [Rm(g(¢))| < a/t; (ii) g(¢) is uniformly equivalent to g(0);
and (iii) the initial map is smooth and with uniformly bounded energy density.
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1 Introduction

In this work, we want to extend some previous short-time existence results of harmonic
map heat flow. Harmonic map heat flow was first introduced by Eells and Sampson
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[4] to obtain harmonic map between two Riemannian manifolds. As a first step, they
proved the short-time existence for harmonic map heat flows between compact mani-
folds. Later in [16], Peter Li and the second author proved the short-time existence for
harmonic map heat flow from a complete noncompact Riemannian manifold (M™, g)
with Ricci curvature bounded from below to another complete Riemannian manifold
(N™, h) so that the initial map f has bounded energy density and f (M) is bounded.
Under an additional condition that the curvature Rm(#4) of 4 is nonpositive, one can
remove the assumption that f(M) is bounded. From the point of view of PDE, one
would like to understand whether this is still true under a weaker assumption that
Rm(h) < k for some « > 0.

On the other hand, Hamilton [7] used harmonic map heat flow on compact manifolds
along a Ricci flow of the domain manifold to obtain uniqueness result of Ricci flow.
Later, Chen and Zhu studied the uniqueness of Ricci flow on complete noncompact
manifolds following Hamilton’s strategy. In [2], Chen and Zhu proved that if a Ricci
flow g(¢), 0 <t < T, which is complete on a noncompact manifold M, has uniformly
bounded curvature, then one can obtain short-time solution for harmonic map heat
flow along the Ricci flow from (M, g(¢)) to (M, g(T')) with identity map as initial
data. From this together with some careful estimates, they obtained uniqueness result
on Ricci flow with uniformly bounded curvature on noncompact manifold.

The uniqueness result was generalized to Ricci flow which may have unbounded
curvature. In [10], Kotschwar introduced an energy method to obtain a more general
uniqueness result. The method has been developed further by Lee [12] and Ma-Lee
[18]. In [18], Ma and Lee proved that if two complete solutions of the Ricci flows with
the same initial metric on a noncompact manifolds with curvature bounded by a /¢ for
some a > 0 so that the deformed metrics are uniformly equivalent to the initial metric,
then they are the same.

One may wonder if one can use harmonic map heat flow to obtain similar results.
Short-time existence results on harmonic map heat flow in [16] and the above unique-
ness results on Ricci flow motivate the study in this work.

Our main result can be described as follows. Let M" be a noncompact manifold
with dimension m and let g(¢) be a smooth family of complete metrics defined on
M x [0, T] so that

%g(m) = H(x,1). (1.1)

Let (N", h) be another complete Riemannian manifold with dimension n. We want to
study the initial value problem for the harmonic map heat flow:

LF(x,1) = t(F)(x,1)
{ F(x.0) = f(x) 12

where f(x) is a smooth map from M to N and 7(F)(x, t) is the tension field of the
map F(-,t) : M — N with respect to g(¢) and /. For more details of the definitions
of harmonic map heat flow and related quantities, see Sect. 4.1.

Consider the following assumptions:
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(al) 2Ric(g(t)) + H(t) > —K(t)g(t) in M x [0, T] where K () > 0 and
T
Ko =: / K (t)dr < oc.
0

(@2) |H| <at~'and |[VH| < at_% for some a > 0. Here, the norm and the covariant
derivative are with respect to g(¢).
(a3) The curvature of & is bounded from above: Rm(4) < k for some « > 0.

We obtain the following short-time existence result.

Theorem 1.1 Let (M™, g(t)) and (N, h) be as above satisfying assumptions (al-a3).
Suppose there exists a smooth exhaustion function y on M and Cy > 0 such that

Co_1 dr(p,x)+1) <ykx)<Coldr(p,x)+1)
and
IVEy| < Co

for 1 <k < 2, where dr is the distance function and Vr is the covariant derivative
with respect to g(T). Given any smooth map f : M — N such that

supe(f; g(t)) < eo
M

forallt € [0, T] for some constant ey where e(f; g(t)) is the energy density of the
map f from (M, g(t)) to (N, h), the harmonic heat flow (1.2) has a short-time smooth
solution F with initial map f defined on M x [0, Ty] such that

1
sup e(F) <C; sup |t(F)lgp) <Ct 2
M x[0,Tp] M x[0,Tp]

for some C > 0 depending only on m, n, Ko, k, a, eg and
. 1 1
To = min{T, 3 (2kegexp(Ko))™ ' }.

In particular, if k = 0, then the harmonic map heat flow exists on M x [0, T].

In the theorem, the assumption on the existence of y is satisfied if g(7") has bounded
curvature, see [21]. The condition that e( f; g(¢)) is uniformly bounded is satisfied if
(1) e(f; g(0)) is uniformly bounded and g (#) is uniformly equivalent to g(0); or more
generally, if (ii) e(f; g(f0)) is uniformly bounded for some #y and g(z) > Cg(#p) for
some C > 0. We should also remark that the bounds in conclusion of the theorem do
not depend on Cy.

Suppose g(t) = g(0) is fixed, then H = 0. In this case, (al) is satisfied if Ric(g) >
—K g forsome K > 0. If g has bounded curvature, then the short-time existence result

@ Springer



287 Page4of32 S.Huang, L.-F. Tam

in [16] is still true without assuming the initial map has bounded image, provided
(N, h) has curvature bounded from above. See Corollary 4.1.
If g(¢) is a solution to the Ricci flow, we have

Theorem 1.2 Let (M™, g(t)), t € [0, T] with T > 0, be a complete solution of the
Ricci flow on a noncompact manifold. Suppose (N", h) is another complete manifold
with Rm(h) < « for some k > 0. Let f : M — N be a smooth map with bounded
energy density, namely, sup,,; e(f; g(0)) < eg. Assume that |[Rm(g(t))| < a/t for
some a > 0 on M x [0, T] and assume that g(t) > b~'g(0) for some b > 0 on
M x [0, T, then there exists a smooth solution F to the heat flow for harmonic map
along g(t) with initial map f defined on M x [0, To] such that

1
sup  e(F) < Cr; |[t(F)lginy(-, 1) < Cit™2
Mx[0,To]

for some C1 > 0 depending only onm,n, k,a, b, eg and
. 1 1
To = min{T, 3 (2kbeg)™ ' }.

In particular, if k = 0, then the harmonic map heat flow exists on M x [0, T1].

The theorem is a corollary of Theorem 1.1 by the fact that H = —2Ric in this case
and by the covariant derivatives estimates of the curvature tensor along Ricci flow by
Shi [20].

To prove our results, instead of solving Dirichlet problem as in [2], we will use
the method of iteration which was introduced by Eells and Sampson in their seminal
work [4] and was also used in [16]. One key point is to obtain good estimates for the
fundamental solution of the heat equation. For the case of fixed metric, the estimates
are contained in [15]. For the case of time-dependent metrics, we apply the estimates
in [1] instead. We also obtain a new estimate, see Theorem 2.1.

Finally, we would like to point out that we are still unable to give another proof
of the uniqueness result on Ricci flow as in [18]. The main difficulty is that the sec-
ond fundamental form of the identity map from (M, g(0)) to (M, g(T)) may not be
bounded. If the curvature of the Ricci flow |[Rm(g(7))| < at~'** with « > %, then
one can prove that the second fundamental form mentioned above is bounded and one
can obtain uniqueness. On the other hand, recently, the results in Theorem 1.1 have
also been used in [14] to study of Lipschitz rigidity problem in geometry of scalar
curvature.

This paper is organized as follows. In Sect. 2, we give estimates for the fundamental
solution of heat operator and give a proof of a generalized maximum principle. In Sect.
3, we study linear heat equations for homogeneous and in-homogeneous cases and a
semi-linear heat equation closely related to the harmonic map heat flow. In Sect. 4,
we study the harmonic map heat flow and give a proof of Theorem 1.1.
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2 Preliminary

In this section, we will describe some estimates of the fundamental solution (Green’s
function) of heat operator with time-dependent complete metrics on a noncompact
manifold, which will be used later. We will also extend a maximum principle.

2.1 Estimates for Fundamental Solution

Let g(t),t € [0, T] be a family of complete Riemannian metrics on a manifold M™.
We always assume M is noncompact and g(#) is smooth in space and time. Recall that
G 1is the fundamental solution of heat operator % — Ag(p if it satisfies

(0 = M) G(x, 15 y,9) =0, in M x M x (5, T; on
lim,_, ¢+ G(x,t;y,5) = 8,(x), fory e M. ’
Let
Ho=
= 8tg.

Suppose |H (x, t)|, |VH|(x, t), and |Rm(g)|(x, ¢) are uniformly bounded in space and
time, where the norms and covariant derivatives are taken with respect to g(¢). It is
known that the fundamental solution exists and is positive, see [6] for example. We
have the following estimates for G, see [1].

Theorem 2.1 Let g(t),t € [0, T] be a family of smooth complete metrics on M as
above with |H|g < Hy, |[VH|, < Hi, and |[Rm(g(t))| < ko. Then, we have the
following:

(a) [1, Theorem 5.5] There are constants C, D > 0 depending only on Hy, ko, m, T
such that

c 2(x,
Gx,t;y,8) < — - M)

L raer
VeVt =)V (V1 —s)

forany 0 <s <t < T. Here, r(x, y) is the distance and V,(p) is the volume of
the geodesic ball of radius p with center at x with respect to g(0).
(b) [1, Corollary 4.4] Fix a > 1. For any § > 0, we have

mo/2 Ba 2
G(p,t;y,s) <(1+96) x exp (Adt + Ert (p,q)) x G(g, 1 +8)t;y,s),

where A > 0 depends onlyonm, T, Hy, Hy, ko, a, and B depends only on Hy, T.
(c) Foranyx e M,0<s <t <T, we have

[ G(x,t;y,5)dVs(y) = 1.
M
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Proof (a) and (b) are from [1]. It remains to prove (c). We use similar idea as in the
proof of Lemma 5.1 in [1]. Because the curvature of g(0) is bounded, we can find a
smooth function p so that

CTHr@) +1) < p(x) < Cor&x) + 1), Vool + [Vigel < C

forsome C > 0depending only on ko and m [21]. Here, r (x) is the distance from a fixed

point p with respect to g(0). Let n be a smooth cutoff function such that 0 < n < 1,

n=1on[0,1]and n = 0 on [2,+00),n > 0 on [0,2),0 > r;//n% > —Cp and

n” > —Cp on [0, +00) with Cy being a positive absolutely constant. Let ¢ = n(0/R).
For 0 < s1 < sp < t, we have

/¢G(x,t; y,Sz)stz(y)—/ ¢G(x,t;y,S1)stl(y)‘
M M

29

=f (a—f ¢G(x, 1y, s)dVs(y))ds

S s M

= fSZ/ ¢<3G(x,t; y.8) +h(y,s)G(x, 1 y,S)) dVs(y)ds
S1 M as

52
=f /¢As,yG(x,t;y,S)st(y)ds
S M

’

52
- f / G(x. 15 v, $) Ay ,ddV; ()ds
S M

where h = % try H, and we have used the fact that G is also the fundamental solution
of the conjugate heat equation i.e., (_aa_s — A,y — h(y,s))G = 0. Now

1 ! 1 " 2
As,y¢ = E(b As,yp + F(b |vg(s):0| .
Since |H|, |V H| are uniformly bounded, we conclude that
Ayl = C

for some constant independent of R and s. This implies that

/

C
V </>G(x,t;y,S2)st2(y)—/ PG (x. 15y, s)dVs, ()| = &
M M

for some constant C’ independent of sy, 5o, where we have also used [1, Corollary 5.2]
so that

/ ¢G(x,1:y,5)dVs(y) < ¢
M
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for some constant ¢ independent of 5. Let R — oo and note that

lim [ G(x,t;y,5)dVi(y) =1,
s—=t—Jm
we obtain
/ Gx, 13y, 9)dVy(y) = 1.
M
The result follows. =

By the theorem, we can proceed as in the proof of [16, Lemma 2.1] to have the
following:

Corollary 2.1 Under the assumptions in Theorem 2.1, we have

re(p,q)

/M IG(p,t;y,5) —G(q,t;y,5)]dVs(y) < C x (2.2)

forany p,q € M and 0 < s <t < T. Here, C is a constant depending only on
m, Ho, H1, ko, and T. Here, r; is the distance function with respect to g(t).

Proof The proof is exactly as in [16]. We sketch the argument here for the sake of
completeness. Let § > 0 and 1 < « < 4 to be determined later.

/M IG(p,t;y,s) —G(q, 15y, 5)|dVs(y)
SfM IG(g, (1 +8)t;y,5) — G(g, t;y,5)dVs(y)
+ /M IG(p.t:y,8) —G(g, (1 + )13y, $)dV,(y)
=(I) + (ID).
By Theorem 2.1(b) and (c¢):
) s/M I(1+8)"*/% x exp (A1) x G(q., (1+8)t: y.5) — G(g. 1; y, $)|dV, ()
+ /M [(1+8)""% x exp (A1) x G(g, (1+8)t; y,5) — G(q, (1 +8)1; y, 9)|dVs ()
s/M(l +8)"/ x exp (A1) x G(q. (14 O)t: y,5) — G(g. £: . $)dV, ()

+/ [(1 +8)"? x exp (AS1) — 1] x G(q, (1 + 8); y, s)dVi(y)
M

=2[(1 + 8)™/? x exp (As1) — 1].

Here, A is a constant in the theorem. By Theorem 2.1(b) and (¢) again,
ma/2 Ba 2
I <2|1(1+95 x exp (Adt + Er, (p,g)—1].
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Here, B is also the constant in the theorem. Here, A and B are independent of 4.
Hence,

/M |G(p,t;y,s) — G(g,t;y,5)|dVs(y)

Ba

<4 [(1 +8)"%/? x exp (ASt + 5

r2(p,q)) — 1} :

_ oo 1
Letr =r/(p,q). If i > 2«/E,we have

2r
/ IG(p,t;y,s) —G(g,t;y,9)[dVs(y) <2< —.
M NG
If% < #E,thenletS = % anda = 2. S0 82 = r2+“B < }‘a < 1, this means
that § < 1. So
’
/ IG(p.t;y,s) — G(g,t; y,5)|dVs(y) < Cy (exp(C28) — 1) < (38 < Cy—=.
M NG
Here, C1 — —C4 are positive constants depending only on m, Hy, Hy, ko, and T .
Therefore, we complete the proof of this corollary. O

2.2 A Generalized Maximum Principle

In this subsection, we want to show the following generalized maximum principle
which will be used later frequently. This type of maximum principle was originated
in the work of Karp and Li [9]. Different variants were obtained before, see [3, 17,
19]. We will use a trick in [3] to prove the following generalization of the maximum
principle in [19].

Theorem 2.2 Let g(x,t),t € [0, T1] be a family of smooth Riemannian metrics on

M™, with a%g = H, so that N Sl[lOpT ] |H| < Ro. Suppose f(x,t) is a smooth function
x[0,7y

such that (% — ANg() f < O whenever f > 0, and

T
/ 1 / exp (—ard(x)) f1(x, )dVodt < 0o (2.3)
0 M

for some constant a > 0, where ry(x) is the distance function to a fixed point p with
respect to g(0) and f+ = max{f, 0} is the positive part of f. If f(x,0) < 0 for all
x € M, then f(x,t) <0forall (x,t) € M x [0, T1].

Proof In [19], it was assumed that % g < 0. To prove the result in our setting, let

F(x,t) besuchthatdV, = eF(“)dVo. For 0 < T < Ty, which will be specified later,
let
Or2(x)

"= Taer-n
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forO <t < T. Here, & > 0 is a constant which will be chosen later and r,(x) is the
distance function to a fixed point p with respect to g(¢). Then,

9 Or2(x) Or (x) 9
—h=- - X (1)
ot 42T — 02 20T —1) = ot
——ownp - 2 (2
2Q2T —1) at

<—0" " \WVhP>+067'QT —)Ro|VA|?

because 2,2
0°rf(x)

VA = —1——
T 4QT —1)?

a 1
and |Ert| < QR()I'}.

Now we assume 7T < min{T7, ﬁ} and choose 6 = %, we obtain

9
—h < =2|Vh|? 2.4
P = |Vh| (2.4)

forO0 <t <T.

Next, let B > 0 be a constant and 0 < ¢(x) < 1 be be the smooth function such
that ¢ = 1 in Bo(p, R), ¢ = 0 outside Bo(p,2R) and ﬁq&l < %, where V denotes
the gradient with respect to g(0). We have

0> / o[ g (— - Am) fdvidr

- (2.5)
=3 / / ¢2eh—(f+)thdt / e P f d2e" (A, f)dVidr.
0 M
Now let us estimate the last two terms in (2.5).
By integration by parts and Cauchy—Schwartz inequality, we have
f ¢7e" f+(A)dV, < f e FEIVIPAV, + f ¢*e" f2IVh[*dV;
M
(2.6)

< / ¢! f2|V AV, - / # fihdv,.
: d 9 tro H
On the other hand, since Then EdV, = (3 F )ydv, =

l/Teﬂf/ ¢2eh3(f2)dde
2 Jo M ot + !

T
= 1[([*‘“/ g%l f2av|l —/ e—ﬁ'/ ¢Zeh(3h)f£dvtdt 2.7
2 M 0 M ot

T 9 T
_/ e*ﬂf/ ¢2ehff(—F)dV,dt+,6/ e*ﬁ’/ ¢2e”fidedt]
0 M ot 0 M
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Since |% F| < Ci(n, Rp) for some constant C| depending only on n, Ry, if we choose
B = Ci(n, Ry), then by by (2.4), (2.5), (2.6), (2.7), we have

T
/ ¢ ()" D) f2(x, T)dVy <def” f e P / " f2IVo|*dV,dr
M 0 M (2.8)

T
<o Ro. T [ [ & 2iTgPavidr.
0 M

Let R — oo in (2.8), we have

/ D 2 (x, TYdVr
M

C(n, Ry, T)ePT [T )
< liminf M / / e ~cwy 7 f dVpdt.
R—00 R Bo(p.2R)—Bo(p,R)

Hence, if T < by the assumption (2.3), we have

1
aC(Ro,T1)°
/ "D f2(x, TYdVr < 0.
M

This implies f(x, T) < 0 for all x € M. We can repeat the argument above to show
that f <0in[0,T)if T < ac(% One then can start with 7 and show that f < 0
in [0, 2T') as long as 2T < Tj. From this, it is easy to see that the theorem is true. O

3 Results on Heat Equation

3.1 Linear Equation

To prepare the construction of harmonic map heat flow, we first study the linear heat
equation. Let M be a noncompact smooth manifold with dimension m > 3 and let

g(t) be a family of smooth complete Riemannian metrics on M, 0 <t < T for some
T > 0. This means that g(¢) is smooth both in space and time on M x [0, T']. Denote

9
H(x.1) = o g(x.1). 3.1

Let F(x,t) be a bounded smooth function on M x [0, T] and f(x) be a bounded
smooth function on M. We want to study the following problems:

B
<E — Ag(t)> u=FinM x [0, T];

u(x,0) =0;

(3.2)
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and 5
Frie Ag(t)> v=0inM x [0, T];

v(x,0) = f(x).

Here, A, () is the Laplacian operator with respect to g().

(3.3)

Proposition 3.1 With the above notation and assumptions, there is a solution u of (3.2)
and a solution v of (3.3) so that both u and v are smooth in M x [0, T]. Moreover,

sup |u| =T sup |F|;

Mx[0,T] Mx[0,T]
sup |v| <sup]|f].
Mx[0,T] M

Proof This is standard. For any R >> 1, let 0 < ¢g < 1 be a smooth function on M
so that ¢g = 1in B, (R) and ¢g = O outside B, (2R) where p € M is a fixed point
and B, (r) is the geodesic ball of radius r with respect to g(0). By [5, Theorems 7,
12, Chapter 3], there is a smooth solution u g of the following initial-boundary value
problem

(2 — Agy) ur = ¢rF in Qg x [0, T1;

ur(x,0) =0 inx € Qp;
ur(x,t) =0 in (x,t) € 0Q2g x [0, T].
where Qr is a bounded domain in M with smooth boundary and with B,,(2R) € Q.
Since 5
— —Agy Jur| < sup |F|=:m,
ot Mx[0,T]
we have

0 d
(E — Ag(t)> (ug —tm) <0, (E — Ag(t)> (ug +tm) > 0.

By the maximum principle, one can conclude that

sup |ug|<T sup [|F|.
Qrx[0,T] Mx[0,T]

From this one may conclude that for any bounded domain D in M, and for any k > 1,
the derivatives of ug with respect to space up to order k£ and the derivatives with
respect to 7 up to order [k /2] are bounded in D x [0, T'] by a constant independent of
R, provided R is large enough. Here, [k/2] is the integral part of k /2. See [11, Chapter
4] for example. From this, by taking a convergent subsequence, one can find a smooth
solution of (3.2) so that

sup |u(x,t)| <T sup |F]|.
Mx[0,T] Mx[0,T]
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Similarly, one can construct solution v to (3.3) with the following estimate:

sup |v| <sup|f].
Mx[0,T] M

O

To construct harmonic map heat flow, we also need some estimates of the gradients
of the solutions obtained in the previous proposition. In order to obtain the estimates,
we need more conditions on g(¢). As before, let

H— 0
T

Proposition 3.2 With the notation and assumptions as in Proposition 3.1. Moreover,
assume that

[Hlgy, IVH gy, IRM(g(t) gy < K
for some K > 0on M x [0, T].

(i) The solutions u, v obtained in Proposition 3.1 satisfy the following gradient esti-
mates:

sup [Vul(-,t) < C(m, K, T)| sup |F| %
M Mx[0.1]

and

sup | V| (-, 1) < e€El sup |V £
M M

forall0 <t < T, for some constants C(m, K) depending only on m, K and
C(m, K, T) depending onlyonm, K, T.
(ii) The solution v obtained in Proposition 3.1 satisfies the following estimate:

w(x. 1) — f(x)] < Cm. K. T)t? sup|V S|
M

for all (x,t) € M x [0, T] for some constant C(m, K, T) depending only on
m,K,andT.

Proof (i) Let us prove the estimate of |Vv| first. Obviously, we may assume that |V f|
is uniformly bounded. Otherwise, the estimate is obvious. By the Bochner formula
and the fact that | H| and |Rm(g(#))| are uniformly bounded by K, one can conclude
that

a
(5 - Ag(z)> Vvl = C(m, K)|Vvl,
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whenever |Vv| > 0. So we have

ad
<§ - Ag(r)) (efc('"’K)IIVvI) <0.

On the other hand, since v is bounded and

a
<E — Ag(,)) V= O,

one can conclude by using cutoff functions and integrating by parts that

T
/ /exp(—arg(x))|v1)|2dvodt<oo
0 M

for some a > 0. Here, we have used the fact that |H| is bounded so that g(z) and
go are uniformly equivalent and volume comparison because |Rm(g(0))| is bounded.
Apply the maximum principle Theorem 2.2 to the function

=NV —sup |V ],
M

one can conclude that

IVol(x, 1) < K qup |V £].
M

inM x [0, T].

Next we want to estimate |Vu|. Since |H|, |VH]|, |Rm(g(¢))| are bounded by K,
we can construct the fundamental solution G (x, ¢; y, s) of the heat operator as in Sect.
2.1 with estimates as in [1]. If we let

t
w(x,r)=/ / G(x. 15 v, $)F (v, $)dV (y)ds,
0 M

then (2 — Ag)w = F in M x (0, T] which is continuous up to # = 0 so that

w(x,0) = 0. Moreover, w is bounded by Theorem 2.1. By the maximum principle
Theorem 2.2, we conclude that u = w. Hence,

t
u(x,t):/ / G(x,t;y,8)F(y, s)dVs(y)ds.
0o Jm
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Then, by Corollary 2.1 we have

t
|u<x,r>—u<x’,r>|s/ ds/ Gx b v ) = GO 153, 9)] X |F (v, )]dVi(y)
0 M

t
<( sup IFI)X/ de IG(x, 15 y,8) — G, 15y, 5)|dVs(y)
] 0 M

M x[0,t
t /
ri(x, x")
<C( sup |F|)x/ ds
Mx[0,1] 0 Jt—s
<Cr(x,x") x ( sup |F|)x12.

M x[0,1]

From this, it is easy to see that the estimate for |Vu| is true.
To prove (i), forx € M,

e 1) — £
/M Gx. 13 v, 0) f(NAVo(y) — F(x)

_ ‘ /M Gx, 13y, 0)(f(y) — f(x))dVo(y)‘

< supIVfI/ G(x,t;y,0r(x, y)dVo(y)
M M

where r(x, y) is the distance between x, y with respect to g(0) and we have used
Theorem 2.1. By Theorem 2.1 and volume comparison, one can proceed as in [16] to
conclude that

/ G(x. 1y, 0)r(x, y)dVo(y) < Cy1?
M

for some constant C| depending only on m, K, T'. From this, (ii) follows. O

3.2 A Semi-linear Heat Equation

We want to use the results in Sect. 3.1 to study the following semi-linear equation. Let
g(t) be a smooth family of complete metrics defined on M with ¢t € [0, T]. We want
to consider the following system of semi-linear equation which is closely related to
harmonic map heat flow:

(34)

{ (% - Ag(t)) u= Fpcu)(Vu?, Vuc) inM x[0,T];
u(0, x) = f(x),

where u = (u?) : M x [0, T] — R is a vector-valued function and f = (f4) :
M — RY and Fgc = (F I?C) : R? — R are smooth functions. The Vu? and the
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inner product (Vu?, Vu€) are taken with respect to g(7). As before, let

d

H:=—g.
ar®

Lemma 3.1 Assume
[Hgt), IVH gy, IRm(g(1)]gr) < K

forsome K > 0on M x [0, T]and |F| < L . Suppose f is a smooth function so that
f and |V f| are bounded with

1
2
m = sup ZlVfA|2 < 00.
Mo\ 4

Then, there is a constant Ty > 0 depending onlyonm, q, K, L, T, and m so that (3.4)
has a smooth solution in M x [0, T1] with u and |Vu| uniformly bounded.

Proof We use iteration as in [4, 16]. Define ! = 0 and define u* inductively: u* is
the solution of the following linear equation:

{ (57 — Ag) u* = Fpe @ ) (Vut =18, Vil 1€ in M x [0, T; (3.5)

uk (0, x) = f(x),

for k > 0 where u* = (u%4). The equation for each component is

8 — — —
<E _ Ag([)) Mk,A — Fg\c(uk 1)<Vuk lyB,VMk 1,C>

First we want to show that ¥ is well defined and smooth in M x [0, T'] for all
k > 0. Suppose u*~! is well defined and smooth so that

sup |Vuk*1|2 < 0.
Mx[0,T]

Note that this is true for k = 1, by Propositions 3.1, 3.2 and assumptions on f. Since
| F| is bounded and the inductive hypothesis, by Propositions 3.1 and 3.2, then for all
k > 1 (3.5) has a solution uk which is smooth in M x [0, T, is uniformly bounded
and
sup |Vuk|2 < 0.
Mx[0,T]

Next we want to show that if 0 < T; < T is small enough, then |Vu*| will be

uniformly bounded independent of k in M x [0, T1]. By Proposition 3.2, we have

1
Va2 ) < Com, K T2 sup | Fe @™ DI[Vut= B [Vl =hC) 4 0B sup v £4
M x[0,1] M
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Let

%
pr(t) := sup <Z|W’“‘|z<~,t>> :

Mx[0.1 \
We have |
pi(t) < Ci(t2 pi_y +m)
for some constant C| depending only onm, g, K, T, L. So
1 1 2 5.1
Cir2pi(r) = (C1t2pk_1(t)) + Cit2m.

1
Suppose T7 is such that C%lem < %, thenfor0 <t < T

1 1 2 ol 2.1
Cit2po(t) < (Clﬂp—l(t)) +Cit2m=Cjt2m <

N =

because u~! = 0. Inductively, we conclude that

1 1 2 a1 11
C]l‘zpk(t)f(clﬂpk_](t)) +C112mfz+z >

1
Hence, we let T} > 0 so that 7,2 = min{T%, %C;z (1+m)~ 1}, then
Loipd
Pk(Tl) < zcl Tl

for all k. From this and by the proof of Proposition 3.1, we also conclude that u* are
uniformly bounded on M x [0, T1].

We claim that in any bounded coordinate neighborhood U, for any / > 1, there is
a constant C independent of k so that | DY Dfuk| < Cif2a+ B <. Here D; and D,
are partial derivatives with respect to ¢ and local coordinates x. If the claim is true,
then by a diagonal process, we can find a smooth solution of (3.4) in M x [0, T1], so
that |u| and |Vu| are uniform bounded in space and time.

The idea of the claim is as follows. For each k, the right hand side of (3.5) is
uniformly bounded. By standard theory, we have some Hélder norm of the Vu* being
bounded. This will imply bounds of higher derivatives for u**! etc. We sketch the
proof as follows. Let ¢ be a smooth cutoff function with support inside a bounded
coordinate neighborhood U so thatitis 1 in an open set V € U. Then, one can check
that

d
(5 —~ Agm) @ — f)) =G*
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where G* is uniformly bounded by a constant independent of k and is zero outside U
Moreover, ¢ (u¥ — f) = 0 atr = 0. By [5, Theorem 4, p. 191], we have

luF|s + |Dyu*|s < €

in V x [0, T7] for some constant C and § > O independent of k. Here, | - |5 is
the Holder norm in V x [0, T1] with respect to the distance function d(P, Q) =
(|x — X+ - t’l)% for P = (x,1), Q = (x/, ). From this and the Schauder
estimates, one may get |uk+1 |2+s being uniformly bounded in V' x [0, T1] for any
V' € V. Then, [u**2?|3,5 is uniformly bounded in V” € V' and so on. This proves
the claim. O

4 Short-Time Existence of Harmonic Map Heat Flow
We will obtain a short-time existence result for harmonic map heat flow coupled with

a smooth family of complete metrics in the domain manifold. First, let us recall the
basic facts about the harmonic map heat flow.

4.1 The Harmonic Map Heat Flow

Let (M™, g) and (N", h) be two Riemannian manifolds and f : (M™, g) — (N", h)
be asmooth map. Let V, V be Riemannian connections on M, N respectively. Consider
the vector bundle T* (M) ® f ~I(T'(N)) over M. Let D be the connection on this bundle
defined as (for w a 1-form and Y a vector field along f):

Dx(@®Y)=Vxo®Y +w® VixY.

In general, one can extend the connection to QK(T*(M)) ® f~1(T(N)). If in local
coordinates x in M, y in N, a section of this bundle is given by

s=uf dx'"®-- ®dx'* @ dya,

i1...0k

then
S|p = Daxps
= u?ll._.ik;pdxil K- ® dx'* ® 8ya + u?‘lmikdxil K- QR dak ® %*(ax,,)aya
=uf " ® @A @y + fPul A @ @dx'® %yﬂ dya.
Here and in the following, ‘; > will denote the covariant derivative with respect to

V and ‘|’ will denote the covariant derivative with respect to the connection D on the
bundle T*(M) ® f~'(T(N)).
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In case we have a smooth map f : M x [0, T] — N, we may also consider
D; = Dy, If
s=u® , dx"! ®-~-®dxik®3ya

i1...0x

then

A ® - ®dx't ® 3ya+f/3ua

8= Dy (s) = 0;uj, il.i.ikdxil Q& Mik@%a,,ﬂ dya.

iy...0k
Now consider a smooth map f : M x [0, T] — N and its derivative
si=df = ffdx' ® dye.
The energy density of f is defined by
e(f) =152 = 8" 17 L hap
in local coordinates. The second fundamental form of f is defined by
Ds := Ddf.
In local coordinates,

Ds = Ddf —Sz|,dx ® dx/ ® Oy«

B S~
—F5a @ dv) @ 00 + £ L @) © Ty, 0
Note that sﬁ = s;?‘l ;- The tension field of f is defined by

7(f) := trg(Ds),

which is the trace of the second fundamental form and is a vector field along f. In
local coordinates

()Y = gYsf)

Suppose g(¢) is a smooth family of metrics on M, t € [0, T]. Then, the harmonic map
heat flow f (x, r) coupled with varying metrics g(¢) is defined by

a
5f =7(/). 4.1

Here, f : M x [0, T] — N is a smooth map and the tension field on the right is
computed with respect to g(#). See the seminal paper by Eells and Sampson [4]. Note
that in [4], the metric g is fixed.
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In local coordinates, (4.1) can be expressed as
d o ij a k ra | Ta 2By
o [ =g 0~ T+ T, 1 D). 4.2)

Here, f, fl‘;‘ denote the partial derivatives of f* and I', T are the connections of g()
and h, respectively.

4.2 A Priori Estimates

We want to obtain some a priori estimates for the energy density and the norm of the
tension field for solutions of harmonic map heat flow. Let us first estimate the energy
density. Let g (f) be a smooth family of complete metrics on M"* which is noncompact,
t € [0, T] and let (N, h) be another complete Riemannian manifold. Suppose

F:Mx[0,T]—> N
is a solution to the harmonic map heat flow. As before, let

H— 0
~

Direct computations give:

Lemma 4.1 In local coordinates of x' in M and y* in N,

9 I
(5 - Agm> e(F) = — g"g" (Hyy + 2Rip) Ff Fl hap — 2| DA F 2
+2g" g FS F) FTFP Sy,

where R;; is Ricci tensor of g(t) and S is the curvature tensor of N.

Proof This is well known [4]. The only difference is that g also depends on ¢, and we
have a term involving ;g = H. O

Lemma4.2 Let (M™, g(t)), (N, h) and F be as in the previous lemma so that e(F) is
uniformly bounded in space and time. Suppose that |H |4 is uniformly bounded by
L. Suppose

2Ric(g(t))(x,t) + H(x,t) > —K(t)g(x, 1)

for some K(t) > 0 so that
T
Ko =: / K(t)dt < o0,
0
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and suppose Rm(h) < k for some k > 0. Let

eop = supe(F)(-,0).
M

Then,
e(F)(-, 1) < exp(A(0)v(1)

on [0, T1] where
-1 t
v = (¢! = 2cexp(Ko)r) . A0 = / K (v)dr
0

and Ty = min{T, % (2xeg exp(Ko))_l}. Hence, e(F)(-,t) < 2epexp(Kp) fort €
[0, T1]. In particular if k =0, then T} = T.

Proof Lets = dF = F*dx' ® dye in local coordinates of x € M and F(x,-) in N.
Let S be the curvature tensor of (N, /), then by Lemma 4.1, we have

3
(5, = Be)e(F) = K(e(F) + e’ (F).
Let A(t) := [y K (v)dt < Ko < +00. Then,

d
(5, = Be)(Exp(=2)e(F)) =2 exp(A) (exp(—)e(F))?

< 2« exp(Ko) (exp(—h)e(F))?
Let v(¢) be the solution of the ODE
v = 2k exp(Ko)v?
with v(0) = eg. Then,
v(t) = (eal — 2K exp(Ko)t)_l .

v(r) is well defined if < (2«e exp(Ko))~'. Let Ty = min{T, § (2kep exp(Ko)) '}
Let O(x, t) :=exp(—A(t))e(F). Thenin M x [0, T1], we have

0l
(5, ~ B50)(© = v) = 2k exp(K0)(O +v) x (© —v) = C1(O — )

for some constant C; > 0 whenever ® — v > 0. This implies that
0
Frie Ag(ry ) (exp(=C11)(® —v)) =0,
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whenever exp(—C11)(® —v) > 0. Since g(¢) is uniformly equivalent to g(0) and the
Ricci curvature of g(¢) is bounded from below, one may apply the maximum principle
Theorem 2.2 to conclude that exp(—C1)(® —v) < 0in M x [0, T1]. From this it is
easy to see that the result follows. O

We should remark that the bounds of e(F) and 77 do not depend on L.
In order to study the distance between F'(x, t) and the initial map F (x, 0), we need
to estimate the norm of the tension field. Again by direct computations we have, see

[8]:
Lemma 4.3
0
(5 - Ag(r)) T (F)? =2Ssayp F Y FEF] = 2F Ffy — 2F Hu F
— FYFYQQViHy + Vi Hy).

Here, the computation is at x and F (x, t) under normal coordinates with respect to
g(t) and h.

Using this we obtain the following:

Lemma 4.4 With same notation and assumptions as in Lemma 4.2, assume |H| <
3
at™' |VH| < at™2 for some a > 0. Suppose

e(F) <m.

in M x [0, T]. Then, there is a constant C > 0 depending onlyonm,n, T, a, Ko, k, m
such that

1

lT(F)|(x, 1) < Ct72

on M x [0, T].

Proof By Lemma 4.3, we have
0 2 S Y pa B o o o o
rrie Aoy ) IT(F)I° 28s5ayp FY Fy FYF] — 2F 3 Fpy — 2F) Hy Iy

— FYFYQ2ViHy + Vi Hyp)
<C(m, n) (/ce(F)|r(F)|2 +at~ YT (F)||DdF|

+at—%e(F)%|r(F)|>
_2FYF.

So at the point where |t (F)| > 0,
a 1 _3 1
= = Ay ) IT(F)] = Clm.n) (Ke(F)|t(F)| +at~\|\DdF| + at ze(F)z)
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and

9
(5 - Ag(t)) ()
< C(m, n) (Ke(F)tlr(F)I +a|DdF| + af%e(F)%) + T (F)|

< Ci(IDAF| +1t77).

because |7 (F)| < |DdF|andt < T.Here and below C; will denote a positive constant
depending only on m, n, T, Ko, k, a, m.
On the other hand, by Lemma 4.1, we have

(% _ Ag(t)) ¢(F) < K(t)e(F) + 2cé*(F) — 2| DA F .

Let A(t) = fot K (s)ds and ©® = exp(—A(?))e(F), then

9
<— - A) ® < —C, '\DdF)? + C,.

at
So
a 1 1.1 2 _1
3 A)t20 < =C, t2|DAF|” + C3t™ 2.
This implies
d
(E _ A) (tlr(F)I +z%®) < Cu?
Hence,

d 1 1
(5 - A) (I|I(F)| +120 — C5t2) <0.

Since we do not assume |t(F)| is bounded, we need to estimate the integral of
|7 (F)|? in order to apply the maximum principle. Recall

3
(5 - A) ® < —C, ' |DdF)? + C»

Multiplying a cutoff function to the above inequality and then integrating by part, one
can prove that

T
/ / \DAFPdVodt < C Vi) (2R)
0 Bo(R)

for some constant C independent of R. Here, we have used the fact that ® is uniformly
bounded and g(¢) is uniformly equivalent to g(0). Using the fact that V,)(2R) <
exp(C’(R + 1)), for some C’ > 0 independent of R. The lemma follows from the
maximum principle Theorem 2.2. O

@ Springer



Short-Time Existence for Harmonic Map Heat Flow Page230f32 287

Remark 4.1 Inthe above lemma, we do not assume that |t (F)|is bounded. In particular,
we do not assume the tension field of the initial data is bounded. m]

4.3 Short-Time Existence

Let M™ be anoncompact manifold and let g () be a smooth family of complete metrics
defined on M x [0, T'] so that

%g(x,t) = H(x,1). 4.3)

Let (N, h) be another complete Riemannian manifold. Recall the following assump-
tions.

(al) 2Ric(g(t)) + H(t) > —K(t)g(t) in M x [0, T] where K () > 0 and
T
Ko =: / K((t)dr < o0.
0

(@2) |H| < at~! and |VH| < at_% for some a > 0. Here, the norm and the
covariant derivative are with respect to g ().
(a3) The curvature of £ is bounded from above: Rm(4) < « for some ¥ > 0..

We will prove the main short-time existence result of harmonic map heat flow
Theorem 1.1 in this subsection.

As acorollary, we remove a condition that the image of the initial map is bounded in
the short-time existence result [ 16, Theorem 3.4], provided there is a suitable exhaus-
tion function and curvature of the target manifold is bounded from above.

Corollary 4.1 Let (M™, g) be a complete noncompact Riemannian manifold with
Ric(g) = —Kg for some K > 0 and let (N", h) be another complete noncompact
manifold with Rm(h) < k for some k > 0. Suppose there is a smooth function y on
M satisfying:

Col d(p,x)+1) < y(x) < Cod(p,x)+ 1)
and
IVEy| < Co, k=1,2

for some Coy > 0 where d(p, x) is the distance function on M and p € M is a fixed
point. Then for any smooth map f : M — N with energy density uniformly bounded
by e, there exists a solution to the harmonic map heat flow F from M x [0, To] — N
with initial value F(x,0) = f(x), where Ty = Cix~" for some Cy depending only
on ey, K. Moreover,

supe(F (-, 1)) < 2epexp(Kt).

M

In particular, if k = 0, then the heat flow has long time solution.
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As mentioned in the introduction, Theorem 1.2 which is a result on short-time
existence of the harmonic map heat flow coupled with the Ricci flow also follows
immediately from Theorem 1.1 as a corollary.

Before we prove Theorem 1.1, we need the following extension lemma which will
be used later.

Lemma4.5 Let g(t) be a smooth family of complete metrics on M, t € [0, T], and
(N, h) is another smooth complete manifold. Let0 < Ty < T. Suppose F is a smooth
solution to the harmonic map heat flow from M x [0, T1] to N and F is a smooth
solution to the harmonic map heat flow from M x [Ty, T] to N. Suppose F = F at
t =T). Let

Fi(x,t), if (x,t) e M x [0, T1];

F(x,t) = { FQ(.X,[), if(x,l) e M x [Tl, T]

Then, F is a smooth solution to the harmonic map heat flow from M x [0, T] to N.

Proof 1t is sufﬁcient to show that F is smooth near (p, T7) for all p. Consider local
coordinates x' near a point p in M and y“ near the point F(p, T1) in N. Near (p, T1),

9 y
—F{(x, 1) =g (x, ) ((F{")ij(x, 1)

at
— Tl G DO e, 1) + TG (Fy o, 0)(FP)i 0, 0/(F]) j(x, 1)),

Here, (F");, (F{");;j denote the partial derivatives of F[ and I", T are the Levi-Civita
connections of Riemannian manifolds (M, g(¢)) and (N, h), respectively. Similarly,
we have the corresponding equations for F». Since Fi, F, are smooth up to 77, we
conclude that as (x,t), (x',¢') — (p,T1) witht > T} > ¢/, all the corresponding
space derivatives of F(x, 1) and Fy(x’, t') will converge to the same limit. From the
equations, we conclude that 9, F> (x, t) and 9, F; (x’, ) will converge to the same limit.
Differentiate the equation with respect to x, we can conclude that 9; 8)1( Fi1(x',t") and
0r 8)16 F>(x, t) will converge to the same limit. Differential the equation with respect
to ¢, we conclude that 9,9; F»(x, t) and 9,9, F| (x’, t') will converge to the same limit.
Continue in this way, one can see that the lemma is true. O

The proof of Theorem 1.1 follows from the following special case so that condition

(al) is replaced by a condition on Ric(g(#)) and (a2) is replaced by the conditions that
|H|, |V H| are uniformly bounded.

Proposition 4.1 Let M™ be a noncompact manifold and let g(t) be a smooth family
of complete metrics defined on M x [0, T so that

%g(x, t)=H(x,t).

Let (N", h) be another complete manifold. Suppose (a3) is satisfied. Assume |H |g(s) <
L, |VH|gq) < Lin M x [0, T] for some constant L > 0 and Ric(g(t)) > —K (t)g(t)
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for some K (t) > 0 so that

T
Ko = [ K (t)dt < oo.
0

Moreover, assume there exists a smooth exhaustion function y on M and Cy > 0 such
that

Co (dr(p,x)+1) < y(x) < Codr(p,x)+1)
and
|V v = Co

for 1 <k < 2, where dr is the distance function and V is the covariant derivative
with respect to g(T). Let f : (M, go) — (N, h) be a smooth map such that

supe(f) =< eo.
M

Then, there exists a smooth solution F to the heat flow for harmonic map defined on
M x [0, To] with initial map f such that

sup e(F) < oo
Mx[0,Tp]

for some 0 < Ty < T depending only onm,n, T, Ky, k, L, ep, Cp.
Let us prove Theorem 1.1 assuming the proposition is true.

Proof of Theorem 1.1. FixanysmallT > s > 0.Let g (r) := g(t+5),0 <t < T—s.
Then,

Eg(s)(t) =H(s+1) = HY®).

By condition (a2), there is a constant C; = C(a, s) suchthat |H®) (¢)|, |[VH®) (1) are
uniformly bounded by C1 on M x [0, T — s]. Here, the norm and covariant derivative
are with respect to g* (7). By conditions (al), we have

2Ric(g (1)) = —(K (1) + C1)g(@).

Together with (a3) and the condition on y, by Proposition 4.1, for any smooth map
f M — N with energy density bounded by €p, and for any T'— s > 1o > 0, the
harmonic map heat flow has a solution Fin M x [to, to + To] with initial map f SO
that

sup e(I?) < Q.
M x[t9,t0+To]
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Here, To depends only onm, n, T — s, Ko, k, €y, C1, Co as long as fo + To <T-—s5.
In particular, the harmonic map heat flow has a solution F) in M x [0, T}] with
initial map f so that

sup  e(F®) < oo.
Mx[0,Ti]

Here, fl depends only on m, n, T — s, Ky, C1, &, eg, Cp as long as ﬁ < T —s.By
Lemma 4.2, we conclude that

sup e(F®)) < 2¢p exp(Ko)
Mx[0,71]

prov1ded Tl <3 (2/<e0 exp(Kop))~ ! 1f this is the case, then one can extend the solution
to [0, Tl + To] by Lemma 4.5, provided T1 + To < T — s, where T() depends only on
m,n, T —s, Ko, Ci1, k, Co, and

eo := 2eg exp(Kp).

Continue in this way, we conclude that the harmonic map heat flow has a solution F®)
in M x [0, T;] with initial map f so that

sup  e(F®) < 2eqexp(Ko)
M x[0,T]

where
. 1 _
Ty, = min{T — s, 2 (2kegexp(Kop))™ ' }.

By Lemma 4.4, we have

1
1T(F)| g0 < Cat ™2

where C, depends only on m, n, ey, a, Ko, k. Hence, dy (F® (x, 1), f(x)) < C3 in
M x [0, Ty] for some C3 independent of s. In local coordinates, F ) satisfies a system
of semi-linear equations

%(F@)“(x,r) = g (e, 0) (PO = Th (e (o I (FONE + T, (FOP (PO )

Moreover, |V (F®)| are uniformly bounded. Then, we can argue as in the proof
of Lemma 3.1 to conclude that for any precompact domain  C M, all orders of
derivatives of F® are uniformly bounded in © x [0, 7§]. Passing to a subsequence,
we conclude that F®) will converge on M x [0, Tp] to a solution of the harmonic map
heat flow coupled with g(¢) on M x [0, Ty] with initial map being f such that e(F’)
and |7 (F)| have bounds as stated in the theorem. m|
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4.4 Proof of Proposition 4.1

Our method is to use conformal change to find solutions on compact domains. We
then obtain estimates for the energy density and the norm of the tension field in order
to take limit as in the proof of Theorem 1.1 under the assumption of Proposition 4.1.
Let x € (0, %), ® :[0,1) — [0, c0) be the function:

0, s€[0,1—xI;
2
D(s) = —log |:] _ (S_IJ) :|, se(l—yx, 1. 4.4)
X

Let ¢ > 0 be a smooth function on R such that ¢(s) = 0ifs < 1 — x + Xz’
@(s) =1fors > 1— x +2x>

0,5 €0, 1—x+x%

(p(s)z{l,se(l—x-i-sz,l). 5

such that

§(s) 3=/0 @(1)®'(7)dr.

From [13], we have:

Lemma 4.6 Suppose 0 < x < %. Then, the function § > 0 defined above is smooth
and satisfies the following:

(i) F(s) =0for0<s <1—x+ x>

(ii) § = 0 and for any k > 1, exp(—kF)F® is uniformly bounded.

Let y be the exhaustion function as in the assumption of the proposition. Let y = %.

For p > 1, let U, be the component of vy ~1([0, p)) containing a fixed point p. Note
that U, exhausts M as p — oo. Now we consider a function on U, defined by

b0 = 5L,
P

and let

g(t) = exp(29)g ().

Then, g is a smooth family of complete metrics on U, so that

| @

=i

(o5}

t

where H = exp(2¢)H.
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Lemma 4.7 With the above notations, under the assumptions as in Proposition 4.1,
we have in U, x [0, T]:

(i) |ﬁ(t)|§g), |%ﬁ(t)|§(,) < C for some constant C depending only on L, T, C,
where V is the derivative with respect to g(t).
(ii) 2Ric(§(1)) + H(t) = —K(0)g(t) for some K > 0 so that [, K(t)dt < Ko for
some constant I%o depending only on L, T, Ky, Cy.
(iii) |Rm(g(t))| is uniformly bounded.

Proof of Theorem 1.1. Since |H| < L, we have
Crle(r) < g(T) < Cig(1) 4.6)

for some C; = C{(L, T). On the other hand, since |VH| < L and %g = H, if we
let ' and T be the Christoffel symbols of g(¢) and g = g(T), respectively, and let

A =T —T, we have |Al, () is bounded by a constant depending only on L, T'. Since
Vi =Viy + A%V
14 TY T A*Vry,

we have

IV¥le) < Cay V27l < Ca, 47
for some constant C; = C>(L, T, Cp). Next we want to compute the gradient and
Hessian of ¢. Let the covariant derivative with respect to g(¢) be denoted by ;, then

¢ =p ',

b.ij = p ' Fvaj + 02 iy

By Lemma 4.6,

{ IV@ler) < C3exp(9);
IV2lg() < C3exp(26).

for some C3 = C3(L, T, Cp) because ¢ > 0.

(4.8)

|H|§~,(;) zgijg;kl HixHj
=e Y ¢" g" " Hyp Hyj

2
=Hlyq)-

Since s _ ~ .
VH =(V —V)H +VH
=T —T)xe*® « H+22¢'p"'Vy « H
+e*xH ,
=Q¢'p 'Vysxgxg Hxe®® « H
+2e2¢'p7'Vy « H+e* « H
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we have o
VHI; < C (4.9)

for some C4 = C4(L, T, Cp). These prove (i). 5
To prove (ii), by (4.8), denote the Ricci tensor of g by R;; and the Ricci tensor of
g(t) by R;j, then

Rij =Rij + (m — 2).ij + (m — 2)ip; — [Agiryd + (m — 2)|V|*1gi
> —K(t)gij — C5exp(2)gij
> — K(1)&ij

where K (1) = K(t) + Cs(L, T, Cp), because ¢ > 0.
To prove (iii),

IRz < Coexp(—2¢) (IRmlg + V291, + Vo2 )

for some Cg = Cg(m). By using (4.8) and the fact that the curvature of g is uniformly
bounded in U, x [0, T'] the result follows. O

We are now ready to prove Proposition 4.1.

Proof of Proposition 4.1 Let ¢, p, U, g be as above. We claim that there is Ty > 0
depending only on m, n, Ko, «, eg, L, Co, T such that the heat flow for harmonic map
from (Up, g()) to N with initial map [y, has a solution F®) on U, x [0, To] so that

sup  e(F) < oo.
U, x[0,To]

Suppose the claim is true, using the fact that 2Ric(g(t)) + ﬁ(t) > —I%(t)g(t) for
some K with

~ T~
K0:=/K<oo
0

where K o depends only on K, L, Cy, T, one can proceed as in the proof of Theorem
1.1 to conclude the proposition is true by taking limit of a subsequence of F*) with
p — 00.

In order to prove the claim, we use the method as in [4] and [16]. Since the image of
flu, isboundedin N. Let f|y, € €2 € N. Here, 2 is a bounded domain in N and let
21 be another bounded domain with 2 € 7. Isometrically embed a neighborhood
O of Q1 into R? for some g € N. Let W be a bounded tubular neighborhood of O in
R?. Letw : W — O be the nearest point projection. Write

1

2 A
m=@@ 1%, 1) =@ )1<a<g-
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We can extend 7 smoothly from a possible smaller tubular neighborhood V of € to

the whole RY such that each 74 is compactly supported and 7 is not changed in V.
a_A a- A

Hence, 4, 711‘;‘ = %, né‘c = DZ";’—BZC etc are bounded, where z = (z*) are the

standard coordinates of RY.

Let f : U, — N sothat f(U,) € Q. Then we can write

fx) = (fAx) e RY.

Note that e(f) = Y |V f4(x)|>. By Lemma 4.7,
A

|H Iz, IVHlz0) < Ci

for some C; = C{(L, T, Cp). |[Rm(g(¢))| < Q which may also depend on p. We may
assume

A
[Tzl < D.

Consider the following system of equations:

F)
(5 — Ag(,)) FA = —np-(F)(VFB VFC) (4.10)

in U, x (0,T] and FA(x,0) = f4(x)in U, for A = 1,2,---,¢g. By Lemma
3.1, the system has a smooth solution on U, x [0, T1], where T; depends only on
m,q,D,L, T, Cy, Q, supy, e(f). Moreover, F and |V F| are uniformly bounded by
aconstant C depending onlyonm, g, D, L, T, Co, Q, supy, e(f) and €2. On the other
hand,

t
FA(x,t)=/M G(x,t;y,O)fA(y)der/O /M G(x,1;y,5)0%(y, s)dVy(y)ds

where G is the fundamental solution to the heat equation coupled with g(r) and Q4
is the right hand side of (4.10). By Proposition 3.2, we conclude that

|FAGx, 1) — FA(x)| < Cot?

for some constant C, = Cy(m,q, D, Q, T, supy, e(f)). In particular, there exists
0 < T, < Ty depending only on m, q, D, Q, T, supy, e(f) such that F(x, ) will
be inside the tubular neighborhood W of O for 0 < ¢t < T,. By the proof of [16,
Lemma 3.2] and the maximum principle Theorem 2.2, we conclude F(x, t) € N for
(x,1) € U, x [0, T2]. This implies F'(x, t) satisfies the harmonic map heat flow on
U, x[0,T2]to N.

Up to now, we have proved the following: If f : U, — N is a smooth bounded
map with energy density bounded, then there is a smooth solution F' to the heat flow
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for harmonic map with initial data f on U, x [0, 7] so that the image and the energy
density of F are uniformly bounded. By Lemma 4.5, we conclude that as long as the
energy of F is uniformly bounded on U, x [0, T'] and F has bounded image, then
F can be extended beyond T’ as a solution to the harmonic map heat flow so that the
energy is uniformly bounded.

Recall that 2Ric(g) + H > —K ()& (¢) with Ko = fOT K < oo. Using this condi-
tion, by Lemma 4.2, we conclude that

e(F)(-, 1) < 2epexp(Ko)

RN |
aslongas 0 <t < Ty := min{T, % (2Keo exp(Ko)) }. By Lemma 4.4, there is
constant C3 depending only on m, n, eg, L, I%o, T, k such that

1

T (F)l(x, 1) < C3172

aslong as 0 <t < Tp. Since ©(F) = F;, we have dy(f(x), F(x,1)) < Csté. In
particular, the image of U, x [0, Tp] is bounded because f(U,) is bounded. This
completes the proof of the claim and hence the proposition. O
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