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Isometric and CR pluriharmonic immersions

of three dimensional CR manifolds in Euclidean spaces
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Abstract. Using a bigraded differential complex depending on the CR and pseudo-
hermitian structure, we give a characterization of three-dimensional strongly pseudo-
convex pseudo-hermitian CR manifolds isometrically immersed in Euclidean space R™
in terms of an integral representation of Weierstral type. Restricting to the case of
immersions in R*, we study harmonicity conditions for such immersions and give a
complete classification of CR-pluriharmonic immersions.

Key words: Isometric immersions, CR pluriharmonic immersions, strongly pseudocon-
vex CR manifolds.

Introduction

The relationship between complex analysis and conformal geometry has
been studied for a long time. Historically, one of the first results is due to
Weierstrafl, who gave the well-known characterization of minimal surfaces
in R3 in the following way. Given a pair (h, g) consisting of a holomorphic
and a meromorphic function, the formula

flz,y) = 3‘3/ (1= g*(2)h(2), 1+ g*(2)h(2), 29(2)h(2)] dz, (%)

with z = x + iy some complex coordinate, gives a local parametrization of a
minimal surface in Euclidean three-space. Conversely every minimal surface
can be parametrized in this way with respect to isothermal coordinates.
Equivalently, a minimal surface is an integral of the real part of a C3-valued
1-form that is holomorphic and isotropic in the bilinear inner product of
C3, and the forms of this type can be parametrized by the pair of functions
(h; 9)-

Recently, this approach was generalized to immersions of higher-
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dimensional complex manifolds M?™ into the Euclidean space R”, con-
sidering pluriminimal immersions, which means that the restriction of the
immersion to any smooth complex curve is minimal in R™ (see for example
[E]). These pluriminimal submanifolds have many analogies with the case of
minimal surfaces. In particular they admit associated families of isometric
immersions and an integral representation of Weierstrafl type as follows (see
[APS]). Let M?™ be a complex manifold, and f: M?™ — R™ an immersion
which is pluriconformal (i.e. it is conformal when restricted to any holo-
morphic curve). The C™-valued (1,0)-form w = Jf determines f up to a
constant, as we have that

f@ = [ Rt flao), (s5)

for all x € M, and it satisfies the condition w - w = 0, where “-” is the
bilinear symmetric product for C"-valued forms. Conversely, every C"-
valued (1,0)-form w, such that Rw is exact and w - w = 0, defines via (xx)
a pluriconformal map f: M — R™. This map is pluriharmonic (and hence
defines a pluriminimal immersion, if it is of maximal rank) if and only if w is
closed and holomorphic. Moreover, if it is an immersion then the pullback
metric on M is Kéhler. In higher dimension however the parametrization of
closed holomorphic isotropic 1-forms in terms of a k-tuple of holomorphic
or meromorphic functions is not available.

Our aim is to generalize this construction to immersions of odd-
dimensional real manifolds with a strongly pseudoconvex CR structure of
hypersurface type. In the present paper we consider the lowest dimensional
case, namely three-dimensional CR manifolds immersed in R", with special
attention to the case of immersions in R*.

Strongly pseudoconvex CR manifolds admit a canonical family of met-
rics, the Webster metrics, parametrized by the choice of a pseudohermitian
structure, i.e. a contact form compatible with the CR structure. All these
metrics are conformally equivalent when restricted to the contact distribu-
tion. It is natural to replace the conformality condition of [APS] with the
condition that there exists a Webster metric for which the immersion is
isometric.

There is an extensive literature about CR immersions of CR manifolds
into complex spaces, with and without metric conditions (see e.g. [YK]). In
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contrast, we would like to emphasize that the immersions we consider are
real, and not complex. In particular these immersions are not required to
be CR maps. Later on we will restrict to immersions that are CR plurihar-
monic, i.e. real parts of CR maps.

In [Ru], M. Rumin defines a differential complex for contact manifolds
depending on the contact form #. Using the complex structure on the sub-
bundle T%°M < TCM defining the CR structure, it is then possible to
introduce a bigrading of Rumin’s complex following Garfield and Lee [GL].
This yields a double complex, which generalizes the Dolbeault complex.
This construction, together with basics of CR geometry will be recalled in
Section 1. The condition of pseudo-convexity allows us to choose # in such
a way that the Levi form is positive definite and can be associated to a Rie-
mannian metric (the Webster metric). Hence we can define formal adjoint
operators for the differentials of the Rumin complex and the Garfield-Lee
complex, as well as corresponding Laplacians Ar and Agrp.

In Section 2 we compute explicitly the differentials of these complexes
and their Laplacians for three dimensional strongly pseudoconvex pseudo-
hermitian CR manifolds in all bidegrees with respect to a pseudohermitian
local frame. This allows us to give the main result of Section 3: we find
an integral representation of Weierstrafl type for isometric immersions of
such manifolds in the Euclidean space R, expressing the integrability, con-
formality and isometricity conditions in terms of properties of forms in the
Garfield-Lee complex.

With the aim of considering an analog of pluriminimal immersions for
odd dimensional manifolds, we consider in Section 4 CR pluriharmonic im-
mersions of three-dimensional CR manifolds into R™. Such immersions are
not minimal, but satisfy a variant of a constant mean curvature condition.

For n = 4, it turns out that the situation is more restrictive than in
the classical case: in Section 5 we give a complete classification of isometric
CR pluriharmonic immersions of three-dimensional strongly pseudoconvex
pseudohermitian CR manifolds into R*, showing that the standard CR em-
beddings of the sphere and the cylinder in C? are essentially the only two
examples.

For both these examples the shape operator commutes with the par-
tial complex structure on M. This property is an analog of “isotropic” or
“circular” immersions of Kéhler manifolds.

We would like to thank the anonymous referee for informing us about
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the existing literature on this topic (see e.g. [DO, Ch. 16] and references
therein), as well as for several helpful remarks.

1. CR manifolds and pseudohermitian structures

We recall the general definitions of CR manifolds, pseudohermitian
structures, the Webster metric, and the differential complexes of Rumin
and Garfield-Lee.

1.1. CR manifolds and pseudohermitian structures

Definition 1.1 A CR manifold is the datum of a smooth manifold M,
and of a complex subbundle 7™M C TCM of the complexification TCM =
C ® TM of the tangent bundle of M, such that

T°MNTYOM =0,
[D(T"OM), DT M) Cc T(TVOM).

We denote T M = T1.0M.

The CR dimension of M is CR-dim M = rke¢ THYM, and the CR codi-
mension of M is CR-codim M = dimp M — 2 CR-dim M.

A CR manifold of codimension one is said to be of hypersurface type.

Real manifold are in a natural way CR manifolds of CR dimension zero,
and complex manifolds are CR manifolds of CR codimension zero.

Definition 1.2 A CR map between two CR manifolds (M, T M) and
(N, T*ON) is a smooth map f: M — N such that f,(T*°M) c T'ON.

A CR function on a CR manifold (M, T"°M) is a CR map from M to
C. Equivalently, a smooth function f: M — C is CR if and only if Zf =0
for all Z € T*OM.

A CR pluriharmonic function on a CR manifold (M, TH9M) is a smooth
function f: M — R that is locally the real part of a CR function.

Vector valued CR and CR pluriharmonic functions are defined in the
natural way.

Definition 1.3 A pseudohermitian structure on a CR manifold (M,
THOM) of hypersurface type is a nowhere vanishing real 1-form 6 such that
ker = THOM @ T M.

A CR manifold with a pseudohermitian structure is a pseudohermitian



Isometric pluriharmonic immersions of CR manifolds 213

CR manifold.

Notice that any two pseudohermitian structures 6, 6’ are related by
6" = X0 for some nonvanishing smooth function \.

Definition 1.4 Let (M,T1°M) be a CR manifold of hypersurface type,
and 6 a pseudohermitian structure on M. The Levi form associated to 6 is
the hermitian symmetric form on T%9M:

Lo: TYOM x TVOM — C
(Z,W) — Lo(Z,W) =id6(Z,W).

If z is a point of M and the Levi form at z is nondegenerate (resp. definite),
then M is said to be Levi nondegenerate at x (resp. strongly pseudoconvex
at x). A CR manifold is Levi nondegenerate (resp. strongly pseudoconver)
if it is Levi nondegenerate (resp. strongly pseudoconvex) at every point.

Remark 1.5 A pseudohermitian structure is a (nondegenerate) contact
form on M if and only if the Levi form is nondegenerate.

Remark 1.6 Levi nondegeneracy and strong pseudoconvexity are inde-
pendent from the choice of the pseudohermitian structure. Moreover, by
replacing € by —6 if needed, we can assume that a strongly pseudoconvex
manifold has a positive definite Levi form.

Definition 1.7 Let (M, T °M) be a Levi nondegenerate CR manifold of
hypersurface type, and 6 a pseudohermitian structure on M. The unique
vector field T on M such that

OT) =1, ir(df) =0

is the Reeb vector field.

Definition 1.8 Let M be a Levi nondegenerate CR manifold of hypersur-
face type, and 0 a pseudohermitian structure on M. The Webster pseudo-
Riemannian metric associated to 8 is the symmetric nondegenerate bilinear
form

go: TM xTM — R
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defined by
99(X7Y):§R£0(va)v 99(X7T):O7 gG(TaT):l

where

Z+7Z Y_W+VT/
- \/57 - \/i ’

and T is the Reeb vector field.
If M is strongly pseudoconvex and 6 is chosen so that Ly is positive

X Z,WeT" M

definite, then the Webster pseudo-Riemannian metric is positive definite
and is called the Webster metric.

Notation 1.9 We will denote by
(+.)g: T°M x T°*M — C,

the bilinear symmetric extension of the Webster metric gg to TCM and by
(«.)e: T°M x T®M — C,

the hermitian symmetric one. We adopt the convention that (-.- )y is linear
in the first variable and antilinear in the second one. Finally we set:

115 = (- Do

We will omit the subscript 8 when the choice of the pseudohermitian struc-
ture is clear from the context.

Definition 1.10 If A > 0 is a constant and #’ = A\ then the corresponding
Webster metrics g9 and gy are pseudo-homothetic. More generally, a CR
map ¢: M — M’ between two pseudohermitian CR manifolds (M, T*°M, 6)
and (M', T*OM’ ") is a pseudo-homothety if ¢ is a CR diffeomorphism and
¢*(0") = A0 for a constant A.

1.2. The Rumin and Garfield-Lee complexes

Following Rumin [Ru] and Garfield and Lee [GL], we define a single
and a double complex on M. We refer to those papers for the proof of the
statements in this section.
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Let (M, T"°M) be a (2n+ 1)-dimensional CR manifold of hypersurface
type with nondegenerate Levi form and 6 a pseudohermitian structure on M.
Denote by Q(M) = 3", QF(M) the exterior algebra of complex differential
forms on M, by Z C Q(M) the ideal generated by 6 and df, and define the
annihilator of 7

Tt ={a e QM) |aAw=0VweT}
and, for k£ € N, the complex vector bundles
EF = QF (M) /(T nQF (M), FF =1+ nak(M).
Notice that
EF=0,k>n, FF=0k<n.

The ideal 7 satisfies dZ C Z. It follows that the exterior derivative
d: Q(M) — Q(M) defines operators

d: EF — EFY 4. FF — FRHL

We define an operator D: E® — F"tl as follows. For w € Q"(M),
there exists a € Q" 1(M) such that d(w + 60 A o) € F*"TL. We set

Diw] :=d(w+ 0 A ).

The operator D is a second order differential operator.

Definition 1.11 The Rumin complex of (M,6) is the complex

0-p0 4t 4. . dpn B pntl 4 4 opontl

Remark 1.12 In [Ru] it is proved that the sequence

D
0-Repl L ptd . 4 pnBopry1 d 4 pand1

9

is locally exact.

Remark 1.13 The Rumin complex only depends on the (possibly degen-
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erate) contact form @, and not on the CR structure of M. Moreover, if
0 is replaced, via a pseudo-homothety, by a constant multiple, the Rumin
complex remains the same.

Notation 1.14 For the Rumin complex we will also use the notation R*
for the nonzero bundle E* or F*.

It is possible to introduce a bigrading on the Rumin complex in the
following way: consider the complexified Rumin bundles

EF=EfoC, FF=FfgC,
and define

EP9 = {[w] € EPT ] a|propgron is of type (p,q) for some a € [w]}

ix (w)|rron@roras is of type (p — 1, Q)}

FPa .=y e FPHa
{ for any X ¢ T"°M @ T%' M

where a form on THYM @ T%1M is said to be of type (p,q) if it vanishes
when applied to more than p vectors in T1YM or to more than ¢ vectors in
TO1M.

For the Garfield-Lee complex too we will denote by RP'? the nonzero
bundle EP'? or FP9. Then we have

EF= @ EM, Fr= G Fr,

pta=k pta=k
d: EP1 Ep7q+1 D Ep—i-l,q’
d: Fpr4 N Fp,q+1 @Fp-i-l,q’

D: Pt . pratl g pptla g ppt2.0-1

and we define, for 0 < p,q < 2n + 1, by projection on the subbundles, the
operators

d = Pt 5 . RPA R Rp+17q,

d" = 7P+l 5 . RP4 N Rp,q—i-l’
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if p4+q # n and
D = gPtlasp. EP9 Fp—l-l,q7
D .= gPatl o D P9 1:*17,61—5-17

Dt = gPt2.4-1 5 . gra s FPt2,9—1

iftp+q=n.

Definition 1.15 The Garfield-Lee complex of a pseudohermitian CR man-
ifold (M,T°M, ) is given by the spaces EP'? and FP¢ and by the differ-
ential operators d’, d”’, D', D", and D.

The Garfield-Lee complex is a complex in the following sense:

d/dl — 07 d//dl/ — O, dld/l + d//d/ — 0’
d/lD/l — 0, D//d// — 07 D/d// + Dl/d/ — 0’ d/D// _|_ d//Dl — 0’
dDt =0, D'd =0, Dd+D"d =0, dD +d'D"=0.

Remark 1.16 The subcomplexes of the Garfield-Lee complex given by
d’ and D" are complexes in the usual sense, and they are locally exact at
all positions RP'9 with ¢ > 1.

Remark 1.17 The Garfield-Lee complex is invariant under a change of
the pseudohermitian structure by pseudo-homothety.

2. Three dimensional CR manifolds

Let (M, TY'°M,0) be a three-dimensional Levi nondegenerate pseudo-
hermitian CR manifold. Notice that in the three-dimensional case Levi
nondegeneracy is equivalent to strong pseudoconvexity. We always assume
that the pseudohermitian structure is chosen in such a way that the Levi
form is positive definite.

The bundle T1°M is one-dimensional, hence locally there exists a com-
plex vector field Z generating T10M at every point. Its complex conjugate
Z generates TO1 M.

The Levi form Ly is completely determined by the value

Lo(Z,7Z) =1d0(Z, Z).
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By the pseudoconvexity condition, L£y(Z, Z) is everywhere positive. Upon
replacing Z with a scalar multiple we can assume that L£y(Z, Z) = 1.

Definition 2.1 A pseudohermitian local frame on a three-dimensional
strongly pseudoconvex pseudohermitian CR manifold (M, T1°M,6) is a
local frame (Z,Z,T) with L4(Z,Z) = 1 and T equal to the Reeb vector
field.

Remark 2.2 A pseudohermitian local frame (Z, Z,T) is an orthonormal
frame of TCM with respect to (-.-)g, and Z, Z satisfy (Z, Z)g = (Z,Z)g =
0. The real vectors

Z+Z _(Z-27)

X

N R

together with T are an orthonormal frame for gy.

Notation 2.3 If (Z,Z,T) is a pseudohermitian local frame of M, we
denote by (¢, ¢, 0) the local frame of T*CM dual to (Z, Z,T) and we define
three complex valued smooth functions a, b, and ¢ on M by:

i[Z2,2)=T+aZ+aZ, a=i([Z 7],
[Z,T] = bZ + ¢Z, b=([Z,T], (2.1)
[Z,T) = cZ +bZ, c=([Z,T).
We also denote by vol the volume form ¢ A ¢ A 6.
Straightforward computations yield:
dd =i¢ A,
d(=ia(ANC—=bCAO—cCND, (2.2)
d(=1a(ANC—ECANO—bC NG,
Moreover, from the Jacobi identity for Z, Z and T we have

b+b=0, iZc—iZb+Ta—ab—ac=0. (2.3)

Remark 2.4 If (Z,Z,T) is a pseudohermitian local frame of M, then any
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other pseudohermitian local frame (Z’, Z’, T') can be locally obtained from
(Z,Z,T) as:

Z'=eZ 7' =eVZ, T =T,
E/ — e—ivg’ C/ — eiUC, 0/ — 9

for some real valued function v on M. The functions a, b, and ¢ in the new
frame are then

a =eV(a—2Zv), V=b4+iTv, ¢ =e*"c.

Definition 2.5 A change of frame as described in Remark 2.4 is called a
pseudohermitian change of frame.

Remark 2.6 On any Levi nondegenerate pseudohermitian CR manifolds,
there is a naturally defined linear connection V9, called the Tanaka-Webster
connection. In this paper we will not use it, however we notice that the
functions a, b, and ¢ are related to V? and to its torsion T? by the following
equations:

VY7 = —iaZ, V%Z=iaZ, V9Z=-bZ, T(T,Z)=cZ.

Remark 2.7 A strongly pseudoconvex pseudohermitian CR manifold is
in a natural way a contact metric manifold. In the three dimensional case
the converse is also true, since every almost CR structure is integrable.
We recall that a contact metric manifold is Sasakian if the contact metric
structure is normal (see e.g. [DT]). This is equivalent to the vanishing of the
pseudohermitian torsion 7 = T%(T,-). With our notation, M is a Sasakian
manifold if and only if ¢ vanishes identically.

2.1. The Rumin and Garfield-Lee complexes

We describe now in detail the Rumin and Garfield-Lee complexes in the
three-dimensional case. Let (M, T*YM, ) be a three-dimensional strongly
pseudoconvex pseudohermitian CR manifold. We have df = i¢ A ¢, and

I =(0,(ACONCONC VO, TH=(CA0,CAD,vol),

and consequently the spaces occurring in the Rumin complex are
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E°=Q°(M)=C, E'=Q"(M)/{f)=~(]),
F2={(CANO,(NO), F?=Q3*M)= (vol),

and in the Garfield-Lee complex

EY =E’=C,
EY = (C.0)/(0) = (¢), B> =(C,0)/(0) = (C),
P20 (A0, PN = A0,

F%! = F3 = (vol),

all other terms being 0.

Proposition 2.8 Let (M, T“9M,0) be a three-dimensional Levi nonde-
generate pseudohermitian CR manifold and f: M — R a smooth function.
Then:

f is CR pluriharmonic <= Dd'f =0 <= D'd'f =0 <= D"d'f = 0.

Proof. First we show that the last three conditions are equivalent, for a
smooth real function f on M. Decomposing Dd'f into its (1,1) and (2,0)
components we see that Dd’f = 0 if and only if both D'd'f and D"d’ f are
zero. Moreover Ddf = 0 and hence, taking the (1,1) component we get
0 = (Ddf)"' = D"d' f + D'd" f. Since f is real, we also have d”’f = d’f and
D'd"f = D'd'f. 1t follows that D"d'f = —D'd'f and that D'd'f = 0 if and
only if D"d'f = 0.

Let now f be CR pluriharmonic. Since CR pluriharmonicity is a local
property, we can assume that there is a CR function g: M — C with f =
g+g. Thend f=d'g+dg=dg=dg and Dd'f = Ddg = 0.

Finally assume that f is a real function with Dd'f = 0. By exactness
of the (complexification of) Rumin complex, locally there exists a complex
smooth function g with dg = d'f, i.e. d'g = d'f and d’g = 0. The latter
condition implies that g is a CR function, and we have d(g+g) = d'g+d"g =
d' f+d" f = df, hence (g+g)— f is a real constant, and f is CR pluriharmonic.

O

We explicitly compute the differentials in all degrees (p,q) of the
Garfield-Lee complex, with respect to a pseudohermitian local frame.
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(p,q) = (0,0). Let f € E®. Thendf = ZfC+ ZfC+Tf6 and
df=12f¢), d"f=1[2f¢. (2.4)

(p,q) = (1,0). Let [a] = [9¢] € EY?. Then D([a]) = D([g¢]) = d(g¢ + ho)
for a function h such that d(g¢ + hf) € F2. From

d(g¢ +h0) =Zg{AC+TgONC+gdC+ ZhCAO+ZhNO+ hdf
= (=Zg+iag+ih)(AC+ (=Tg—bg+ Zh)C A0
+ (—cg + Zh) { A 6.
we get (—Zg + iag +ih) = 0 and consequently
Zh = —iZZqg — Z(ag), Zh=—iZ*q— Z(ag),
finally giving
D'(lg¢)) = —(Tg + bg +iZ(Zg — iag)) ¢ A0,
. o ' B (2.5)
D"([g¢)) = —(cg +iZ(Zg — iag)) C A 6.

(p,q) = (0,1). A similar calculation, for a form [a] = [g(] € E%! leads to

D'([5¢]) = —(Tg+bg —iZ(Zg +iag)) ( A O

D*([g¢]) = —(cg —iZ(Zg +iag)) ¢ A 6. 20
(p,q) = (2,0). Let a =g( A e F2°. We have then
d"(gCNO)=Zgl ACANO+gdC A —gCAdE
and consequently
d"(g¢ NO) = —(Zg — iag) vol. (2.7)

(p,q) = (1,1). Similarly, for « = g A § € FY! we obtain

d'(g¢AB) = (Zg +iag) vol. (2.8)
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Corollary 2.9 Let (M, TY°M,0) be a three-dimensional Levi nondegener-
ate pseudohermitian CR manifold, (Z,Z,T) a pseudohermitian frame, and
f: M — R a smooth function. The following are equivalent:

(1)

2) TZf +bZf +iZ(ZZf —iaZf) =0,

(3) cZf +iZ(ZZf —iaZf) = 0.
2.

f is CR pluriharmonic,

2. Laplacians

The Webster metric on a strongly pseudoconvex CR manifold M allows
to construct an operator on the Garfield-Lee and Rumin complexes analo-
gous to the Hodge *-operator. More details can be found in [GL]. If M is a
strongly pseudoconvex pseudohermitian CR manifold of dimension 3, the

operator is explicitly given, for a form « € EP?, (0 < p+ ¢ < 1) by:

(i) ifa=f e E%, then xa = fvol € F?1,
(ii) if « = [g¢] € EYY, then xa = g( A0 € F?0,
(iii) if o = [g¢] € E%', then xa = g( A6 € F1L
and for a form o € FP9, (2 < p+ g < 3) by:
(i) if a= fvol € F%! then xa = f € EYY,
(ii) if a=g¢ AO € F*9 then xa = [g¢] € B,
(iii) if @ = g( A0 € FY1, then xa = [g¢] € E%L.
Then * is a linear isomorphism and *? = Id.
Let * be x followed by complex conjugation. The formal adjoint oper-

ators of the differentials d,d’,d” (and of D, D’, D" in the middle degrees)
are:

§:=d* = (—=1)P*9 x dx,
§ i=d* = (=1)P % d"*x = (=1)PT%%d'%,
8 =d" = (—=1)P 9% d'x = (=1)PT9%d"%.
Definition 2.10 The Garfield-Lee Laplacian on the Garfield-Lee complex

of a Levi nondegenerate pseudohermitian CR manifold M of dimension 2n+1
is defined, on each space RP'?, by:
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d"s" 4 5" d" ifptqg#£nn+l,
AGL — (d//5//)2 + DH*D// 1fp+ qg=n,
DI/D//*+(5/Id//>2 1fp—i—q:n—|—1

Definition 2.11 The Rumin Laplacian on the Rumin complex of a Levi
nondegenerate pseudohermitian CR manifold M of dimension 2n + 1 is de-
fined, on each space R*, by:

dd + od ifk#nn+1,
Ag =< (d6)*+ D*D if k =n,
DD* + (6d)? if k=n+1.
Remark 2.12 For functions on a three-dimensional CR manifold we have
AGLf :5//d//f+d//5//f:5//d//f: _*d/*d//f: —*d/* (ch_)
=—xd(ZfCNO)=—x((ZZf +iaZf) vol)
giving the explicit description:
Agrf = —(ZZ + idZ)f, (29)
Apf=—2Zf—iaZf —ZZf +iaZf. (2.10)
From (2.3) and (2.10) we obtain:
Arf=AcLf+Acrf =20¢Lf —iTf, (2.11)

Barf = L (Anf+1Tf). (2.12)

A straightforward computation shows:

Lemma 2.13 If the pseudohermitian structure 0 is changed via a pseudo-
homothety to a constant multiple ' = A0, then the Rumin and Garfield-Lee
Laplacians change as:

AIR = )\_2AR, A/GL = )\_ZAGL.
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3. Integral Weierstrafl representation, integrability and iso-
metricity conditions

The object of our study are isometric immersions of a three-dimensional
CR manifold into an n-dimensional real Euclidean space. We will consider
more extensively immersions in the 4-dimensional space.

Notation 3.1 Consistently with Notation 1.9, we will denote by
(+,-):C"xC" —C,
the standard bilinear symmetric inner product of C™ and by
(«,):T°M x T°M — C,

the hermitian symmetric one, with the convention that (-, -) is linear in the
first variable and antilinear in the second one. We also set:

=15 = (e

In analogy with [APS, Theorem 1.1] we give an integral represen-
tation of Weierstrafl type, similar to (xx), for isometric and for CR-
pluriharmonic immersions. We characterize isometric immersions f: M —
R™ of a three-dimensional strongly pseudoconvex pseudohermitan CR man-
ifold (M, TY°M, 0) in terms of the forms w = d'f € EY0 @ R™.

First we give conditions for the integrability of a form w € E'?. We
have:

Proposition 3.2 Let w be a form in EYY. Locally there exists a real
valued f € E°° such that d'f = w if and only if the following equivalent
conditions hold true:

Dw+®)=0<= D'w=-D'wo<+= D'"v=-Dw (3.1)

Proof. From Ddf = 0, separating the terms according to their bidegrees,
we get (3.1). The converse follows from the local exactness of the Rumin
complex. [

Remark 3.3 By (2.5) and (2.7), if there exists a nonzero form w € E*°
that is D-closed and d-closed then the pseudohermitian structure on M is
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Sasakian.

We can now give the characterizations of isometric immersions and of
CR pluriharmonic isometric immersions

Theorem 3.4 Let (M, T*°M,0) be a three-dimensional strongly pseudo-
convex pseudohermitan CR manifold. There is a bijective correspondence,
given by w = d'f, between local isometric immersions f: M — R™, up to
translation, and forms w € EY0 @c C™ satisfying the conditions:

(1) D"w = —D’w,

(2) (w,w) =

(3) flwl* = 1

(4) [I16(w - W)H2:1,
(5) dw-w=0.

In condition (5) we use the following notation: if h = > h, ® e; €
E@Crand a=Ya;®e; € EP9®C", then h-a = h;a; € EPY.

Remark 3.5 If (Z,Z,T) is a pseudohermitian frame for M, and (¢, ¢, 6)
the dual frame, setting w = [(] ® ¢ for a function ¢: M — C", straightfor-
ward computations show that conditions (1)—(5) for w are equivalent to the
following conditions (1’)—(5") for ¢.

(1) —cp+iZ(Z¢ —iad) + T — bp —iZ(Z¢ + iap) = 0,
(27) (#,9) =0,
(3) llel* =1,
(47) 12¢ - 1a¢\l2 =1/2,
(5") (Z¢ +iad, ¢) = 0.
Proof of Theorem 3.4. Condition (1) and Proposition 3.2 ensure the exis-
tence of a map f: M — R" satisfying d'f = w.

Fix a pseudohermitian frame (Z,Z,T) for M and let w = ¢¢. Clearly
f is isometric if and only if all the following conditions hold true:

(Zf,2f) =0,
(Tf.Z2f) =0,
ITfII* =11Zf]1* = 1.
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Conditions (2) and (3) are easily seen to be equivalent to
(Zf,2f)=0, |1Zf1*=1Zf1*=1.

Recall that, if w = d'f, then Tf = i§'d'f —16"d" f = i6(w — @). Then

we have
”TfHQZL (Zfan):()a

if and only if ||§(w — @)[|? =1 and §(w — @) - w = 0.
To complete the proof, we observe that dw - w = —(Z¢ — iag,¢) = 0,
because (w,w) = (¢, p) = 0. O

Corollary 3.6  With the same notation, there is a bijective correspondence
between CR pluriharmonic local isometric immersions f: M — R™, up to
translation, and forms w € EY0 @ C™ satisfying the conditions (2), (3), (5)
of Theorem 3.4 and:

(1) Dw =0,
(4) [low]l* =1.

Proof. Condition (1) is equivalent to CR pluriharmonicity by Proposition
2.8. With the notation as in the previous Remark, condition (1) can be
written as Z(Z¢ — iag) = —icg. Together with (2) and (5) this yields
(0w, dw) = 0 and then condition (4) becomes equivalent to condition (4) in
Theorem 3.4. U

4. Harmonicity conditions

We want to characterize isometries from a three-dimensional strongly
pseudoconvex pseudohermitian CR manifold into R™ that satisfy an addi-
tional harmonicity condition. Reasoning as in the proof of Theorem 3.4, one
can see that the condition Arf = 0 (known as pseudo-harmonicity in the
literature) is incompatible with an isometric immersion. It is natural then to
consider CR pluriharmonicity instead, which is analogous to the condition
that Of is a closed holomorphic form in [APS].

We recall that a map f: M — R™ is CR pluriharmonic if it is locally
the real part of a CR map into C", or equivalently if all the components
are CR pluriharmonic functions. From Proposition 2.8, Corollary 2.9, and
equation (2.9) we obtain:
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Proposition 4.1  For a map f: M — R™ the following conditions are
equivalent:

(1) fis CR plum’harmom’c,
2) Dd'f =

(2)
(3) (Acm iTZf - b2,
(4) Z(Agrf) =icZf.

Let now f: M — R"™ be an isometric immersion. We consider the
following conditions on f:

(1) f is CR pluriharmonic;

(2) (Acrf,Agrf) =0;
(3) Agf is orthogonal to TM and has constant length.

In the special case n = 4 we also consider the condition:
(4) Agf is a parallel section of the normal bundle of M.

Proposition 4.2 Let M be a three-dimensional strongly pseudoconvex
pseudohermitian CR manifold, and f: M — R™ an isometric immersion.
Then we have

(1) = (2) = (3).

Proof.  First we observe that for any isometric immersion, condition (5) in
Theorem 3.4 implies that Agy f is orthogonal to Z f and Zf:

<AGLfazf> =0, <AGLf,Zf> =0

(1) = (2). We note that Agrf = dw, in the notation of Section 3. The
implication then follows directly from Corollary 3.6.

(2) = (3). Recall that Agf =2AqLf —iTf. From (2) we get
= 4Acif, Acrf) = (1ArSI? = ITFI?) + 20(AR S, TS)

thus it follows that Agpf is orthogonal to T'f and that |Arf|* = [|Tf]?,
and hence ||Agf]| is constant for an isometric immersion. O

Lemma 4.3 Under the hypotheses of Proposition 4.2, if n = 4 then

(3) = (4).
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Proof. If (Agrf,Acrf) =0, then Arf is a section of the normal bundle
of M, and it has constant length, i.e. it is parallel. O

Remark 4.4 We observe that the Laplacian Agf is, for an isometric
immersion f, essentially the mean curvature restricted to the contact dis-
tribution TH°M + T%1M. CR pluriharmonic isometric immersions can be
then seen as special variants of constant mean curvature immersions.

We look now at conditions such that the reverse implications (3) = (2)
and (2) = (1) hold true.

Proposition 4.5 If f: M — R" satisfies condition (3), then it satisfies
condition (2) if and only if |Arf| = 1.

Proof. The statement easily follows from the equation 4(Agpf, AgrLf) =
(I1ARFI? = ITfI1?) + 2i(ARrf, Tf) and the fact that for an isometric immer-
sion ||[Tf|| = 1. O

Proposition 4.6 Assume that (2) holds and n = 4. Then (1) holds if
and only if the image of Ay, is a totally isotropic submanifold of C* with
respect to the standard complex bilinear form, i.e.:

Proof. We use the fact that, if (2) holds, then {Zf, Zf 2'/2AqLf,
21/2Aqrf} is an orthonormal basis of C* and hence, for all vectors
v,w € C*, we have:

(v,w) = (v, Zf)(w, Zf) + (v, Zf)(w, Z[)
+2(v, Agrf)(w,Acrf) + 2(v, AL f)(w, AcLf).
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Thus we obtain:
(ZAgrf. ZAgL) =
(ZAgLf, ZAgLf) =
(ZAgrLf. TAgLf) =
(ZAgLf, ZAgLf) =
(ZA )
( ) =

07
ZAcLf, ZfWZAcLf, Zf),
ZAgLf, Zf){(TAqLf, Zf>

(Z
{
HZAcLf, Zf),
)+
)

o~ o~

arf, TAgrf
TAgrf,TAqrf

2ATAcrf, 2f) +{(ZAgLf, Zf)(TAcrf, Zf),
2ATAgLf, Zf)(TAGLS, Z])-
If (1) holds, then (ZAgrf, Zf) = 0 and (TAgrf, Zf) = 0, obtaining
immediately the conclusion.
Conversely, if (ZAgrf, ZAgrf) = 0 and (ZAgrf, TAgrf) = 0 then
(ZAgrf, Zf) =0 and (TAgLf, Zf) = 0. Then we have:
<ZAGLf - IEva AGLf> = 07
<ZAGLf - IEva AGLf> - 07
<ZAGLf - IEZ.}C’ Zf> = <ZAGLf7 Zf) = _<AGLf7 ZZf>
= (Agrf,Acrf) =0,
(ZAgLf —icZf, Zf) =ic—ic=0. O

5. A classification result

In the following we will keep the hypothesis that n = 4. We give a
complete classification for CR pluriharmonic isometric immersions of three-
dimensional strongly pseudoconvex pseudohermitian CR manifolds in the
Euclidean space R*.

Theorem 5.1 Let M be a three-dimensional strongly pseudo-convexr pseu-
dohermitian CR manifold, and f: M — R* an isometric CR pluriharmonic
immersion. Then one of the two following cases occurs:

1. there is a C’RNdiﬁeomorphism v: M — U, where U is an open subset of
the cylinder M = {(z,w) € C% | (R2)? + (Rw)? = 1}, and an isometry
¢: C? = R*, such that f = ¢ o 1;
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2. there is a CR Eliﬁeomorphism P: M — U, where U is an open subset
of the sphere M = {(z,w) € C? | |2]* + |w|* = 2}, and an isometry
¢: C? — R*, such that f = ¢ o).

Remark 5.2 In contrast with the result of [APS], stating that the induced
metric on M is always Kéhler, in the present case the sphere is Sasakian,
but the cylinder is not.

A global result easily follows.

Corollary 5.3 Let M be a complete three-dimensional strongly pseudo-
convex pseudohermitian CR manifold, and f: M — R* an isometric CR
pluriharmonic immersion. Then one of the two following cases occurs:

1. if M is not compact, there is a local CR diffeomorphism and covering
map ¢¥: M — M, where M = {(z,w) € C? | (R2)? + (Rw)? = 1} is the
cylinder, and an isometry ¢: C> — R*, such that f = ¢ o 1;

2. if M is compact, there is a CR diffeomorphism ¢: M — M, where M =
{(z,w) € C? | |2>+|w|? = 2} is the sphere, and an isometry ¢: C* — R4,
such that f = ¢ o).

The rest of this section is devoted to the proof of Theorem 5.1.
Let us first summarize the properties of Agp f for a CR pluriharmonic
isometric immersion f: M — R*:

(1) (Aerf,Aarf) =0,
(i) [Acrfl? =1/2,
(111) <XAGLf7 YAGLf> =0forall XY € TM.

We characterize the image of Agrf. Let N = {v € C* | {v,v) = 0,
|v]|> = 1/2}. The image of Agr f is then contained in N. Let v € N. Then

T,N = {w € C* | (v,w) =0, R(v,w) = 0}.
The cone of isotropic vectors in T, NV is
T°N = {w € T,N | (w,w) = 0}
We decompose TN as follows. Let u € C*\ {0} be a vector such that

(u,v) =0, (u,0)=0, (u,u)=0. (5.1)



Isometric pluriharmonic immersions of CR manifolds 231

Then TON is the union of two three-dimensional real subspaces of T}, N:
TP N = (Riv 4 Cu) U (Riv + Ca).

This decomposition gives two smooth vector distributions D* on N. Let Dt
be the distribution containing the vector es +ies € T2 ., N and D~ be the
distribution containing the vector eg —ieq € Teo1 tie, IV. Their intersection is
the one-dimensional distribution (DT ND~)(v) = Riv.

They are both integrable, and the integral manifolds are 3-spheres. Fix
a point v € N and a vector v € DF(v) with |Jul|?> = 1/2. The integral

manifolds through v are

ST={w+pu| A peC, NP+ |p* =1},
ST ={w+pa|\peC, A+ |u* =1}

Notice that both spheres S+ are contained in a complex 2-plane.

The tangent cone to the image of Agy, f is contained in TON.

If the rank of Agpf is at least 2, then the image of Agypf is locally
contained in a sphere S*. Since both ZAgy f and ZAgy f are orthogonal
to Agrf, it follows that ZAqrf and ZAgr f are linearly dependent over
C. If the rank of the differential of Agpf is 0 or 1, trivially ZAgp f and
ZAgr f are linearly dependent over C. From:

ic

(ZAgLf, ZAcLf) = (ZAgLf, ZAGLf) =& Zf, ZTf) 5

we obtain that either ¢ = 0, i.e. M is Sasakian, or ZAgrf = Zf/2. We
consider those cases separately, additionally distinguishing the cases |c| =
1/2 and |c| # 1/2, completing the proof of the Theorem.

The case ZAgrf = Zf/2, |¢| # 1/2:

We will show that this case reduces in fact to the Sasaki case (i.e ¢ = 0).
Assume for the moment that |¢|? # 1/4. Let W = (1 — 4|c|>)1(Z — 2ieZ).
Then

_ 7 _
WAgrLf =0, WAgrLf = 7fa (WAgLf, TAqrf) =0.
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Let

S=1—4ef)7'T, n= (14,
and complete {n} to a dual basis {¢, &,n} of {W,W,S}. Moreover, let
d,D,d,d", etc. be the differential operators associated to this CR structure.

Denote by M’ the manifold M with the pseudohermitian structure given
by n and T*°M’ = CW. Then Agrf is a CR map and (up to a pseudo-
homothety) a local isometric diffeomorphism from M’ to the sphere S*, and
hence M’ is a Sasaki manifold with respect to 7, and S is the Reeb vector
field on M’.

The CR manifolds M and M’ have the same contact distribution and
proportional Reeb vector fields. It follows that S is a constant multiple of
T, i.e. that |c| is constant. Up to a conformal transformation Z’ = €'V Z (see
Section 1), we can consequently assume that c is actually constant.

The pseudohermitian structure of M’ is Sasakian, and then [, S] is a
multiple of W. We have:

(W, S] = (1 — 4|c|?)72(b — 4i|c|? + 4cT'e + 4b|c|*)W
+ (1 — 4|c|?) 72 (4ibe + 4¢|c|* + ¢ + 21Te)W .
Taking in consideration that ¢ is constant and nonzero we obtain
=1i(|c|* +1/4)
and
i
W,8] = {W.
We also observe that, under the hypothesis that ¢ is constant, we have:

W, W] =(1—4c>) YT +aZ +aZ)
a — 2iac a -+ 2iac -

_ g4 4T e a~ 2lac
A T

The structure functions of the manifold M’ are hence
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a — 2iac i
—_— = - =0.

a= 7

We want to prove that o = 0.
We first observe that, since WAgLf = Zf/2, and d" f = Z/2(, we have

D(WAgLf¢) =Dd"f =0,

because of the CR pluriharmonicity of f.

On the other hand, since WAgrf = 0, we have 0 = ﬁcZ(AGLf) =
ﬁ(WAG £f€). We note that D and D are constant multiples of each other,
because 7 is a constant multiple of 8. As a consequence, since D depends
only on the contact structure 6 (see Section 2), we obtain that

DWAGLf() =0, D(WAGLC) =0, and finally D(WAGLfE) = 0.
In particular:
D'(WAGLfE) = SWAGLf+BWAGLf +iW(WWAgLf —iaWAgrf) = 0.

Using the CR pluriharmonicity of f, and again the fact that WAgLf =
Zf/2 and WAgrf = 0, we first compute WW Agr f — iaWAgrf:

WWAGLf —iaWAgLf, AcLf
(WWAgLf —iaWAgrLf, Acrf
(WWAgLf —iaWAgrLf, WAgLf
(WWAgLf —iaWAgrLf, WAgLf

0
0
0

)=
)
)
) = =2ia(WAqLf, WAGLS)
that is WWAgLf —iaWAgLf = —2iaW Agr f. Then we compute

(SWAGLf + BWAGLf +IWWWAgLf —iaWAgLf),AaLf)
= (SWAGLf + BWAGLSf + 2W (aW AL f), AcLf)
— (2WaWAgrf +20WWAGLf, AaLf)
= (2QaWWAgLf, Acrf) = —2a(WAaLf, WAaLf)
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thus proving that o = 0. Since |c¢| # 1/2, this shows that a = 0.

Let X =2"Y2(Z + Z),Y =2712{(Z — Z). We can further assume up
to a conformal change (see Section 2.1) that ¢ is purely imaginary. Then we
have:

XApf=XAcrf+XAgLf

=9273/2(1 = 2ie)(Zf + Zf) = ! _22iCXf, (5.2)
YArf=YAgrLf +YAgLf
— 9321 4 %) (Zf — Zf) = +22‘CYf. (5.3)

Furthermore, using the brackets (2.3), we get

(TAgrf. Zf) =0
(TAgrf, Zf) =0,
(TAgrf,Acrf) =0
(TAaLf,AcLf) =WZZAarLf, AaLf) —WZZAaLf, AaLf)

15 . i
= —i|ZAcLfI* +ill ZAcLf|* = i 4lcf?),

which implies, using the fact that ||Agy f]|* = 1/2 and equation (2.11)
i
TAgrf= -5~ 4le[*) AL f,

5.4
1 — 4|c)? (54)

TAgrf = >

Tf.

Then as Apg is the unit normal vector, the directions defined by X, Y and
T are principal curvatures directions for f(M) and the principal curvatures
are constant and equal to:

1—2ic 1+42ic 144
2 2 7 2

A result of B. Segre ([S], see also [C]) implies that either all the three
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curvatures are equal, or at least one is zero. The latter case contradicts the
condition |c| # 1/2. The former case corresponds to the condition ¢ = 0,
which is analyzed below.

The case ZAgrf = Zf/2, |¢| =1/2.

We can assume up to conformal changes (see Section 2.1) that c is
constant and equal to i/2. Let X = 27Y2(Z + 2), Y = 27Y2i(Z — Z).
Then:

YAgrf =0, XAgpf=2"'°Zf.

Separating real and imaginary part of Y A f = 0, we obtain that YAgrf =
0 and YT'f = 0. We compute now that TAgpf = 0. We have using (2.3)
and the CR pluriharmonicity:

0,
=0,
0

(TAgrLf. Zf) =
(TAqLf,Zf)
(TAgrLf, Acrf) =

(TAcrLf,Acrf) = (iZZAcrf —iZZAgLf, AcLf)

b

= %<ZZf, AGLf> + E<ZZf7 AGLf>

= 5330
It follows that TArf = 0 and TT f = 0. On the other hand we have [Y,T] =
—i(b—¢)X. Since XAqgrf =Xf/2—-i(Yf/2)#0and [Y,T|Aqgrf =0, we
obtain

i

Y.T=0, b=c=g. TYf=0. (5.5)

The distribution generated by Y and T is integrable, and hence determines a
foliation F of M. Y, T are orthogonal and commute and this gives a system
of local coordinates, so that the leaves of F are locally isometric to R2. On
each leave I' of F the vector fields T and Y are parallel, and T'f, Arf are
constant. It follows that the image f(F') of every leave F' is contained in the
three-dimensional affine plane orthogonal to Arf at any point of f(F).
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First we observe that [X,Y] = —-T—2"12(a+a)X —2"%i(a—a)Y. As
(YY£,Y) = Y[ Acrf) =YY [f,Tf) =0, the norm of YY f is given
by

VY SIR = Y xR = (v = - o

(5.6)
and T||[YY f|| = 0, yielding T(a — a) = 0. As b and ¢ are constant equal
to i/2, we obtain from (2.3) the condition Ta — ab — ac = 0 and finally
T(a+a)=0and T(a —a) =i(a+ a). Comparing these conditions we have

a—i—a:O’ TCL:O, [X’Y] = —T—21/2iay

We compute now the derivatives of f of the form X*f. We use that
[X,T] =Y and XAprf = X f. We have

(XXf,Xf)=0 (XXfY[)=-(X[[X.Y]f)=0
(XX[,Tf)=0 (XX[,Arf)=—(Xf,XArf)=-1

and then

XXf=—-Arf, XXXf=-Xf, X'f=Agrf (5.7)

Hence the integral lines of X f have vanishing higher order curvatures, and
are (arcs of) circles of radius 1 in the affine plane spanned by X f and Agf.
The planes generated by Y f, T'f are thus constant along X, and also along
T, and consequently along Y = [X,T]. In other words the leaves of F are
affine planes.

We can conclude now that f(M) is, up to rigid motions of R*, equal
to (an open subset of) the tube {z7 + 23 = 1}. The CR structure on M is
given by the restriction to f(M) of the complex structure of R* defined by
Jey = ey, Jeg = e4 (or the conjugate one).

The Sasakian case (¢ = 0):
In this case we have ZAgrf = 0 and ZAgrf = iZTf. We obtain,
using [[Agr f[|*> = 1/2:

1

12860 fI = (Z861f, Z)(2F. ZBerf) = |AcrfI* = 7.
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(ZAgrf, TAgLf) = (ZAgLf, ZfUZf, TAcrf) +(ZAgLf, Zf)(Zf, TAgLf)
+2(ZAgrf, Acrf)(AcrLf, TAcLf)
+2(ZArf, AcrLf)(Acrf, TAgrLf) =0,
ITAcLf|IP = 2(TAcrf, Aarf){TAgLf, Acrf)

=2(ZZAcLf, AaLf)(Aarf, —1ZZAqLf)

_ 1
=2(|ZAcLf|* = 3

It follows that 23/2A¢y, f is a CR map and an isometric immersion of M in
a standard sphere of radius 2 in C2.

Moreover
(ZAaLf, Zf) = |AaLfI? = 1/2, (ZAgrf, Zf) =0
(ZAgLf,Acrf) =0, (ZAgrLf, Aqrf) = 0.

hence ZAgrf = Zf/2. Together with ZAgrf = 0 this gives Z(Arf —
f/2) =0. Since Agf — f/2 is real, it must be constant, i.e.

f=2ARf + const (5.8)
and f is the standard embedding of a sphere of radius 2.
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