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ABSTRACT. For positive p-harmonic functions on Riemannian mani-
folds, we derive a gradient estimate and Harnack inequality with con-
stants depending only on the lower bound of the Ricci curvature, the
dimension n, p and the radius of the ball on which the function is de-
fined. Our approach is based on a careful application of the Moser iter-
ation technique and is different from Cheng-Yau’s method [2] employed
by Kostchwar and Ni [5], in which a gradient estimate for positive p-
harmonic functions is derived under the assumption that the sectional
curvature is bounded from below.

1. INTRODUCTION

The study of harmonic functions on Riemannian manifolds has been one of
the central subjects in geometric analysis. In their classical work Cheng-Yau
[15] derived the following gradient estimate for positive harmonic functions
on Riemannian manifolds:

Theorem A (Cheng-Yau) Let M be an n-dimensional complete Riemann-
ian manifold with Ric > — (n — 1)k, where k > 0 is a constant. Suppose
that w is a positive harmonic function on a geodesic ball B (o, R). Then

1
(11) sup |Vl < +R\/E’
B(o,R/2) U R

Ch

where C, is a constant depending only on n.

An important feature of Cheng-Yau’s estimate is that the RHS (which
stands for the right hand side) of (1.1) depends only on n, k& and R, it
does not depend on the lower bound of the injectivity radius or a global
coordinate system. From PDE viewpoints, deriving a Harnack inequality
requires some bounds on the coefficients in some fixed coordinate system,
thus not suitable for many problems defined on manifolds. We also observe
that the RHS of (1.1) is optimal in the sense that even for x > 0, the bound
stays bounded when R — oo.

There are two major ingredients in the proof of Theorem A. First a
Bochner formula is used to derive a lower bound of the Laplacian of |[Vu|? for
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a harmonic function u in terms of the lower bound of the Ricci tensor. The
second major ingredient is a clever application of the maximum principle.
The trick is to multiply |Vu|? by a cut-off function, derive a new differen-
tial inequality for the product and then apply the maximum principle. The
cut-off function is constructed using the distance function. As a result, the
new differential inequality involves the Laplacian of the distance function.
As is well known, the Riemannian distance function is uniformly Lipschitz
and its Laplacian has an upper bound depending on the lower bound of the
Ricci tensor.

Cheng-Yau’s approach turned out to be very useful and some important
results for other problems are deeply influenced by Theorem A. For example,
P. Li [8] obtained the sharp lower bound for the first eigenvalue of a manifold,
which was later generalized by Li-Yau [9]. Similar results were also obtained
by Li-Yau [10] for heat equations. S.Y. Cheng [1] and H. I. Choi [3] obtained
gradient estimates for harmonic mappings, etc. We refer to [15, 14] and the
more recent survey [7] for an overview of the subject.

p-harmonic functions are natural extensions of harmonic functions from
a variational point of view. It has been extensively studied because of its
various interesting features and applications. Compared with the theory for
harmonic functions the study of p-harmonic functions is generally harder
because the equation, even though elliptic, is degenerate and the regular-
ity results are far weaker (see, for example [16]). Recently, there has been
renewed interest in p-harmonic functions. In particular R. Moser [11] es-
tablished a nice connection between p-harmonic functions and the inverse
mean curvature flow. In a recent paper [5] Kotschwar and Ni derived, among
other things, a local gradient estimate for p-harmonic functions under the
assumption that the sectional curvature is bounded from below. It is re-
markable that the constant in their estimate does not blowup when p — 1,
which leads to interesting results on the inverse mean curvature flow prob-
lems. Their proof follows the same strategy introduced by Cheng-Yau [2] for
harmoinc functions (i.e. p = 2). However for general p-harmonic functions,
the computation involves the full Hessian of the distance function when the
cut-off function is introduced. As a result, a lower bound on the sectional
curvature has to be assumed in [5].

Kotschwar and Ni speculated that their estimate may hold if only a lower
bound on the Ricci tensor is assumed. The main result of this paper is to
establish the following theorem:

Theorem 1.1. Let (M",g) be a complete Riemannian manifold with Ric >
—(n—1)k. Assume that v is a positive p-harmonic function on the ball
B(o,R) C M. Then there exists a constant C,,, such that

Vol < Gy (14 VRR) (R on Blo.R/2).
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The proof of Theorem 1.1 will be presented in section two. As far as
the second major ingredient of Cheng-Yau’s proof is concerned, our ap-
proach follows a different strategy by carefully using the Moser iteration
technique. This approach only involves differentiating the distance function
once and hence bypasses the difficulty of handling the full Hessian of the
distance function. In the special case p = 2, when p-harmonic function are
just harmonic functions, Theorem 1.1 is exactly Cheng-Yau’s theorem. An
immediate consequence of Theorem 1.1 is the following Harnack inequality.

Theorem 1.2. Let (M", g) be a complete Riemannian manifold with Ric >
—(n—1)k. Assume that v is a positive p-harmonic function on the ball

B(o,R) C M. Then there exists a constant Cp p such that for any x,y €
B(o,R/2),
v (@) [ (y) < Crn(IHVER),

It follows that if Ric > 0, then we have a uniform constant ¢, ,, (indepen-

dent of R) s.t.

1.2 < inf w.
(12) s P BOR?)
This was already proved by Rigoli, Salvatori, and Vignati [12]. In fact,
they proved the stronger result that (1.2) holds provided that the volume is
doubling and a weak Poincare inequality holds. See also [4].

Another standard application of Theorem 1.1 is the following Liouville
theorem, which was also deduced from the Harnack inequality in [12].

Let u be a p-harmonic function bounded from above or below on a com-
plete Riemannian manifold with non-negative Ricci tensor, then w is con-
stant.

Finally we point out that our constant Cp, in Theorem 1.1 becomes
unbounded as p — 1, while in Kotschwar-Ni’s result, all the constants stay
bounded when p — 1. We do not know if the method can be tweaked to
remove this defect.

2. THE GRADIENT ESTIMATE FOR THE p-HARMONIC FUNCTIONS

p-harmonic functions arise naturally as critical points of the LP (p > 1)
norm of the gradient. Let (M™, g) be a complete Riemannian manifold and
Q C M an open set. A function v € VVlif () is p-harmonic if

div (|vu\p*2 w) —0
in the weak sense, i.e.

/ [VolP~? (Vv, VE) =0
U
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forall £ € Wol’p (). By [16] for example, v must be C1%. Moreover v € Wlif
ifp>2:v¢ T/Vlif if 1 <p<2. Away from {Vv = 0}, v is in fact smooth.
Suppose that v is positive. Set w = — (p — 1) logv. Then u satisfies

(2.1) div (|vu|p—2 w) = |Vul’.
Let f = |Vul[?. We define

L () = div (fp/ZflA (w)) — pf? (T, V),
where
Vu® Vu
Vul?

We need the following lemma from [5] and the proof is by direct calcula-
tion.

A=id+ (p—2)

Lemma 2.1.
L(f)=2fP/2 (|D2u}2 + Ric (Vu, Vu)) + (g _ 1) TP iz,

Remark 2.1. Lemma 2.1 holds point-wisely in {x : f(z) > 0}. From the
gradient estimate of [16] we know that f = |Vu|?> € C% for some o > 0 and
fe who for some 8 > 1.

loc

We choose a local orthonormal frame {e;} with e; = Vu/|Vu|. Then
(2.1) takes the following form

n
(p_l)u11+zuii:f-
i=2

Therefore

n n
}DQU‘Q > ui) +2 ZU%Z + Zuzzz
i—2 i—2

2
n n
1
=2

=2

n
1
= uf +22Ui+ m(f— (p— 1) un)?
i—2

1 5 2(p-1) p-17%\ , —~ 5
_n_lf — _1 fu11+ 1+ n—]_ ull—i‘Q;Uli
1 2(p—1) -
> nilfQ— 7 fU11+GOZ;U%i,
1=



GRADIENT ESTIMATE 5

2
where ag = 1 + min (M, 1) > 1. Using the identities

n—1

2fu11 = (Vu, Vf> s

n

, 1|V
ZUM—Z o
i=1

we end up with

1
n—1

a |V f|?
i

D2l > - (Z:? (Vu, V) +

Assume that Ric > — (n — 1) k. Therefore

22) £(1) 2 200 -1+ (L0 1) o o

2 2(p—1 _
2o pren 202D et igy vy

> 2 (n -k 2o pen 20D peogy vy

n—1 n

Equation (2.2) holds wherever f is strictly positive. Let K = {z € Q :

f(z) = 0}. Then for any nonnegative function ¢ with compact support in
Q\ K, we have

(23) [ (2198 4 0= 272 (90, V) Va, V)
Q

s [ PR 2 [

< 2(n—1)k /Q ﬂ”/%wM /Q FPRTH (Y, V) 9.

n—1

In particular, let € > 0 and ¥ = f’n% where f. = (f —€)T, n € C5°(Bgr)
is non-negative, b > 1 is to be determined later. Then direct computation
yields

Vo = bV 4 26V,
Using the above in (2.3) we obtain

R N Ve N T v U
+ 2p—2) | PV, V) fin(Vu, Vi) + 2 / fP2L oy (W, )
Br Q

g e\ YR s
< ot [ g+ 202D [ e @uwy) g
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Since v € CH*, f € C* and Vf € LA(Q) for some a > 0 and 8 > 1,
we see that except for the first term, all the other terms converge to the
corresponding form without €. For the first term, observe that

FPRNV L+ (p - 2) 7272 (Vu, V)P I > aq frRT NV

where a; = 1if p>2and a; = (p—1) if p € (1,2). Thus by passing € to 0
we have

(25) by / [P P2
Q
L o2p-2) / P (Vu, V f) 7 (Vu, Vi) + 2 / I (V £, V)
+ /f+b (Vu, VIt + — /fp+2+b )

< 2(n—1)k/ﬂf2+b712+n__1/9f2+b (Vu, V§)n?

From now on we use ap,as, - etc. to denote constants depending only
on p and n. Combining terms in (2.5) using the definition of f we have
(26) alb/ fp/2+b72’vf|2772 + 2/ fp/2+1+bn2

n—1 Q

< 2(n—1)k /fp/w’n + ap /fp;l“’\vfln2
Q

tas / 212011 £ [,
Q

For Rj3 (the third term on the RHS, Ly, Ly, Ry etc. are understood similarly)
n (2.6) we have

aib _ a
Rl <2 [ oo 4 5 [ v,
Q Q

Also by Cauchy’s inequality Rs of (2.6) can be estimated as

arb _ a
|R2| Si/fp/Z—l—b 2|Vf|27]2+b5/fb+p/2+17]2-
Q Q

With these two inequalities we obtain

arb p/2-+b—2 2 / p/2+1+b, 2
(2.7) i [ vy e = [ ey

a
< /(2(71—1);117 +?’vm )fp/2+b+b5/fb+p/2+1772-
Q Q

By requiring

(2.8) — <
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we see that the last term in on the RHS of (2.7) is majorized by the last
term on the LHS. Therefore we have

alb/fp/HbQ!Vf\QnQ—i- 1 /fp/2+1+bn2
2 Q n—1 0

< 201w [ 0P+ [ g,
Q b Ja
For the first term on the LHS we use
1.p _
V(PP < S+ 02 PR f PP + 272 .

From the above we obtain

(2.9)

/‘V(fp/4+b/277)’2+d1/ fp/2+1+b772 < Iidg/ fp/2+b772+a7/ |V77’2fb+p/2.
Q Q N Q Q

where di ~ b,dy ~ b (recall b > 1, d; ~ b means d; is comparable to b,

dy ~ b is understood the same way).

The following Sobolev embedding theorem of Saloff-Coste plays an im-
portant role in our approach:

Theorem B (Theorem 3.1 of [13]) Let (M™, g) be a complete Riemannian
manifold with Ric > — (n—1)k. For m > 2, there exists C, depending
only on n, such that for all B C M of radius R and volume V we have for
fe g (B)

</ |f|2q) 1/q < eC(1+\/ER)V72/nR2 </ ]Vf\2 + R2f2> :

where ¢ =n/(n—2). For n =2, the above inequality holds with n replaced
by any fized n' > 2.

From now on, we assume = B (0, R). Theorem B gives

. L\ (2)/n
(2.10) </ f“:ﬁb’n,z)
Q
< eco(lJr\/ER)V*% <R2/ |V(fp/4+b/277)|2+/fp/2+b772>-
Q Q

where cy(n,p) > 0 depends only on n,p. Let by = c1(n,p)(1 + /kR) with
c1(n, p) large enough to make by satisfy (2.8), then (2.9) and (2.10) combined
gives

(n—2)/n

n(p/2+b) n

(211) (/ fﬁny?Z> +a8bR2602b0V_2/n/fp/2+1+b772
@ 0

< aghZbec2boy—2/n / P2 4 aggec2oy —2/n R? / V| P
Q Q
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Lemma 2.2. Let by = (bo+ 5§)-"5. Then there exists c3(n,p) > 0 such that

b2
(2.12) 1A 2or (Byya) < CgR—%Vl/bl.
Proof of Lemma 2.2: Let b = by in (2.11), then by comparing Ls and R;
of (2.11) we observe that

agbgfp/2+bo < %a8b0R2fp/2+1+b0

if f > aub%sz. Thus in the evaluation of R; we decompose €2 into two
subregions, one over the places where f < a1;b3R™2 and the second region
is the complement of the first region. With this decomposition we have

p+2bo
Ry < a3} (bRO> 2y IR %

Now (2.11) with b = by can be written as

(n=2)/n

n(p/2+bg) n

(2.13) </ fpn2077"22> +a28b0R26c2b0V—2/n/ fp/2+1+b0772
Q Q

b p+2bo
< a?%b% (}g) eC2bOV12/n+a10€CQbOV2/nR2/Q|V?7’2fp/2+b0

Now we choose 1 to make Ry in (2.13) dominated by the LHS. Let n; €
C3°(BRr) satisty

0<m<1 m=1in B3R/4» Vi, < C(n)/R.

Let n = 07" where m = by + £ + 1. Direct computation shows
n=m 2

2bg+p

(2.14) R2|Vn|? < ay3bd nhore/2,

By (2.14) and Young’s inequality, the Ry of (2.13) can be written as

algRZ/\Vn|2fb°+p/2

2bg+p
< wii [ g
Q

bo+p/2

bo+p/2+1 1
< au bg </ fbo+p/2+1772> 0 V/ botp/2+1

Q
bo+p/2+2
agbo .o bo+p/2+1, 2 bo+p/2 Dy

S T R o f n + a15 WV

With the estimates on Ry, Ro we arrive at

(n—2)/n b p+2bo
oy ([ gt g (4
Bsgrya R
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Recall by = (bg+5)-"5. Taking the 1/(bo+p) root on both sides of (2.15)
we have

1
||f||Lb1(B3R/4) < a7V b5/ R?.

Lemma 2.2 is established. [

Now we go back to (2.11), by ignoring Lo we have

(n—2)/n
n(p/2+b) n
(2.16) (/f =5 17"22>

Q

60250

27,2 2 2 b+p/2
< arrgy [ (O3? + RAVHR) 740

To apply the Moser iteration we set

n R R
— Q = B —_— —_ == 1 2..
bl+1 bln — 27 l (07 2 + 4l)’ l )

and choose 1; € C3° () s.t.

c4l
m=1in Qyq, 7, =0in 2\ Qy, ]an\gf, 0<n <L

Then in (2.16), by letting b+ § = b;, n = n; we have

1 1 1
b1 eC2bo\ b/ by
/ fbl+1 < <a17 5 > (/ (b%bl + R2’V7”l‘2) sz> l .
Ql+1 V'n Y]

By the estimate of |V1|

602120

1/, .
2 1 /bl
Notice that Y 72, bl, = 57, then (2.17) leads to

(218)  [[fllzec(Br,n)

o 1/b,
eCQbO Zl:l 1/bl o n l
= (“18v2/n> 1112 (n—2> H16 ] Wl gy
=1
g,
<

a‘lgmbgbl ||f||Lbl(BgR/4)'
Using Lemma 2.2 in (2.18) we obtain

(2.19) £l oo (B ) < a20b3/ R,
Thus Theorem 1.1 is established. [
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