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MONOTONICITY FORMULAE AND VANISHING THEOREMS

JINTANG LI

We study Cartan—Hadamard manifolds with pinching conditions. Using
the stress-energy tensor, we establish some monotonicity formulae for vec-
tor bundle-valued p-forms and pluriharmonic maps between Kéhler mani-
folds. Some vanishing theorems follow immediately from the monotonicity
formulae under suitable growth conditions on the energy of p-forms and
pluriharmonic maps.

1. Introduction

Harmonic maps between Riemannian manifolds are defined as the critical points of
energy functionals. They are important in both classical and modern differential
geometry. As is well-known, any harmonic map ¢ : R" — S™ with finite energy
must be constant [Garber et al. 1979]. This result has been generalized by Sealey
[1982] to harmonic maps from a space form of nonpositive sectional curvature
to any Riemannian manifold with finite energy. In 1980, Baird and Eells [1981]
introduced and studied the stress-energy tensor for maps between Riemannian
manifolds. Sealey [> 2016] introduced the stress-energy tensor for vector bundle-
valued p-forms and established some vanishing theorems for L? harmonic p-forms.
The stress-energy tensors have become a useful tool for investigating the energy
behavior of vector bundle-valued p-forms in various problems. Dong and Lin
[2014] introduced the notion of J-invariant p-forms on K&hler manifolds. They
established a monotonicity formula by means of the stress-energy tensor. Using
this monotonicity formula they proved the following vanishing theorem for vector
bundle-valued J-invariant p-forms satisyfing the conservation law:

Theorem A. Let M be a complex n-dimensional (n > 3) complete Kihler manifold
with radial curvature K, satisfying —a? <K, <—-b><Owitha>b>0and
2n —1)b—2pa > 0. Let & : E — M be a smooth Riemannian vector bundle
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over (M, g). If w € AP (§) is J-invariant and satisfies the conservation law, that is,
divS, =0, then

L |w|2dv§%/ | dv
Ty JBy, (x0) ry JB,, (x0)

forany 0 <ry < ry, where C =2n —2pa/b and B,(xy) € M is a geodesic ball of
radius r centered at xo in M. In particular, if

ic/ |a)|2dv—>0 as r — 400,
" JB, (x0)
then w =0.

We shall establish a monotonicity formula for vector bundle-valued J-invariant
p-forms satisfying the conservation law by means of the stress-energy tensor too.
Using this monotonicity formula we can improve Theorem A as follows:

Theorem 1. Let M be a complex n-dimensional (n > 3) complete Kdihler manifold
with radial curvature K, satisfying —a? <K, <—-b><Owitha>b>0and
m—1Db—(p—1)a=>0. Let§ : E — M be a smooth Riemannian vector bundle
over (M, g). If w € AP (&) is J-invariant and satisfies the conservation law, that is,
div S, =0, then

1 1 12 1 2
_ cosh(ar)|5|w|” — iys || dv
sinh® (ar1) J,, (xo) E g ]

1 1,02  14: 2
< cosh(ar)|5|w|” — —iyso|”|dv
sinh® (ar2) Ja,, () < ’ ]

forany O <ry < ry, where C = [2(n —2)b —2(p — 2)al/a. In particular, if

2
J5, (xy) 1@1” dv

2O —-0 asr— +oo,
e

then w = 0. (See Section 2 for the definition of i, ®.)

For the case of Cartan—-Hadamard manifolds with some pinching conditions,
Xin [1986] established a monotonicity formula for vector bundle-valued p-forms
satisfying the conservation law by means of the stress-energy tensor. Using this
monotonicity formula, Xin proved the following vanishing theorem:

Theorem B. Let M be an n-dimensional (n > 3) complete Riemannian manifold
with radial curvature K, satisfying —a* <K, < —=b*><O0witha>b>0and
(mn—1)b—-2pa=>0. Let§ : E — M be a smooth Riemannian vector bundle over
(M, g). If w € AP (&) satisfies the conservation law, that is, div S, = 0, and

LC lw|>dv— 0 as r — +o0,

P~ JB, (xo)

where C =n —2pa/b, then w = 0.
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We shall establish a monotonicity formula for vector bundle-valued p-forms
satisfying the conservation law by means of the stress-energy tensor. Using this
monotonicity formula we can improve Theorem B as follows:

Theorem 2. Let M be an n-dimensional (n > 3) complete Riemannian manifold
with radial curvature K, satisfying —a? <K, < —=b*><O0witha>b>0and
m—1Db—-—2p—1)a=0. Let§ : E — M be a smooth Riemannian vector bundle
over (M, g). If w € AP (&) satisfies the conservation law, that is, div S, = 0, then

1 L2 1y 2
_ cosh(ar)| 5 |w|” — 5= [iyso]” | dv
sinh® (ary) By, (x0) [2 2p ]

1 L2 1 2
< — cosh(ar)|s|w|” — =iy w|° | dv
= sinh®(ary) Jp,, () @nf3lel 2p Vo) ]
forany 0 < ry < rp, where C = [(n —2)b — 2p — 2)al/a and B,(xo) € M is a
geodesic ball of radius r centered at xo in M. In particular, if

2
J, ) |0 dv

2T —-0 asr— +oo,
e

then w =0.

Siu [1980] introduced and studied pluriharmonic maps from a compact Kihler
manifold to a Kdhler manifold. When the domain of such a map is complete, Dong
[2013] proved the following:

Theorem C. Let M be a complex n-dimensional (n > 2) complete Kihler manifold
with radial curvature K, satisfying K, < —b*> < 0 with b > 0. Suppose ¢ : M — N
is either a pluriharmonic map between Kdhler manifolds or a harmonic map into a
Kdhler manifold with strongly seminegative curvature. Then

a2 a.412 2 2
fBrl (x0) |a¢| dv < ‘[Brz(XO) |a¢| dv fBrl(XO) |a¢| dv . /Brz(xo) |8¢| dv

< — an — < —
r12(n—1) r22(" D r]2(n D r22(" D

forany O < ry < rp. In particular, if

I3, 00 |dg|* dv

) —0 asr— +oo,

then ¢ is constant.
We can also improve Theorem C as follows:

Theorem 3. Let M be a complex n-dimensional (n > 2) complete Kdihler manifold
with radial curvature K, satisfying K, < —b*> < 0 with b > 0. Suppose ¢ : M — N
is either a pluriharmonic map between Kdhler manifolds or a harmonic map into a



128 JINTANG LI

Kdihler manifold with strongly seminegative curvature. Then

fBr, o) cosh(br)|9¢|* dv ) fBr2 o) cosh(br)|9¢|* dv

sinh* " Dbr) T sinh® D (bry)
and
Ji,, xp) 0SB0 dv - I, (xp) COS(P) 3¢ dv
sinh®"*~ 1 (bry) B sinh>"=V (bry)

forany O < ry < rp. In particular, if

Ji, ) 1491 dv

Cn3br -0 as r — +o0o,

then ¢ is constant.

2. Preliminaries

Let (M, g) be an n-dimensional complete Riemannian manifold. Let & : E — M
be a smooth Riemannian vector bundle over (M, g). Let A?(§) =T'(A’T*M Q E)
be the space of smooth p-forms on M with values in the vector bundle & : E — M.
For w € AP (&), we define the energy functional of w by

E(w) = / ol dv,.
M
The stress-energy tensor associated with E (w) is defined by
2-1) So(X, V) = 3l0l’g(X, V) — (@O o) (X, 1),
where w O w denotes the 2-tensor
(wOw)(X,Y) = (ixw, iyw).

Here (-, -) is the induced inner product on A?~!(&) and ixw is the interior multi-
plication by the vector field X given by

(ixo) (V1. ... Yy ) =o(X, Yi..... Ypoy)

for w € AP (§) and any vector fields Y1, ..., Y,_; on M.
Let D be any bounded domain of M with C' boundary. We have the integral
formula [Dong 2013]

2-2) / Su(X, v)dv = / (S, V) + (div S) (X)) dv,
aD D

where v is the unit normal vector field along 0 D in D, and 6y is the dual 1-form
of X and V0y is given by

(2-3) (Vox)(Y, Z) = g(Wr X, Z).
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Proposition 2.1 [Greene and Wu 1979]. Let (M, g) be a complete Riemannian
manifold with a pole xy and let r be the distance function relative to xy. Denote
by K, the radial curvature of M. If—a2 <K, < —b% <0, where a > b > 0, then

b coth(br)[g —dr ® dr] < Hess(r) < acoth(ar)[g —dr @ dr],

where Hess(r) is the Hessian of the distance function r.

3. Monotonicity formulae for Kihler manifolds

A Hermitian metric on a complex manifold M is a Riemannian metric g such
that g(JX, JY) = g(X,Y) for any X,Y € TM, where J denotes the complex
structure of M. We say that (M, g) is a Kdhler manifold if VJ = 0, where V
is the Levi-Civita connection of g. A p-form w € AP (§) is called J-invariant if
(wOw(UX,JY) = (wOw)(X,Y). Now we consider J-invariant p-forms on
Kihler manifolds and can prove the following:

Theorem 3.1. Let M be a complex n-dimensional (n > 3) complete Kdhler manifold
with radial curvature K, satisfying —a? <K, <—-b><Owitha>b>0and
(n—1b>(p—1a. Let £ : E — M be a smooth Riemannian vector bundle
over (M, g). If w € AP (&) is J-invariant and satisfies the conservation law, that is,
div S, =0, then

1 Ly, 02 14: 2
T cosh(ar)|5|w|” — <|izew|” | dv
sinh® (ar1) J,, (xo) E g ]

1 1,02  14: 2
< cosh(ar)| 5 |w|” — =iz ol [dv
sinh® (ar2) Ja,, (xp) k P ]

forany 0 <ry <ry, where C = [2(n —2)b —2(p — 2)al/a and B,(x9) S M is a
geodesic ball of radius r centered at xo in M.

Proof. If X = grad(y) is the gradient of a smooth function ¥ on M, then 8y = dyr
and VOy = Hess(¥). Let ¢ = cosh(ar). It is easy to see that

(3-1) Hess(cosh(ar)) = a’ cosh(ar) dr ® dr + a sinh(ar) Hess(r).

Let {e;, Je;} with e, = d/9dr be an orthonormal frame field around xo € M. Then,
for w € AP (§), we have

(3-2) Ia)|2=%|:(w®w)(aa—r,aa—r)-i-(wG)w)(J%,Ji)

ar
n—1 n—1
+ Z(w Ow)(ex, en) + Z(w O w)(Jey, Jex):|
r=1 r=1

n—1

= %{|ia/arw|2 + Z(a)@w)(e)u e)»)}-

A=1
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It follows from (3-1), (3-2) and Proposition 2.1 that
(3-3) (Sw, VOx)
= 1w|*(g, Hess(ch(ar))) — {(« ® ), Hess(ch(ar)))
= %|i3/3,a)|2{z a sinh(ar)Hess(r)(e;, e,.)
A
+Z a sinh(ar) Hess(r)(Je,, Je;)
A
—(p—1)d? — pasi 9 9
(p—1)a” cosh(ar) — pa s1nh(ar)Hess(r)<8r, 8r>
a

—(p—1a sinh(ar)Hess(r)(J%, Ja—r)}

1 2 . d 0
+;;(w Ow)ler, e1) {a cosh(ar) +a sinh(ar) Hess(r) (JW Ja—r>

+Y " asinh(ar) Hess(r)(e,. ¢,) + Y _ asinh(ar) Hess(r) (Je,. Je,)
w u

— pHess(cosh(ar))(e;., ex) — p Hess(cosh(ar)) (Je;, Je,x)}
> Liyol*(2(n = 1ab sinh(ar) coth(br) —2(p — 1)a’ cosh(ar)}
+> (@O w)(er, €)(2(n —2)absinh(ar) coth(br)
A—2(p —2)a’ cosh(ar)}
> 1 iz 0l *a cosh(ar){2(n — Db —2(p — Da)

+Y L@ O w)(es, e;)a cosh(ar){2(n—2)b—2(p—2)a}
A

> Z% (0 ® w)(ey, e;)acosh(ar){2(n—2)b—2(p —2)a}.
A

On the other hand, we have

8r> = 5|w|“a sinh(ar) — asinh(ar)(w © w) o’ Br

G4 s(X,
< [3l@* = liyawl*]a sinh(ar).

Substituting (3-3) and (3-4) into (2-2), we obtain
(3-5) / [3lo1* = L1iy5,0|*]a sinh(ar) ds
9B, (x0) b

> / [3lof® = Sliya@*][2(n = 2)b — 2(p — 2)ala cosh(ar) dv.
Br(xO)
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It can be seen from (3-5) that

cosh(ar) faB,(xo)[%le - %|ia/arw|2] ds - aC cosh(ar)

(3-6) > —
J5, o L3101 = S i, @[?] cosh(ar) dv sinh(ar)

where C = [2(n —2)b —2(p — 2)a]l/a.
Thus we obtain from (3-6)

d 12 1y 2 d )
B L2 =1y h = {C In[sinh .
(3-7) e 1n{/Br(xo)[2|w| 5 iz 0] ] cos (ar)dv} > dr{c n[sinh(ar)]}

Integrating (3-7) over [r}, 2], we have
(3-8) In / [Slol* — %|ia,i,,a)|2] cosh(ar) dv

—In [3lwl* — %|i3/3,w|2] cosh(ar) dv
Brl (XO)

> C In[sinh(ar;)] — C In[sinh(ar;)]. O

Now we can deduce the following vanishing theorem from the above monotonicity
formula.

Theorem 3.2. Let M be a complex n-dimensional (n > 3) complete Kdhler manifold
with radial curvature K, satisfying —a? <K, <—-b><O0witha>b>0and
(n—1)b>(p—1a. Let £ : E — M be a smooth Riemannian vector bundle over
(M, g). If the J-invariant p-form w € AP (&) satisfies the conservation law, that is,
div S, =0, and

J5, o) |wl? dv
ea(C—l)r

where C = [2(n —2)b — 2(p — 2)al/a, then v = 0.

—0 asr— +oo,

Proof. Case 1. If 1 > (n—1)b— (p—1)a >0, i.e., C <1, itis obvious that w = 0.

Case2. If (n—1)b—(p —1)a > 1, i.e.,, C > 1, using the fact coth(ar) — 1 as
r — +o00 and our condition, we have

1 2 . 2
M B, ( C)Osh(ar)[%|w| - %|l3/3ra)| ]dv
ry (X0

(3-9)
cosh(ars) fBrz (x0) % |w|? dv
sinh€ (ary)

112
_ fBrz("O)j'w' dv[ e ]C_éoth(ar )
ed(C=Dr sinh(ar;) 2

=

— 0 as rp — +oo.
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It follows from (3-9) and Theorem 3.1 that
(3-10) Nol* - %Ii;,/;,,.w|2 =0, ie. (@Ow)(e,e)=0.

Set X =ra/or. It is easy to see from (3-10), (3-4), (3-3), (3-2) and (2-2) that

(3'11)/ _p_1r|ia/zarw|2ds
0B, (xp) P

2 . 2
_ / [0l = rliyaol?] ds
33,()60)

= / Sw(X, i) ds
9B, (x0) dr

= %|i3/3rw|2 {Z r Hess(r)(ey, ex) + Z r Hess(r) (Je;», Je,\)
y

A

_(p_l)_ereSS(r)<;_r» 8)—(P—1)rHess(r)<J;—r,Ji>}

ar or

> / %[Z(n —1)brcoth(br)—p+1—(p—1ar coth(ar)]ll},/i,,a)|2 dv
Br(xo)

> / L —1)br coth(br)— p+1
p
B (x0)

+[(n—1Dbr — (p— Dar] coth(br) }i, s w|* dv

> / %[(n — Dbr coth(br) — p+11|iy s w|* dv
Br(x(J)

= / %[n_P]|ia/arw|2dU-
Br(x())

Using our condition (n — 1)b — (p — 1)a > 0, we get n — p > 0, which, together
with (3-11) and x cothx > 1 for x > 0, yields |i3/3,a)|2 =0. [l

4. Monotonicity formulae for Riemannian manifolds

Theorem 4.1. Let M be an n-dimensional (n > 3) complete Riemannian manifold
with radial curvature K, satisfying —a? <K, <—-b*<0witha>b >0 and
m—1Db—2p—1)a=0. Let§ : E — M be a smooth Riemannian vector bundle
over (M, g). If w € AP (&) satisfies the conservation law, that is, div S, = 0, then

1 12 _ 1y 2
_— cosh(ar)| 51w — 55 iyl | dv
sinh (ar1) Ja,, (xp) E o ]

1 L2 Ly 2
S cosh(ar)| 3|o|” — 55 liysw|” [ dv
sinh® (ar,) By, (x0) k 2p ]
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forany 0 < ry < rp, where C = [(n —2)b — 2p — 2)al/a and B,(xo) € M is a
geodesic ball of radius r centered at xy in M.

Proof. Set X = sinh(ar)d/dr, where d/0r denotes the unit radial vector. Obviously,
the unit normal vector to d B, (xg) is d/dr. Let {e;, d/dr} be an orthonormal frame
field on B,(xg), where A =1, ...,n — 1. Then we have that

@1)  VypX=a cosh(ar)(% and Y, X =sinh(@r) Y Ay,
m

where the —h;, are the components of the second fundamental form of 9 B, (xo)

in B, (xg).
On the other hand, we have
4-2) Hess(r)(e;., ep,) = (ex, Va/areﬂ> = (ex, h,uvev> = h)»pu

We can choose an orthonormal frame field {e; } on d B, (xo) such that h; , =6, h;,..
It follows from (4-1), (4-2), (2-1) and (2-3) that

(4-3) (Sw, Vbx)

= % [els {a cosh(ar) + sinh(ar)ZhM —2pa cosh(ar)}
s

n—1

—i—Z%(a) O w)le;, e) {a cosh(ar)+ sinh(ar)Zhw —2p sinh(ar)hM}
r=1 2

L2 1y 2
> [5lol* = 35 el JaC cosh(ar).
On the other hand, we have

9 [EUNE R N PRRT3
o) =[S0 = liys )] sinhar).

Substituting (4-3) and (4-4) into (2-2), we obtain

(4-4) So (X,

(4-5) / [31o]* = 5-1iyj0.0|*] sinh(ar) ds
8B, (x0) P
3/ [$lol* — %|i3/3,a)|2]aC cosh(ar) dv.
Br(xo)
The proof is completed using (4-5) along with the same arguments used in the

proof of Theorem 3.1. O

Similarly, using Theorem 4.1 along with the same arguments used in the proof
of Theorem 3.2, we get the following vanishing theorem:

Theorem 4.2. Let M be an n-dimensional (n > 3) complete Riemannian manifold
with radial curvature K, satisfying —a? <K, <—-b><O0witha>b>0and
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m—1Db—-—Q2p—1)a=>0. Let £ : E - M be a smooth Riemannian vector bundle
over (M, g). If w € AP (&) satisfies the conservation law, that is, div S, = 0, and

J5, o) |wl? dv
ea(C—l)r

where C =[(n —2)b— (2p — 2)al/a, then v = 0.

—0 asr— +oo,

5. Monotonicity formulae for pluriharmonic maps

Let M be a complex n-dimensional (n > 3) Kéhler manifold. The complex structure
of M gives a decomposition of TM € into tangent vectors of types (1,0) and (0,1), i.e,

T™C =T" M 1% M.

Let ¢ : M — N be a smooth map between Kéhler manifolds. Then we have the
following bundle maps:
3¢ :T"M - TN, 8¢ :T%'M - T'ON,
30 :T"°M - TN, 3¢ :7%' M — T"'N.

A direct computation gives

n

(5-1) 186 =Y {(dd (e, do (e} +Hda (Je, d (Je)—2(da (Jer), J'de(en)}

i=1

and
(52) 109 P =1 Y {(d(en), dd (e)+d (Jer), d (Jen)+2(d (Je), I dgy(e)}
i=1

where {e;, Je;} is an orthonormal frame field on M, and J and J' are the complex
structures of M and N, respectively.
We introduce two 1-forms o, T € A' (¢~ T N) given by

do(X)+J'd¢p(JX) do(X)—J'dp(JX)
2 2

o(X)= and t(X)=

forany X e TM.
Lemma 5.1 [Dong 2013]. o, T are J-invariant, and |o |* = 2|9¢|?, |t|* = 2|9¢|*

Siu [1980] introduced pluriharmonic maps. A smooth map ¢ : M — N between
Kaihler manifolds is called pluriharmonic if (Vd¢)(X, Y)=0,forall X,Y e T'OM.

Lemma 5.2 [Dong 2013]. If a map ¢ : M — N between Kdihler manifolds is
pluriharmonic, then we have div S, = div S; =0, where S, = %la |2g — o0 Qo and
Se=3ltPg -0t
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In this section, we will establish monotonicity formulae for pluriharmonic maps
and harmonic maps.

Theorem 5.3. Let M be a complex n-dimensional (n > 2) complete Kdhler manifold
with radial curvature K, satisfying K, < —b*> < 0 with b > 0. Suppose ¢ : M — N
is either a pluriharmonic map between Kdhler manifolds or a harmonic map into a
Kdihler manifold with strongly seminegative curvature. Then

fB,, (xy) COSN(DP) 09| dv ) fBr2 (xy) COSh(Dr)|0¢* dv
sinh*" =V (bry) - sinh®™ =V (bry)

and
J5, oy COShBP3¢1>dv [ cosh(br)|d¢|* dv
<

sinh®™ =V (bry) B sinh®" =V (bry)

forany Q0 <ry <.

Proof. When ¢ : M — N is a pluriharmonic map between Kéhler manifolds, it
follows from Lemmas 5.1 and 5.2 and (3-4), in which p =1 and w = o, that
(5-3) (S5, VOx)
> |iy00|*2(n — 1)b? cosh(br) + (o0 @ o) (ey, e3)2(n — 1)b* cosh(br)
= (n — 1)b? cosh(br)|o |> = 2(n — 1)b? cosh(br)|d¢|>.

On the other hand, we have
(5-4) Se(X,v)<b sinh(br)|5¢|2.

Substituting (5-3) and (5-4) into (2-2) yields
(5-5) f b sinh(br)|0¢|* ds > / 2(n — 1)b? cosh(br)|de|? dv.
9B, B,

When ¢ : M — N is a harmonic map into a Kihler manifold with strongly
seminegative curvature, we have f Br(div Se)(X)dv = f Br(div S7)(X) dv = 0 [Dong
2013]. Then ¢ also satisfies the integral formula (5-5).

The proof is completed using (5-5) and the same arguments used in the proof of
Theorem 3.1. U

Similarly, using Theorem 5.3 along with the same arguments used in the proof
of Theorem 3.2, we get the following theorem:

Theorem 5.4. Let M be a complex n-dimensional (n > 2) complete Kihler manifold
with radial curvature K, satisfying K, < —b*> < 0 with b > 0. Suppose ¢ : M — N
is either a pluriharmonic map between Kdhler manifolds or a harmonic map into a
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Kdihler manifold with strongly seminegative curvature. If

/, 9p|* dv /, 19| dv
B, (xo) | By (x0)
e -0 (resp. e — O) as r — +oo

then ¢ is holomorphic (resp. antiholomorphic). In particular, if

J5, o) |de|> dv

a3 —0 asr— +oo,
e

then ¢ is constant.
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