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THE LIOUVILLE PROPERTY FOR PSEUDOHARMONIC MAPS WITH
FINITE DIRICHLET ENERGY

Ting-Hui Chang and Yen-Chang Huang

Abstract. In this paper, we first derive the CR Bochner formula and the CR Kato’s
inequality for pseudoharmonic maps. Secondly, by applying the CR Bochner
formula and the CR Kato’s inequality we are able to prove the Liouville property
for pseudoharmonic maps with finite Dirichlet energy in a complete (2n + 1)-
pseudohermitian manifold. This is served as CR analogue to the Liouville theorem
for harmonic maps in Riemannian Geometry.

1. INTRODUCTION

In the papers of [19] and [9], S.-Y. Cheng and S.-T. Yau derived a well known
gradient estimate for positive harmonic functions in a complete noncompact Riemannian
manifold. As a consequence, Liouville-type theorem holds for complete noncompact
Riemannian manifolds of nonnegative Ricci curvature. The Liouville- type theorem
is also studied by a series papers of P. Li and J. Wang ([15, 16]). In particular, in
the paper of Li and Wang ([16]), they extended their results to complete manifolds
with the condition (P,) (see Definition 1.2). Recently, S.-C. Chang, J.-T. Chen and
S.-W. Wei ([7]) considered the p-harmonic functions in a complete manifold with
(P,) and the Ricci curvature bounded below depending on p, then the Liouville-type
properties are still valid on these manifolds. In the paper of Chang, Chen and Kuo
([4]), they applied the method as in the paper [7] and obtained the Liouville-type
theorem for p-pseudoharmonic functions with finite Dirichlet p-energy in a complete
(2n + 1)-pseudohermitian manifold. In 1980, Cheng ([5]) extended the result in [9]
and obtained the Liouville-type theorem for harmonic maps. In this paper, we study
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the Liouville-type theorem for pseudoharmonic maps with finite Dirichlet energy in a
complete pseudohermitian (2n + 1)-manifold (M2"+1, ], ).

Let (M?27+1 ] 6) be a complete pseudohermitian manifold and (N™, g) be a Rie-
mannian manifold. We now recall the definition of the Dirichlet energy E(y) of a
C?-map ¢ : M — N. At each point p € M, we may take a local coordinate chart
Up C M of p and a local coordinate chart V,,) C IV of (p) such that o(U,) C V).
We define the energy density e(y) of ¢ at the point « € U, by

o) (@) = 57 (@)gi5 () hirly

Here h 5 is the Levi metric on (M2 *1, J,6) and we may assume hog = dap (se€
Section 2). It can be checked that the energy density is intrinsically defined, i.e.,
independent of the choice of local coordinates. The Dirichlet energy E(y) of ¢ is
defined by

E(p) = /M e(p)dv,

where dv = 6 A (df)™ is the volume element of M. We also define an extra energy
E°(p) by

E%(p) = /M ().

Here the extra energy density ¢%(¢) is given by €%(¢) := gi;h) which will help us
to deal with the term (J V", Vbcp’g> in the CR Bochner formula.

In the paper of E. Barletta, S. Dragomir and H. Urakawa [1], they introduced a no-
tion of the pseudoharmonic map from a pseudohermitian (2n+1)-manifold (M%7 +1, J, 9)
into a Riemannian m-manifold (N™, g) as following:

Definition 1.1. A C2-map ¢ : (M?"+1 J,0) — (N™, g) is said to be a pseudo-
harmonic map if it is a critical point of the energy functional E.

Definition 1.2. We say that M satisfies the condition (P,) if there exists a positive
function p(x) a.e. such that, for every smooth function ¥ with compact support on M,
the inequality

Jyy PP2dv < [, VU dv

holds on M.

Note that if the first eigenvalue A1 with respect to A, is positive on (M2"+1, J, 9),
then there holds the condition ( Py, ). We refer to [16] in case of complete Riemannian
manifolds.

We now state our main theorem as follows.
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Theorem 1.1. Let (M?2"+1 ] 6) be a complete noncompact pseudohermitian (2n+
1)-manifold, (N, ¢g) be a Riemannian manifold with nonpositive sectional curvature.
Suppose that M satisfies (P,) and

(1.1) (2Ric — (n—2)Tor)(Z,Z) > —27p|Z|*

for some fixed constant 7 € (0,1) and for all Z € T1y. If ¢ : M — N is a
pseudoharmonic map with finite Dirichlet energy E(y) and

(12) [AbaT]wkzou kzla"'mu
then ¢ must be a constant map.

Remark 1.1.

(1) In [11], Graham and Lee defined the purely holomorphic second-order operator
Q by

n
Qu =21 Z (A@Buﬁ>aa .
a,5=1
They showed that for any smooth function u, [Ap, T] u = 2Im(Qu). Therefore,
if (M, J,0) is a complete pseudohermitian (2n + 1)-manifold with vanishing
pseudohermitian torsion, that is, A,z = 0, then condition (1.2) holds. However,
it is not true vice versa.

(2) In the paper of [8], they observe that condition (1.2) is related to existence of
pseudo-Einstein contact forms in a closed pseudohermitian (2n + 1)-manifold
with n > 2.

Corollary 1.2. Let (M?"*1 J #) be a complete noncompact pseudohermitian
(2n + 1)-manifold with vanishing pseudohermitian torsion and (N™,g) be a Rie-
mannian manifold with nonpositive sectional curvature. Suppose that M satisfies (P,)
and

Ric(Z,Z) > —1p|Z|*

for some fixed constant 7 € (0,1) and for all Z € T1y. If ¢ : M — N is a
pseudoharmonic map with finite Dirichlet energy E(¢), then ¢ must be a constant
map.

In particular, if M has positive spectrum A\ > 0, then condition (Py) holds and we
have

Corollary 1.3. Let (M, J, 0) be a complete noncompact pseudohermitian (2n + 1)-
manifold with vanishing pseudohermitian torsion and (N™, ¢g) be a Riemannian man-
ifold with nonpositive sectional curvature. Suppose that M satisfies (Py) and

Ric(Z,Z) > —1|Z|?
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for some fixed constant 7 € (0,A) and for all Z € Tyo. If ¢ : M — N is a
pseudoharmonic map with finite Dirichlet energy E(¢), then ¢ must be a constant
map.

The organization of this paper is as follows. In section 2, we first introduce some
basic materials in a pseudohermitian (2n+ 1)-manifold. In section 3, we derive the CR
Bochner type formula and the CR Kato’s inequality. The CR Bochner formula derived
in section 3 consists the term <J b o, Vb(P§> which is hard to estimate. However,
by deriving the CR Bochner type formula (see (3.2)) for () for a pseudoharmonic
map ¢, we can overcome the difficulty (see Remark 4.2) and the Liouville property for
pseudoharmonic maps with finite Dirichlet energy can be obtained in section 4.

2. PRELIMINARIES

In this section, we give a brief introduction to pseudohermitian geometry (see [13],
[14] for more details). Let (M, &) be a (2n + 1)-dimensional, orientable, contact
manifold with contact structure £, dimg & = 2n. A CR structure compatible with £ is
an endomorphism J : ¢ — ¢ such that J? = —1. We also assume that .J satisfies the
integrability condition J([JX, Y]+ [X,JY]) = [JX,JY] — [X,Y], where X, Y € ¢.
We can extend J in a natural way to C®¢ and decomposes C®¢ into the direct sum
of T o and Tp; which are eigenspaces of .J with respect to ¢ and —3, respectively.

A manifold M with a CR structure is called a CR manifold. A pseudohermitian
structure compatible with £ is a CR structure J compatible with ¢ together with a
choice of contact form 6. Such a choice determines a unique real vector field 7'
transverse to £ , which is called the characteristic vector field of 6, such that (7") = 1
and L70 =0 or d9(T,-) = 0.

Let {T, Z,, Z5} be a frame of TM @ C, where Z, is any local frame of 7% o, Z5 =
Zo € Tog and =1, - -+ ,n. Then the dual coframe {6, 0%, 6%} satisfies

(2.1) df = ih,50% A 67,

for some positive definite hermitian matrix of functions (h,,5). Actually we can always
choose Z, such that i, 3 = dap; hence, throughout this paper, we assume h,z = dap-
The Levi form h = ( , ) is the Hermitian form on T o defined by

(Z,W) = —i (0, Z ANW).

This can be extend ( , ) to Ty 1 by defining (Z, W) = (Z, W) for all Z, W € T} .
The Levi form induces naturally a Hermitian form on the dual bundle of T g, also
denoted by ( , ), and hence on all the induced tensor bundles.

The pseudohermitian connection of (.7, 6) is the connection V on TM @ C (and
extended to tensors) given in terms of a local frame Z, € Ty o by

VZe=w®Z5 VZa=wi"®Z; VT =0,
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where w,” are the 1-forms uniquely determined by the following equations:

dod = 0> Nw,P+0NTP
(2.2) 0= 7a A%,

0= waﬁ + wﬁa
By Cartan lemma, we write 7, = A,,0", where A,, = A,, are so called the pseudo-
hermitian torsion of (M, J, 6).
Let # = 6°. The curvature of the Webster-Stanton connection, expressed in terms
of the coframe {0°, 0, 0%}, is

Mp® = I5* = dwp® — wg” Aw,,
o = 11,° = Ip? = 115" = 1" = 0.

Webster showed that I3 can be written
g* = Rg® 560" NO7 + W% ,0P N O — W00 N O+ il AT —iTg A O°,
where the coefficients satisfy
Rgaps = Rogep = Ragop = Rpass, Woay = Waag.

We will denote components of covariant derivatives with indices preceded by
comma; thus write A,3.,. The indices {0, , a} indicate derivatives with respect
to {T, Z., Z5}. For derivatives of a scalar function, we will often omit the comma, for
instance, fo = Zaf, fop = ZZaf —wa"(Z5)Zyf, fo =T for a (smooth) function.

For a smooth function u, the Cauchy-Riemann operator 0, be defined locally by
Opu = ua,0®, and 0, be the conjugate of 9. For a real function f, the subgradient
Vy is defined by V,f € € and (Z, V,f) = df(Z) for all vector fields Z tangent to
contact plane. Locally Vi f = faZo + foZa. We can use the connection to define the
subhessian as the complex linear map V2 f : Ty o & To,1 — Ti,0® To1 by

(Vif)(Z2) =V zVs!.

In particular, we have in local coordinates,

2
IVof> = 2fufa and |V2f|* =2|fasl? +2

foB

The sub-Laplacian Ay f is the differential operator defined to be the trace of the
subhessian

Apf=Tr (ng) = foa + faa-
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The pseudohermitian Ricci tensor and the torsion tensor on 77 o are defined by

Ric(X,Y) = Ro5X°Y?,

Tor(X,Y) =i (AzX°Y? — AgX°Y7P),
o8

where X = X°Z,, Y =YPZs, R,5=R, 5.

Definition 2.1. Let (M, J, 0) be a pseudohermitian (2n+1)-manifold. A piecewise
smooth curve «y : [0, 1] — M is said to be horizontal if 7/(¢) € £ whenever 4/(t) exists.
The length of ~ is then defined by

1) = fH (), 7 (8) ], dt.

The Carnot-Carathéodory distance between two points p, ¢ € M is

de(p; q) = Inf{l(7v)|v € Cpq}

where C,, , is the set of all horizontal curves joining p and ¢. We say M is complete
if it is complete as a metric space. By Chow connectivity theorem [6], there always
exists a horizontal curve joining p and ¢, so the distance is finite. Furthermore, there
is @ minimizing geodesic joining p and ¢ so that its length is equal to the distance

de(p, q)-

3. CR BocHNER TyPE FORMULA AND KATO’S INEQUALITY

In this section, we derive some key lemmas. First, we derive the CR version of
Bochner formula for pseudoharmonic maps.

Lemma 3.1. (CR Bochner formula). Let (M2 ], 6) be a complete pseudo-
hermitian manifold and (N™, ¢g) be a Riemannian manifold. If ¢ : M — N is a
pseudoharmonic map, then we have

Ap(2e(p)) = |V |2 + (2Ric — (n—2)Tor) ((Vbcpk)c, (Vbcpk)c)

3.1) A e
+ 2(I V", Viph) — 2[Rijrera ohoaey + Rijuepaphoash) -

Moreover, assume that condition (1.2) holds, we then have
1 ~ o
(3.2) §Ab(€0(<ﬂ)) = |Vl |* — 2Rijhel 0l 0b0f.

Here for any smooth function u, (Vyu)c = uaZ, is the corresponding complex (1, 0)-
Do _ /DO 9D D S D ; ;

vector of Vyu and Ry = <R(ﬂ, a_yﬂa_ij Byi> with R the Riemannian curvature

tensor of (N, g).
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Proof.  For each point p € M we may choose a normal coordinate chart U of p
and a normal coordinate chart V' of ¢(p) such that o(U) C V' and fulfill the following
computations at the point p.

1° To prove equation (3.1), we first recall the following version of Bochner formula
for smooth functions (see [12, 3]). For any smooth function w, there holds

1
§Ab\vbu\2 = |V2u|? 4+ (Vyu, VyAyu) + 2(JVyu, Viuo)
+ (2Ric — (n — 2)Tor) ((Veu)c, (Veu)c).

(3.3)

Thus at the point p,

Ay(gijohel)
= 9ij 2 (00 0%) + ok Av(gis)
1 . .
(3.4) = §Ab\Vb<Pk\2 + PaiAu(gis)
= [V3F)2 + (V¥ Vi Ape) + 2(TV0F, Viok)
+ (2Ric— (n — 2)Tor) (Vse®) o, (Ver®) ) + ohehAu(gis)-

Here we used equation (3.3) in the last equality. Furthermore, at the point p, we
have by direct computations that

2[Rijrephphnry + Rikeparbones) = —(Vor, Vidue®) — ooonii(gis).

The reader may refer to the proof of Lemma 3.2 in [2] for details of the above
equation. Therefore, equation (3.1) follows immediately from (3.4).

2° To prove equation (3.2), one has, by direct computations, that at the point p,

§Ab(60(¢7)) = 5(9i5%0%0)

1 ..
= |Vopl|® + of Ap(f) + §<PB<P(J)Ab(9ij>

1. .
= Vo + 06(Aue")o + 506eh Bu(is)

- o 1 . .
= |Vt ? — 200 st el + 52000 8(9i5)-

Here we used the assumption that [Ay, T]o* = 0, for k =1, -- -, m, in the third

equality. Again, at the point p, direct computations as in the proof of Lemma

3.2 in [2] show that
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- o - o 1 . .
2Rijrep 0 ool = 2T, ok omioliol — 5%@6Ab(9i]‘)-
Therefore, equation (3.2) follows immediately. ]

Next, we recall the following remark, which is an important fact that should be
observed.

Remark 3.1. Let (M2 ], 0) be a complete pseudohermitian manifold, (N™, g)
be a Riemannian manifold and ¢ : M — N be a smooth map. Suppose that the
sectional curvature of N is nonpositive, then

m n
Y. D Rindorlheses + Rijrevarhobel < 0.
i3,k f=1 a,f=1
Moreover, if condition (1.2) holds, we also have
m n . ) .
> Rineghpleiet < 0.
i7j7k7£:1 a:1

The result of this remark was proved in Theorem 1.1 of [2].

We now show the CR version of Kato’s inequality. This is the key point that we can
extend the Liouville properties to pseudohermitian manifolds with negative curvatures
(see Remark 4.1).

Lemma 3.2. (CR Kato’s inequality). If « is any smooth function on M, then

(35) [Viul® > gud

and the following CR version of Kato’s inequality
212

(3.6) 12 ’V%u’Z > \Vbi” \

hold for all z € M, where f = |Vyul.

Proof.
Fix x € M, then

n

nud =Y (taa — Uaa) (Uaa — Uag)
a;l
2 2 2
= Z (2 ‘uO@‘ —Upq — u&a)
a=1
n

< 42 lugal? < 2 ’V%u’Q
a=1

and
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2
Vuf2* =

Vi <22n: uaua>
8 Z (uau@)ﬁ (uau@)/@

a,5=1
n
2 2 2
<8 3" (luasl + uasl® +2 fuas! a3 ) lual
a,B=1
n

2
< 81Vul® > (Juapl® + luasl”) = 41Vl [V3ul”. .
a,8=1

4., LiouVILLE PROPERTIES FOR PSEUDOHARMONIC MAPS

In this section, we will prove the Liouville-type theorem for pseudoharmonic maps.
Let ¢ be a pseudoharmonic map on a complete noncompact pseudohermitian (2n + 1)-
manifold (M, J,6). Let f* = |Vy©*| and for each € > 0, we define

IVeoF|2+e, k=1,---,m.
We first derive the following lemma:

Lemma 4.1. Let (M?2"+1 ] 6) be a complete noncompact pseudohermitian man-
ifold and (N™, g) be a Riemannian manifold with nonpositive sectional curvature.
Suppose that ¢ : M — N is a pseudoharmonic map. Then for any 0 < &1, €9, 0 < 1,
we have

(Z+0-c=2)( 1) [ VinP(ra
> -e)(L-o ) [ pr(Pdot [ 0P [oIVEE + 296 Vueh) o
+ /M n? (2Ric —(n— 2)T0r) ((Vbcpk)(;, (Vbcpk)c)dv,

where 7 is a cut-off function on M satisfying

n(z)=1 ifx € B(R),
0<n(r)<l if 2 € B(2R)\B (R),
n(z)=0 if € M\B (2R),

and

{ IV ()] = 0 if 2 € B(R) or z € M\B (2R),
Vi (2)]* < enR™2 if 2 € B(2R)\B (R).
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Proof.  Using (3.6) we have
IVEeH2 = (1—0)|Vie" | + o Vieh
> (1= o) (fH)2(f?IVie" P + 0| Vi
> L0 AV + ol Vi

1—0

= (FE) 21V ()2 + 0| Vie" 2
(1= 0)|VofF > + 0| V3" 2,

where 0 < o < 1. Thus, by multiplying both sides of (3.1) by the cut-off function
n* € C§°(M) mentioned above and integrating over M, one has

/M n2 Ay (2e(ip) ) dv

41 >(1-o0) / 02|Vt 2dv + / n*(2Ric™ — (n — 2)Tor®)dv
M M

+ /M n? [U\Vgcpk\2 + 2(JVye", Vmpé)]dv.
Here we used the expression
2Ric®) — (n —2)Tor® = (2Ric — (n —2)Tor) (V") e, (V"))
for convenient and used the fact that

m n
Y D Rincepheues + Rijepuplohpl <0
1,5,k =1 a,f=1

under the assumption that the sectional curvature of N is nonpositive (see Remark 3.1).

On the other hand, for each point p € M we may choose a normal coordinate chart
U of p and a normal coordinate chart V' of ¢(p) such that ¢(U) C V' and fulfill the
following computations at the point p.

dive(n®Vi(gij0iel)) = n?Au(gisetel) + (Von?, Vi(gijohek))
1
= n*Ay(2e(p)) + (Vo §Vb\vb@k\2>~

By integrating over M and using the divergence theorem (the reader may refer to
Proposition 5.2 in [10]), we have

1
/ Ay (2e()) dv = —/ <Vbn2,§vb\vb¢k\2>d”
M M
(42) <2 [ fH V|Vt

1
<o / IVt Pdo + - / V25 2dv,
M &1 Jm
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where £; € (0, 1) is a constant. Combining (4.1) and (4.2) one obtains
1
= [P = (=0 - ) [PV
€1 JM M
4.3) +/ n? [U\Vgcpk\2 +2<vacpk,vbcp§>]dv
M
+/ n? (2Ric(k) —(n— 2)T0r(k))dv.
M

By using the weighted Poincaré inequality [,, p¥%dv < [, |Vy¥|* dv with & = 7 fF,
we have

/ 2|V £ 2 = / V(0 fs) — (Vo) £ 2do
M M

1
(@4 > (1) [ unPdo+ (L= ) [ ViR
M €2 JMm
1
> (1 -e) [ PR+ (L= 2) [ ViR
M €2 JMm
where g9 € (0, 1) is a constant. The lemma now follows from (4.3) and (4.4). [ ]

Lemma 4.2. Let (M?"*1J,6) be a complete noncompact pseudohermitian man-
ifold, (N™,¢) be a Riemannian manifold with nonpositive sectional curvature and
@ : M — N be a pseudoharmonic map. Assume that condition (1.2) holds, then

/ 0’|Vl |2 dv 33/ 7|Vl 6| Vies] do.
M M
Here 7 is the cut-off function mentioned in Lemma 4.1.

Proof. By multiplying both sides of equation (3.2) by 7* and integrating over M
gives
1
(4.5) 5/ Ay (% ())dv > / | Vyk [2dv.
M M

Here we used the fact that
m n . ) )
D Rinphphphet <0
i7j7k‘7£:1 azl

under assumption that the sectional curvature of N is nonpositive.
On the other hand,

1 1 o
3 /M 1Ay (e () dv = 3 /M 1° Ay(gij060%)dv
1 o
(4.6) =3 /M (Vun®, Vi(gijebed) ydv

<3 /M 02 V|| o]V k| do.
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Then the lemma follows immediately from (4.5) and (4.6). ]

The Proof of Theorem 1.1. Combining Lemma 4.1, Lemma 4.2 and the assumption
(1.2), we obtain

A(Z+0-o-e)(Z - 1) [ Vil
S(1—2)(1— 0 —&1) /M o (F5)2dv

(4.7) + /M n? [U\V%(pk\Q +2(JVp", vbcp’(?}} dv

+ /M n? (2Ric —(n— 2)T0r) ((Vbcpk)(;, (Vbcpk)(;)dv

+ [ [t 19 = sar? Vil Vet o
where a € R is to be determined. Let

D= /M n? [J\V%(pk\2 + 2<JVbcpk, Vbcplgﬂ dv

+ /M [ang\vbwﬁ\Q - 3an2\Van<p§HVb<P§\}dv,

and we will give a lower bound of D.
From (3.5), one has

on
D> 7/ n2(w§>2dv—2/ 2 ¥ Vol |dv
(4.8) M M
ta /M 7| Vyeh 2o — 3a /M IVl bl Vach do.

Also by Young’s inequality, we have

2/ ank\wa'S\dv§2/ n? £ |Vl |dv
M M

(4.9) :
351/ n(ff)deer—/ 7| Vet |*dv,
M 1JM
and
sa [ P9l seblao
(4.10) M

9a,252 2/ k\2 1 3 k2
< nIVenl?(ps)2dv + = | n°|Vet|?dv,
2 M 252 M
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where 41, 62 € (0, 1) are constants to be determined. Substituting (4.9) and (4.10) into
(4.8) implies

on 1 1
D > 5> / n?(eh)?dv — 51/ n(ff)?%dv+ (a — — — =) / 3| Vol |*dv
M M 1 M

9426
-3 2/ | Vnl|* (6)do.
M

Let a = oR. By choosing d; ' = (26,)~! = ¢ and using the fact |V,n|? < <E, then
the above inequality becomes

3 oR
D> (Zh_zco 2( E )2y — / k2, / 3197, k|24
> (5 -7 R)/Mn (po) o= | n(fe) dvt== | 07[Vagdv
on 2 kN2 3 kN2 UR/ 3 k12
> _
>~ Mn(%) dv UR/Mn(fg)var 3 Mn\Vbcpo\ dv,

whenever R large enough. This gives a lower bound of D.
Substituting (4.11) into (4.7) and using |Vyn|? < + again, we have

(S+a-o-en(Z 1)+ | [ ntrbyiae
> (-e)(-o—e) [ prrblao+ T [ wiebiao T [ i
+ /M n? (2Ric —(n-— 2)T0r) ((Vbcpk)c, (Vbcpk)c)dv.

Since the second and the third terms on the right-hand side of the above inequality are
nonnegative, we may drop it and then we obtain, by letting ¢ — 0, that

[(é +(l—0— 51)(% = 1))% + %] /Mn(fk>2dv
> (=)= [ (P
+ /M n? (2Ric — (n—2)Tor) ((Vbcpk)c, (Vbcpk)c)dv.

By assumption (1.1), we may write (2Ric — (n — 2)Tor)(Z,Z) > —26p|Z|* for
0 < 0 < 1, and then the above inequality gives

[(é t(1-0-— 51>(i - 1))% + %] /M<f’“>2dv

(4.12)
> [(1 —e)(l—0—¢e1) — 5] /M an(fk)de.
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Since ¢ < 1, we may choose ¢1, €2 and o small enough such that
[(1—e)(1—0—e1)—d] >0.

Finally, let R — oo and by the assumption that ¢ has finite Dirichlet energy

m
/ Z |Vo®|2dv < oo,
Mp—

we then conclude from (4.12) that |Vy*| = f¥ =0, k=1,---,m. This shows that
o must be a constant map and the proof is now complete. ]

Remark 4.1. The key point that we can release our assumption in Theorem 1.1 to
negative curvatures (see (1.1)) is that we have the positive term

(4.13) (A-e)-o—z) [ p(fPde

on the right-hand side of inequality (4.12). This positive term comes originally from
Lemma 4.1, in which we apply the CR Kato’s inequality (3.6) to equality (3.1) and
then obtain the desired positive term (4.13).

Remark 4.2. In the proof of Theorem 1.1, there is a mixed term (JV,¢*, Vioh)
in (4.7). This mixed term comes from the CR Bochner formula (see (3.1)) and is hard
to estimate. However, by deriving the CR Bochner formula for €° () (see (3.2)), we
get the positive term

/ an®|Vpk | 2dv
M

in (4.7) and then we may deal with the mixed term by estimating the lower bound of
the term D instead.
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