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Convex hull property for ancient
harmonic map heat flows

CHIUNG-JUE ANNA SUNG

For an ancient solution u to the harmonic map heat flow from a
complete manifold M into a Cartan-Hadamard manifold N with
curvature bounded between two negative constants, we show that
the image of u is contained in the convex hull of its intersection
with the ideal boundary of N together with at most k interior
points in N, where k is the dimension of the space of bounded
ancient solutions to the heat equation on M. In the case M has
nonnegative Ricci curvature and w is of polynomial growth, its
image is contained in an ideal polyhedron with estimable number
of vertices in terms of the growth order.

1. Introduction

Various geometric flows such as the Ricci flow [11] and the mean curvature
flow [13] have been introduced and extensively studied ever since the pi-
oneering work of Eells-Sampson [8] on harmonic map heat flow. It is well
known by now that singularity analysis of geometric flows naturally leads to
ancient solutions to the flows, that is, solutions which exist for all negative
time. In the case of harmonic map heat flow, an ancient solution is simply
a smooth map wu(z,t) : M x (—o00,0) — N satisfying

()2, 1) = So(,),

where (M™, g) and (N™, h) are smooth Riemannian manifolds of the indi-
cated dimensions, and 7(u) is the tension field of map wu.
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Recall that 7(w) = 0 is the Euler-Lagrange equation for critical points
of the energy functional

B0) = | (vl

with e(v) being the energy density or the trace of the pull-back symmetric
quadratic form v*(h) with respect to metric g, where dy, is the Riemannian
volume form of M. Such map w is called a harmonic map. In terms of local

coordinates z!,--- ,2™ on M and y',--- ,y™ on N, the metrics g and h are
given as
n
g = Z gzg d-r dl'] h = Z haﬁ(y)dyadyﬁ
4,j=1 a,f=1
and the map v as v(z) = (v!,--- ™). Then the energy density e(v) of v is
given by

B
-3 Y 02 @2 @hasto@)

i,j=1 a,f=1

and the tension field of map v by

oY dv°
() = A7 Z g ))8961 Oxd’
1,7,7,0

were A is the Laplace-Beltrami operator on M and Ff s are the Christoffel
symbols of N.

Historically, in the case that M and N are compact, and N is non-
positively curved, Eells-Sampson [§] have shown that there is a smooth har-
monic map w : M — N homotopic to any given smooth map ug : M — N.
This is proven by solving the following harmonic map heat flow

ou

ot
with initial data u(0) = ug. Their result says that the solution exists for all
time ¢ > 0 and converges to a smooth harmonic map w. In solving the so-
called Dirichlet problem at infinity for harmonic maps between hyperbolic
spaces, Li-Tam [I8] have established a general existence result concerning
the harmonic map heat flow for the case when M and N are complete.
Their result was further extended by Wang [26] to more general initial data.

= 7(u)
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Suffice to say, in the case when N is a Cartan-Hadamard manifold, solution
to the harmonic map heat flow exists for all positive time for any initial map
satisfying some mild growth assumptions.

Our interest here is to analyze ancient solutions to the harmonic map
heat flow. First, let us introduce some definitions. For a Cartan-Hadamard
manifold IV, we denote by N its geometric compactification [24] and 9, (N) =
N\ N its ideal boundary. Cartan-Hadamard manifold N is said to have
strongly negative curvature if its sectional curvature satisfies —b < Ky < —a
for some positive constants a and b.

Definition 1.1. A subset C of N is a convex set if for every pair of points
in C, any geodesic segment joining them is also in C.

Definition 1.2. For a subset A in N, its convex hull C(A) is defined to be
the smallest convex subset of N containing A.

The following result may be viewed as a parabolic version of the result in
[19] for harmonic maps. We denote by Py(M) the space of bounded ancient
solutions f to the heat equation on M, namely, (A — 8@) f=0o0on M x
(—00,0) and f is bounded.

Theorem 1.3. Suppose that the space Py(M) is finite dimensional. Then
for harmonic map heat flow u: M x (—00,0) — N from a complete mani-
fold M into a Cartan-Hadamard manifold N with strongly negative curva-
ture, its image must satisfy Ug<o{u(z,t)|x € M} C C (AU {yi}r ) with A =
Urco{u(z,t)|x € M} NOx(N) andy; € N,i=1,--- k, and k < dim Py(M).

Corollary 1.4. A bounded ancient solution to the harmonic map heat flow
from a complete manifold M into a Cartan-Hadamard manifold must be
constant if dim Py(M) = 1.

Corollary 1.5. An ancient solution to the harmonic map heat flow from a
complete manifold M into a Cartan-Hadamard manifold with strongly neg-
ative curvature must be constant if its image is inside a horoball of N and
dim Py (M) = 1, where Py(M) is the space spanned by the positive ancient
solutions to the heat equation on M.

Clearly, if M satisfies parabolic Harnack inequality, that is, there ex-
ists constant ¢ > 0 such that u(z,t1) < cu(y,t2) whenever to —t; > d?(z,y)
for any positive solution u to the heat equation on M, then dim Py (M) =
dim Py(M) = 1. More generally, one has dim Py(M) < oo provided that a
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parabolic mean value inequality holds on M. Note that recent work [7, [21]
provides a description of polynomial growth ancient solutions to the heat
equation in terms of harmonic functions under suitable assumption on M.
In particular, by [7], if the volume of M is of polynomial growth, then
Py(M) = Ho(M), the space of bounded harmonic functions on M. The fol-
lowing result is a nonlinear analogue for ancient solutions to the harmonic
map heat flow.

Theorem 1.6. Letu: M x (—o0,0) — N be a bounded solution to the har-
monic map heat flow from a complete manifold M into a Cartan-Hadamard
manifold N. If dim Py(M) = dim Ho(M) < oo, then u must be harmonic.

If we restrict to polynomial growth ancient solutions to the harmonic
map heat flows, then Theorem 1.3 can be strengthened considerably.

Theorem 1.7. Let M be a complete manifold with nonnegative Ricci cur-
vature and N a Cartan-Hadamard manifold with strongly negative curvature.
Then any nonconstant, polynomial growth, harmonic map heat flow solution
u: M x (—00,0) = N must satisfy Us<o{u(x,t)|z € M} C C({a;i}r_,) with

A = Uscofu(z, t)|z € M} NOuo(N) = {a;}r_;.

Moreover, k can be explicitly estimated in terms of m, the dimension of M,
and o, the growth order of u.

Here, u is of polynomial growth of order « if for some fixed points p € M
and ¢ € N

dn(u(z,1),9) < C (darle,p) + VI +1)"

for all x € M and t € (—o0,0), where dp; and dp are the distance on M and
N, respectively.

Our proof relies on the following concept of parabolic massive sets and
is strongly influenced by the work of [19], where the corresponding results
were established for harmonic maps.

Definition 1.8. A domain Q C M x (—00,0) is said to be parabolic o-
massive if there exists a nonnegative, nonconstant, function f(x,t) on M X

(—00,0) with f =0 outside Q such that (A — %) f>0 and f(x,t) <
C<dM(a;,p) + ]t + 1) forxe M and t < 0.
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Such function f is called a potential of 2. By the maximum principle, if

sup f(z,T) >0
zeM

for some T, so is sup,cps f(2,t) for t < T. In the case a = 0, we will simply
call Q parabolic massive. The elliptic analogue of massive sets were first
introduced in [9], where it was shown that the dimension of Hy(M ), the space
of bounded harmonic functions on M, is the same as the maximal number of
disjoint massive subsets of M. It turns out that a parabolic analogue holds
as well, that is, the dimension of Py(M) is equal to the maximal number of
disjoint parabolic massive subsets in M x (—o0,0).

The concept of a-massive sets were introduced in [19] to study the image
of a polynomial growth harmonic map. Our definition of parabolic a-massive
sets is a natural extension and seems to suit well for the study of ancient
solutions to harmonic map heat flows.

The paper is organized as follows. In section 2, we recall some basic facts
concerning convex hulls in Cartan-Hadamard manifolds and show that the
maximal number of disjoint parabolic massive sets is exactly the dimension
of Py(M). In section 3, we deal with general ancient solutions to the har-
monic map heat flows and prove Theorem 1.3 and Theorem 1.6. Finally,
we take up the polynomial growth solutions and establish Theorem 1.7 in
section 4.

2. Preliminaries

We collect some basic facts about convex hulls in a Cartan-Hadamard man-

ifold and establish some results concerning parabolic massive sets in this

section. The result will be used to prove Theorem 1.3 in next section.
Recall the following definition from [19].

Definition 2.1. A Cartan-Hadamard manifold N is said to satisfy the sep-
aration property if for every closed convex subset A in N and point p not in
A, there exists a closed convex set C properly containing A and separating p
from A, i.e., AC C, AN Ox(N) is contained in the interior of C' M Ox(NV)
and p is not in C.

The following lemma is proved in [19].
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Lemma 2.2. A Cartan Hadamard manifold N satisfies the separation prop-
erly if and only if for every closed subset A and monotone decreasing se-
quence of closed subsets {An} in N such that N2 A, = A,

Maz1 C(An) = C(A).

The above Lemma indicates that the separation property is quite natural
in the study of convex sets. Using the result in [II, 3], Li-Wang showed the
following statement.

Lemma 2.3. Let N be a Cartan-Hadamard manifold with strongly negative
curvature. Denote by dg (A, B) the Hausdorff distance between sets A and
B in N. Then for every closed subset A and monotone decreasing sequence
of closed subsets {An} in N such that N2 A, = A,

A (NG, C(A), CTA)) < oo.
The following definition and lemma are also from [19].

Definition 2.4. Cartan-Hadamard manifold N is said to satisfy the sep-
aration property at infinity if for any closed subset A of Oxo(IN), the ideal
boundary of N, and any point p € Oso(N) \ A, there exists a closed convex
subset C' in N such that A is contained in the interior of C N Os(N) and p
not in C.

Lemma 2.5. Let N be a Cartan-Hadamard manifold. Then for every closed
set K in N,

C(K)N0Ox(N) =K N0x(N)
if and only if N satisfies the separation property at infinity.

Upon improving a result of M. Anderson [I], A. Borbély [3] has shown
that Cartan-Hadamard manifold N has separation property at infinity pro-
vided that its sectional curvature satisfies —Ce*®) < Ky (z) < —1 for some
constant C' > 0 and 0 < X\ < 1/3, where d(x) is the distance from point z to
a fixed point 0 € N.

We now switch our consideration to massive sets defined in [9].

Definition 2.6. A domain I' in M is said to be massive if there exists a
bounded, nonnegative, nontrivial, subharmonic function f on M such that
f =0 outside T".
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Clearly, M has at least one massive set if and only if it is nonparabolic
or admits a positive Green’s function. Moreover, according to [9], the max-
imal number of disjoint massive sets in M is always equal to dim Hy(M ),
the dimension of the space of bounded harmonic functions on M. So if
dim Ho(M) = ko, then M has exactly ko disjoint massive subsets I'y, ..., T',.

The following result shows that a parabolic analogue holds as well. Recall
a domain Q C M x (—o0,0) is parabolic massive if there exists a bounded,
nonnegative, nontrivial, subsolution f of the heat equation on M x (—o0,0)
with f(x,t) = 0 outside Q.

Proposition 2.7. For complete manifold M, the mazimal number of dis-
joint parabolic massive sets in M x (—o00,0) is always equal to dim Py(M),
the dimension of the space of bounded ancient solutions to the heat equation
on M.

Proof. Suppose that the maximal number of disjoint parabolic massive sets

in M x (—00,0) is k. Denote by €y, ---, €y disjoint parabolic massive sets
in M x (—o00,0) with corresponding potential fi,---, fr. We may assume
sup f; =1for¢=1,--- k. For each f;, we solve the following heat equation

for each T' < 0 and large R on the geodesic ball B,(R) C M, where p € M
is a fixed point.

0
(A — a)uR,T(%t) =0

with upr(z,T) = fi(z,T) for z € By(R) and urr(z,t) = fi(z,t) for x €
0Bp(R) and T < t < 0. Then the maximum principle implies that f;(z,t) <
upr(x,t) <1 on By(R) x [T,0). In particular, we may pick a subsequence
of Rj — oo and T — —oo such that ug, 7, converges to u;(z,t), an ancient
solution to the heat equation on M x (—o0,0) satisfying

fi(z,t) <wi(a,t) < 1.

In conclusion, we obtain ancient solutions uq,--- ,u; to the heat equation
on M x (—o0,0) satisfying

fix,t) <wg(z,t) < 1.

Since €4, --- ,Qy are disjoint, Zle fi(z,t) <1on M x (—00,0). Again, by
the maximum principle, we have Zle ui(z,t) <1 on M x (—00,0). How-
ever, supu; = sup f; = 1. It then follows that wi,--- ,ur must be linearly
independent. Consequently, k& < dim Py(M).
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We now claim that {uy,---,ur} forms a basis for the space Py(M).
First, we have Zle ui(z,t) =1 on M X (—o0,0). Otherwise, the function
v=1-— Zle u; is positive somewhere on M X (—o0,0). So for supv = €y >
0, there exists sufficiently small € > 0 such that the sets Q = {v > &} and
Q; = {u; >1—¢€}, i =1,---  k, are mutually disjoint. Note that Q and Q;
are parabolic massive with potential given by the positive part of v —
and u; — 1 + ¢, respectively. This contradicts with the fact that k& is the
maximal number of disjoint parabolic massive sets. Now for u € Py(M),
to express u as a linear combination of uy,- - ,ug, we may assume u > 0 as
the constant 1 = Zle u;. Let Ly = {u; > %}, i=1,---,k and ¢; = sup u.
For w=u— Zle c; u;, if supw = §g > 0, then we claim that there exists
sufficiently small € > 0 such that the sets {w > %0} and {u; >1—¢€}, i =

1,---, k, are mutually disjoint. Indeed, this is obvious so for the sets {u; >
1—¢},i=1,---,k. Now suppose that there exists a point with w(z) > %‘J

and u;j(z) > 1 — € for some j. Then we have

u(z) > w(z) + ¢juj(z) > %O—G—cj (1—¢)>cj.

This is a contradiction as z € L;. So the claim follows.

Since the sets {w > %0} and {u; >1—¢€},i=1,--- ,k, are all parabolic
massive, the claim implies that M X (—o0,0) has more than k disjoint
parabolic massive sets. This contradiction shows that w < 0. Similarly, one
shows that w > 0. In conclusion, w = 0 or u = Zle C; ;. O

We end this section with the following result.

Lemma 2.8. Domain I' C M is a massive set in M if and only if T" X
(—00,0) is a parabolic massive set in M x (—00,0).

Proof. Obviously, I' x (—o0,0) is a parabolic massive set in M x (—o0,0) if
I' C M is a massive set in M. So we need only to show the other implication.
To do so, we claim that

v(z)= sup f(z,1)
—o0<t<0

is subharmonic on M for any bounded subsolution f to the heat equation
on M x (—o0,0). Clearly, the result follows from the claim.

To check the claim, for any compact smooth domain I cC M, let w be
the harmonic function on T with w = on . Then we have w > f(,1)
on dL. Since w is a solution and J is a subsolution to the heat equation on
I', the maximum principle implies that w(x) > f(x,t) for z € T and ¢ < 0.
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Indeed, consider u(z,t) = (f(z,t) — w(x)), , the positive part of the function
f(z,t) — w(x). Then u is a subsolution to the heat equation on I' with u = 0

on OI'. Now
d/u2 <2/uAu
dt T T
:—2/|Vu|2
T
S_Q)\l /UQ’
T

where Ap is the first Dirichlet eigenvalue of r. Integrating in ¢, we obtain
that for t9 < t1 <0,

/~u2(:z:,t1) dr < exp (=2 (t1 — t2)) /~u2(x,t2) dz.
r

T

Since w is bounded and T is compact, by letting 2 — —oo we conclude that
Jzu*(z,t1)dz =0 or u(z,t;) =0 for all z € I' and t;. Therefore, w(z) >
f(z,t) for z € T and t < 0. It follows that

w>wv
on T and v is subharmonic on M. The proof is completed. U

3. General ancient solutions

In this section, we prove Theorem 1.3 and Theorem 1.6 together with some
corollaries.

Theorem 3.1. For ancient solutionu : M x (—o00,0) — N to the harmonic
map heat flow from M into a Cartan-Hadamard manifold N with strongly
negative curvature, let A = (Ut<0{’u,(ﬂf7 t)x e M}) N Ooo(N), where 0o (N)
is the ideal boundary of N. Then there exists a set of points {yi}le C
(Ut<0{u(:p, t)x € M}) NN with k < dim Py(M) such that

{u(z, )]z € M} C C(AU{yi}t,)
for all —oo <t < 0.

Proof. The proof follows [19] closely. So we only sketch the main steps.
Suppose dim Py(M) = ko. Then by Proposition 2.7 M has exactly ko disjoint
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parabolic massive subsets €21, - - , Qi in M x (—00,0). In the following, we
denote Z = M x (—00,0) and Z its Stone-Céch compactification. For each
ie{l,--- ,ko}, let

S;=n{:e Z|v(2) =supv},

where the intersection is taken over all the potential functions v of €2;. Then
arguing as in [19] implies that each S; is nonempty. Moreover, for a bounded
ancient subsolution v to the heat equation on M, the set

S ={%|v(2) =supv}

must contain some S;, and for each j, either SN.S; =0 or S; C S.
We first show that there exist k points {y1,...,yx} in N with k < ko
such that

w(Z) C NesoC(Ac U {yi}r )

for every € > 0, where A is the e-neighborhood of A in S (N).
Pick a point yp € u(Z) N N. If

u(Z) € Nex0 C(Ac U {0}),

then we are done. Hence we may assume that there exists a e-neighborhood
Ac of Ain So(N) such that the set

u(Z) \ C(Ac U {yo}) # 0.

One can easily check that it is bounded in N. Since w is a solution to the
harmonic map heat flow and the function d(y,C(Ae U {yo})) is convex, the
composition function

f(x, 1) = d(u(z, 1), C(Ac U {yo}))

is a bounded nonconstant ancient subsolution to the heat equation on M.
Thus, it attains its maximum at every point of some S;, say S;. In particular,
there exists Z; € Sp such that f(%;) = supy, f. One may find a net {z,} in
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Z converging to 21 in Z such that u(z,) converges to y; € N. Again, if
u(Z) CNe>0C(AcU{y1})
then we are done. Otherwise, by choosing a smaller € if necessary, the func-
tion
g9(z,t) = d(u(z,t),C(Ac U {y1}))

is a bounded nonconstant ancient subsolution to the heat equation on M. If
supy g is achieved on S7, then g(2) = supg for Z € S;. In particular,

supg = g(21) = d(y1,C(Ac U{m})) =0,

which is impossible. Hence, we may assume g achieves its maximum on Ss.

For a net {z,} in Z converging to a point 2 in So, there exists a subnet
of {u(zq)} that converges to y2 € N. Suppose that we have chosen [ points
Y1, - ..,y described in the above procedure. If

u(Z) C N0 C(Ac U {yi}iy),

then we are done. Otherwise, by choosing a smaller € if necessary, we define
the function

h(.%', t) = d(u(w, t)vC(AE U {yi}ézl))

which is a bounded nonconstant ancient subsolution to the heat equation
on M. Then h cannot achieve its maximum on UézlSi. Hence, h achieves its
maximum on some S; with j > [. We may assume that j = [+ 1.

Let us pick a point #;41 € S;41 and a net {z,} converging to Z; ;1. Sup-
pose y;4+1 is an accumulation point of the net {u(z,)}. It is clear that this
process must stop after at most kg steps since there are only kg parabolic
massive sets. In particular, there exist k points {y1,...,yr} with & < kg such
that

w(Z) CNeso C(Ac U {ui}h)).

Moreover, y; € u(Z) N N.
Finally, using the fact that N has strongly negative curvature and Lemma
2.3, one can follow the argument of Li-Wang [19] to conclude

u(Z) € C(AU{yity)-

This completes our proof. O
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Note that the assumption that N has strongly negative curvature is not
needed if u is bounded or the set A = ().

Corollary 3.2. For a bounded ancient solution u: M x (—00,0) — N to
the harmonic map heat flow from M into a Cartan-Hadamard manifold
N, there exists a set of points {y;}F_, C (Ut<0{u(m,t)|a: € M}) NN with
k < dim Py(M) such that

{uz, )|z € M} € C({yi}i,)
for all —o0o <t < 0.

This immediately leads to the following Liouville type result. Note in the
case that the Ricci curvature of M is nonnegative, the result can be derived
from the gradient estimate established in [14].

Corollary 3.3. Let u be a bounded ancient solution to the harmonic map
heat flow from complete manifold M into a Cartan-Hadamard manifold N.
Then u must be a constant map if every bounded ancient solution to the heat
equation on M is constant or dim Py(M) = 1.

The following result may be interpreted as a strong Liouville property
for ancient solutions to harmonic map heat flow. The harmonic map case
was proved by Shen [23] and Li-Wang [19].

Corollary 3.4. An ancient solution to the harmonic map heat flow from a
complete manifold M into a Cartan-Hadamard manifold with strongly neg-
ative curvature must be constant if its image is inside a horoball of N and
dim Py (M) = 1, where P (M) is the space spanned by the positive ancient
solutions to the heat equation on M.

Proof. Since a horoball of N intersects with the ideal boundary d. (V) at
one point and Py(M) C P (M), it follows from Theorem 3.1 that the image
of u lies on a geodesic ray. In particular, © may be viewed as a nonnegative
ancient solution to the heat equation on M, namely, u € Py (M). Therefore,
u is a constant map. O

We now turn to Theorem 1.6 which is restated below.
Theorem 3.5. Letu: M X (—00,0) — N be a bounded solution to the har-

monic map heat flow from a complete manifold M into a Cartan-Hadamard
manifold N. If dim Py(M) = dim Ho(M) < oo, then u must be harmonic.
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Proof. Since dim Py(M) = dim Hy(M) = ko < oo, by [9], we conclude that
M has disjoint massive sets I'1,--- ,I'y, with potential uy,--- ,uy,, respec-
tively. We normalize wu; such that sup,; u; = 1. An elliptic version of the
proof of Proposition 2.7 (see [9]) implies that for each ¢ there is a bounded
harmonic function f; with u; < f; < 1.

Now by Proposition 2.7 Q; =I"; X (—00,0), i = 1,--- , kg, are maximal
disjoint parabolic massive sets in M x (—oo,0). Following the proof of The-
orem 3.1, for each €); we have the corresponding subset .S; in the Stone-
Céch compactification Z of Z = M x (—00,0). Pick y; an accumulation
point of u(z,) for a net of points z, € Z = M x (—00,0) converging to

a point 2€S;, i=1,---,ko. Let (y',---,y™) be the normal coordinates
of N centered at point p. In this coordinate system, y; = (a1;, - ,ani),
1<i<ky Let h=(h1,---,hy) be the vector-valued harmonic function

with h; = Zfll ay; fi. For a sequence of exhausting smooth compact domains
Q; C M, according to [12], for each i, there exists a harmonic map w; from
Q; to N such that w; = h on 952;. Moreover, by Lemma 3.1 in [2], w; satisfies
the following estimate.

d(w;, h) < C (v — ih?)
=1

on {; for some constant C' > 0 independent of €2;, where

ko n
=) <Z(ali)2) fi-

i=1 \I[=1

In particular, w; remains uniformly bounded from h. We may therefore as-
sume, by taking a subsequence if necessary, that w; converges to a harmonic
map w from M to N. Clearly, the following inequality holds for w on M.

d(w, h) gc*(v—zn:h%).

=1

Viewing the harmonic function f; as a function on Z, one has f; =1 on
S; and f; = 0 on S for j # . It follows from the definition of h that w = y;
on S; for i =1,--- , kg by considering w as a map from Z to N. Now the
function d(u(z,t),w(z)) is a bounded, nonnegative, ancient subsolution to
the heat equation on M. So its maximum value on Z is achieved at every
point of some S;. However, by the choice of y;, there exists a net z, in Z such
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that z, converges to a point in S; with u(z,) converging to y;. In conclusion,
we have d(u(x,t),w(z)) =0 and u = w is a harmonic map. O

4. Polynomial growth ancient solutions

In this section, we deal with polynomial growth ancient solutions to har-
monic map heat flow and prove Theorem 1.7. We begin by recalling the
definition of parabolic a-massive sets.

Definition 4.1. An open subset Q of M x (—o0,0) is said to be parabolic
a-massive if there exists a nonnegative, nonconstant, ancient subsolution f
of the heat equation on M x (—o0,0) satisfying

«
fw,t) < C (dur(w,p) + VI +1)
Note that a parabolic a-massive set is parabolic o/-massive if o < .

Lemma 4.2. Let M be a complete manifold such that the mazimum num-
ber of disjoint parabolic a-massive sets of M x (—00,0) is kq. Suppose that
u: M x (—00,0) = N is an ancient solution to the harmonic map heat flow
from M into Cartan-Hadamard manifold N and that N satisfies the sep-
aration property at infinity. Assume that there exists a point ¢ € N such
that

dn(u(z,1),q) < C (dur(w,p) + VI +1)"

for some nonnegative constant C and p € M. Then

A= (Ureofule, 0z € MY) N 0(N) = {ai},

with k' < ko — ko, where ko is the mazimum number of disjoint parabolic
massive sets of M x (—00,0). If, in addition, N has strongly negative cur-
vature, then there exist k points

{yj}§:1 C (Ut<0{u(a:,t)]x c M}) NN

with k' + k < ko such that

{u(z,t)|z € M} C C({a;} ;U {yj};?zl)

for allt € —(00,0).
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Proof. Let kg be the maximum number of disjoint parabolic massive sets
in M x (—00,0). If A contains at least k' points, then there exist disjoint
open sets {U;}¥_ | in N such that U; N A # () for i = 1,2,..., k. Since N is
assumed to satisfy the separation property at infinity, Lemma 2.5 implies
that Ui<o{u(x,t)|x € M} is not a subset of C(N \ U;). In particular, the
function

fila, 1) = dy (u(z, 1), C(N\Ts))

is not identically zero on u~!(U;) C M x (—o0,0) and sup f; = oo. Clearly,
fi = 0 outside the set u~(U;) and

fila, 1) < € (dasa,p) + Vil + 1)“.

This implies that each set u~!(U;) is a parabolic a-massive but not parabolic
massive set. In particular, since they are disjoint, k¥’ < k. — ko. It follows that
A = {a;}¥_| has at most k, — ko points, and the first conclusion follows. If,
in addition, N has strongly negative curvature, then Theorem 3.1 implies
that

Urco{u(z, t)|lz € M} € C({ai}ily U {y; 1),

where

{yj};?:l - (Ut<o{u(x,t)|x € M}) NN
and k < kg. Therefore, k' + k < k, and the theorem is proved. O

We now turn to estimate k.. The following parabolic mean value prop-
erty will play an important role for this purpose. It is well-known that a
scaling invariant Sobolev inequality implies such a mean value inequality
via Moser iteration argument [I5]. For further discussions and results of the
mean value property, we refer to [20].

Definition 4.3. Complete manifold M is said to have parabolic mean value
property (PM ) if there exists a constant A > 0, such that, forx € M andr >
0, any nonnegative subsolution of the heat equation f defined on B, (2r) x
[t — 72, t] must satisfy

A t
S0 S i | [ rsavts

Lemma 4.4. Let M be a complete manifold satisfying parabolic mean value
property (PM). Suppose that the volume growth of M satisfies Vy(r) =
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O(r") for some positive constant v, where Vy,(r) is the volume of the geodesic
ball By(r) centered at point p of radius r. Then M x (—o0,0) has only finitely
many disjoint parabolic a-massive sets and ko < X\32)_ If M is further
assumed to satisfy weak volume comparison, that is, there exist constants
Co > 0 and v > 0 such that

/

V(') < Co (Z) Va(r)

for all x € M and 0 < r <1’ < oo, then there exists a constant C' > 0 de-
pending only on Cy and v such that the number of disjoint parabolic «-
massive sets ko < C AaX~ 1.

Proof. Our proof is an adaption from [19]. Let Q1,...,Q. be k, disjoint
parabolic a-massive sets in M x (—00,0). Let uy, ..., ug, be the correspond-
ing potential functions. Then u; is a nonnegative ancient subsolution of the
heat equation on M and each wu; is of polynomial growth of degree at most
«, namely,

ui(x,t) < C (dM(a:,p) + V]t + 1>a.

Obviously, for a fixed t < 0, there exists rg > 0 such that

t
/ / u?dxds >0
t—r J By (ro)

for each i =1, -+  ko. Since ;, i = 1,--- , kg, are disjoint, the set of func-
tions {uz}f:1 forms an orthogonal basis with respect to the inner product

t
A (u,v) = / / uvdxds
t—r2 J B,(r)

for all » > rg on the space W spanned by {ul}fgl Using the fact that each
u; is of polynomial growth of order o and the assumption that V,,(r) < Cr”,
one concludes from [I6] that for each 5> 1 and 6 > 0 there exists r > ry
satisfying

t
e ftfr2 pr(r) u22

(4.1) >

; 2 ka 57(2a+u+6)‘
i S I, 0m v

2
%
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Note that the function

ko 2
ug(z, s)
Z j‘t

i=1 Ji—(Br)2 pr(,Br) u?

is an ancient subsolution of the heat equation. The maximum principle im-
plies that there exists a point ¢ € 9Bp(r) such that

ko 2 ko 2 )
; ui(xVS) . < Z tuz(q7t r ) .
i=1 J;e—(m)z fBP(ﬁr) i i=1 ft—(ﬁr)z pr(Br) U

u?(Qa t— TQ)

t
Ji—iary Jo, 80 uj

for all z € By(r) and t — 72 < s < t, where in the last equality we have used
the fact that functions {ui}fgl have disjoint support.
Applying the parabolic mean value property (PM) we have

t—r?
Vg (2r) u?(q,t — 1"2) < (27‘)_2 A / uj2
B,(2r)

t—5r2

t
< (2r)72 X / / u?
t—(3r)? J B,(3r)

u?(‘]a t— T2)

Therefore,

ka t u?
Z tj;ffr pr(r) i < 7“2‘/20(7“)
J;

2 t 2
i=t S Jp, om0 Ji=gry Jo,(8m) 5
u?(Qa t— 7”2)

< r?Vy(2r)—

2
iy B, (o) U
t
< )\ft_(gr)'z fB,,(3r) u?(a:, t)

t 2
Je—ory I, 00 5
Choosing # = 3 in (4.1)) we conclude that

k,ag(—2oc+l/+5) <\

or
ka < )\3(20##1/)
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as 0 > 0 is arbitrary.

In the case M satisfies the weak volume comparison, a similar argument
in [I9] can be applied to conclude that k, < C Aa*~! with the choice of
B =1+ (2a)~!. We omit the details here. O

By combining Lemma 4.1 with Lemma 4.2, we deduce the main struc-
tural theorem on polynomial growth ancient solutions of harmonic heat flow.

Theorem 4.5. Let M be a complete manifold with parabolic mean value
property (PM) and volume growth Vy,(r) = O(r") for some point p € M. Let
N be a Cartan-Hadamard manifold with strongly negative curvature. Then
for w: M x (—00,0) = N, an ancient solution to the harmonic heat flow
satisfying

dy(u(z,t),q) < C (dM(x,p) + V)t + 1>a

for some constant v, there exists sets of k' points

{aly = (Urcofula. e € M}) N 0 (N)

and of k points {y;}§_, C (Ut<o{u(:c,t)\x eM }) NN with k' + k < \3Ca+v)
such that

Urco{u(a, t)lz € M} € C({ai}i; U {y; ?:1)-

In the case that M satisfies the weak volume comparison

v <a (%) v

for all x € M and 0 < r <71’ < oo, the same conclusion holds with an im-
proved estimate k' + k < Ca’~ L.

We now prove Theorem 1.7. The theorem in fact holds under weaker
assumptions that for all z € M and r > 0 the volume doubling property (V)

Ve(2r) < cVy(r)

holds and that the Neumann Poincaré inequality (P)

inf/ o —al® < crg/ Vol
a€R J B, (1) B.(r)

x

is valid for all smooth function ¢. We start with the following lemma.
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Lemma 4.6. Let M be a complete manifold satisfying (V) and (P). Sup-
pose § is a parabolic massive set of M X (—00,0). Then M x (—o00,0) \ £
does not contain any parabolic a-massive set.

Proof. First, we claim that for any fixed ¢t < 0,

lim / / (x,s)drds= sup f
r—o0 12 V t—2r2 M x(—o0,0)

for a bounded ancient subsolution f to the heat equation on M.

Indeed, let @ = sup sy (oo ,0y /- Then g = a — f is a nonnegative ancient
supersolution to the heat equation with infyr.(_o00)9 = 0. So for any € >
0, there exists x € M and s <0 such that g(x,s) < e. By the maximum
principle, we may choose s to be as negative as one likes. In particular, we
pick s < t. Since M satisfies both (V) and (P), the weak Harnack inequality
(see [10, 22]) implies that for some constant ¢ > 0,

/ / g(z,s)dxds < c inf g
t—2r2 J B,(r) Bp(g)x(t** t)

for all » > 0. So we conclude that

limsup 5——— / / (z,s)drds < ce.
r—oo T V t—2r2

But € > 0 is arbitrary, this gives

Tli)r(r)lorv /t2r2/ g(z,8)drds =0

and the claim follows.

From the definition of parabolic massive set, there exists a non-negative,
bounded, nonconstant, ancient subsolution f to the heat equation on M with
support in @ C M x (—o00,0). Then by the above claim, for any € > 0, there
exists rg such that for all r > rg, we have

(1—¢) sup fgqﬁvp / / (x,s)dxds
t—2r2

M x(—0,0)

S?”_va ()/t_22V(Q()ﬂBp())ds sup f,

M x (—00,0)
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where Q(s) = {z € M : (z,s) € Q}. In conclusion,
(1.2 )z [V B\ ) ds

t—2r2

for r > ry.
Suppose now that there exists a parabolic a-massive set disjoint from (2
with g being its potential. Define

M(r) = sup g.
B, (r)x (t—2r2t—r2)

Then

t—(2r)* t—(2r)?
(4.3) / / gdwds < M(2r) / V (B,(2r) \ Q(s)) ds.
t—(4r)? B,(2r) t—(4r)?

On the other hand, the mean value inequality implies that there exists a
constant C' > 0 such that

t—(2r)?
(4.4) / / gdxds > C M(r)r* V,(2r).
t—(4r)? B,(2r)

Therefore, we conclude from (4.3) and (4.4) that
t—(2r)2
C M(2r) / V(Bp(2r) \ Q(s)) ds > M(r)r* V,(2r).
t—(4r)?2
Combining with (4.2)), we have
CeM(2r)> M(r)

for all r > rq. Setting r = o and iterating this inequality k times, we arrive
at the inequality

(4.5) (Ce)F M(2Frq) > M(ro).
Since g is of polynomial growth of degree a, we have
M(r) < Cyr®.

Hence
M(rio) < 012ka Tg.
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This contradicts (4.5)) if we choose € with 2% C'e < 1. The lemma is proved.
O

Theorem 4.7. Let M be a complete manifold satisfying (V) and (P).
Then any nonconstant, polynomial growth, harmonic map heat flow u : M x
(—00,0) = N from M into a Cartan-Hadamard manifold N with strongly
negative curvature must satisfy

Ur<of{u(z, t)|z € M} C C({a:}f )

with {a; }¥_ | = Uco{u(x, t)|z € M} N Oso(N).

Proof. Due to the fact that the parabolic mean value inequality (PM) is a
consequence of (P) and (V) [10, 15], Theorem 4.5 applies and A = {a;}¥_;.
Let us assume the contrary that u is nonconstant and its image is not a sub-
set of C(A). Then Lemma 2.3 implies that either d(u(z,t),C(A)) is bounded
or there exists a tubular neighborhood A, of A in N with ¢ > 0 and the
image of u is not contained in C(A¢). Since M satisfies (V) and (P), the
parabolic Harnack inequality holds on M by [10] and [22]. In particular,

Therefore, Theorem 3.1 implies that Uico{u(x,t)|lz € M} C C(AU{y}) for
some y € Usco{u(z,t)x € M} N N. It is then easy to see that the function
d(u(z,t),C(A¢)) is bounded. In either case, we conclude that there exists a
closed subset W in N such that the function

f(‘/E’ t) = d(u(x, t)’m)

is a bounded, nonnegative, non-constant, subsolution to the heat equation
on M. Moreover, the set C' = (Uico{u(z,t)|z € M})\ C(W) is a non-empty
bounded set in N. Its convex hull C(C) is also bounded and

(Ur<o{u(z, )]z € M})\ C(C)
is non-empty because u is non-constant. The distance function
g(z,t) = d(u(z,t),C(C))

is a non-negative, non-constant, subsolution to the heat equation of polyno-
mial growth. Also the support of f is in u~1(C) and the support of g is on
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M\ u=1(C(C)). This is impossible because of Lemma 4.6, and the theorem
is proved. O

On a complete manifold with nonnegative Ricci curvature, note that
the volume doubling property (V) follows from the Bishop-Gromov volume
comparison theorem (see [15]), and that the Neumann Poincaré inequality
(P) holds by a result of Buser [4] (see [5] for a different proof). Since both
the volume doubling property (V) and the Neumann Poincaré inequality (P)
are preserved under quasi-isometry, we have the following corollary.

Corollary 4.8. Letu: M x (—00,0) — N be a non-constant harmonic map
heat flow of polynomial growth with order «. Suppose N is a Cartan-
Hadamard manifold with strongly negative curvature. Assume that M is
an m-dimensional manifold quasi-isometric to a manifold with non-negative
Ricci curvature. Then there ewists a set of k' points

{ai}il) = Urco{u(@, )z € M N 0s(N)

with k' < Ca™ ™1 such that Usco{u(x,t)|z € M} C C({a;}¥_,), where the con-
stant C > 0 depends only on m and the quasi-isometric constant.
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