RIGIDITY OF LIPSCHITZ MAP USING HARMONIC MAP
HEAT FLOW

MAN-CHUN LEE! AND LUEN-FAI TAM?

ABSTRACT. Motivated by the Lipschitz rigidity problem in scalar curvature
geometry, we prove that if a closed smooth spin manifold admits a distance
non-increasing continuous map of non-zero degree to a sphere, then either
the scalar curvature is strictly less than the sphere somewhere or the map
is a distance isometry. Moreover, the property also holds for continuous
metrics with scalar curvature lower bound in some weak sense. This extends
a result in the recent work of Cecchini-Hanke-Schick [6] and answers a
question of Gromov [17]. The method is based on studying the harmonic
map heat flow coupled with the Ricci flow from rough initial data to reduce
the case to smooth metrics and smooth maps so that results by Llarull
[23] can be applied. As a corollary, we obtain some comparison results on
metrics on domains in the standard sphere in terms of scalar curvature and
the mean curvature of the boundary.

1. INTRODUCTION

In recent years, there have been many exciting developments in understand-
ing the scalar curvature of a Riemannian manifold. For a comprehensive
overview, we refer readers to Gromov’s lecture notes [17] on scalar curva-
ture. In [23], Llarull proved the following striking result which confirms one
of Gromov’s conjectures.

Theorem 1.1. [Liarull] Let M™ be a compact spin manifold with a smooth
metric g and n > 2. If f (M, g) — (S", gsphere) s a smooth distance non-
increasing map of non-zero degree into the unit sphere in R™1 with standard
metric and if the scalar curvature R(g) of g is greater than or equal to n(n—1),
then f must be an isometry.

In fact, Llarull proved a more general result when n > 3. First recall that f
is said to be (1, A¥)-contracting map from M to N if for any 2 € M the norm

of the map A" f : A¥(T,(M)) — /\k(Tf(x)(N) is not greater then 1. Hence a
distance non-increasing map is a (1, A')-contracting map, which implies that
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it is a (1, /\k)—contracting map for all £ > 1. Llarull proved that for n > 3,
a (1, A?)-contracting map from a spin manifold M™ with R > n(n — 1) to
S™ with non-zero degree must be an isometry. If we only assume the map
is (1, A¥)-contracting for k > 3, then the result is not true, as shown by an
example in [23].

Llarull’s theorem was later generalized by Goette-Semmelmann [14] to maps
into manifolds with non-zero Euler characteristic and non-negative curvature
operator, replacing the sphere. Their method is based on the study of twisted
Dirac operators. Gromov then posed the question of whether the rigidity still
holds if f is only a distance-decreasing continuous map, see [17, Section 4.5,
question (b)]. Since distance can be defined even if we only assume that the
metric g is C° [6], one may ask whether Theorem 1.1 remains true when g is
C° and f is Lipschitz and distance non-increasing. In this case, we need to
define a notion on the lower bound of scalar curvature for C° metrics.

In this direction, Cecchini-Hanke-Schick [6] prove that Llarull’s theorem is
still true in the sense that f is a metric isometry, under the following as-
sumptions: (i) g is W? for some p > n; (ii) the scalar curvature is bounded
below by n(n —1) in the distribution sense as introduced by Lee-LeFloch [21];
(iii) f is a Lipschitz map that is distance non-increasing or more generally is
(1, A?)-contracting; (iv) n is even.

We note that assumption (i) implies that g is C° by Sobolev embedding theo-
rem. Furthermore, the Lipschitz continuity of f ensures that df can be defined
almost everywhere, allowing us to discuss the (1, A?)-contracting property. As
in [23], Cecchini-Hanke-Schick employ Dirac operator under these weaker reg-
ularity conditions. They conjecture that the result should hold even if the
dimension of M is odd.

Motivated by Gromov’s question and the results of Cecchini-Hanke-Schick,
in this work we address the problem for general dimension n and metric g
with C° regularity. With C° metric structure, the Lipschitz constant of a
continuous map can be defined:

Definition 1.1. Let M and N be two smooth manifolds. Suppose g and h are
continuous metrics on M and N respectively. A continuous map f : (M, d,) —
(N, dy) is said to be A-Lipschitz if

Lipy,(f) = sup {dh %9(875)@))

We say that f is Lipschitz continuous if f is A-Lipschitz for some A > 0. Here
the Riemannian distance d; of a continuous metric g is defined by minimizing

the length of smooth regular curve between points with respect to g, see [6,
Reminder 1.2] and [4, (2.2)].

:x,yEM,x;éy}SA.

Remark 1.1. When both g, h and f are smooth, then the map f being A-
Lipschitz implies that

fh<A?-g
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on M by letting x — y. The converse holds trivially by integrating along
geodesics. In the non-smooth case, it still holds almost everywhere, for instance
see [6, Proposition 2.1], but we will not rely on this fact in this work.

The definition of Lipschitz continuity of a map with respect to a continuous
metric g can be defined naturally while the lower bound of scalar curvature is
very subtle. We adopt the following definition:

Definition 1.2. Let gg be a C° metric on a compact manifold M. We say that
the scalar curvature R(go) of go satisfies R(go) > oo if there exists a sequence
of smooth metrics g; on M such that the scalar curvature R(g;) of g; satisfies
R(gi) > 0o on M for all i and g; — go in C°(M) as i — +oo.

The definition can be rephrased as follows: Let G, be the subset of C?
metrics with scalar curvature bounded from below by oy. A metric g € C°(M)
is defined to have scalar curvature bounded below by oy if g € G,,, where the
closure is taken in terms of C° norm. This definition is natural because Gromov
[16] proved that if g € Gy, and if g is C2, then the scalar curvature of g is
bounded below by ¢y in the usual sense. See also the work of Bamler [2], which
is based on the Ricci flow.

Suppose g is a C° metric. If g satisfies one of the following, then its scalar
curvature is bounded below by ¢ in the sense of Definition 1.2:

(a) ¢ has scalar curvature bounded below by ¢ in the sense of Burkhardt-
Guim [3]. This can be proved using regularizing Ricci flow.

(b) g € W' p > n with R > o in the sense of distribution as in [21]. This
follows from the work of Jiang-Sheng-Zhang [18].

(c) g is smooth away from singularity ¥ of co-dimension at least three and
has R(g) > o outside ¥. This is a result by authors [22].

(d) There exist smooth metrics g; such that g; — ¢ in C° norm so that
some integral form of lower bound of R(g;) is satisfied. See the work
of Huang and the first named author [12].

Under this general notion on the lower bound of scalar curvature, we obtain
the following:

Theorem 1.2. Let M" be a compact Riemannian spin manifold of dimension
n > 2 and gy is a C° metric on M with R(go) > n(n — 1) in the sense of
Definition 1.2. Suppose there is 1-Lipschitz continuous map f : (M, dy) — S™
with non-zero degree, then f is a distance isometry.

In particular, this provides a complete answer to the question posed in [17,
Section 4.5, question (b)] for all dimension n. We also confirm the conjecture
in [6] that their result holds for the odd dimensional cases, assuming the map
is 1-Lipschitz. However, we are unable to prove the result under the weaker
condition that the map is (1, A?)-contracting.

Our proof involves reducing the cases to smooth ones and then applying
Llarull’s theorem in the smooth case. Since in this case, the metric and the
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map are both non-smooth, we will employ Ricci-DeTurck flow and the results
of Simon [27] to regularize the metric and use the harmonic map heat flow to
regularize the Lipschitz map. To utilize Llarull’s result, the key is to establish
a new monotonicity for harmonic map heat flow coupled with the Ricci flow.
Furthermore, when adopting the geometric flow approach, if gy has better
regularity as considered in [6], one can obtain a slightly stronger conclusion
regarding the regularity of gg, see Theorem 4.2 for details.

Llarull’s results have been generalized in another direction: namely, maps
between manifolds with boundary. It was previously explored by Lott [24]
using boundary value problems for Dirac operators. See also [1, 7] for related
works. For the case when n = 3 and the boundary is a spherical cap, Hu-
Liu-Shi [11] have considered this using p-bubbles, which allows for a further
relaxation of boundary conditions compared to the method of Dirac operators.
In this context, by employing a gluing method with Theorem 1.2, we have a
relatively simple rigidity result for domains inside sphere which holds for all
dimensions:

Corollary 1.1. Suppose Q2 be a domain inside the standard sphere (S™, h) with
smooth boundary and n > 2. If gy is a smooth metric on €2 such that

(1) go > h where h is the standard spherical metric;
(ii) R(go) > n(n —1) on Q;
(i) H(g) > H(h) on 02, where H(g), H(h) are the mean curvatures with
respect to the unit outward normals and with respect to g, h;
(iv) go = h on 09,
then go = h on 2. Moreover, if Q) is the hemisphere, then the same conclusion
holds without assumption (iv).

Corollary 1.1 in particular gives an affirmative answer to [11, Conjecture
1.3]. When n is even, it was already known to be true by the work of Lott
[24]. Hence the only new results in the corollary are for odd dimensions. One
may indeed obtain an analogous statement of [6, Theorem B| using the same
strategy for all n > 2. We work on the sphere only to illustrate the application
of Theorem 1.2.

The paper is organized as follows. In Section 2, we review some basic defi-
nitions of harmonic map heat flow coupled with the Ricci flow and establish a
new monotonicity formula. In Section 3, we construct the harmonic map heat
flow coupled with a smooth Ricci flow starting from Lipschitz initial data and
obtain estimates under scaling invariant curvature control. In Section 4, we
provide proofs of the main results.

2. MONOTONICITY ALONG HARMONIC HEAT FLOW

In this section, we will prove that some quantities will be monotone along
the harmonic heat flow coupled with the Ricci flow on compact manifolds.
Using these, we can regularize the Lipschitz map and metric while preserving
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the rigidity structure. Let us first recall the definition of harmonic map heat
flow.

Suppose f : (M,g) — (N,h) is a smooth map, then df is a section of
T*(M) @ f~Y(T(N)) where f~*(T(N)) is the pull-back of T(N) by f. Here
T(X), T*(X) are the tangent bundle and cotangent bundle of a manifold X
respectively. Let D be the covariant derivative induced by the Riemannian
connections of g and h. Then the second fundamental form Ddf is a section
of T*(M) @ T*(M) ® f~Y(T'(N)). The trace 7(f) of Ddf with respect to g
is called the tension field which is a vector field along f. The energy density
e(f) of the map is |df|> where the inner product is taken with respect to the
metric in T*(M) ® f~Y(T(N)) induced by g and h. Equivalently, we have
e(f) = try f*(h).

If g(t) is a smooth family of metrics on M, then the harmonic map heat
flow is given by

0
(2.1) 8tF =7(F)
where F': M x [0,T] — N and 7(F) at time ¢ is the tension field of F(-,?)
with respect to the metric g(¢) in the domain and metric h on N. Note that
%F is indeed F*(%). We want to discuss the behaviours of the eigenvalues of
(F'(t))*(h) with respect to g(t).

Theorem 2.1. Let (M™, go) and (N", h) be two compact manifolds such that
f*h < A2%gy on M for some A > 0. Suppose g(t) is a smooth family of metrics
on M x [0,T] satisfying

Orgij = 2k
such that k + Ric(g) > 0. Let F(t): (M, g(t)) — (N, h) be a family of smooth

map satisfying the harmonic map heat flow:
(2.2) oF =71(F), F(0)=f.

If either one of the followings hold:

() the sectional curvature of h satisfies K(h) < k for some k>0 or;
(ii) the sectional curvature of h is non-negative and Ric(h) < (n — 1)k,

then
(A2 —2(n — Drt)F*h < g(t),
on M x [0,T].
Proof. Tt is sufficient to prove the Theorem for those ¢ with A™?—2(n—1)xt > 0.
Let H = F*(h) so that H;;(z) = F*F/has(F(x)) for z € M. Then

(2.3) O Hi; = (ﬂ?ﬂﬁ + E“Fﬁ) hag,
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because the derivative of h is zero with respect to the connection on the pull-
back bundle F~}(T(N)). On the other hand,

AiHij =g" (FPF hag)ipg
=g ((EDF} + F2 g + 2E)p(F] ) s

where A, is the Laplacian with respect to g(¢) and |, denotes the covariant
derivative of D. Using (F}),q = (F}')}iq, the Ricci identity, and the fact that
T(F)* = gMFy, with g = g(t), we have

((T(F) )i+ R 4 g s “FLFTFY ) s
+Fa U_i_RlFﬁ_i_gklR’wéBFéFvFa)h
+ 29”‘1(5")@(1”} )ighas

=7 (r(F)")jihag + F(7(F)?) jhag + RiHy; + RS Hy
26" Rur, i, u, 15) + 267 (F (B} ) ghes

where Rm denotes the curvature of h and u; = F.(9;) in local coordinates x'
with 0; = 0,:. Hence

9 a ;B a p
(E - At> — (F3F) + FF{)) hag

N [FJQ(T(F)Q)Iz’haﬁ + FP(1(F)°) jjhag + RiHy; + Ry Hy
+ 20" R, ws, wy wy) + 207 (F)p(FY) jghag

— [RéHlj + RéHzl + 2gklﬁ(ul, s, Uk, Uj> -+ 29pq<ﬂa)|p(ﬁ}ﬁ)‘qhalg

because Fj} = FY and 0, F* = 7(F)* for all 7, av.
If we define A(t) = A(t)g — F*h = A(t)g — H at time t for some function
A(t), then whenever A(t) > 0, we have

0 ~
(E — At> Aij 2N gij + 2X\kij + RiHy; + RLHy + 29" R(wy, wg, uy, uy)
(2.4) .
+ 207 (F2)p(FY)jghas

=: B,

(N
We want to find A\(¢) > 0so that B;; satisfies the null-eigenvector assumption
at every point (z,t), t > 0. Namely, suppose A w'w? > 0 for all w € T,,(M),
and v is such that A;;v7 = 0 for all i. Then we want to prove that B;jv'v? > 0.
Let v be such a vector. If v = 0, obviously, B;;v’v? = 0. So we may assume
that v is a unit vector by scaling. At x, we choose a local coordinates z* so
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that 0; = 0, are orthonormal and (F'(t))*h is diagonalized with respect to

g(t) at x. Since A(w,w) > 0 for all w and A(v,v) = 0, v is an eigenvector

of A. We may assume that v = 0;. A(0;,0;) > 0 is equivalent to say that

|EL(9:)]]2 < A for all 4. Also A;jv7 = 0 implies H;;v7 = Ag;;07. Hence

(2.5)

Bijvivj :Xgijvivj + ZAkijvivj + RﬁHljvivj + R;Hﬂvivj + nglé(ul,ui,uk,uj)vivj
+ 29pq(ﬂa)|p(ﬂ§>lqhaﬁvivj

>N+ 2X(kyj + Rij)v'v! — 2 R(F.(01), Fu(9;), F.(9;), F.(0))

=1

>N - 23" R(E(D), F2(0), F.(0), E(0),

because k + Ric > 0. Here F refers to F(t). Since h(F(0;), Fi(0;)) = Bii;
for some f; > 0, one can find @; which are orthonormal at F(z) so that
F.(e;) = B?1;. Note that §; < \.

Hence if the sectional curvature of A is bounded above by x, then

n

ST R(E(9), F.(0), F.(8), F.(0) = Y R(5F . 5 s, B, B
=1

=1

ol

1) < (n—1)kA2.
If the sectional curvature of h is non-negative and Ric(h) < (n — 1)k, then

Zn: R(F.(8)), F.(9;), F.(8;), Fu(8y) < \? Z Rty @, 05, 01) < (n — 1)rA%
=1 i=1
Putting this back to (2.5), we have
Bijjv'v! > N —2(n — 1)k
In either cases, if we let
At) = (A2 =2(n— D)wt) .
Then A(t) > 0 as long as A2 — 2(n — 1)kt > 0 and B satisfies the null

eigenvector assumption. Moreover, A\(0) = A~2. By assumption we have
A(0) > 0. By the weak maximum principle for tensor [9, Theorem A.21], we
conclude that the Theorem holds. 0J

Remark 2.1. (i) In Theorem 2.1, if ¢g(¢) is the Ricci flow, then £ = —Ric(g)
and k 4+ Ric(g) = 0. If g(¢) is a fixed metric, then k£ = 0. If g has non-
negative Ricci curvature, then we also have k + Ric(g) > 0. Hence the
theorem can be applied to these cases. We may have corresponding
results under the assumption that k + Ric > — K, for K > 0.

(ii) If the sectional curvature of h is non-positive, then we have (F'(t))*(h) <
A?g(t) for all t > 0.
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(iii) If f is a A-Lipschitz map, then tr,(f*(h)) = e(f) < nA%. We may
instead assume tr,(f*(h)) < nA? and study the behaviour under the
flow. The bound of tryq)(F*(h)) is well-known. However, one may get
the following sharp bound too. Namely, if the sectional curvature of h
is bounded above by k, then (A2 — 2(n — 1)kt) tryy (F*(h)) < n. One
may wonder if there are similar relations of other symmetric functions
of eigenvalues of F*(h).

In the case of Ricci flow (i.e. k& = —Ric), Theorem 2.1 is sharp when
comparing with the following well-known scalar curvature estimate.

Theorem 2.2. Suppose M is a compact manifold and g(t) is a smooth solution
to the Ricci flow on M x [0, T with initial metric g(0) = go. If R(go) > 0o on
M for some oy > 0, then we have

(2.6) R(g(t)) >

noy
n — 20’075.

In particular, we must have T < n(200) ™" .

Proof. Tt is well-known that the scalar curvature evolves by

0 , 2
(2.7) (& — At) R = 2|Ric|* > ER?
The desired estimate of R(g(t)) follows from the maximum principle. O

3. HARMONIC MAP HEAT FLOW FROM LIPSCHITZ INITIAL DATA

In Theorem 1.2, we want to study continuous metric gy in the domain and
Lipschitz continuous map f from the domain manifold into the a compact
manifold with smooth metric. We want to use the results in the previous
section. We want to construct Ricci flow with initial data gy and harmonic
map heat flow with initial map f. We will do this by approximation. In this
section, we will first construct harmonic heat flow coupled with Ricci flow
assuming that gy is smooth and f is Lipschitz continuous. To be precise, let
g(t) be a smooth solution of Ricci flow on M x [0, T]:

(3.1) { gzggt):;'—?RiC(g(t));

Let (N,h) be another compact manifold with smooth metric, and let f :
(M, go) — (N, h) be a Lipschitz continuous map.

Theorem 3.1. Let (M, go) and (N, h) be two smooth compact Riemannian
manifolds. Suppose the sectional curvature of h is bounded from above by 1
and g(t) is a solution to (3.1) on M x [0,T] such that

[Rm(g(t))] < at™*
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for some a >0 on (0,T]. If f:(M,go) — (N,h) is a A-Lipschitz map, then
there exist To(n, A), Co(n,a, A, h) > 0 and F(t) € C*(M,N), t € (0, min{T, Tp}]
satisfying the harmonic map heat flow

O,F = (F)

where T(F) is the tensor field of the map F(-,t) with respect to the metrics
g(t), h such that

' suPye s dn (F(2,1), f(2)) < Cov't
Moreover, for any integer ¢ > 0, there exists C(n,l,a, h,\) > 0 such that for
all t € (0, min{T, Tp}],
C(n,l,a,h,A)

tt

We should remark that the existence time and the estimates of F' do not
depend on the curvature of the initial metric go, as long as [Rm(g(¢))| < at™*
holds. This is important for the application.

The theorem will follow from the results for smooth f by approximation.
First we have the following:

|DYdF|* <

Lemma 3.1. Suppose (M,g) and (N,h) are smooth compact Riemannian
manifolds and f : (M,g) — (N, h) is a continuous map such that f is Lips-
chitz continuous. Then for any e > 0, there exists a smooth map f. : (M,g) —
(N, h) such that
Lip, ,(fe) < (1 +¢)Lip,,(f) and sglgdh (fe(x), f(x)) < e.

Proof. This follows from the method in a well-known result by Greene-Wu
[15], see also [20, Theorem 1.3]. For the sake of completeness, we give a proof
as follows. First we isometrically embed N to RX for some large K > 0.
In this setting, the map f can be expressed as a vector valued function u :
M — N C RX. It is easy to see that u is Lipschitz with Lipschitz constant
L =: Lip, ;,(f). Suppose for any n > 0, we can find a smooth function v such
that sup,cy [u(z) — v(z)| < nand |Du(w)| < (L + n)|w|, for all w € T'(M),
then the result follows. In fact, if this is true, then v(z) will be in the n
neighbourhood of N in RX. Then 7 o v will be the required map if 7 is small
enough, where 7 is the nearest point projection from R¥ to N.

To find v, we follow the idea in [15]. Let p : R — R be a non-negative
smooth function with support contained in [—1, 1], so that

/ pllel)dz = 1.
Define

(33) wi) == [ e, v) - (") av,.
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dV, is the volume form with respect to g|r, (). For e small enough, u. is
smooth and u. — u uniformly as ¢ — 0. Let p € M and let w € T,,(M) with
l|lw|| = 1. Let ~(t) be the unique minimal geodesic with v(0) = p, 7/(0) = w,
0 <t < a. We may fix a so that B,(2a) is convex for all z € M. Then

Du.(w) = lim 7 (w.(+(1)) ~ w.(3(0)).

Now,
u:(7(?)) — u.(7(0))
|v]

= [ (e (RO - utespy @) ()

where P, is the parallel translation along ~ from ~(0) to v(¢). Hence by
Minkowski integral inequality [10, Theorem 202], we have

lus(v(#)) — u(~(0)]

- [0]

" u(exp, iy (F(v)) — u(exp,(v av,
<e /UGTP(M),v|ge|( (exp, ) (Pr(v) — u(exp, (v))) Ip(€>
S | (u(exp, ) (P(v)) — u(exp,(v))) |

<L sup d, (u(expv(t)(Pt(v)), u(expp(v))) |.
veTR(M),|v|<e

For each t, let v(t, s) be the geodesic from ~(¢) with tangent vector P;(v),
0 < s < 1. Then |0yy|s=0 = 1. Hence for any 1 > 0, there is € > 0 such that if
lv| <&, then |0yy| < 14¢ for all 0 < s < 1. By compactness and the fact that
exp is smooth, and solutions of ODE depends smoothly on initial data, one
can see that ¢ > 0 can be chosen so that for all p, w € T),(M) with |w| =1 and
v € T(M) with |v| < e, we have |0yy| < 1+ ¢. This implies that the length of
the curve v(1,t), 0 <t < tg is less than or equal to (1 + Ce?)ty. So

d, (u(exp, (o), u(exp, (1)) < (14 <)t
From this we conclude that |Du.(w)| < L(1 + ¢€) and the result follows. [

Proof of Theorem 3.1. Let L = Lip, ,(f) so that L < A. By Lemma 3.1,
there exist sequence of smooth maps f; from M to N so that

Lipy, »(fi) £ (14+&)L and su]\[; dy (fi(x), f(x)) <&

with €, — 0 as ¢« — oco. In particular, the energy density of the maps f; are
uniformly bounded by (n+1)L?, say if 7 is sufficiently large. By [13, Theorem
1.1], for each i there is a solution F; to the harmonic heat flow coupled with
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g(t) on M x [0, min{T, Ty}| for some Tp(n,A) so that for any integer ¢ > 0,
there exists C(n, ¢, a, h, A) > 0 such that for all ¢ € (0, min{7’, Tp}],

C(n,l,a,h,\)
t

In [13], only the energy density and the tension field have been estimated.
But the higher order estimates of | D‘dF;|? can be done similarly using Bernstein-
Shi trick as in [8]. The only difference is that in [8], |Rm(g(t)| is uniformly
bounded and in our case, |[Rm(g(t))| < at™!. In fact, by the estimates of Shi
25], [V*Rm(g(t))| < Ct~1+%) for any integer k > 0, where C' depends only
on a,n, k. Denote |D'dF;|> by P,, where P, is just the energy density. So
(3.4) is true for £ = 0. Suppose the estimates are true up to ¢ — 1. We will
use C; to denote any constants depending only on n,T,a, A, h, (. By a direct
computation [8, Lemma 2.10 and p.141], we have

(3.4) |D'dF;|? <

0 1
(& - At> P, < 2P, +C <t‘1Pg + t—1—§P;> .

Hence whenever P, > 0, we have

~

(% - At) (' P2) < Oyt T PE 4174

On the other hand,

(% — At) Py <—2P+Cyt™*

and so

8 1 1 1
(E - At> (t"2P_1) < =2t 2P + Cst 2.

Let G =t+ P37 + te_%Pg_l — ozt%, for a > 0, we have:

8 p—1 1 1
(@ - At) G<Cs(tT PF+t2)—2" 2P+ Cst2 — §at—%

1
<Cyt™2 — éat*%.

Let « be such that %oz =C; + 1. We have

0
(2 s)a-

at the points where P, > 0. Since G = 0 at t = 0, we conclude that G < 0.
Hence

1
t§PZ2 S 07.

By induction, one can conclude that the estimates (3.4) are true.
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Since |7(F})| < |DdF;| < Ct™2, we conclude that
dn(Fi(x, 1), f(x)) < Cst2.

Since N is compact, we can find a subsequence of F; which converges uniformly
in C* to a map F in compact subsets of M x (0, min{7T’, Ty }]. Hence F satisfies
the harmonic heat flow with estimates of |[D*dF| in the theorem. Moreover,

dy(F(x,1), f(z)) < Cgt?.
Finally, apply Theorem 2.1 to F; and let ¢ — oo, we have
(A =2(n = D)(F(1))"h < g(1).
This completes the proof of the theorem.

4. PROOF OF THEOREM 1.2

In this section, we will construct a solution to the harmonic map heat flow
coupled with the Ricci flow where both f and gg are allowed to be non-smooth.
Due to the weak parabolicity of the Ricci flow, there will be some technical
issue when discussing the time zero regularity of the Ricci flow if the initial
data is only C°. To avoid this, we will work on the Ricci-DeTurck G-flow
instead, where G is a smooth background metric. Recall that a smooth family
of metrics g(t) on M x (0,7] is said to be a solution to the Ricci-DeTurck
G-flow if it satisfies

(4.1) { tJiy J J J

k_ k Tk
W# = g™ (qu - qu)

where I" and I" denote the connections of ¢(t) and G respectively. If the initial
metric gg is smooth, it is well-known that the Ricci flow is equivalent to the
Ricci-DeTurck G-flow in the following sense. Let ®; be the diffeomorphism
given by

(12) {&Q)t(x) = —W (®4(x),1);

Oy(z) = x.

Then the pull-back of the Ricci-DeTurck flow g(t) = ®;g(t) is a Ricci flow
solution with g(0) = ¢g(0) = go. We also need the following smoothing result
of M. Simon [27] which allows us to regularize a C° metric on a compact

manifold using the Ricci-DeTurck flow, see also the work of Koch-Lamm [19]
on R"™.

Theorem 4.1. [M. Simon] There ezists a sufficiently small €, > 0 depending
only on n such that if M"™ is a compact manifold with a smooth metric h on
M and go is a continuous metric on M so that (1 —e,)h < go < (1+¢€,)h on
M, then there exists T'(n,h) > 0 and a solution to the h-flow on M x (0,7
such that the following holds on M x (0,T):
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() (1 —2ex)h < g(t) < (14 2e0)h;
(ii) for all k € N, there exists C(n,k,h) > 0 such that

- C(n,k,h)
k ) 10, 1)
SJI\I})W g(t)] < —

(1ii) limy o [|9(t) = gol|o=(aryn = 0.
Proof. This follows from [27, Theorem 5.2] since M is compact. U
Now we are ready to prove our main Theorem.

Proof of Theorem 1.2. Let gy be a C° metric on M with scalar curvature at
least n(n — 1) in the sense of Definition 1.2 and let (N, h) be the standard unit
n-sphere. Then there exist a sequence of smooth metrics g; o with R(g;0) >
n(n — 1) so that g;o — go in C%-norm. We may assume that

1\ 1
(4.3) (1 + ;> 9i0 < go < <1 + ;) 9i,0-

Fix iy large enough depending only on n and let G =: g;, so that we can apply
the results Theorem 4.1 by M. Simon to obtain a constant T" > 0 depending
only on n and G =: g;, such that the Ricci-DeTurck G-flow (4.1) with initial
data g;o has a solution defined on M x [0,7] which is smooth up to ¢ = 0.
Denote this solution by g¢;(t). Moreover, for any ¢ € N, there is C; > 0
depending only on n, ko, ..., kyy1 so that

{ s+ )7 <G <2(1+ 2)gss

(4.4) ~ C
supy [VVgi(t)] < 775

where V is the covariant derivative with respect to G and k,, is the bound of
the norm of the m-th derivative of the curvature tensor of G. Passing to some
subsequence, we may assume that g;(¢) will converge to a solution g(t) to the
Ricci-DeTurck G-flow on M x (0,7]. Moreover, by Theorem 4.1 again, g(t)
converges to go in C° norm as t — 0. Since R(g;o) > n(n — 1), Theorem 2.2
implies

(45) R (A (Dg(t)) = n(n 1)

where A(t) = 1 — 2(n — 1)t as long as A(t) > 0. We may assume that this is
true for 0 < t < T by choosing a smaller 7" > 0.

Next we want to construct “harmonic” map heat flow coupled with g¢(t).
For each 4, let W be the vector field given by (4.1) with I' = T'¥ to be
the connection of g;(t) and let ®{) be as in (4.2) with respect to W®. Let
g:(t) = (@gz))*(gz(t)) Then g;(t) is a smooth solution of the Ricci flow in [0, T
such that g;(0) = g;0. By (4.3) and the assumption that f is a 1-Lipschitz map
from (M, go) to (N, h), we conclude that f is a (1 + 1)-Lipschitz maps from
(M, gip) to (N,h). By (4.4) and the fact that g;(¢) is isometric to ¢;(t), we
conclude that [Rm(g;(t)| < at™' on M x (0, T] for some a > 0, independent of
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i. By Theorem 3.1, we can solve the harmonic heat flow L () coupled with
the Ricci flow g;(¢) in M x [0,7] (with a possibly smaller 7" but independent
of i) with the following properties:
(i) FO(t) is a LO(¢)-Lipschitz map from (M, G;(t)) to (N, k), with
(1+1)°
1-2(n—1)(1+ 1)

LO@) =
(i) For each ¢ > 0, |D'dF® (t)|2 < Cyt .
(iii) F9(0) = f.
. A~ . 3 -1 .
Let FO)(z,t) = F® <<<I>§7’)) (x),t). Then using (4.2), F® satisfies:
O8O (a,1) = 0, (FO () (2)
= 7(F©) +dFY (9,(2)") ' (x))

at
= r(F) + dE(WO)| (@7 ()
= 7(FY) +dFO(W).

(4.6)

Moreover, since ®\” is an isometry between 9:(t) and g¢;(t), we know that
(i) FO(¢t) is a LO(¢)-Lipschitz map from (M, g;(t)) to (N, h).
(ii) For each ¢ > 0, |D'dF®(t)|?> < Cyt~* where D is the covariant deriva-
tive with respect to g;(t) and h on the pull-back bundle (F®")~1(T'(N)).
@mIW()—fmmmed%)—x
By (4.6), |7(F®)], is bounded by Ct~z, |dF( )| gu(t).1 is bounded uniformly and
(Wilgiy < Ct=1/2, for some C mdependent of i, , t using (4.4). By computing

the length of the curve from F;(z,t) to Fi(z,0) = f(z) in N, we conclude that
for all z € M,

(4.7) dn (Fi(, 1), £(x)) < C(n, b, G)VE.

On the other hand, by (ii) above, (4.4) and passing to a subsequence, F;
will converges to a smooth map F(x,t) from M x (0,77) to (N, h) for some
Ty > 0. Let g(t) = A(t)"'g(t). Then F(t) is a smooth 1-Lipschitz map
from (M, g(t)) to (N, h) for each t € (0,77). By (4.5), the scalar curvature
of g(t) is at least n(n — 1). On the other hand, by (4.7), we conclude that
sup,, dp(F(z,t), f(z)) — 0 as t — 0. Hence F(z,t) will be homotopy to f(z)
if ¢ is small enough This implies F'(x,t) has non-zero degree. Now the result
of Llarull [23] applies to show that F(t) is a metric isometry and §(t) is the
standard sphere via F'(t) so that for all z,y € M and t € (0,71,

dh (E(l‘), B(y)) = d{?(t)(xa y)

By letting ¢ — 0 using the fact that g(t) converges uniformly to gy as t — 0,
we conclude that f is a distance isometry. This completes the proof. O
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With the Ricci flow smoothing, we can slightly improve the result in [6]
when g is of slightly better regularity with scalar curvature bounded below
by n(n — 1) in the sense of distribution defined by Lee-LeFloch [21]. Namely:

Definition 4.1 ([21]). Let M be a smooth manifold with background metric
h. AW, N L>® Riemannian metric g is said to have R(g) > o for o € R in

the sense of distribution if (R(g),¢) > o [,,; ¢ dvoly, for all non-negative test
function ¢ € C;2.(M) where

loc

(48) <R<g>,¢>=/M{—<vﬁ<so-\/jj§;";>> +F¢-\/j§i} dvol,
h

with

\ijj = %gkl (61'9/@ + ﬁjgil - 6lgij) )
(4.9)  q VE=giwl — gihwd

F = tr, Ric — UkildeV g + UV, gi* + g (U5 0!, — U wl)
Here N denotes the connection with respect to the background metric h.

With the slightly stronger assumption, we might conclude a slightly better
regularity of go.

Theorem 4.2. Under the assumption in Theorem 1.2, if in addition gy €
WhYP(M),p > n satisfies R(go) > n(n — 1) in the sense of distribution, then
there exists a CY* diffeomorphism U of M for some o > 0 so that U*gq is the
standard spherical metric on S™.

Proof. The main result follows from refining the proof of Theorem 1.2. The
idea is similar to that in [22]. Since go € WP for p > n, the works in
[18, 26] infers that the constructed Ricci-DeTurck G-flow ¢(t) satisfies a better
estimate on M x (0,77

(4.10) /M Vgt < C.

Moreover, it is known that each g(t) = A\~*(¢)g(t),t € (0,T] is isometric to
the standard sphere. We now construct the diffeomorphism to compensate the
singularity of (4.10) as ¢ — 0. Using (4.1) and Ric(g(t)) = n — 1, we deduce
that

v

8t§ij = élW] + 6]'Wi;
(411) W: = \ —1% S pq f‘k _fk
J (t> g]kg pq pq

Therefore, if we consider the ODE:

(4.12) { gtjf(tg)::xW (Wil), 1)
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for (z,t) € M x (0,T], then

0 [(T1)9()] = 0.
Hence, g(t) = U;g(T) where g(T') is a standard spherical metric. By [5, (5.2)],

oRa SAGL = orm OWL OUF

dxidxi U gzk P@(T) Ozt dxi

in local coordinate of M. Thanks to the improved estimate (4.10) and metrics
equivalence, the right hand side of (4.13) is bounded in L”,p > n as t — 0.
Hence in local coordinates the W?? norm of U7 are uniformly bounded at
t — 0. By standard Sobolev embedding, we may pass ¥; — ¥, for t — 0 in
O for some o > 0 and a C** diffeomorphism ¥, of M. This completes the
proof because g(t) — go as t — 0. O

(4.13)

As an application of Theorem 1.2, we will prove Corollary 1.1, which is a
rigidity concerning domains inside sphere. To make our statement precise,
for a domain () in a Riemannian manifold, we shall adopt the convention
H = tr(Vv) where v is the outward unit normal along 92 so that the mean
curvature of the boundary of unit ball in R™ is n — 1. Now we are ready to
prove Corollary 1.1.

Proof of Corollary 1.1. The strategy is similar to that in [6, Theorem B]. We
first consider the general case. Consider the metric g on S™ defined by

fg on @
(4.14) 9= { h on S™\Q.
where h is the standard metric on S”. With this identification, the metric ¢ is
Lipschitz on M and [21, Proposition 5.1] applies to show that R(g) > n(n—1)
in the sense of distribution. Hence g satisfies the assumptions of Theorem 1.2
by [18, Corollary 1.2] with f being the identity map. Hence, g = h and so
go = h on €.

If © is the hemisphere, then we have H(g) > 0. Now we instead define g
by taking the reflected metric on S™ \ Q. In this case, g is also Lipschitz and
satisfies R(g) > n(n — 1) in the sense of distribution by [21, Proposition 5.1].
The conclusion follows using Theorem 1.2. O
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