Chin. Ann. Math. .
38B(2), 2017, 695710 Chinese Annals of

DOL: 10.1007/s11401-017-1091-8 Mathematics, Series B
© The Editorial Office of CAM and
Springer-Verlag Berlin Heidelberg 2017
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(Dedicated to Professor Haim Brezis with admiration)

Abstract CR geometry studies the boundary of pseudo-convex manifolds. By concen-
trating on a choice of a contact form, the local geometry bears strong resemblence to
conformal geometry. This paper deals with the role conformally invariant operators such
as the Paneitz operator plays in the CR geometry in dimension three. While the sign of
this operator is important in the embedding problem, the kernel of this operator is also
closely connected with the stability of CR structures. The positivity of the CR-mass under
the natural sign conditions of the Paneitz operator and the CR Yamabe operator is dis-
cussed. The CR positive mass theorem has a consequence for the existence of minimizer
of the CR Yamabe problem. The pseudo-Einstein condition studied by Lee has a natural
analogue in this dimension, and it is closely connected with the pluriharmonic functions.
The author discusses the introduction of new conformally covariant operator P-prime and
its associated @-prime curvature and gives another natural way to find a canonical contact
form among the class of pseudo-Einstein contact forms. Finally, an isoperimetric constant
determined by the @Q-prime curvature integral is discussed.
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1 Introduction

A CR manifold is a pair (M?"*1.J) of a smooth oriented (real) (2n+1)-dimensional manifold
together with a formally integrable complex structure J: H — H on a maximally nonintegrable
codimension one subbundle H C T'M. In particular, the bundle E = H+ C T*M is orientable
and any nonvanishing section 6 of E is a contact form, i.e., 8 A (df)™ is nonvanishing. We
assume further that (M?"+1 J) is strictly pseudo-convex, meaning that the symmetric tensor
dé(-,J-) on H* ® H* is positive definite; since F is one-dimensional, this is independent of the
choice of contact form 6.

Given a CR manifold (M?2"*! .J), we can define the subbundle 71 of the complexified
tangent bundle as the +i-eigenspace of J, and T%! as its conjugate. We likewise denote by A1?
the space of (1,0)-forms (that is, the subbundle of T M which annihilates 7%!) and by A%!
its conjugate. The CR structure is said to be integrable if 7% is closed under the Lie bracket,

a condition that is vacuous when n = 1. The canonical bundle K is the complex line-bundle
K = AnFL(ALO).
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A pseudohermitian manifold is a triple (M?"*1 J, 0) of a CR manifold (M?"*!,.J) together
with a choice of contact form 6. The assumption that df(-,J-) is positive definite implies that
the Levi form Ly(U A V) = —2id0(U A V) defined on T is a positive-definite Hermitian
form. Since another choice of contact form 8 is equivalent to a choice of (real-valued) function
o € C>°(M) such that = €76, and the Levi forms of 6 and 0 are related by Lj = e? Ly, we see
that the analogy between CR geometry and conformal geometry begins through the similarity
of choosing a contact form or a metric in a conformal class (see [17]).

Given a pseudohermitian manifold (M?2"+1, J, ), the Reeb vector field T is the unique vector
field such that 0(T) = 1 and df(-,T") = 0. An admissible coframe is a set of (1,0)-forms {6*}7_,
whose restriction to T1° forms a basis for (T1°)* and such that §%(T') = 0 for all . Denote
by #% = 6= the conjugate of §%. Then df = ih,50% A 6% for some positive definite Hermitian
matrix h,5. Denote by {T, Zn, Z5} the frame for Tc M dual to {6,0% 0%}, so that the Levi
form is

Lo(U®Za,V* Zz) = h,5UV7.

Tanaka [35] and Webster [38] defined a canonical connection on a pseudohermitian manifold
(M?"+1J,0) as follows: Given an admissible coframe {6}, define the connection forms w,”
and the torsion form 7, = A,36° by the relations

do® = 0% Awo® + 0N TP,
Wo3 + WGq = dhaﬁ’
Aaﬁ = Aﬁav
where we use the metric haB to raise and lower indices, e.g., W,g = hvﬁwoﬂ. In particular,
the connection forms are pure imaginary. The connection forms define the pseudohermitian
connection on T™0 by VZ, = w.” ® Zg, which is the unique connection preserving 710, T,

and the Levi form.
The curvature form II,° := dw,” — wa? A wvﬁ can be written as

I1.” = Ry’ 507 A0° mod 6,

defining the curvature of M. The pseudohermitian Ricci tensor is the contraction R oB =
R,7 5 and the pseudohermitian scalar curvature is the contraction R := Rq“. As shown by
Webster [38], the contraction I, is given by

IL," = dw,” = R,50% A 07 + VP Aag N0 — VP A 567 N 6. (1.1)
For computational and notational efficiency, it is usually more useful to work with the

pseudohermitian Schouten tensor

1 1
Pap = 33 (Fes ~ 3y ths)

and its trace P := P,“ = 2(n—111)' The following higher order derivatives:

1
pr— - i /8
To = ;=5 (VaP =iV Aag),

1 _ —
S = _E(VQT(, + V5 + P,5P* — A,3A%7)
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also appear frequently (see [19, 30]).

In performing computations, we usually use abstract index notation, so for example 7,
denotes a (1,0)-form and V,Vgf denotes the (2,0)-part of the Hessian of a function. Of
course, given an admissible coframe, these expressions give the components of the equivalent

tensor. The following commutator formulas are useful.
Lemma 1.1

vaVﬁf - vﬁvaf =0, vaaf — vava = ihaﬁvof’
Vavof - Vovaf = A(WV'Yﬁ VBVOTQ/ — VQVBTQ = A'YBV,YTQ + 7',),VO(A'YB7

where Vo denotes the derivative in the direction T .
The following consequences of the Bianchi identities are also useful.

Lemma 1.2

VaPaB = VBP + (TL — 1)TB, (12)
VoR = VOVP A, + V,VA°°. (1.3)

In particular,
—AyR —2nImV°VP A5 = =2V (V4R — inV7 Aup). (1.4)

An important operator in the study of pseudohermitian manifolds is the sublaplacian
Ay = (V¥V4 + Vo VY).

Defining the subgradient V,u as the projection of du onto H*®@C (that is, Vi f = Vo f +Vaf),

it is easy to show that
— / uwAyv 0 A dO" = / (Vpu, Vpv)d A dO"
M M

for any u,v € C*°(M), at least one of which is compactly supported, and where (-,-) denotes
the Levi form.
One important consequence of the Bianchi identity is that the operator P has the following

two equivalent forms:

Pf = A2f +n2V3f — 2inV(A*PV o f) + 2inVP (Aas Ve f)
= AV (Vo VsV f +inAasV7 f). (1.5)

In dimension n = 1, the operator P is the compatibility operator found by Graham and Lee [22].
Hirachi [24] later observed that in this dimension P is a CR covariant operator, in the sense
that it satisfies a particularly simple transformation formula under a change of contact form.
Thus, in this dimension P is the CR Paneitz operator Pj.
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1.1 CR pluriharmonic functions

Given a CR manifold (M?"*! J), a CR pluriharmonic function is a function u € C°°(M)
which is locally the real part of a CR function v € C*°(M;C), i.e., u = Re(v) for v satisfying
Vav = 0. We denote by P the space of pluriharmonic functions on M, which is usually an
infinite-dimensional vector space. When additionally a choice of contact form 6 is given, Lee [31]
proved the following alternative characterization of CR pluriharmonic functions which does not

require solving for v.
Proposition 1.1 Let (M?"*1J,0) be a pseudohermitian manifold. A function u € C°° (M)
is CR pluriharmonic if and only if
1 .
B, zu:=V5Vau — vavvu haﬁ =0, ifn>2,
Pu = VQVQVBU + inAagvﬁu =0, ifn=1.
It is straightforward to check that (see [22])

= n—1
Vﬂ(BaBu) =

Pu. (1.6)

In particular, we see that the vanishing of B WBU implies the vanishing of P,u when n > 1.
Moreover, the condition B zu = 0 is vacuous when n = 1, and by (1.6), we can consider the
condition P,u = 0 from Proposition 1.1 as the “residue” of the condition B Wt =0.

Note also that, using the second expression in (1.5), we have that P = 4V®P,. In particular,
it follows that P C ker P, for three-dimensional CR manifolds (M3, J). It is easy to see that
this is an equality when (M?3,.J) admits a torsion-free contact form (see [22]), the general case
is a question of interest that will be addressed in Section 3.

The space of CR pluriharmonic functions is stable for the one-parameter family (M?3,.J¢, )
of pseudohermitian manifold if for every ¢ € P? and every € > 0, there is a § > 0 such that for
each s satisfying |t — s| < d, there is a CR pluriharmonic function fs € P*® such that

lo = fsll2 <.

We also discuss the question of stability in Section 3.

2 The Embedding Problem

The typical examples of CR structure are the smooth boundaries of strictly pseudo-convex
complex manifolds. Let €2 be a smooth strictly pseudo-convex domain in a Stein manifold given
by a defining function u < 0 which satisfies the nondegeneracy condition at the boundary ¥ =
{u = 0}, and w is strictly plurisubharmonic near ¥. Then one easily verifies that 6 = Im(du)
restricts to a contact form on 3, and ker § = £ inherits the ambient almost complex structure J.
The converse question whether every CR structure arises this way is known as the embedding
problem. In dimensions 2n + 1 > 5, this was answered affirmatively by the work of Boutet de
Monvel [1]. The special case n = 1 has received a good deal of attention since the work of Rossi
[34] and is the focus of this section.

The example of Rossi is a small perturbation of the standard CR 3-sphere: Let S% =
{(21,22) € C?||21]® + |22|?> = 1} be the boundary of the unit ball in C2. The standard CR
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structure is given by the vector field Z = 52(8%1) — 21(%). Consider for each ¢ the new
CR structure given by Z; = Z +tZ. For 0 < |t| < 1, it is shown by Burns [4] that the CR
holomorphic functions must be even functions, hence this CR structure cannot be realized in
CN for any N. In this same paper it is shown that if for a given CR structure in 3-D, the
CR holomorphic functions separate points and the Szego projection is continuous in the C*°
topology, then the structure may be realized in some CV. In [29], Kohn showed that these
conditions are indeed satisfied if the [J;, operator on functions has closed range. Subsequently,
Lempert [32] showed that when the torsion vanishes a CR structure in 3-D may be realised in
C™. We note the vanishing torsion condition means that the Reeb vector field generates a one
parameter family of biholomorphic transformations of the CR structure.

In order to relax the condition of vanishing torsion, one realizes that the Paneitz operator
plays an important role in the embedding question.

Theorem 2.1 (see [12]) If (M3,0,J) satisfy the condition Py > 0 and the Webster scalar
curvature R > ¢ > 0, then the nonzero eigenvalues A of the operator Oy, satisfy the lower bound
A>min R. As a consequence, the [J, operator has closed range.

It is helpful to remark that the vanishing torsion condition implies the condition P, > 0:
This follows from the two identities involving the Paneitz operator and the [, operator:

APy = Oy, — 21(A " ¢1) 1 = Tp0, + 2i(A" ¢7) 1.

Thus when torsion vanishes, [, commutes with 0,, and hence P, > 0.

As a consequence of this eigenvalue bound, it is possible to verify the stability of embedding
for a family of CR structures {J; | [t| < €} on a given (M?3, &) satisfying the same assumptions
as in Theorem 2.1. If the CR structure .Jy is embeddable in CV, then for ¢ sufficiently small,
there is an embedding of J; which is close to that for Jjy.

In the next section, we discuss the natural questions of positivity of Paneitz operator which
is closely related to the stability question.

3 When is P, Non-negative?

To find criteria to verify when Py is non-negative, one would like to know if CR manifolds
embedded in C? with some additional nice properties satisfy these nonnegativity conditions as-
sumed in Theorem 2.1. Working in this direction, [13] showed that these nonnegative conditions
hold for small deformations of a strictly pseudo-convex hypersurface with vanishing torsion in
c2.

Another closely related question concerning the CR Paneitz operator is the identification
of its kernel. It follows from its definition that, on a three-dimensional CR manifold, the
space of CR pluriharmonic functions is contained in the kernel of the CR Paneitz operator.
Moreover, Graham and Lee showed [22] that if a three-dimensional CR manifold admits a
torsion-free contact form, then the kernel of the CR Paneitz operator consists solely of the CR
pluriharmonic functions. One would like to characterize CR manifolds for which this equality
holds. Since there are known non-embedded examples for which the equality does not hold,
we restrict our attention to embedded CR manifolds. Motivated by this problem, Hsiao [26]
showed that for embedded CR manifolds, there is a finite-dimensional vector space W, such
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that the kernel of the CR Paneitz operator Py splits into a direct sum:
ker P, =P o W. (3.1)

There is an elementary proof of this fact in [8].

Theorem 3.1 (see [8]) Let (M3, J,0) be a family of embedded CR manifolds fort € [—1,1]
with the following properties:

(1) Jt is real analytic in the deformation parameter t.

(2) The Szego projectors S': F>0 — (kergz C F2%) wary continuously in the deformation
parameter t (F?° denotes the L? sections of the canonical bundle).

(3) For the structure J° we have P) > 0 and ker P{ = P°, the space of CR pluriharmonic
functions with respect to JO.

(4) There is a uniform constant ¢ > 0 such that

inf min R" > ¢ > 0. (3.2)
te[-1,1] M

(5) The CR pluriharmonic functions are stable for the family (M?3,J*, 0). Then P} >0 and

ker P} = P! for all t € [—1,1].

Remark 3.1 The assumption (3.2) can be replaced by the assumption that the CR Yamabe
constants Y [J?] are uniformly positive. Since the assumptions on the CR Paneitz operator are
CR invariant (see [24]), this allows us to recast Theorem 3.1 in a CR invariant way.

As an application, consider the family of ellipsoids in C? as deformations of the standard
CR three-sphere. The formula established in [28, Theorem 1] expressing the Szegd kernel in
terms of the defining function implies that condition (2) holds. Since the standard contact form
on the CR three-sphere is torsion-free, its CR Paneitz operator is nonnegative and has kernel
consisting only of the CR pluriharmonic functions (see [22]). An elementary calculation (see
[13]) shows that the ellipsoids have positive Webster scalar curvature thus verifying condition
(4) of the theorem. The condition (5) then follows from the stability result of [12]. Stability of
CR functions for strictly pseudo-convex domains in C? first appeared in the work of Lempert
[33].

Corollary 3.1 The ellipsoids in C? are such that the Paneitz operator is nonnegative and
has kernel consisting only of the CR pluritharmonic functions.

Theorem 3.1 shows that the stability of the CR pluriharmonic functions plays a role in
preventing the existence of the supplementary space. If one wishes to use deformations to
exhibit examples of CR manifolds for which the supplementary space exists, one should thus
look at unstable families. Indeed there are conditions which guarantee the existence of the
supplementary space.

First, using the Baire Category theorem, one can show that generically the supplementary
space exists.

Theorem 3.2 (see [9]) Let (M?3,J%,0) be a family of embedded CR manifolds with t €
[—1,1]. Assume that the Szego projector St: F*9 — (kergz C F29) wvaries real analytically in
the deformation variable t. Then
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(1) ng:= sup dim W' < oo.
te[—1,1]

(2) The set
F:={te[-1,1]: dimW"' <ny— 1}

is a closed set with no accumulation points. In particular, F' has no interior points and hence
F is of the first category.
(3) The set

E:={te[-1,1]: dimW"=ng}
has nonempty interior.

Remark 3.2 The theorem above states that for generic values t of the deformation parame-
ter, dim W' = ng. Since ng > 0 if there exists a ty € [—1, 1] with W # {0}, the supplementary
space exists for a generic value of ¢ if it exists for some tg. Moreover, if ng > 0, then dim Wt = 0
for a thin set F' C [—1, 1] of the first category.

Under an assumption on the rate of vanishing of the first non-zero eigenvalue of the CR
Paneitz operator for a family of CR structures, the loss of stability of the CR pluriharmonic
functions implies the existence of the supplementary space. To make this precise, we list our
assumptions.

Let (M3,J%,0) =: M! be a family of embedded CR manifolds for which J is C°® in the
deformation parameter ¢ for some interval [t — to| < p with g > 0. Suppose that there is a
constant ¢ > 0 independent of ¢, such that the following assertions hold.

(1) For any ¢ # to and any f | ker P}, it holds that

|t —toln(t —toD) | fll2 < 1PLS]l2, (3.3a)

where 7(s) — oo as s tends to zero.
(2) For any f L ker P;°, it holds that

cllfll2 < 125" fll2- (3.3b)

Together, the assumptions (3.3a) and (3.3b) imply that the lowest nonzero absolute value of
the eigenvalues of the CR Paneitz operator P} jumps up as t — tg.

Next, we assume that there is a family of diffeomorphisms ®¢: M* — MY := M which is
C% in the deformation parameter ¢, such that ®° is the identity map.

Finally, we assume that the CR pluriharmonic functions are unstable at ty. More precisely,
we assume that there is a CR pluriharmonic function fy € C® for the structure M° and constants
e >0and 0 < < p, such that for any ¢ with |t — tp] < ¢ and any CR pluriharmonic function
1 € Pt, it holds that

[fo— 2 e (3.4)

Theorem 3.3 (see [9]) Assume that (M3, J,0) is as described above. Then for all t # to
with |t —to| < & and § sufficiently small, the supplementary space W' exists.
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4 The Positivity of the CR Mass

An important application of the embedding theorem is the solvability of the [, equation, a
key fact in the CR positive mass theorem. The situation is quite different from the positivity
of mass in Riemannian geometry.

We consider a compact three-dimensional pseudohermitian manifold (M, J,0) (with no
boundary) of positive Tanaka-Webster class. This means that the first eigenvalue of the con-
formal sublaplacian

Ly :=—4Ay+ R

is strictly positive. Here A, stands for the sublaplacian of M and R for the Tanaka-Webster
curvature. The conformal sublaplacian has the following covariance property under a conformal
change of contact form:

Ly(¢) =u™ 32 Ly(ug), 0 =1,

where (Q = 4 is the homogeneous dimension of the manifold. The conformal sublaplacian rules
the change of the Tanaka-Webster curvature under the above conformal deformation, through
the following formula:

S

~  Q+:

—4Apu + Ru = Ruﬁ,
where R is the Tanaka-Webster curvature corresponding to the pseudohermitian structure (J, 5)
The positivity of the Tanaka-Webster class is equivalent to the condition

fMRjgé\/\dé\
=inf —————

Y(J) :=in T
o (fMé\/\dé\)i

> 0, (4.1)

where 0 is any contact form which annihilates . Under the assumption Y(.J) > 0, we have that
Ly is invertible, so for any p € M, there exists a Green’s function G, for which

(—4A, + R)G, = 160,,.

One can show that in CR normal coordinates (z,t), the Green’s function G, admits the following

expansion:

1
Gp=5-p*+4+0(p),

where A is some real constant and we have set p*(z,t) = |z|* + %, 2 € C, t € R. Analogous
to the Riemannian construction for the blow-up of a compact manifold, we consider the new
pseudohermitian manifold with a blow-up of contact form

N = (M\ {p},],0 = G;0). (4.2)

With an inversion of coordinates, we then obtain a pseudohermitian manifold which has asymp-
totically the geometry of the Heisenberg group. Starting from this model, we give a definition
of asymptotically flat pseudohermitian manifold and we introduce its pseudohermitian mass
(p-mass) by the formula

m(J,0) := Ahrf 17{ wi A6,
— 400 Sa
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where we set Sy = {p = A}, p* = |2|* + 2, and w} stands for the connection form of the
structure. The above quantity is indeed a natural candidate, since it satisfies the same property
as the ADM mass in Riemannian geometry, and moreover it coincides with the zero-th order
term in the expansion of the Green’s function for L. In the case that N arise as the blowup of
M3, m is a positive multiple of the constant A.

[14] gave some general conditions which ensure the nonnegativity of the p-mass, character-
izing also the zero case as (CR equivalent to) the standard three-dimensional CR, sphere.

Theorem 4.1 Let M be a smooth, strictly pseudo-convex three dimensional compact CR
manifold. Suppose Y(J) > 0, and that the CR Paneitz operator is nonnegative. Let p € M and
let  be a blow-up of contact form as in (4.2). Then

(a) m(J,0) > 0;

(b) if m(J,0) =0, M is CR equivalent (or isomorphic as pseudohermitian manifold) to S3,
endowed with its standard CR structure.

The assumptions here are conformally invariant, and are needed to ensure the positivity of
the right-hand side in (4.3). The proof is patterned after the spinorial argument of Witten. By
the embeddability result, the conditions on Y(J) and P imply the embeddability of M: We use
this property to find a solution of (J,3 = 0 with the correct asymptotics (to make the first term
in the right-hand side of (4.3) vanish).

2 1=
3m(J,0) = / { — DB + 2|8 11)° + 2R8I + §ﬂPﬂ} 6 A do. (4.3)
N
Here §: N — C is a function satisfying
B=Z+01+0(p") nearoo, DB =O0(p),

with $_; a suitable function with homogeneity —1 in p.

The full solvability of (0,8 = 0 then reduces to a mapping theorem in weighted spaces
worked out by Hsiao and Yung [27].

It is important to point out that the assumption Py > 0 is necessary, since there are small
perturbations of the CR structure on the standard 3-sphere for which the CR mass is actually
negative. Indeed it appears likely that this holds for generic perturbations of the standard
3-sphere.

5 Pseudo-Einstein Contact Forms

For strictly pseudo-convex domains in C" !, Fefferman [16] introduced the following complex
Monge-Ampere equation:

J[u]z(—l)”“det(u “?> =1 (5.1)

Ujg uﬁ

An iterative computational procedure is given to find approximate solutions of the equation
(1.1) that is accurate to order n+ 1 near the boundary: Let ¢ be any smooth defining function
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of the boundary:

(0
Uy = 1
J()3
1—J[Ug_1]
= [ < s < .
Ug us_1(1+(n+1—s)s) for2<s<n+1

The resulting contact form 6 = Im(du) satisfies the following pseudo-Einstein condition:

1 .
R.5— (E)Rh(ﬁ —0, ifn>2
VaR—iVPA 5=0, ifn=1

Jack Lee [30] showed that the pseudo-Einstein condition is equivalent to the statement that at
each point p € M there exists a neighborhood of p in which there is a closed section w of the
canonical bundle with respect to which € is volume normalized, i.e.,

0 A (dO)" =i""nlo A (Tow) A (T_D).

The special condition when n = 1 is motivated by the observation that the Bianchi identity
gives
V(R (L) Rh ) = " inV”
(Res = (5) Rhaz) = 5 (VaR = 9 Ag).
There is a close connection of pseudo-Einstein contact forms with the pluriharmonic functions.
Let (M3, .J,0) be a pseudohermitian manifold and define the (1,0)-form W, by

W := VoR —iVP A,s.

Observe that W, vanishes if and only if 0 is pseudo-Einstein. As first, observed by Hirachi [24],
W, satisfies a simple transformation formula; given another contact form 6 = €76, a straight-
forward computation shows that

W, = W, — 3P,0. (5.2)
An immediate consequence of (5.2) is the following correspondence between pseudo-Einstein
contact forms and CR pluriharmonic functions.
Proposition 5.1 Let (M?3,J,0) be a pseudo-Einstein three-manifold. Then the set of
pseudo-Einstein contact forms on (M?3,.J) is given by

{e"0: u is a CR pluriharmonic function}.

Since there is a large supply of pseudo-Einstein contact form once there exists one, it is of
interest to find a canonical one. Although the positive mass theorem provide a contact form
that minimizes the CR Yamabe quotient, there is no assurance that it is pseudo-Einstein. In
the next section, we introduce a new operator that is relevant to this question.
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6 The P-Prime Operator

Using spectral methods, Branson, Fontana and Morpurgo [2] have recently identified a new
operator P, on the standard CR three-sphere (S®,.J,6), such that P] is of the form A} plus
lower-order terms, Pj is invariant under the action of the CR automorphism group of S?, and
Pj appears in an analogue of Q-curvature equation in which the exponential term is present.
However, the operator P, acts only on the space P of CR pluriharmonic functions on S3,
namely those functions which are the boundary values of pluriharmonic functions in the ball
{(z,w): |2)?>+|w|? < 1} C C2. The space of CR pluriharmonic functions on S? is itself invariant
under the action of the CR automorphism group, so it makes sense to discuss the invariance of
P;. Using this operator, Branson, Fontana and Morpurgo [2] showed that

[wriwsn [ o ([ @) [ @) zo0 61)

for all u € P, where Q) = 1 and equality holds in (6.1) if and only if €“fj is a standard contact
form. In [7], we extended the definition of P’ to more general CR structures in dimension n = 1.
To describe our results, let us begin by discussing in more detail the ideas which give rise to
the definitions of P; and Q. To define Pj, we follow the same strategy of Branson, Fontana,
and Morpurgo [2]. First, Gover and Graham [19] showed that on a general CR manifold
(M?"+1J), one can associate to each choice of contact form @ a formally-self adjoint real
fourth-order operator Py, which has leading order term A% + T2, and that this operator is CR
covariant. On three-dimensional CR manifolds, this reduces to the well-known operator

Pyi= Py = A2 +T? —4ImV*(A.5V"?)

which, through the work of Graham and Lee [22] and Hirachi [24], is known to serve as a good
analogue of the Paneitz operator of a four-dimensional conformal manifold. As pointed out by
Graham and Lee [22], the kernel of P, (as an operator on a three-dimensional CR manifold)
contains the space P of CR pluriharmonic functions, and thus one can ask whether the operator

Pzi = lim P4’n|7>
n—1

n—1

is well-defined. This is the case. It then follows from standard arguments (see [3]) that if

9 =e%0 is any other choice of contact form, then the corresponding operator Pj is related to
Py by

2 Pj(f) = Pi(f) + Pa(of) (6.2)

for any f € P. Thus the relation between P; and P, is analogous to the relation between the
Q-curvature and the Paneitz operator. More precisely, the P’-operator can be regarded as a Q-
curvature operator in the sense of Branson and Gover [3]. Moreover, since the Paneitz operator
is self-adjoint and kills pluriharmonic functions, the transformation formula (6.2) implies that

" P|(f) = P{(f) mod P+

for any f € P, returning P, to the status of a Paneitz-type operator. This is the sense in which
the P’-operator is CR invariant, and is the way that it is studied in (6.1).
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From its construction, one easily sees that P;(1) is exactly Hirachi’s @Q-curvature. Thus,
unlike the Paneitz operator, the P’-operator does not necessarily kill constants. However, there
is a large and natural class of contact forms for which the P’-operator does kill constants,
namely the pseudo-Einstein contact forms. In this setting, it is natural to ask whether there
is a scalar invariant @ such that Pj(1) = "7716%. Indeed, if (M3, J,0) is a pseudo-Einstein
manifold, then the scalar invariant
Q) := lim Lpzln(l)
n—1(n—1)2" "
is well-defined. As a consequence, if § = e0 is another pseudo-Einstein contact form (in
particular, o € P), then

Q= Q4+ Pilo) + 5Pa(0?) (6.3)

Taking the point of view that P; is a Paneitz-type operator, we may also write
Q) = Q, + Pj(c) mod PL. (6.4)

The upshot is that, on the standard CR three-sphere, Q) = 1, so that this indeed recovers
the interpretation of the Beckner-Onofri-type inequality (6.1) of Branson-Fontana-Morpurgo [2]
as an estimate involving a Paneitz-type operator and Q-type curvature. Additionally, we also
see from (6.3) that the integral of Q) is a CR invariant. More precisely, if (M?,.J) is a compact
CR three-manifold and 6, 9 are two pseudo-Einstein contact forms, then

/@ﬁmﬁ:/ Q0 A do.
M M

In conformal geometry, the total Q-curvature plays an important role in controlling the
topology of the underlying manifold. For instance, the total @-curvature can be used to prove
sphere theorems (see, e.g., [23, Theorem B] and [11, Theorem A]). We have the following CR
analogue of Gursky’s theorem [23, Theorem B].

Theorem 6.1 Let (M3, J,0) be a compact three-dimensional pseudo-Einstein manifold with
nonnegative Paneitz operator and nonnegative CR Yamabe constant. Then

/QQH/\dHS/ Q6 0o A dby,
M 53

with equality if and only if (M3, J) is CR equivalent to the standard CR three sphere.

The proof of Theorem 6.1 relies upon the existence of a CR Yamabe contact form, that
is, the existence of a smooth unit-volume contact form with constant Webster scalar curvature
equal to the CR Yamabe constant (see [14]). In particular, it relies on the CR Positive Mass
theorem (see [14]). Omne complication which does not arise in the conformal case (see [23]) is
the possibility that the CR Yamabe contact form may not be pseudo-Einstein. We overcome
this difficulty by computing how the local formula for @ transforms with a general change of
contact form, i.e., without imposing the pseudo-Einstein assumption.

In conformal geometry, the total Q-curvature also arises when considering the Euler charac-
teristic of the underlying manifold. Burns and Epstein [5] showed that there is a biholomorphic
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invariant, now known as the Burns-Epstein invariant, of the boundary of a strictly pseudo-
convex domain which is related to the Euler characteristic of the domain in a similar way. It
turns out that the Burns-Epstein invariant is a constant multiple of the total Q’-curvature, and
thus there is a nice relationship between the total Q’-curvature and the Euler characteristic.

Theorem 6.2 Let (M?3,.J) be a compact CR manifold which admits a pseudo-Einstein
contact form 0, and denote by (M) the Burns-Epstein invariant of (M?3,J). Then

w(M) = —16772/ Q' 0 A dob.
M

In particular, if (M3,J) is the boundary of a strictly pseudo-convex domain X, then

1, 1 )
1) - ()
/X(CQ 3cl> X(X) 1672 /MQ b A df,

where ¢1 and co are the first and second Chern forms of the Kahler-Finstein metric in X
obtained by solving Fefferman’s equation, and x(X) is the Euler characteristic of X .

In general dimensions, the existence of P’ operators is given by Hirachi [25] and described
in terms of tractor calculus by Case-Gover in a forthcoming publication.

7 An Extremal Pseudo-Einstein Contact Form

In pursuing the analogy with the pair (Py, Q4) in conformal geometry, it is more natural to
focus on the operator Fi which is given by 70 P’ where 7 is the projection to the pluriharmonics.
Similarly, it is more natural to consider the scalar invariant Q' := 7Q’, € P. The transformation
property of @ implies that if = ¢¥6 are both pseudo-Einstein, then equation (6.4) showed
that (Fé,Q—ﬁl) have the same formal properties as (Py, Q4). Note that if 6 is pseudo-Einstein,
then @ is pseudo-Einstein if and only if w € P [24], so that (6.2) makes sense.

We will construct contact forms for which the Q’-curvature Q_ﬁl is constant by constructing
minimizers of the II-functional given by

II(w) = /M w Pjw + 2/M Qhw — (/M Q_ﬁl) log (/M eQw) (7.1)

on a pseudo-Einstein three-manifold (M3, T%°M,#). Note that, since II is only defined on
w, the projections in (7.1) can be removed, i.e., we can equivalently define the II-functional
in terms of P; and Q). In general, the II-functional is not bounded below. However, under
natural positivity conditions, it is bounded below and coercive, in which case we can construct
the desired minimizers.

Theorem 7.1 (see [6]) Let (M3, T4°M,0) be a compact pseudo-Einstein three-manifold,
such that the P'-operator P, is nonnegative and ker P, = R. Suppose additionally that

/M QL6 Adh < 1672, (7.2)

Then there exists a function w € P which minimizes the I1-functional (7.1). Moreover, the

contact form 0 := 0 is such that @ﬁl s constant.
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Some comments on the statement of Theorem 7.1 are in order. First, [7] provided some
sufficient condition for the operator P; to be non-negative. Second, the assumptions of the
theorem are all CR invariant: The assumptions on Fi are independent of the choice of contact
form and the assumption (7.2) is independent of the choice of pseudo-Einstein contact form.
In particular, if one is interested only in boundaries of domains in C?, the assumptions are
biholomorphic invariants. Third, the assumption that P’ is nonnegative with trivial kernel (i.e.,
ker P} = R) automatically holds if there exists a pseudo-Einstein contact form with nonnegative
scalar curvature (see [7]). Fourth, the assumption (7.2) holds if one assumes instead that
(M3, TYOM, ) has nonnegative CR Paneitz operator and nonnegative CR Yamabe constant
(see [7]). Note here that 1672 is the total Q'-curvature of the standard CR three-sphere. Fifth,

the conclusion that @) is constant is the best that one can hope for: Though it is tempting to
speculate that minimizers of the II-functional actually give rise to contact forms for which @ﬁl
is constant, as happens on the standard CR three-sphere, the natural structure on S! x S? is
an example where there is a unique, up to homothety, contact form for which @ﬁl is constant
but @, is nonconstant.

The proof of Theorem 7.1 is analogous to the corresponding result for the Q-curvature in
four-dimensional conformal geometry (see [10]), though there are many new difficulties, we
must overcome. Since we are minimizing within P, there is a Lagrange multiplier in the Euler
equation for the II-functional which lives in the orthogonal complement P+ to P. Rather than
obtain estimates on the Lagrange multiplier, we establish regularity of minimizers by studying
the Green’s function of P;. The greater difficulty lies in showing that minimizers in W22 NP
for the II-functional exist under the hypotheses of Theorem 7.1. The basic idea here is to use
the positivity of P; and (7.2) to show that the II-functional is coercive. However, doing so
requires showing that Fi satisfies a Moser-Trudinger inequality with the same constant as on
the CR three-sphere. We do this by appealing to the general results of Fontana and Morpurgo
[18], which depends upon having a fairly detailed understanding of the properties of (E)%.
This is technically the most involved part of the argument.

8 An Isoperimetric Inequality

The @’ curvature integral has in addition to its topological meaning, an analytic consequence
as an invariant that controls the isoperimetric constant for a class of pseudo-Einstein contact
forms.

Consider the Heisenberg group H'! which may be realized as {(z,y,t) € R*} with the contact
form 6y = dt + zdy — ydo and the CR structure given by X = 0, +y0;, JX =Y = 0y — x0;.
Both curvature and torsion vanish hence it is pseudo-Einstein. Consider 0 = e2“0 where o € P.
The P’ operator is simply given by P’ = (A;)?, and one checks easily that P’ maps P to itself,
so that there is no need to project back to P.

Given a contact form (M, 6), there is a natural distance function d(p,q) defined as the
infimum over the length of contact curves joining p to ¢, where the length of a contact curve
v : la,b] — M is defined by f; \/Wdt. Associated to the contact form, there is
also a natural notion of area of a surface in M (see, e.g., [15]). It is of interest to study the
isoperimetric inequality for such geometry: Give V' > 0 to bound the area of all domains 2 C M
with vol(Q2) = V.
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Theorem 8.1 (see [37]) Let 6 = e*“fy be a pseudo-Einstein complete contact form on
H'. Suppose that the Webster curvature is non-negative near infinity, suppose also Q' > 0 and
JQONAI < c1. Then there is an isoperimetric constant I =1([ Q"6 A df) so that Area(dQ) >
Vi

We make three remarks concerning this bound. First, this result is a weak analogue of
the stronger result in conformal geometry (see [36]). Second, the isoperimetric constant only

depends on the size of the Q’-curvature integral. Third, the constant c; is the constant appearing
in the following integral representation formula to be established for such wu:

u(z) = é /H1 log %Q(y)e‘m(y)dy +C. (8.1)

Naturally it is expected that the condition Q" > 0 should be replaced by [ Q' 0df < c1, and
the constant T =1([ Q' [ Q").
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