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We classify isometric pluriharmonic immersions of a Kihler
manifold into an indefinite Euclidean space. The moduli space
of such immersions is explicitly constructed in terms of com-
plex matrices. Some examples of these immersions are also
given.

1. Introduction.

It has been a fundamental problem in the theory of minimal surfaces to
determine the moduli spaces of isometric minimal immersions. An answer
to this problem was given by Calabi [3], and recently it is generalized to
higher dimensional cases by the present author [8]. In fact, we prove that the
moduli space of isometric minimal immersions of a simply connected Kahler
manifold into a real Euclidean space can be constructed in an explicit way
as a set of certain complex matrices.

The purpose of this paper is to prove the counterpart of this construction
in the case that the ambient space is an indefinite Euclidean space. Namely,
we shall construct a parametrization of the moduli space of isometric pluri-
harmonic immersions of a simply connected Kahler manifold into an indef-
inite real Euclidean space in terms of certain complex matrices, which are
in fact determined by a full isometric holomorphic immersion of the Kahler
manifold into an indefinite complex Euclidean space. The key ingredient of
our construction is the pluriharmonicity of these immersions, which eventu-
ally enables us to classify them in a similar fashion as in the case of minimal
surfaces. However, it should be remarked that isometric maximal immersions
of Kahler manifolds into indefinite Euclidean spaces are not pluriharmonic
in general, which contrasts with the fact that isometric minimal immersions
of Kahler manifolds into Euclidean spaces are always pluriharmonic.

In their paper [1, 2], Abe- Magid proved a rigidity theorem of indefinite
complex submanifolds and a representation formula for maximal surfaces
in terms of holomorphic curves and complex matrices. Our result can be
regarded as a sequel to their work.
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This paper is organized as follows. After fixing our notation and termi-
nologies, we recall in Section 2 a rigidity theorem of isometric holomorphic
immersions of a Kahler manifold into indefinite complex Euclidean spaces.
The precise statement of our classification theorem and its proof are given
in Section 3. In Section 4 we illustrate some examples of isometric plurihar-
monic immersions of Kahler manifolds into indefinite Euclidean spaces.

The author wishes to express his gratitude to Professors K. Kenmotsu
and S. Nishikawa.

2. Preliminaries.

Let RN*F denote a real vector space of dimension N + P endowed with the
standard metric

—-(d:L'l)2~—---——(dmN)2+(d.’IIN+1)2+---+(d.’L'N+P)2

of signature (N, P), and CN** a complex vector space of dimension N + P
endowed with the standard metric

—dz'dz" — - — dzVdzZ" + dZN AN 4 dZV PP
of signature (N, P), respectively. Let [, ¢ and s be integers such that
0<!<min(N,P), 0<t<N-l and 0<s<P-1L

For each (l,t,s) we denote by H(l,t,s) an (I + t + s)-dimensional subspace
of RN consisting of the elements

X =(X,..., X", xt* o XMt o,...,0;

- >

N

1 1 I+t+1 I+t+s
X1, X XS X o 0),

~ v
~

P

where X € Rand 1 < j <Il+t+s. Also, by HS(l,t,s) we denote an

(I + t + s)-dimensional subspace of C,NV+P consisting of the elements
Z=(2,...,Z2,Z2',... Z"0,...,0;

N

1 ) I+t4+-1 l4+t+s
Z,... ' 270, 0),

[

'

P
where Z7 € Cand 1 < j <1+ t+ s. For each element Z € H€(l,t,s), we
set

Zo = (Zl,... ,Zl),

Z_:=(2',...,Z'Y),

Z+ = (Zl+t+1, . ’Zl+t+s),
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which are called the 0-component, the —-component and the +-component
of Z, respectively. We often write Z = (Zy, Z_, Z, ) for convenience.

Let M(n+pyx(n+p)(F) denote the set of (N + P) x (N + P)-matrices with
entries in F(= R or C). Let O(N, P) and U(N, P) be the groups of isome-
tries of R%“’ and CN*F, respectively, that is,

O(N,P) := {0 € Mn+pyx(n+p)(R) : *O1npO = 1np},
U(N,P):={U € Mnipyx(n+p)(C) : "UlypU = 1np},

where
—1n ofr 7T
Iyp = [ ].le S M(N+P)><(N+P)(R) and U="U.

Note that each linear subspace of RN™F can be written as O(H(I,t,s))
for some (l,t,s) and some O € O(N,P). As a result, when we discuss
O(N, P)-congruence classes of maps into RNTF, we only have to consider
H(l,t,s) as subspaces of RY™F. We remark that the induced metric on
H(0,t,5)(= Ri™) c Ry is nondegenerate, while for [ > 0 the induced
metric on H(l,t,s) C RN is degenerate.

Throughout this paper, we always denote by M a connected and simply
connected Kahler manifold of complex dimension m. An isometric immersion
f: M — RYTF of M into the real indefinite Euclidean space RN is said
to be full in H(l,t,s) if the image f(M) of f is contained in H(l,t,s) and
if the coordinate functions f1,..., f!, fi, ..., fitt, firttl o flrtts of f

are linearly independent over R..

Definition 2.1. We say that an isometric immersion f : M — RN™F
is pluriharmonic if the (1,1)-component o!"?) of the complexified second
fundamental form « of f vanishes identically :

otV = 0.

Note that f is pluriharmonic if and only if the CN**-valued function
df/0z* is holomorphic, where (2%) := (2',... ,2™) is a local complex coor-
dinate system on M. An isometric holomorphic immersion f : M — CR*™P
is pluriharmonic when regarded as a map f : M — RIV™?F (= C¥™F). It
is also easy to see that the mean curvature of a pluriharmonic immersion

vanishes identically. Conversely, we have the following

Proposition 2.2. Let f be an isometric immersion of M into RNTF,
and P = 2m, the real dimension of the Kahler manifold M. If the mean
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curvature H of f vanishes identically, then f is pluriharmonic.

Proof. We choose local orthonormal frames e,,... ,e,,Jei,...,Je, on M
and define V2E; := e;++v/—1Je; € T*' M, where J is the complex structure
of M. From the Gauss equation of f and the Kahler condition of M, it follows
that

0= g (R(Bx, E,)E, By)

= (@ (B ) (B, F)) — (o (B Fr) o (8. F)),

where g is the Kahler metric on M, R denotes its curvature tensor and
k,r =1,... ,m. Taking sum with respect to k and r then yields

0 =m?(H, H) — (), atD),

which implies that H = 0 if and only if oY) = 0, since H and o™V are
both timelike vectors. |

Dajczer - Rodriguez [6] and Ferreira- Tribuzy [7] proved that for an iso-
metric immersion f : M — RFP(= R{) the same result is true with no
restriction on the dimension P of the ambient Euclidean space.

The following proposition is the indefinite version of a result due to Da-
jczer - Gromoll [4], which can be proved in the same way as in the positive
definite case.

Proposition 2.3. For an isometric pluriharmonic immersion f : M —
RN*F, there exists an isometric holomorphic immersion & : M — CN*F
such that f = /2Re ®.

It is well-known by Calabi’s rigidity theorem that an isometric holomor-
phic immersion of a Kihler manifold into a complex Euclidean space is rigid.
The counterpart of this result in the indefinte case is given by the following.

Proposition 2.4. Let HS(l,t,s) and HC(l',t',s") be linear subspaces
of CN*F as above. Let @ = (®,,®_,®,) : M — HC(l,t,s) and ¥ =
(U, U_, U, ): M — HE(I',t',s') be isometric holomorphic immersions, re-
spectively. If ® is full in HS(l,t,s), then

1) s<s andt<t, and

2)  there exists a unitary transformation U € U(t',s') such that

d_
v_ _ 0y ¢
B

Os'——s
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To prove this proposition, we only have to apply Calabi’s rigidity theorem
to the new isometric holomorphic immersions (¥_;®,,0,_,) and
(®_,0p—4;0,) : M — C'+5 constructed from ® and ¥. We refer the
reader to Abe- Magid [1] for details. It should be remarked that we have no
relation between &y and ¥, in this case.

Definition 2.5. A full isometric holomorphic immersion of M into
HEC(l,t,s) C CN*P is called the shape of M if | = 0.

Note that by Proposition 2.4, the shape of M is unique up to unitary
transformations.

3. A parametrization of the moduli space.

We denote by M/ (M;RN*F) the moduli space of full isometric plurihar-
monic immersions, that is, the set of O(N, P)-congruence classes of full iso-
metric pluriharmonic immersions of a Kahler manifold M into Ry 7.

Our aim of this section is to parametrize M7’ (M;RN*?) by the set
P(®; N, P) defined in the following manner.

We assume, throughout this section, that M’ (M;RN'F) is not empty.
Then it follows from Propositions 2.3 and 2.4 that there exists the shape
®: M — Ct? of M. For & and integers N and P, we define P(®; N, P)
to be the set of (n + p) X (n + p)-complex matrices satisfying the following
conditions (P1) — (P4):

(P1) ta%g g—;—zO (a,8=1,...,m),

(P2) tp =P,

(P3a) *T_ (lnp - tPlon) z_ <0 for z_ € H®(0,n,0),
(P3b) T, (1n,, - ‘P1n,,ﬁ) z, >0 for z, € HS(0,0,p),
(P4) sign (1np - tpln,j?') = (N —n,P —p),

where (P4) means that the Hermitian matrix 1,, — *P1,,P has (N — n)
negative eigenvalues and (P — p) positive eigenvalues.
First, we give another description of P(®; N, P) for later use.

Lemma 3.1. An (n+p) x (n+ p)-complex matriz P belongs to P(®; N, P)
if and only if P satisfies (P1) and there exist a complex matriz

U € Un) x Ulp) = {[g g] cUn,p): AcU(n), Be U(p)} ,
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and real numbers Ay, ..., Ap, 1, ... , 4y Satisfying

(P2’) P = tUdiag(-—)\l,... ,—'An;/.tl,... ,[.LP)U,

(P3') —1< A< S-S0, < S L1,
(P4’a) —l==-A===dpn< '—)‘2n—N+1a

(P4'b) Bop—pP+1 < Pop-p =+ =1 = L.

Proof. In order to see that P € P(®; N, P) is diagonalized as in (P2'), we
inductively define subsets S>"~(%-1) (j = 1,... ,n) of H®(0,n,0) and vectors
z; € S (%) a5 follows.

Step 1. We set

S 1= {z = (z_;0) € C? : *zl,,z = —1},
—A; := inf Re(‘zPz).

z€Sn -1

Then there exists z; € S?*! such that —\; = ‘z;Pz; < 0. In fact,
since $?"~! is compact, we have a vector z; € S§*"~! such that —\, =
Re (*z;Pz;) < 0. Note that if z € $*~! and 6 := 1/2(n — arg‘zPxz), then
the vector eV~z belongs to S~ and e2V=1(*zPz) < Re (*zPz). Hence,
Re (*z,Pz,) = tz, Px;.

Step j. We set

Sn-@-1 = {x = (z_;0) € §*=% . *g1, 2, s = *zPz; , = 0} ,

—Aj = inf )Re (*zPx).

$€S2n—-(25—-1

Then the same argument as in Step 1 assures that there exists z; € S2"~(2-1)
such that —\; = *z;Pz; <0.

Consequently, we obtain vectors z,... ,z, € H®(0,n,0) such that
*xj]-np‘rk = _6jk)
t.’ﬂjPiL'k = —)\j5jk, —)\1 <o <Z _’\n < 0.
In a similar fashion we also obtain vectors Z,,1,... ,Zntp € HC(0,0,p) such
that

*$n+j1npzn+lc = Ojk,
T i P = 105k, M1 2 2 pp 2> 0.
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It is immediate from these that P is diagonalized as in (P2’):

U™ = (21, .. ,Tn; Tog1y -+ Tnyp) € U(n) x U(p),
tU_lPU_l = diag(_/\l,"' a‘/\n;ﬂ'la--' v“p)7
S S A0S < Sy

Now we note that
Ly — ‘Pl P =*Udiag(—(1— A),... ,—(1 = A2);1—pi,... , 1= p2)U.

Then (P3) means that —(1 — X?) < 0 and 1 — x} > 0, which implies (P3’).
(P4) means that sign (1np - tPln,,?> =(n—(2n— N),p— (2p — P)), which
is equivalent to (P4').

Conversely, it is easy to see that matrices satisfying (P1) and (P2') - (P4')
belong to P(®; N, P). OJ

In order to construct a bijection from M7/ (M;RNTF) to P(®; N, P), we
prepare the following lemmas.

Lemma 3.2. For each full isometric pluriharmonic immersion f : M —
RNTE, there exists an (N + P) x (n + p)-complex matriz S such that

(S0) f=V2Re 59,
Lo, 0P
(Sl) 5‘; INPSW_O (a,ﬂ——l, ,m),
(S2) *SlnpS = 1,,,
(S3) rank (S, —.57) =N+ P,

where (S, §> denotes the (N + P) X 2(n + p)-matriz consisting of S and its

complex conjugate S.

Proof. Recall that by Proposition 2.3, there exists an isometric holomorphic
immersion ¥ : M — CINV“LP such that f = V2Re U. It also follows from
Proposition 2.4 that for ® and U there exists U = (u;y) € U(N,P) (I,J =
1,...,N + P) such that

d_
v_ _ ON—n
=)

0p_p
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Let S be the (N + P) x (n + p)-matrix defined by

n p
AN AN

S = [ Sl Sg ] }N+P,
where
S = [u”] (j=1,...,n),
S2 = [UI(N+a)] (a‘ = ]-a R ap)

Then we have

)
(3.1) f=\/§Re\Il=\/§ReS<I>—7_—(SS)[]
1 1

Since f and ® are isometric,

‘9f  9f  t0f Of _ 9%, 9%

0=2510ras 25N 5e8 = B s
which together with (3.2) implies (S1) and (S2). By (3.1), the fullness of f
in RN** is equivalent to (S3). O

Conversely, by reversing the above process it is easy to see the following:

Lemma 3.3.

(1) Let S be an (N + P) X (n + p)-complez matriz satisfying (S1), (S2)
and (S3). If we define f as in (S0), then the congruence class [f] of f
belongs to MY (M;RNTT).

(2) Let fi = V2Re §;® and fo = V2Re S, ® : M?™ — RN be isometric
pluriharmonic immersions. Then [f1] = [f2] if and only if *S;1npS; =

We also have the following lemma.

Lemma 3.4. If an (N + P) x (n+p)-matriz S satisfies (S1),(S2) and (S3),
then *S1npS belongs to P(®; N, P).

Proof. Step 1. By (S1), *S1ypS satisfies (P1).

Step 2. By the same argument as in the proof of Lemma 3.1, we obtain
U € U(n) x U(p) such that

tSleS=tUdia.g(——)\1,... ,"‘An;/.ﬁl,... ,[.l'p)U,
M €A <0 gy <o Sy
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It follows from (S2) that —1 < —A\; <0 < p; < 1. In fact, let V € U(N, P)
be a matrix such that

VS(8? 1) c {y € HS(0,N,0) C CN*P : *ylypy = —1}.
Then we have

_ : t,.t — : t
~M=_inf Re(s'SlypSz)= iof  Re(ylvry)

= inf tV 1)1 1
yevsl(rfszn—l)Re((V Y)inp(V7y))

>
_yGVS(Sz"l (V7Y ine(V7ly) =

Also, a similar argument applied to p, implies u; < 1. Consequently, *S1ypS
satisfies (P2') and (P3').

We proceed to prove that (S3) is equivalent to (P4').
Step 3A. Since —1 < —X; <0 < p; <1, we can choose complex numbers
a;, b;, c; and d; so that
(3.3) Ni=al+b,  1=la*+ b

pi=c+di,  1=lo" +1dsl*.

In particular, if A\; = 1 (resp. p; = 1), we take a; = 1, b; = 0 (resp. ¢; =1,

Note that a;, b; (resp. c;, d;) are linearly dependent over R if and only if
i =1 (resp. p; =1).

Step 3B. For these complex numbers a;, b;, ¢;, d; and the matrix

n+p

Si| I~
S = [S::| %P € M(N+P)x(n+p)(C)v

we consider (2n + 2p) X (n + p)-matrices T and S defined by

ay
b,
e . s
T:= L }2n = bn and S := O2n—n
T }21" C S
dl 02p—P
Cp
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By definition, we have

(TU) 1an2p (TU) = 481503, 5,

. (TU) Lonzp (TU) =*81302,8 = 1,
which implies that there exists O € O(2n,2p) = U(2n,2p) N O(2n,2p; C)
such that OS =TU.
Step 3C. (83) holds if and only if rank (T} f) — N and rank (ﬁﬁ) ~P.
In fact, rank (S, —S—) = N + P if and only if we can choose N timelike
vectors and P spacelike vectors from the image of (S, ?). By Step 3B, this
is equivalent to being able to choose these vectors from the image of (T, 5";) ,

which means that rank (TI ,f) = N and rank (’f‘; ,’1:’2) = P.

Step 3D. rank (ﬁf) = Nifandonlyif1 = A = -+ = Agpon > Asn_ni1s
and rank (T;,E) =Pifandonlyif 1 =py = = pap_p > plop—p41.
In fact, by the definition of fZA’;, rank (Tﬁ ,E) = N if and only if there

exist 2n — N pairs of R-linearly dependent vectors (a;, @;) and (bi, E) Step
3A then implies that this is equivalent to 1 = A, = -+ = dan_n > Aon-nNy1-
The proof for T, is similar.

Step 3C combined with Step 3D now implies that (S3) and (P4') are
equivalent, which completes the proof of the lemma. [l

We are now in a position to define a natural map F from M/ (M;RN'F)
to P(®; N, P).

Let [f] be an element of M/ (M;RYN"F). By Lemma 3.2, for each full
isometric pluriharmonic immersion f € [f], we can choose an (N + P) x
(n + p)-matrix S satisfying (S0) - (S3). By Lemma 3.4, *S1ypS belongs to
P(®; N, P). We then define the map F by

f([f]) = tS].NPS,

which is well-defined by Lemma 3.3 2).
With these preparations, we obtain a parametrization of the moduli space
of full isometric pluriharmonic immersions as follows.

Theorem 3.5. Let M be a connected and simply connected Kahler man-
ifold. Suppose M has the shape ® : M — CI*?. Then the map F :
M (M;RYTF) — P(®; N, P) is bijective.

Proof. It follows from Lemma 3.3 (2) that F is injective.
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To show that F is surjective, we claim that for each P € P(®; N, P) there
exists an (N + P) x (n + p)-matrix S satisfying (S1), (S2) and (S3). First,
by Lemma 3.1, there exist U € U(n,p) and A;, #; € R such that

P = tUdlag(—l, ey —‘1, —)\zn_N+1’ ey —)\n, ]., Cee 1, Hop—P+1y--- ”U/p)U.
N —— N ——r
2n—N 2p—P

Choose complex numbers a;, b;, ¢; and d; such that (3.3) holds for these A;
and p;. Then we define an (N + P) x (n + p)-matrix S by

——12n—N
Qon—N+1
b2n—N+1
an
S = b U.
12p—P
Cop—P+1
d?p—-P—}—l
Cp
. dp_J
It can be verified without difficulty that S satisfies (S1), (S2) and (S3), which
together with Lemma 3.3 (1) implies that F is surjective. U

Before closing this section, we now consider the moduli space without
assuming the fullness of immersions. Let M (M;RNTF) denote the set
of O(N, P)-congruence classes of isometric pluriharmonic immersions of a
Kahler manifold M into RN*F. Then we have

M (M;RY*P) = I MoHLS)).
0<!<min(N,P),
0<t<N—I,
0<s<P-I

In particular, we have

MMRY) 2 [T MI(MR).
0<t<N,
0<s<P
It should be remarked that M (M;RNTT) is not finite-dimensional in gen-
eral, which contrasts with the fact that the moduli space is finite-dimensional
in the positive definite case. In fact, it is not true that M/ (M; H(l,t,s)) is
of finite dimension when { > 1.
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4. Examples.

In this section we illustrate some examples of pluriharmonic immersions.

Ezample 4.1. Holomorphic immersions. As mentioned above, all holomor-
phic immersions are pluriharmonic. For instance,

f(z):="* (Re z,Im z; Re (—;-zz + 22) ,Im (%z2 + 2z))

gives rise to a (pluri)harmonic immersion of a non simply connected and
non complete Kahler manifold defined by ({z € C: [z + 2| > 1},2(|z + 2> -
1){dz|?) into Ri.

Ezample 4.2. Product immersions. Given two pluriharmonic immersions
fi: M) — R%;*P Yand fo : M, — R%j“’ 2, we can define product immersion

fi X fa: My x My » R x RV = R TRt R

which is also pluriharmonic.

Now, let f = V2Re® be an isometric pluriharmonic immersion of a
simply connected Kahler manifold M into RN+ (= R)"*F), where ® : M —
CN+P is an isometric holomorphic immersion such that

tad 0P
4.1 _—— =
(4.1) 0z 02P
For @ =t (®',... ,®N,@N+t ... ®N*P) we consider a new immersion

=1 (\/—_1@1,... V=10V, N ,<I>N+P) ‘M — CN*P,
where M is a Kihler manifold defined by
({Z EM: 6*(-,7)Cx+P (2) > 0} , §:= &)*<-,T)Cx+f’) .

Then the map f defined by f~ = v2Re ® : M — RNTF gives rise to a
pluriharmonic immersion, since

08, 0B
9z0 NP 528

= 0.

To sum up, in order to obtain (locally defined) pluriharmonic immersions
into RY™F, we only have to construct holomorphic immersions into CN+¥
satisfying the condition (4.1).
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Ezample 4.3. Cone immersions. As an example, we shall construct pluri-
harmonic immersions of subsets of C? into RS.

As remarked above, it suffices to define holomorphic immersions into C!**
satisfying the condition (4.1). Let C and D be simply connected domains of
C. Suppose that 1) : C — C is a holomorphic function and ¢ : D — C'** is
a holomorphic immersion such that

99 _ '9$0¢ _

(42) ‘9o = ¢8z 8z 8z

where z is a coordinate of D. Then the holomorphic immersion ®(w, z) :=
PY(w)d(z) : C x D — C** satisfies (4.1), from which we obtain a plurihar-
monic immersion of a subset of C' x D into Rj.

We can construct ¢ as follows. For any holomorphic function h on D we
set

9(2) = (" (2), 6z ),gS(z»
=/ VT4 A(0)%), 2h(0))d

Then

$(2) = (1 = 'g(2)g(2), V-1(1 + "g(2)g(2)), 29" (), 29" (2), 29 ()

gives rise to a holomorphic immersion satisfying the condition (4.2).
If we choose (w) := w and h(z) := z, the corresponding pluriharmonic
immersion is

f(w,z) =1v2Re é(w, z)

V-1 (1+ 32
V=1 (1-32%) _—
=+2Re |w 2(z—12%)] | :C*D>C x D Rj.
VT 2(z + 12%)
222

It should be pointed out that we may use a class of complex ruled immer-
sions obtained by Dajczer - Gromoll [5] as the above ®, which provides us
with a larger class containing cone immersions.
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