PACIFIC JOURNAL OF MATHEMATICS
Vol. 182, No. 1, 1998

THE HEAT FLOW AND HARMONIC MAPS
ON A CLASS OF MANIFOLDS

XIAO ZHANG

We study the heat flow for harmonic maps from a complete
noncompact manifold M which satisfies conditions (a) and (b)
in §1. We show that if the target manifold N is complete,
the C? initial map has bounded image in N and has bounded
energy density and bounded tension field, then the short-time
solution of (1.1) in §1 exists and is unique. Additional, if the
sectional curvature of N is bounded from above, either the
long-time solution of (1.1) exists or the energy density of heat
flow blows up at a finite time. Moreover, if N has nonpositive
sectional curvature and (1.1) has a long-time solution u(-,t)
whose energy density increases logarithmically, and there is a
point p € M and a sequence t,, — oo such that u(-,¢,) converges
uniformly on compact subsets of M to a harmonic map u,, by
passing to a subsequence.

For this class of manifolds which satisfy (a) and (b), we
also get L? (p > 0) mean-value inequalities for subsolutions of
heat equations and gradient estimates for solutions of heat
equations.

1. Introduction.

Let M™ and N™ be two complete Riemannian manifolds with their metrics
given locally by ds?, = gi;dz'dz? and ds% = hasdu®du” respectively. For
any differentiable map u from M to N, the energy density of v at © € M is

defined by
4 Ou” ou’
e(u)(z) =y J%@h(w(u)(m),

where (¢”7) = (g;;)~'. The total energy of u is given by

The map u is called a harmonic map if it is a classical solution of the Eular-
Lagrange equation of the total energy functional, which can be written as

7(u)(z) = 0,
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Ouf ou”
i «
Ozt Oxi T, (u)(=),

T (u)(z) = Ddu(x) +g

for a =1,---,n, where A is the Laplace-Beltrami operator on M, I'g = are
the Christoffel symbols on N. 7(u) is called the tension field of u. The
corresponding parabolic system defined on M x [0, 00) with initial data h is
given by

(1.1) % = 7(u), u(x,0) = h(x),

which is called the heat equation for harmonic maps and solution w is called
a heat flow.

When M and N are compact Riemannian manifolds without boundary
and N has nonpositive sectional curvature, Eells and Sampson [E-S] proved
that any C' map from M into N can be deformed to a harmonic map by
solving (1.1). The analogous version for compact manifolds with boundary
was proved by Hamilton [H|. If M is complete noncompact and N is com-
pact with nonpositive sectional curvature, Schoen and Yau [S-Y1] proved
that any C!' map from M into N with finite total energy can be deformed
on any subsets of M to a harmonic map with finite total energy. Their
method based on the Hamilton’s results. Later Liao and Tam [Lo-T] re-
covered their results by studying the heat flow directly. Li and Tam [L-T]
considered the case when both M and N are complete noncompact Rieman-
nian manifolds and developed general method to study harmonic maps on
noncompact manifold via heat flow. One of their main results is: Let M,
N be complete noncompact Riemannian manifolds, Ricci¥ > —K(K > 0).
Let h € C'(M,N) with bounded energy density such that h(M) is also
bounded. Then there exists T > 0 and a unique map u which satisfies (1.1)
on M x [0,Tp). If, in addition, Riem” < 0, then (1.1) has a unique solution
uon M x [0,00) which satisfies that for all 7" > 0, u(M x [0,77]) is bounded,
and sup,,, (o) €(u) < oo. Furthermore, if there exists a point p € M and
a sequence t, — oo such that u(p,t,) converges in N, then by passing to a
subsequence, u(+,t,) converges uniformly on compact subsets together with
their first and second derivatives to a harmonic map ..

The Bochner formula plays a role for proving the above theorems, but it
depends on the lower bound of the Ricci curvature on the domain manifold
extremely. Thus, when the domain manifold is only assumed to be complete
noncompact without boundary and satisfy the following two conditions:
(a) There exists a constant A > 1 such that for any x € M and for all

R>0

Vz(2R) < AV, (R);
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(b) There exist constants N > 1,a > 0 such that for any function f €
C>*(B.(NR)),

a . 2 2
— inf —a) < / V£l
R? acR /g, (R) / ) B.(NR) V1l

we will lose many importment estimates obtained via the Bochner formula.
This class of manifolds were introduced and studied by Grigor’yan [G]. Ob-
viously, (a), (b) are quasi-isometric invariant (with possibly different A, a
and N). It is known that if M has nonnegative Ricci curvature, then M
satisfies (a), (b), see [G]. Hence this class of manifolds includes noncompact
manifolds which are quasi-isometric to manifolds with nonnegative Ricci cur-
vature. By using the distance function of target manifold and the well-known
fact that the composition of a convex function in the target with a harmonic
map is a subharmonic function of the domain, Tam [T1], [T2] has got some
results which assert that any harmonic map that has a bounded image in
target manifold or has a bounded total energy from this class of manifolds
to simply connected, nonpositive sectional curvature manifolds must be con-
stant map. These generalized the theorems of Cheng [C] and Schoen-Yau
[S-Y1]. In this paper, we will prove the following theorem:

Main Theorem. Let M be a complete noncompact manifold without bound
ary and satisfy the conditions (a) and (b), N be an arbitrary complete man-
ifold.

(i) Given h € C*(M,N) such that h(M) is bounded in N, the energy
density e(h) and the tension field T7(h) are also bounded on M. Then there
exists Ty > 0 such that (1.1) has a unique solution u(x,t) on M x [0,Tp). If,
in addition, Riem™ < k (k > 0), let T* be the supremum of those T such that
(1.1) has a unique solution u(x,t) on M x [0,T) and sup oz e(u) < oo,
then eithor T* = co or T* < oo and limy .- SUP ;4 (o 1) €(u) = 0.

(ii) Suppose Riem™ < 0 and (1.1) has a long-time solution u(z,t) on
M x [0,00). If s(t) = supyryp e(u)(z,t) = O(logt), and there exists a
point p € M and a sequence t, — oo such that sequence u(p,t,) converges in
N, then u(-,t,) converges uniformly on compact subsets of M to a harmonic
map U by passing to a subsequence.

Here, we need some stronger assumptions on the initial data (C?, bounded
energy density and tension field) in order to get some key estimates without
using the Bochner formula (Theorem 3.4(iv), etc.). Perhaps, good estimates
on the heat kernel for 1-form on this class of manifolds might weaken our
assumptions on the initial data.

This paper is arranged as follows:
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In the second section, we will give some known results which were proved
by Grigor’yan in [G], and generalize a mean-value inequality of Grigor’yan’s
about the subsolution of the heat equation on this class of manifolds.

In the third section, we will derive estimates for solutions of the homoge-
neous and inhomogenous heat equations on these manifolds.

In the fourth and fifth sections, we will consider the questions of both
the short-time and the long-time existences of solutions for (1.1). And the
convergence to a harmonic map as time tends to infinity. We will prove the
Main Theorem in these two sections.

Acknowledgements. This work was done while the author was a graduate
student in the Department of Mathematics, The Chinese University of Hong
Kong. The author would like to thank Prof. S.Y. Cheng and Prof. S.T. Yau
for their encouragement, Prof. L.F. Tam for suggesting this problem and his
helpful discussions, and Dr. Tom Y.H. Wan for his interest in this work and
valuable discussions.

The author would also like to thank Prof. W.Y. Ding and Prof. H.D.
Chao for pointing out some errors in the early version.

2. Mean-value inequalities.

In this section, we will first give some known theorems about the volume
comparison for balls, the Harnack inequality for the positive solution of heat
equation, and the heat kernel estimates which were proven in [G] on a class
of complete noncompact Riemannian manifolds satisfying (a) and (b), we
will also prove some mean-value inequalites for the subsolution of the heat
equation on these manifolds and generalize the result of Grigor’yan’s (see
[G], Theorem 3.1).

Theorem 2.1. Let M be a complete noncompact manifold which satisfies
(a) and (b), then
(i) (Volume comparison). For all x € M and all R > r > 0,
L (R\* _V.(R) R\"”
1+ A3 1<> < -z <A3<)
(1+4%) r) — Vir) ~ r)
where o = log, (1 + A™%), 8 = log, A.

(ii) (Harnack inequality). For any positive solution u(zx,t) of heat equation,
on M x [0,00), for any x,y in M and T >t > 0,

u(z,t) <u(y,T)exp (Cl (f + M)) ,

where r(x,y) is the distance function between x and y, and C is a constant
depending only on A, a,and N.
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(iii) (Heat kernel estimates). Let H(x,y,t) = limgr_ . Hg(x,y,t) be the
fundamental solution of the heat equation obtained by compact erhaustion,
where Hp(x,y,t) is the heat kernel of B,(R) with Dirichlet boundary value,
p s a fized point in M. Then

Cs > (_C’gr(;r,y)2>

ex C4T($7y)2>
V.(V1) t ’

1
§H(x,y,t)<\/£)exp<— ;

— GoVi(

where Cy < % is a constant, C3 > 0 is a constant depending only on A, a,
and N, Cy > 0 is a constant depending only on A,a, N and Cy.

Proof. See [G]. u

We have known (see [G], Theorem 1.4) that if complete noncompact man-
ifold M satisfies (a) and (b), then in each ball B, (R) there is an isoperimetric
inequality

A1(€2) > A(Vol(2))

with function

(2.) M) = o ()T

where  is the domain in M, A\;(Q) is the first eigenvalue of 2 and b > 0 is
a constant depending only on A,a and N.

The function ﬁ is obviously strictly monotonically increasing on (0, c0)
with range (0,00). It therefore has an inverse function on (0, c0), which
we denote by w. We define functions V(¢) and W (r)(t > 0,7 > 0) by the
equations

V) g wr) g
22) Cst= | wé) or = | sf@)’

where Cs, Cg > 0 are constants which will be determined in the proof. Ev-
erywhere below we assume that the integrals in (2.2) converge to zero as
t,r — 0.

It is easy to derive from (2.1) that

(2.3) V(t) = C7V‘jéf)t”ﬁ/2, W(r) = Cy

V(R) oy
Rs ’

where 8 = log, A, C7,Cs > 0 are constants depending only on C5,Cs, A, a
and N.
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Theorem 2.2. Let M be a complete noncompact Riemannian mani-
fold without boundary and satisfy (a) and (b). Suppose the function u €
C>(B,(R) x [0,T]) satisfies

(2.4) (A - gt) u > 0.

(i) For any0 < d < 1,0 <7 < T andp > 0, there exists a constant C' > 0
depending only on p, A,a, and N such that

2.5 sup uh < / /
(25) Ba((1—8)R) X [r,T] U 01+5/2V B(R)

Where o = min (1,0%2R?), 8 = log, A, and u, is the positive part of u.
(ii) Let w = u — supp, (g |u(y,0)|, then there exists C' > 0 depending only
on p,A,a and N such that

C
26 w we €[
(26) Bamxor o OFPRIV(R) Jo Jo.my

In particular, if p > 1, then
(2.7)

or=1cy
< Poyoprt ,0)]P.
W oS ORVL(R) / / wi #2770 sup July, 0)

B, ((1—8)R)x B (R)

Before proving it, we will prove some lemmas.

Lemma 2.3. Suppose, under the conditions of Theorem 2.2, that v =
(u—0),, where 8 > 0 is an arbitrary number. Let n(y,t) be a Lipschitz
function in M x [0,00) such that supp(n(y,t)) CC B.(R) fort > 0. Then
for p > 1, there exists C > 0 depending only on p such that

—1 rt »
[ e+ [ [ v
B.(R) b 0 JB(R)
t
@s)  =c[ [ w(ilrm)r [ @),
0 JBz(R) B (R)

Proof.

/ vPlyn? < / vP T Aun?
B (R) {u>0}
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—/ guv” n? — / VuV (vP~'n?)
{u=0} OV {u>6}

= —/ VoV (v~ ).
B (R)

Integrating the above inequality from 0 to ¢, we get

t t
/ / v lo? < —(p — 1)/ / VP n? Vo)?
0 = (R) 0 = (R)

t
(2.9) - 2/ / P InVoVn.
0 JBy(R)

VP InVoVn < 411” 0% Vol* + v”|V7)\2

then
2

V)| < T2 Vof? + 207 Uy

therefore
4

(2.10) VPP Vo) > = ’V( ) - EUP|V77|2.
On the other hand,

1 —1 2. 2 2 2 2
(2.11) =207 nVuVn < <P 5 —— P | Vul© + 11)”|V77| .

p—

Substituting (2.10), (2.11) into (2.9),

t
/ / vP Loy
0 JB.(R)
4 2 t
<—7/ / V(vin)? + <2—|—)/ / 0P|Vl
B, (R) > p—1/Jo Je.(m)
Since

t 1
[ et =2 [ @i -@peo -2 [ [ o
0J By (R) P JB.(R) Ba(R)

+ 2 0

pfl

Hence we get (2.8), here, C' =

’B\»b
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Lemma 2.4. Suppose, under the conditions of Theorem 2.2, that p > 1,
for any 8 > 0, let

T o T
H:/ / e H:/ / (u—0),
0 B, (R) T B, ((1-6)R)

then there exists C' > 0 depending only on p such that

CH
oAN(Co=10—rH)’

(2.12) H <

Proof. In (2.8) we set
n(y,t) = m(y)n(t),
where 7 is 1 inside B,((1 — 2)R), zero outside B,(R) and linear between
B,((1—$%)R) and B,(R); and 1, is 1 when ¢t > 7, zero when ¢ = 0 and linear
between 0 and 7. We also set v = u,. For any t € [r,T], since
4

1
Vo> <=, |mml < =,
g g

then

t
@) [ weo<cf[ [ (P m) <
B.((1-$)R) 0 JB.(R)

)
2

5CH
o

By setting 7, is 1 inside B,((1 — §)R), zero outside B,((1 — $)R) and linear
between B,((1 — 6)R) and B,((1 — $)R); and 1, as before, we have

(2.14) [ /BZ(R) V((u— 6)

Since for each ¢ € [0, T,

> 5pC /T/
< —0)E.
< (p—1)a Jo Je.(r) (u %

—+ s

supp ((u - 9).%77) C Dy,

D, = {yEBm <(1—g> R> s u(y, t) >9},
then

e1) [V (-ob) znw) [ o

B.(R)

where

For t € [1,T], it follows from (2.13) that

(2.16) mes(Dy) < 677 / W < 5Co 9P H.

Bx((1-3)R)
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By (2.1), (2.14), (2.15) and (2.16), we have

5p701071H > A(5Co™'0"PH)H > A (
p—

This is (2.12). U

ch 019”H> H.
p—1

Lemma 2.5. Suppose, under the conditions of Theorem 2.2, that p > 1,
for any 6 > 0, let

T T
o :/ / w, ' = / / (-0,
0 JB.(R) 0 JB.((1-8R)

then there exists C' > 0 depending only on p such that, for p = 6*R?.

CH*
1 < .
(2.17) Hr < pA(Cp=10—PH¥)

Proof. Clearly, u(y, t) is also a subsolution of the heat equation and @, (y,0) =
0 on B,(R), by setting 1,(t) = 1 as t > 0 in the proof of Lemma 2.4, we can
get, in a similar way, that

PO s AUC) T HYE > A <pp—10—PH*) 0.
p—1 p—1
Thus, the lemma is proved. [l

Proof of the Theorem 2.2.
Case (). p> 1.
For k=0,1,2,..., set

(2.18)
to=0<ti1<ta<...<7, R=ro>r;>rn>...>(1-0)R,
moreover,
(’I"k — Tk+1)2 = thrl — tk = 0.
Let
H
2.19 07 = ,
(2.19) min(V (1), W(JR))
set

0 = (2 —277)0,
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and
T
(2.20) H, = / / (u— 6,
tr B;c(’f'k)
Obviously, H}, decreases monotonically, and by Lemma 2.4,
H,
(2.21) Hypr < CHy

o akA(CU,€_12P(’“+1)0—PHk) .

Choose C5 = (47C)~1, Cs = (2°v/C)~" in (2.2), by (2.19),

/GPH d& o T 0"rH df 0R
o w(§) T arC” 0 VEw 2Pxf'
Let
0.22) __we@Cy )

. k::

w(2r(=k=1g-rH)
for k > 0, since

m—+1 —
4rC(2P-D9—PH
0 < tk - E 0; S )

21)( i)g— pH)
2p( z) 0~PH df
< 4P dz = 4° — <
C’/ 2P(29PH)Z C’/O w(g)_T,
and
m—+1 —_i\N—
2P/ Cv2r(=1)0-PH
0<rg—ry = Z algz ve
=1 \Jw(2r(=D0-PH)
Vor==9-rH 6""H
gzp\fc/ vrCI9rH z—2pf/ 7@5}2,
0 \Jw(2P(-2)6-PH) VEw(§)

where ¢ = 2P(-2)0~PH. Thus (2.18) is satisfied and o, is a suitable choice.
We will prove that for all K =0,1,2,...,

(2.23) H, <47P*H.

For k = 0, (2.23) is obviously satisfied. Suppose (2.23) is satisfied for
k < m. By (2.22), we have

Ca;lzp(*mﬂ)gfpﬂ — (4‘)(211(*77L*1)Q*Z>H)7
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then

Cotort-m+bg-—rh

= gr(-m-Ng-rpy
A(Co-120=m+0g—r ) ’

therefore

C
omA(Co t2p(=m+1)g—p )

—-p

Thus, by (2.21),

CH,,
H7n+1 <

=4 PH, < 4Pt
= o, A(Co; 12t g—r4—rm [) -

By induction, (2.23) is proved.
Let k — oo in (2.23), we get

T
/ / (u—20)2 =0,
r JB.(1-8)R)

sup ul, < 2PQP.
B ((1—8)R)x[r,T]

so that

Substituting (2.3) into (2.19), we can choose C' > 0 depending only on p, A, a,
and N such that (2.5) is satisfied.
Case (ii). 0 <p < 1.

Let

o T
= 50 = M(k) = sup u’.

3.4k’ Ba((1=63)R) X[, T]
By Theorem 2.1(i),

O

Va((1 = 0pen) R) 7 < AP(1 = 81) Ve (R) 7
let 0 < A=1-2% <1, then (2.5) implies,

O ((1-5u)R) g
M(k) < M(k+1 u?
) < G2 = s B T T e s ™

A3c(22+6)k+1 Rﬂ T
< M(k+1 */ / P
— oltB8/2 VZ(R) ( + ) o JB.(r) Uy

Denote
A*C RS T »
1= 2% / / e
o P2 V(R) Jo Jp.(r
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Iterating the above inequality, we get
M(O) < Il+A+>\2-«—...(22-',-/3)1-‘,—2>\+3>\2+...(]\4(00)))\‘><7 _ (22+ﬂ)4/p2_[2/p‘
It is easy to derive our result from this inequality.

For the inequality (2.6), Let

and

T
H,::// (@ — 0,)".
0 BL(T')C)

By Lemma 2.5 and the Moser’s iteration, (2.6) can be proved by the similar
argument.

Since (la| + [b])P < 2°7H(|af? + [bP) for p > 1 and [ g Ty <[5 (g) U+
(2.7) follows. u

3. Gradient estimates.

In this section, we always denote M as a complete noncompact Rieman-
nian manifold without boundary which satisfies (a) and (b); and C as an
arbitrary positive constant. We will derive various estimates for solutions of
homogenous and inhomogenous heat equations on M.

Lemma 3.1. For the heat kernel H(z,y,t) of M, foranyT >0,0<t<T
and p,q € M, there exists C' > 0 depending only on A,a and N such that

/M \H(p,y,t) — H(q,y,t)|dy < CT(%’).

Proof. By the Harnack inequality (Theorem 2.1(ii)), for the fixed 6 > 0,
I= /M [H(q,y, (14 0)t) — H(q,y,t)|dy
< /M |exp(C1(1 +0))H(q, y, (1 +6)t) — H(q,y,1)|dy

+ /M (exp(Ci(146)) — 1) H(q, y, (1 + 0)t)dy
< 2(exp(Ci(146)) — 1),
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IfzﬁﬁH@WJy—H@yx1+®wuy

ot
+ /M (exp <Cl(1 +6) + 1"2((2;; Q)) B 1) Hg.y. (1+ 6)t)dy

<2 <exp (01(1—1—5)—1—7"2(?;(])) —1).

< /M ‘H(p, y,t) — exp (Cl(l +0)+ (. Q)) H(q,y,(1+0)t)|dy

Let s = ﬁ\/’} > 0, therefore, there exists C’ > 0 depending only on C, d
such that
[ 1H.y.0) ~ Hla.p.0)ldy < T+ 15 < C'(exp(s) — 1)
M
If s <1, then
exp(s?) =1 < (e = 1)s* < (e — 1)s,
thus (. q)
TP, q
[ 1 p.5.0) = g,y 0ldy < C'(e = 1)s = c7EL,
M Vit
If s > 1, then

r(p,q)
i

[ 1.y, — Hgp0ldy < 2 <25 = €
M

O

Lemma 3.2. Foranya >0,T >0 and 0 <t < T, there exists C > 0
depending only on «, A,a and N such that

H(z,y,t)r*(z,y)dy < Ct=.
M

Proof. Let s = 7, by Theorem 2.1(i), (iii),

/ H(x,y,t)r*dy = / H(x,y,t)r*dy + H(z,y,t)r*dy
M B, (2V1) M\ B, (2Vt)
1 & C47"2>
2 — *dV,
(V)(mww/em(t rdv, (r)
1 C4T2 « 00
-V g (e () )

[ (o (5) (55)
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2
+ aexp (— CZ;T ) TQ1>Vx(T)dT>

20 > % (8\/%) a
o _ 2\ d+a T 5
( + = / exp(—Cys”)s NACE ds> t

204A3 [ o o
< (26‘ + % / exp(—C452)sl+“+ﬁds) t> =Ct>
2

2

since the integral of the right hand converges. O

Theorem 3.3. Let f be a bounded function on M x [0,T], and

t
_/ H(ﬁ,y,t—T)f(y, T)dydTa
0 M

for any 0 <t < T, we have

(i)
sup |u| < ( sup |f|> t.
M x[0,t) M x[0,t)

sup |Vur§c< sup |f|> 2.

Mx[0,t) Mx[0,t]

Proof. (i) Obviously.
(ii). By Lemma 3.1,

) = (01 < [ [ Hlz,,0 =)~ Heeot = Dl ldydr

<C sup |f|/ d <C< sup ]f\)r(x,z)té.

M x[0,t) M x[0,t)

Theorem 3.4. Let h be a bounded function on M, and

u(z,t) /H:L‘y (y)dy,

foranyT >0 and 0 <t < T, we have
(i)
|Vu(z,t)| < C (Sup ]h\) 3.
M
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(ii) For0<a <1, and [h]on = sup,, % < 00,

u(z, t) — h(z)| < Clhlaat?.

(iii) For0<t; <ty <T,

ty— 1) ?
lu(z, t2) —u(z, t1)| < C <sup|h|> ( 2 1) .
M 13}
(iv) In addition, if h is C?, sup,, |Vh| < oo, and sup,, |Ah| < oo, then

sup |Vu| <sup|Vh|+C (sup ]Ah!) t2.
M M

M x[0,t)
Proof. (i) By Lemma 3.1,
u(e,t) = u(= 0] < [ |H(wp0) = Hzp.0ll)ldy
<C <sup \h[) r(x, 2)t" 3.
M
(ii) By Lemma 3.2,
jule,t) = hw)| < [ H,p,0lh() - h(o)ldy
< [h]%M/ H(z,y,t)r*dy < Clhla.mt®.
M

(iii) Since
U(I, t2) = /M H(ﬂ?, Y, 752 - tl)u(yu tl)dya

u(y.t) — (e, 1) < € (sup ] ) i)t
therefore,
|U(l’, t2) - u(x, tl)’ S C/ Sﬁp |h’ / H(.%', Y, t2 - tl)r(xa y)tl_idy
M

ty — 1\ 2
M t

(iv) By using that M has polynomial volume growth and the estimate of
H(z,y,t), we can prove (see Appendix)

w= [ Hizy)Sh()dy,
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and u; is continuous on ¢ for ¢ > 0. Thus

u(x,t) = h(x) + /Ot u.dT = h(z) + /Ot /M H(z,y,7)Ah(y)dydT,

therefore
t

u(a,t) = u(z O] < h(a) ~ b+ [ [ 1H@y7) = Hzg. 0l Ahldyr
0 M

dr

< [h(a) = h(2)] + C"sup| Ah) /Ot r(j’?
< |h(x) - h(z)| + C (Sﬁp |Ah|) r(, )it

4. Short time solutions.

Let M, N be two complete Riemannian manifolds with metrics g;;dz‘dx?,
hopsdu®du’, respectively. Suppose h : M — N is a C' map so that h(M)
is bounded in N, then there exists an open neighborhood N’ of h(M) with
compact closure so that N’ can be embedded into R? isometrically for some
q. If necessary, by choosing a smaller neighborhood, we may assume that
there exists a bounded tubular neighborhood N of N’ in RY.

Let II : N — N’ be the nearest point projection denoted by II =
(I, ..., I1?) = (II");<4<,- By choosing an even smaller N’, we may as-
sume that IT can be extended smoothly to the whole R? so that each IT4 is
compactly supported. Hence

A 2774
I, Hg:%, ;}C:(;;%,...,
are bounded, where z = (z*) are the standard coordinates of RY.
Consider:
(4.1) (A — ;) ut = ch(u)%l:f ?;;j g =TI, (u) VuPVu©,
(4.2) u(z,0) = h(x).

Lemma 4.1. Suppose u(N) lies in N', then u satisfies the heat flow for
harmonic maps from M x [0,00) — N if and only if u satisfies (4.1) and
(4.2).

Proof. See [E-S, p. 140]. u
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Lemma 4.2. Suppose that M satisfies (a), u is a solution of (4.1) and
(4.2) which is continuous on M x [0,T) with u(z,0) € N' for all z € M. If
u(z,t) € N on M x [0,T), then u(xz,t) € N’ for all (x,t) € M x [0,T).

Proof. Since M has polynomial volume growth, this lemma follows from
[L-T, Lemma 3.2]. U

In what follows, we will prove the short time existence for the initial value
problem of (4.1) and (4.2).

Theorem 4.3. Let M be a complete noncompact Riemannian manifold
without boundary and satisfy (a) and (b), N be an arbitrary complete man-
ifold. Given h € C*(M,N) so that h(M) is bounded in N, sup,,e(h) < oo
and sup,, |T(h)| < co. Then there exists Ty > 0 such that (4.1) and (4.2)
has a unique solution on M x [0,Tp).

Proof. Set
A= sup (el Mgepl)-
R9,A,B,C,D
The hypotheses on h imply that for 1 < A < gq,

sup |h?| < oo, sup |[Vh*| < oo, sup |Ah?| < oco.
M M M

For v =—-1,0,1,2,..., define

u”: M x[0,1) - R?

as follows:

(4.3) u A (z,t) = 0;

(4.4) uz,t) = | H(z,y,t)h" (y)dy;
M

for v > 1,

t
(4.5) u"(z,t) = —/ / H(z,y,t —7)F" 2 (y, 7)dydr + u®*(x,t).
0 M
Where, forv > -1, A=1,... ,q,
A = ch(u)Vu”’BVu”’c.

Obviously, F~! = 0, ! and u° are well-defined and smooth on M x (0, 1).
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For 0 <t <1, let

4.6 (1) = su Vu 2] .

(4:6) pt)= s (Sive)

Clearly, p,(t) is nondecreasing in ¢, and

(4.7) sup [F"* < Cy(m,q, A)pl(t).
M x(0,t)

In order to prove that u” are well-defined, it suffices to show that p,(t) <
oo for all v and for all 0 < ¢ < 1.

When v = 0, by Theorem 3.4(iv),
(4.8) po(t) < Ca(q) (Sup [VhA| + C'sup IAhA\té) :
M,A M,A

Hence u' is well-defined and is smooth on M x (0,1). Suppose u” is defined,
pu_1(t) < oo for 0 <t < 1, and u” is smooth on M x (0,1). Theorem 3.3(ii)
implies that for 0 <t < 1,

sup |[Vu"?4| < Cst? sup [FY" 54+ sup |[Vu®?

M x(0,t) M x(0,t) M x(0,t)
< Cytrp’_,(t) + sup |Vul|.
M x(0,t)
Hence
(4.9) pu(t) < Cst?pl (1) + po(t).

By induction hypothesis, we conclude that u**! is well-defined and is smooth
on M x (0,t).

Now choose 0 < T7 < 1 such that

1 1
(4.10) CyCsTP (sup |VAhA| + Csup \Ah‘ﬂ) < -,
M,A M,A 4
then
1 1
(4.11) CsTypo(t) < 1
If

C5T1§py—1 (t) S

N



HEAT FLOW, HARMONIC MAPS 175

on (0,71), (4.9) implies that for 0 < ¢t < 77,

CsTEp, (t) < (CsTEpu-1(t))? + CsTE po(t) <

N =

Hence for all v > 1, on (0,T),

—_

(4.12) CsTEp, () < 5

Thus u” are uniformly bounded on M x (0,7}). Therefore the following
function X, and X, are well-defined,

(4.13)

X, (t) =supy_|Ju"* —u"""4] 4 sup (Z |V — Vu”‘lvAP) ,
Mo\

and, for 0 <t < T7,

>

(4.14) L(t) = sup X, (7).

o<r<t

Now

YA _ pr-LA _ ch(uy)VUV,Bvuy,c o ch(uu—l)vuu—l,Bvuu—l,C
= (Mo (u”) = Mo (™)) Vur P Vune
+ Mo (w1 (Vu? — Vu =t F)vu©
+ ch(uuq)vuuqﬁ(vuuq,c B vuufl,C).

Applying the mean-value theorem to
e (u”) = e (u™),
we have

sup |F4 — FY7RAL < O X, () (05 () + pu(t) + pu-a(t)).
M x(0,t)

Inequality (4.12) asserts that for 0 <t < Ty < 1,

(4.15) sup |F"4 — FY 4 < Co X, (1).
M x(0,t)

Since

t
WAz, t) — uhA (e, t) = —/ / H(z,y,t —7)(F"* — F*~""dydr,
0 M
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by Theorem 3.3, we have

(4.16)

WD — e DI S i T S FT S G
x (0,

and

(4.17)  |Vu'thA(z,t) — Vu'?(z,t)|

< Cgt? sup |[F¥4 — FY~ Y4 < Coti X, (1).
M x(0,t)

Thus

(4.18) X, 1 (t) < Crotz X, ().

Choose 0 < Ty < 1 such that ClOTO% < 1. If 0 < t < Ty, by Theorem 3.4(iii),
we conclude that

X, 41(t) < (Cuot?)"Xo(t)

(4.19) < C’H(ClOTO%)” (sup |h*| + sup |[VA?| + C sup ]Ah‘ﬂ) .
M,A MA M,A

Hence, o2, X, (t) converges uniformly on (0,7,). Thus u** and Vu”4
converges uniformly on M x (0,7;). Let, for A=1,2,... ,q,

u? = lim u”4.

V—00

Then Vu? exists and Vu"* — Vu? uniformly on M x (0,T;). Thus for all
A,
FrA — FA = T4 (v) VuP Vu©

uniformly on M x (0,7}). Hence on M x (0,T}), we have
t
ut(z,t) = —/ / H(z,y,t — 7)F*(y, 7)dydr
0o Jm

(4.20) + /M H(z,y, )h™(y)dy.

Note that each u” is smooth on M x (0,7T;) and satisfies, for A =1,... ,q,

0
N — = v,A — Fllfl,A.
( (‘)t) !

By (4.5), (4.7) and (4.12), it is easy to see that F’¥ and u” are uniformly
bounded on M x (0,T;). By [L-S-U, p. 211 Theorem 11.1], for any compact
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subset 2 € M and 0 < t; <t < Ty, there exists C1o > 0 and 0 < pu < 1
independent of v and A, such that

VA, t) = Vu (@, t')] < Cro(r(z, a')* + [t = t']%),

for all z, 2" €  and for all t; < t,t' < t,.

Letting v — oo, we have
|Vu (z,t) — Vu(z' )] < Cra(r(z, z)* + |t — '] 2).

Hence by (4.20) one can conclude that u(z,t) satisfies (4.1) in M x (0,Ty),
and

}in& u?(z,t) = h*(z).

Obviously, Ty depends only on the geometries of M, N and a neighbor-
hood of h(M) and the bounds of e(h) and 7(h). Furthermore, the en-
ergy density and the image of the solution w is bounded on M x [0,T})
by a constant depending only on the known quantities mentioned above.
lim; ¢ u(z,t) = h(x) is uniformly on M and lim; .o e(u)(z,t) = e(h) is uni-
formly on compact subsets.

Uniqueness follows from [L-T, Theorem 3.5] since M has polynomial vol-
ume growth. O

5. Long time solutions, harmonic maps.

In this section, we will consider the long time solutions of the heat flow and
the convergence to harmonic maps via mean-value inequalities.

Theorem 5.1. Suppose, under the conditions of Theorem 4.3, Riem” < k
(k > 0). Let T* be the supremum of these T such that (1.1) has a unique
solution u(x,t) on M x[0,T) and sup ;.7 e(u) < 0o. Then either T* = oo
or T* < 00 and limp .z SUP (o, 1) €(u) = 00.

Proof. The proof of the Theorem 4.3 implies that T > 0. Suppose T* < 0o
and
sup  e(u) < s < o0.
Mx[0,T+)
For the proof of the theorem, we need only show that the solution of (1.1)
can be extended from 7. By [H], we have, on M x [0,T*),

0
(A - 815) a2 > —2ks|ua .
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Hence g(z,t) = exp(—2kst)|u;|? is a positive subsolution of the heat equation
for functions on M. As in [Lo-T], there exists C; > 0 depending only on
dimension of M such that for ¢t > t; >0

t2 C t2
(5.1) 2 / lus|* < E,(t1,2R) + R% E,(1,2R),
B,(R)

t1
where E,(1, R) = pr(R) e(u)(, 7).

Let § = § in Theorem 2.2. If T* < oo, by (2.7), for T < T*,

2260
w95 p / / g+ supg(-,0)].

By (£)x]o,

Since E, (7, R) < sV,(R) for T > 0, by (5.1),

g |? < 22H8C exp( 2k:sT / / w? + e
sup  |uy Uy sup T
B, (£)x[0.T] RV, (R B,

2 T*
< 21+’8Csexp(2k5T*)V( i (R2 Cr

h 2
e ) sup ()
1 *

< C'(C, Bk, s, A, T") ( +C >+sup\¢( )
therefore

sup |u¢| = lim sup |ug] < sup|7(h)| < oo.
Mx[0,T) R=o0 g (Z)x(0,T) M
Thus

Jim (7] 7) = Jim_fui| < sup ()] < oc.

This estimate also implies that u(M x [0,7%)) is bounded in N, and by the
assumption

TILI%* G(U)(', T) < o0,

thus we can extend u as a unique solution of (1.1) because of Theorem
4.3 and [L-T, Theorem 3.5]. This contradicts the definition of 7* and the
theorem follows. |

Theorem 5.2. Let M satisfy (a) and (b), Riem™ < 0. Suppose (1.1) has
a long-time solution u(xz,t) on M x [0,00). Moreover, suppose

s(t) = sup e(u)(z,t) = O(logt).

M x[0,t)
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If there exists a point p € M and a sequence t, — oo such that sequence
u(p,t,) converges in N, then u(-,t,) converges uniformly on compact subsets
of M to a harmonic map us by passing to a subsequence.

Proof. Choose R* = 4T, 7 = T in (2.5), then o = RT?. Since |u;|* satisfies
(2.4) on M x [0,00), by (2.5) and (5.1),

2280
sup (-, ) TN
BT RQV By(R)
Ci\ V,(2R)s(T)
< 2'C (1 1) Bl it
: 1) v

S C/(Ca 017/87"4)8(17:)7

therefore, let T' — oo, if $(T') = O(logT'), we have, on M,

T(Uso) = hm sup |u| (-, T) = 0.

*}OOM

Hence, the theorem follows. |

6. Appendix.

In this appendix, we will use the argument of [Lil], [Li2] to prove the
following proposition:

Proposition. Let M be complete noncompact manifold which satisfies (a)
and (b), f is a C* function on M and

sup |[f| < oo, sup|Vf| <oo, sup|Af] < .
M M M

Suppose
u(z,t) = /M H(z,y,t)f(y)dy,
then, fort >0,
wle.t) = [ H@y.07)d

Proof. By the Green’s identity,

[ oy 0iwdy— [ Hp 085wy
«(R) By (R)
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|p o Ui
Lo e @ w OF @y = [ Ay 05 )y
<[ VH Iyt Wy + [ 9y
(6.1)
<splfl [ 9 HIw iy swp (VS| [ H )y

For the heat kernel H(z,y,t) of any complete manifold M, we have (see
[C-L-Y], (4.18))

[ var
M\B(3R)

(L) [ ) 2( f, ) ].

In terms of the argument of [C-L-Y, p. 1052-1055] and the upper estimate
of the heat kernel (Theorem 2.1(iii)), we can prove

(6.2)

(6.3) /M H?(z,y,t)dy = H(x,,2t) < CM,
(6.4) /M (AHY (2, y, t)dy < H(:c 1) < Czt;/l(\[)
and

2 1 C4R2
(65) /M\Bm(;m Hia v, t)dy < V(D T <_ At ) '

Substituing (6.3), (6.4) and (6.5) into (6.2), since M has polynomial volume
growth (Theorem 2.1(i)), we can find constants C' > 0, > 0 such that for
all ¢t > 0,

H 1 1 2
/ IVH[* (2, y,t)dy < 02< 4 )t%exp (_C4R )
By (R)\B:(%R) R ”

Then, the Holder’s inequality implies

/ |VH|(z,y,t)dy < / |\VH|(z,y,t)dy
9B, (R) B (R)\Bz(%R)

C4R2>
16t /-

(6.6) <C <R ;) t79V3 (R) exp (
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On the other hand, the upper estimate of the heat kernel implies

(6.7)

V.(R) ( C4R2)
H(z,y,t)dy < —= - .
/aBz(R) (z,y,t)dy < AN ;

Substituting (6.6), (6.7) into (6.1), thus, let R — oo, we have

(6.8)

Since

[ sy 0wy - [ Hew0s1wa =0

[ Bt =| [ o800

[ #0858 w)dy| < sup A1) < o,
M M

therefore

m:&m@%m@@:AAﬁ@uM@@:AHmmeMU

[Li2]

O
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