SPECIAL LAGRANGIAN SUBMANIFOLDS OF THE NEARLY KAEHLER
6-SPHERE

LUC VRANCKEN

ABSTRACT. In this paper, we study Lagrangian submanifolds of the nearly Kahler 6-sphere S¢ (1). Tt is well
known that such submanifolds, which are 3-dimensional, are always minimal and admit a symmetric
cubic form. Following an idea of Bryant, developed in the study of Lagrangian submanifolds of C®, we
then investigate those Lagrangian submanifolds which at each point admit an isometry preserving this
cubic form. We obtain that all such Lagrangian submanifolds can be obtained starting from complex
curves in 56(1) or from holomorphic curves in CP? (4). As a corollary we classify the Lagrangian
submanifolds which admit a Sasakian structure which is compatible with the induced metric. This last
result generalizes theorems obtained by Deshmukh and ElHadi.

Subject class: 53B25, 53D12

1. INTRODUCTION

It is well known that starting from the Cayley numbers, it is possible to introduce an almost complex
structure J on the 6-dimensional sphere S°(1) which is compatible with the standard metric. It was
shown by Calabi and Gluck, see [5] that this structure, from a geometric viewpoint, is the best possible
complex structure on S°(1). In the study of submanifolds, it is then natural to study submanifolds for
which J preserves the tangent space (and hence also the normal space) and those for which J interchanges
the tangent and normal spaces. The first class are called almost complex submanifolds and it was shown
by Gray that they have to be two dimensional (complex one dimensional). Further results about these
complex curves were obtained amongst others in [4], [10] and [2].

The second class of submanifolds mentioned, which by its definition have to be 3-dimensional, are
called Lagrangian submanifolds. They were first investigated by Ejiri, [13], who showed that a Lagrangian
submanifold is always orientable and minimal. Moreover, as is the case for Lagrangian submanifolds of
complex space forms, we have that the 3-form C' defined by

C(X,Y,Z) =< h(X,Y),JZ >,

where h denotes the second fundamental form of the immersion is always symmetric. This implies that
at every point p of M, we can introduce a symmetric polynomial f, by

Io(z,y,2) =< h(zer + yes + zes, zer + yes + zes), J(rer + yes + zes) >,

where {e1, eq,e3} is an orthonormal basis at the point p. As M is minimal we see that the trace of this
polynomial with respect to the metric vanishes. As far as such symmetric polynomials with vanishing
trace on a 3-dimensional real vector space are concerned, we quote the following result by Bryant [3]:

Theorem 1. Let p € M and assume that there exist an orientation preserving isometry which preserves
fp. Then there exists an orthonormal basis of T, M such that either

(i) fp =0, in this case f, is preserved by every isometry,

(it) f, = M22® — 3zy? — 32z?), for some positive number X in which case f, is preserved by a
1-parameter group of rotations,

(iii) fp, = 6Axyz for some positive number X, in which case f, is preserved by the discrete group As
of order 12,

(1v) fp = A(x® = 3xy?) for some positive number A, in which case f, is preserved by the discrete group

Ss of order 6,
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(v) fp = AM22% — 3wy? — 322%) + p(y® — 3zy?) for some A\, pu > 0, with p # V2, in which case Ip is
preserved by the group Zs,

(vi) fp = X223 — 3zy? — 32z?) + 6payz, for some A, pp > 0, with A # p, in which case f, is preserved
by the group Zo of order 2.

In this paper, we will assume that one of the special cases of the above theorem is satisfied at every
point of the Lagrangian submanifold. We call M a Lagrangian submanifold of Type (k) if and only if
Theorem 1(k) is satisfied at every point p of M. As it turns out, several of these classes of Lagrangian
submanifolds have been previously studied. For example, the Lagrangian submanifolds of Type (iv)
correspond to the Lagrangian submanifolds which satisfy Chen’s equality which were previously studied
in [11], [7] and [8].

The paper i1s organized as follows. In Section 2, we recall the construction of the almost complex
structure on S®(1), starting from the Cayley multiplication, as well as some basic facts about Lagrangian
submanifolds. Next, we start our investigation of Lagrangian submanifolds of Type (k). We start in
Section 3 with collecting all known results translated to this setting. Next we show that, in contrast to
the C3-case studied by Bryant [3], there does not exist any Lagrangian submanifold of Type (v). As a
corollary we remark that every Lagrangian submanifold of Type (k) which has constant scalar curvature
must be equivariant and thus congruent to one of the 5 immersions of SU(2) into S®(1), first described
by Mashimo in [16]. This gives evidence to the following conjecture:

Conjecture 1. Let ¢ : M® — S%(1) be a Lagrangian immersion with constant scalar curvature. Then v
1s congruent with an open part of one of the b previously mentioned equivariant immersions.

The above conjecture can be seen as the analog for Lagrangian submanifolds of the well-known con-
jecture by Chern which states that the set of all possible values for the scalar curvature of a compact
minimal hypersurface in a sphere is a discrete set.

As a Lagrangian submanifold M of S°(1) is always 3-dimensional, and thus odd-dimensional, it is a
natural question to ask whether M admits a Sasakian structure compatible with the induced metric.
This problem was first considered in [12], where some partial results were obtained. In Section 6, we
completely classify those Lagrangian submanifolds of S°(1) which admit such a Sasakian structure.

2. PRELIMINARIES

We give a brief exposition of how the standard nearly Kahler structure on S®(1) arises in a natural
manner from the Cayley multiplication. We also describe how we can use the vector cross product on
R7in order to define the Sasakian structure on S°(1). For further details about the Cayley numbers and
their automorphism group G, we refer the reader to [18] and [15].

The multiplication on the Cayley numbers O may be used to define a vector cross product x on the
purely imaginary Cayley numbers R7 using the formula

(1) uxv:§(uv—vu),

while the standard inner product on R is given by

(2) (u,v) = —%(uv—l—vu).

It is now elementary [15] to show that

(3) u X (vxw)+ (uxv)xw=2(u,wv— (u,v)w—(w,v)u,

and that the triple scalar product (u x v, w) is skew symmetric in u, v, w.
Conversely, Cayley multiplication on O is given in terms of the vector cross product and the inner
product by

(4) (r+u)(s+v)=rs— (u,v) +rv+su+ (uxv), rs€Re(O)uvelmO)

In view of (1), (2) and (4), it is clear that the group G5 of automorphisms of @ is precisely the group of
isometries of R7 preserving the vector cross product.
An ordered basis uy, ..., u7 is said to be a Gs-frame if

(5) U3 = UL X Uy, Us = UL X Ug , Ug=1Uy X Ug , U7=1U3 X Ugq.
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For example, the standard basis e1,...,er of R7 is a Ga-frame. Moreover, if u;,us, us are mutually
orthogonal unit vectors with w4 orthogonal to w; X wug, then wuj,us,us determine a unique Go-frame
uy, ...,u7 and (R7, x) is generated by wy,us, us subject to the relations :

(6) U; X (Uj X uk) + (Uz X Uj) X U = 2(5iku]' — (5ijuk — 5]kul

Therefore, for any Go-frame, we have the following very usefull multiplication table [18] :

X Ul U9 Us Uag Us Ug (754
U 0 U3 —Us Uus —Uy —u7 Ug
U9 —us 0 U Ug uy —Uy —us
U3 U9 —uq 0 uy —Ug Uus —Uy
Uy —us —Ug —u7 0 U U9 U3
Uus Uy —u7 Ug —uq 0 —us U9
Ug uy Uy —us —Us U3 0 —uq
uy —Ug Uus Uy —us —Us U 0

The standard nearly Kahler structure on S°(1) is then obtained as follows :

Ju=1rxu, u€TyS%(1), =eS°1).
It is clear that J is an orthogonal almost complex structure on S°(1). In fact J is a nearly Kahler
structure in the sense that the (2, 1)-tensor field GG on S°(1) defined by
G(X,Y) = (VxJ)Y,

where V is the Levi-Civita connection on S6(1) is skew-symmetric. A straightforward computation also
shows that

GX,)Y)=XxY —-(ex X, V).
For more information on the properties of ., J and G, we refer to [2] and [10].

Let M be a submanifold of S%(1). Then, M is called Lagrangian provided that J interchanges at every
point p of M the tangent and the normal space. It is immediately clear that a Lagrangian submanifold is
3-dimensional. It was also shown by Ejiri, [13] that M is minimal, orientable and that for tangent vector
fields X and Y to M, G(X,Y) is normal to M. Decomposing VxY and VxJY into a tangential and a
normal component it follows that

VxJY = JVxY + G(X,Y),
and that the form defined by

C(X,Y,7) =< h(X,Y),JZ >,
is symmetricin X, Y and 7.

Now, we finish this section, by recalling some basic facts about the Hopf lift, which we will need
in some of the later sections. Tt is well-known (see for instance [1], page 32 or [11]) that the complex
structure of C® induces a Sasakian structure (¢,&,n,g) on S®(1) starting from C2. This structure can
also be expressed using the vector cross product. We consider S®(1) as the hypersphere in S(1) C R”
given by the equation x4 = 0 and define :

§:S%(1) = C (21, 9, 23,0, x5, 26, 27) > (21 + x5, 22 + ixs, x3 + i27).
Then at a point p = (1, €2, 3,0, x5, s, x7), the structure vector field £ is given by

g(p) = (xfn T, L7,y Oa —x1, —T2, —l‘g) = €4 X P,
and for any tangent vector v, we get that
p(v) = v x eq — (v X €4,D) P.

Following [19], we call a submanifold M" of S® (1) invariant if p(7,M) C T, M for every p. If n is
odd, then ¢ is automatically tangent to M. Assume n = 3. The Hopf fibration h : S°(1) — CP?(4)
annihilates &, i.e. dh(€) = 0. Then if M3 is invariant, h(M?3) is a holomorphic curve. Conversely, let
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¢ : Ny — CP?(4) be a holomorphic curve, let PN; be the circle bundle over Nj induced by the Hopf
fibration and let ¢ be the immersion such that the following diagram commutes :

PN, —Y s 55(1)

l [

N —2 P2

Then 1 is an invariant immersion in the Sasakian space form S®(1) with structure vector field ¢ tangent
along &.

3. LAGRANGIAN SUBMANIFOLDS OF TYPE (I) TO (V)

In this section, we assume that M is a Lagrangian submanifold of S%(1) of Type (i) to (v). First,
we assume that M is either Type (i) or Type (iii). This means that at each point p there exists an
orthonormal basis {e, e2, e3} such that

h(ey,ea) = AJes, h(ea, e3) = AJeq, h(es,e1) = AJea,
h(ey,e1) =0, h(es,e2) =0, h(es,es) = 0.
Substituting this in the Gauss equation implies that
RIX,YV)Z=(1=X)(<Y,Z>X—-<X,Z>Y).

Consequently, Schur’s lemma implies that A is a constant and that M has constant sectional curvature.
Thus, from the classification of Lagrangian submanifolds with constant sectional curvature, see [13], it
follows that either M is totally geodesic, corresponding to the case that A = 0, or M is isometric to an

open part of the 3-dimensional sphere with constant sectional curvature 11—6, corresponding to the case
that A = %. Moreover, in both cases, the immersion is unique up to applying an isometry of Gs.

Using the description of [14] for the immersion with constant sectional curvature 11—6, we can summarize

the above as follows:

Theorem 2. Let o : M — S°(1) be a Lagrangian immersion of Type (i). Then M is congruent to an
open part of the immersion 11 : S3(1) — S¢(1) : (y1, ¥, ¥s, ¥a) = (y1,0,92,0,y3,0, ya).

Theorem 3. Let ¢y : M — S®(1) be a Lagrangian immersion of Type (i). Denote by ¢ : S? — S°(1)
the Veronese immersion of S? into S°(1) with constant Gaussian curvature % and tmmersed such that J
preserves the tangent space. Let o denote the second fundamental form of this immersion. Then,

[o 1

2 US? = S%(1) 1w cos v +sinyv x qnn,

L

16 Moreover, the

where cos?y = g 1s a Lagrangian submanifold with constant sectional curvature
wmmerston 1 1s locally congruent to an open part of the immersion v-.

Next, we consider the case that M is a Lagrangian submanifold of Type (iv). This means that at each
point p there exists an orthonormal basis {e1, e3, e3} such that

h(el,el) = A@l, h(el,ez) = —Aez, h(63,61) = 0,
h(ez,ez) = —/\61, h(62,63) = 0, h(63,63) = 0,

where A 1s a positive number. From the above expression, it is clear that M realizes at every point
the equality in the following inequality, which was obtained by Chen in [6] and which specialized to
3-dimensional submanifolds of S°(1), states

(7 w1 (p) < 7H () +2,

for each p € M, where H denotes the length of the mean curvature vector and d3s is the Riemannian
invariant, introduced by Chen in [6], defined by

ém(p) = 7(p) — (inf K)(p).
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Here
(inf K)(p) = inf {K(ﬂ') | 7 is a 2-dimensional subspace of TpM},

where K () is the sectional curvature of 7, and 7(p) = >, K(e; A ¢;) denotes the scalar curvature

i<j
defined in terms of an orthonormal basis {ei, e2, es} of the tangent space T, M. Submanifolds realizing
the equality are called submanifolds satisfying Chen’s equality. As a Lagrangian submanifold of S°(1)
is always minimal, it is clear that M realizes Chen’s equality if and only if d3y = 2. Such Lagrangian

submanifolds were classified in [11].

Theorem 4. Let ¢ : Ny — CP?(4) be a holomorphic curve in CP?(4). Let PNy be the circle bundle
over Ny induced by the Hopf fibration p : S°(1) — CP?(4) and let ¢ be the isometric immersion such
that the following diagram commutes:

PN, —Y s $5(1)

l s

N —2 cP2(4)
Then, there exists a totally geodesic embedding i of S®(1) into the nearly Kdhler 6-sphere such that the
immersion i o ¢y : PNy — S%(1) is a 3-dimensional Lagrangian immersion in S°(1) satisfying Chen’s
equality. Moreover, every Lagrangian submanifold which is contained in a totally geodesic S®(1) in S®(1)
can be obtained in this way.

Theorem 5. Let ¢ : No — S(1) be an almost complex curve (with second fundamental form « ) without
totally geodesic points. Denote by U Ny the unit tangent bundle over Ns and define a map
W UNy = S°(1) 1 v = ¢y (v) x

o(v,v)

[Je(v, )]

Then v is a Lagrangian immersion into S6(1) satisfying Chen’s equality. Moreover, the immersion is
linearly full in S®(1). Conversely, every Lagrangian immersion satisfying Chen’s equality can be obtained
mn this way.

Using the above theorems it is straightforward to compute that a Lagrangian submanifold of Type
(iv) has constant scalar curvature if the underlying complex curve in CP?(4) or S°(1), depending on the
case which we are considering, is not totally geodesic and has constant Gaussian curvature.

Finally, we consider the case that M is a Lagrangian submanifold of Type (ii) or Type (v). In that
case, we know that at each point p of M there exists an orthonormal basis {e1, es, e3} such that

h(el,el) = 2AJ€1, h(el,ez) = —/\Jel, h(63,61) = —AJ63,
h(es,e2) = —AJey + pea, h(es, e3) = —pJes, hes,ez) = —AJe; — puJes,
where X is a positive number and g # v/2X. If M is of Type (ii) then g = 0, whereas if M is of Type (vi)
then g > 0. Then, a straightforward computation using the Gauss equation shows that:
Ric(ey,e1) = 1 — 3A%, Ric(ey, e2) =0, Ric(es, e1) = 0,
Ric(ea, e2) = 1 — A? — pi?, Ric(eq, e3) =0, Ric(es, e3) = 1 — A? — 1%,
where the Ricci tensor Ric is defined by
Ric(Y, Z) = + trace{X — R(X,Y)Z}

As p? # 2)%) we see as a consequence that the 1-1 symmetric tensor field P associated with the Ricci
tensor has at each point two different eigenvalues, one with multiplicity 1, the other with multiplicity 2.
In particular this means that M is a quasi Einstein Lagrangian manifold. As, in this case, M does not
satisfy Chen’s equality it follows from the main theorem of [9] that M can be obtained as follows:

Theorem 6. Let ¢ : N2 — S° be a superminimal almost complex curve in S®(1) without totally geodesic

points and different from the Veronese immersion. Denote by UN? the unit tangent bundle of N?. Define

[o 1 v

Yy s UN? = S 1 v s cosyg + sinyv x ||a(5’v>||’
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where cos®y = g. Then v is a Lagrangian immersion on an open dense subset of UN?. Moreover 1

is a Lagrangian immersion of Type (iv). Conversely, every Lagrangian submanifold of Type (iv) can be
obtained in this way.

Theorem 7. Let v : M — S%(1) be a Lagrangian immersion of Type (ii). Denote by S the 3-
dimensional sphere and consider the map into S°(1) defined by:

b S® = SO(1) : (y1, Y2, Y5, Ya) = (21, T2, T3, 4, 5, T4, T7),

where
x1 = s (5y7 + 5ys — by3 — byi + 4y1),
Ty = _%yZa
T3 = 2\/_(3/1 + Y5 —v5 — Ui — ),
/3

Ty = 9\/—( 10ysy1 — 2ys — 10y2ya),

25 = L3 (2y1ys — 2ys — 2pys),
26 = Y24 (25193 — 25 + 2oa),
27 = %(103/13/4 + 2y4 — 10y2y3),

and y? +y2 + y3+y3 = 1. Then U defines a Lagrangian immersion of Type (ii) with constant scalar
curvature. Conversely every Lagrangian immersion of Type (ii) is congruent with an open part of ¢.

Note that the induced metric on S® by the above immersion is not the standard metric on S°.

4. LAGRANGIAN SUBMANIFOLDS OF TYPE (VI)

In this section, we assume that M is a Lagrangian submanifold of Type (vi). Tt is easy to see that this
implies that at each point p there exists an orthonormal basis {e1, €3, e3} such that

her,e1) = A Jeq, h(ey,ea) = AaJeq, h(es,e1) = AzJes,
h(ea, ea) = AaJeq, h(es,es) =0, h(es,es) = AzJeq,
where 0 < Ay = —A2 — Az and 0 # A2 # A3 # 0.
By a straightforward computation we obtain the following:
Lemma 1. Let {e1,eq,e3} be the orthonormal basis defined previously. Then it follows that
Ric(er,e1) =1 — /\g — /\:2)) — A2ls, Ric(ey, e2) =0, Ric(es, e1) = 0,
Ric(ea,eq) =1 — A2, Ric(eq, e3) =0, Ric(eg,e3) =1 — DES
Using the various conditions on As and Az, we see that the 1-1 symmetric tensor field P associated
with the Ricci tensor has at each point three different eigenvalues; all with multiplicity 1. Hence there

exist orthonormal vector fields { F1, E's, Fs} defined on a neighborhood of the point p and a non vanishing
differentiable functions Az, Az, with Ay + Az < 0 and As — Az # 0 such that

h(Eq, E1) = — (A2 + As)J Eq, h(Ey, Es) = Ay JEs, h(Es, E1) = A3J Es,
h(Es, B) = Ao J By, h(Es, E3) = 0, h(Es, B3) = AsJ B} .
As G(FEy, E2) = +J E3, we may, by replacing Fs with — F5 if necessary, assume that G(F1, F3) = JEs.
We then introduce local functions ay, ..., c3 by
Ve E1=a1E> + ax B, Vg E2 = —a1 By + azEs, Vg, B3 = —axEy — azEo,
Ve, B =b1Fs + b2 ki3, Ve, By = b1 F1 + b3E3, Ve, B3 = —bayEy — b3 E> ;
Ve, E1=c1Es + ea B, Ve, B2 = —c1 By + e3ls, Ve, B3 = —caby — cabin,
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Computing now all components of the Gauss equation, it then follows by a long but straightforward

computation that the functions A2, Az, aq, .. ., c3 have to satisfy the following system of partial differential
equations:

(8) Ea(ar) — Ei(by) =1 - 202 — AoAs + a? 4+ b7 + bacy — baaz + asbs — asey,
(9) Es(as) — Ei(ca) = 1 — 203 — Aods 4 a3 + ¢ + bacy + baas — ajcs + azey,
(10) Es(as) — E1(by) = bras + biby + aras — a1bs + caby — coas,

(11) FEs(a1) — Fi(e1) = ases — asca + aras + biey + c1e2 + byas,

(12) Ea(c2) — E3(by) = bycs — bzey — azby + asey — babs — cacs,

(13) Ea(c1) — E3(by) = bgca — czba + ajer — arbs — c1e3 — bybs,

(14) Fs(as) — Fi(es) = ajea — asey + azas + asbs + bzey + cacs,

(15) F1(bs) — Fa(as) = byas — a1ba — ayas — b1bz + ases — czba,

(16) Fs(bs) — Faes) = 14+ A2hs + b3 + c3 + asbs — asey + bico — bacy.

The number of unknowns in the above equations can be reduced using the Codazzi equation which states
that (VA)(X,Y,Z) = (Vxh)(Y,Z) = V=h(Y,Z) — h(VxY,Z) — h(Y,Vx Z) is totally symmetric in X,
Y and Z. In particular we obtain that

Lemma 2. Let {E, Es, Es} be the local orthonormal basis defined previously. Then, we have that there
erists a function ¢ such that

by = —cy = —az = 1,
as = (1 — 32)bs,

a; = (% - )03,

€y = CAz,

b1 = chs.

Moreover, the functions Ay and A3 satisfy the following system of differential equations:
E1(A2) = —cAa(3X2 + A3),

(

Ea(Xo) = 363/\2( - 1),

Es(A2) = bz(Aa — /\3)

E1(A3) = —cA3(3A3 + Aq),

Ea(As) = e3(A2 — As),

B3(As) = 3bsAs(1 — 3%).
Proof. As,

(VE,h)(Es, E3) = Ea(A3)JE1 + b1 AsJEa + (3by — 1) A3 J B3,

and

(Ve h)(E2, E3) = ca(Aa — A3) JEL + cada JEs + c1 A3 J Es,
it follows from the Codazzi equation (Vg,h)(Fs, E3) = (Vg,h)(E2, E3) that

(17) e = 3by— 1,

(18) Asb1 = ea s,

(19) Fa(As3) = bz(Az — As).

Similarly, we obtain from (Vg,h)(Es, E3) = (Vg h)(F2, Fq) that

(20) by =3¢ + 1,

(21) E3(A2) = bz(Aa — As).

Combining (17) and (20) it then follows that ¢; = —1 and b, = 1. The remaining equations follow

similarly from the other Codazzi equations. |
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Using the previous lemma, the differential equations given by (10) to (16) now imply that
By(c) = 5b3(55 — 55),

Es(e) = e3(55 — 55),

F1(es) = —cesha + %b?n

El(bg) = —b3C/\3 563,

Es3(cs) = 3bses — %CQQ_A;?,,
Azh

Ez(bg) = —3b363 + %CA;_;’?’ .

We now compute some integrability conditions. As V is torsion free, we know that for any function
f, the following equations are satisfied:

0= Ev(E2(f) = B2(EL(f) = (Ve E2)(f) + (Ve E1)(f),
0= Ei(E3(f) = Es(Ev(f) = (Ve E3)(f) + (Ve E1)(]),
0= Es(E3(f) = Ea(Ea(f) = (Ve E3)(f) + (Vi E2) ().

It is straightforward to check that applying the above principle for the functions As and A3 does not
yield any new equations. However, applying the first principle for the function b3 yields the following
differential equation:

AaAz(Az = As)(E3(bs) + Ea(cs)) + AZA3E1(c)
= (A2 — A3)(cBAa(Aa — 403) + b2A3 (4 — A3))

Combining this equation, together with the remaining Gauss equations, we then obtain that

—5—32b2416¢2) A5 +2A2(5416b2—8c2—8X2—8c? A2
ES(bS) — ( 3 3) ( 3 3 3 3)

16(A2—As) )
_ (=5-32¢3416b3)A2+225(54+16c¢5-8b2—8A2—8c?A3)
Ea(es) = T6(ha—As) ’
—5-32b2+16c3 2, c3
El(C) = 716;2 2 +A2(1+C +>\_%)

—5—-32¢2416b2 2 b2
— T tAs(l+c +A—%).

Checking now the integrability conditions for ¢, ¢s and bs it immediately follows that ¢ = ¢3 = b3 = 0.
Substituting these values in to the Gauss equations it follows that A = —As which is a contradiction.
Therefore, we have shown the following theorem:

Theorem 8. There does not exist a Lagrangian submanifold of Type (vi) in S®(1).

5. LAGRANGIAN SUBMANIFOLDS ADMITTING A SASAKIAN STRUCTURE

Throughout this section, we will assume that M is a Lagrangian submanifold of S°(1) which admit a
Sasakian structure which is compatible with the induced metric < .,. > on M. This implies, see [1], that
there exists a unit-length vector field £ on M, a 1-form n and an endomorphism @ satisfying:

n(X) =< X, £ >,

=T+,

o(5) =0,

nod =0,

<PX, Y >=< X|Y > —n(X)n(Y),

(Vxo)Y =p(Y)X— < X,V > ¢
Moreover, it is well known, see [1], that the above equations imply that
(22) Vx§=-0X,
(23) RX,)Y)E=<E&Y>X-< X, {>Y.
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From [1], we recall the following theorem that the previous equation together with the fact that £ is
a unit-length Killing vector field are the principal criteria for determining whether an odd-dimensional
manifold admits a Sasakian structure compatible with a given metric.

Lemma 3. Let M3 be a Riemannian manifold admitting a unit length Killing vector field ¢ such that
RX,) V) =<E&Y >X—-<{X>Y,
then M admits a Sasakian structure which is compatible with the given metric.

Taking now an orthonormal basis {e1,es,e3} at a point p of M3 such that e3 = £, it immediately
follows from (23) that

Ric(ey,e1) = %(< R(ey,e2)ea, e1 > +1), Ric(ey, e2) =0, Ric(es, e1) = 0,

Ric(ez, e2) = %(< R(ey,e2)ea, e1 > +1), Ric(eq, e3) = 0, Ric(es, e3) = 1.
This implies that all sectional curvatures at the point p equal 1 or the associated endomorphism P has
two eigenvalues: one with multiplicity 1 and one with multiplicity 2. Moreover, in the second case,

the eigenvalue with multiplicity 1 equals 1 and the vector field & spans the corresponding 1-dimensional
eigenspace. We now recall the following lemma from [9] about quasi-Einstein submanifolds.

Lemma 4. Let M3 be a 3-dimensional Lagrangian submanifold of S® with the second fundamental form
h. Then the Ricct endomorphism P, associated with the Ricei tensor Ric, satisfies:

(i) 1 is an eigenvalue of P,

(ii) P has an eigenvalue with multiplicity at least 2,

if and only if p is a totally geodesic point or there exist a orthonormal basis {eq, e, e3} of T, M such that
etther

h(el,el) = /\J@l, h(ez,ez) = —/\Jel,
h(el,ez) = —AJ@‘Q, h(62,63) = 0,
h(@l, 63) = 0, h(@g, 63) = 0,

where A is a non-zero number. Moreover, in the second case, the 1-dimensional eigenspace is determined
by es.

It follows immediately from the above lemma that a Lagrangian submanifold which admits a Sasakian
structure satisfies Chen’s equality. Moreover, if necessary by restricting to an open dense subset, we
may assume that either M is totally geodesic or in a neighborhood of any point p of M3 there exist an
orthonormal basis {Fy, E2, F53} such that

h(Ey, E1) = AJEq, h(FEa2, E3) = =AJEq, h(E1, E3) = =AJ Ea,

h(F2, Es) =0, h(Fy1, E3) =0, h(FEs, E3) =0,
where F3 = £. Now, we proceed as follows. We take the frame constructed in the previous lemma. As
(i(FE3, 1) is a normal vector which is orthogonal to both JFE5 and JFE; it follows that G(F3, Fy) = £ Fs.
Therefore, if necessary by changing the sign of 5, we may assume that G(Es3, F1) = JE5. Tt then follows

that G(E1, F2) = JEs and G(Fq, E3) = JE;. Moreover, we also have that ®F; = ¢Fy, where e = +1. Tt
then follows from (22) that

VElEg = —EEQ,
VE2E3 = EEl,
Vi, Es=0.

Introducing now functions a, b and ¢, it follows that we can express the other components of the connection
V respectively by

Ve E1=cks, Ve = —cBE) + el

Ve, E1 =dE> — eEs, Vg, Fa =—dEq,

Ve, b = fEs, Ve, b =—fEr.
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Using now the Codazzi equation, see also Lemma 5.3 of [8], it follows that f = —%(1 + ¢). We now
consider two different cases. First, we assume that ¢ = —1. In that case, we have that

Vi, JEs = G(Ey, Es) + JVp, Es

= —JEy+ JEs+ h(Ey, Es) =0,
Vg, JEs = G(Fs, E3) + JVp,Es

= JE, — JE + h(E,, B3) = 0,
Vg, JEs=JVg, Es=0.

Hence, JEj3 is a constant vector along M which is tangent to S°(1). Consequently M lies in the totally
geodesic S(1) which is obtained as the intersection of S®(1) with the linear hyperplane orthogonal to
JFE3. Using now the classification of Lagrangian submanifolds contained in a totally geodesic subspace,
see Theorem 4, we obtain that M is locally congruent to the Hopf lift of a complex curve in CP?(4) to
S%(1) and S%(1) is immersed in S°(1) as described in Section 2. As the Hopf lift of a complex curve is a
Sasakian manifold, the converse is obvious.

Finally, we consider the case that ¢ = 1. In this case, we denote the immersion by F' and proceed as
in [11] to show that the map JE3 = F x Fj5 defines an almost complex curve. Specializing the formulas
there, to our case, i.e. using that the functions a and b defined in [11] are respectively a = 0 and b = 1,
we get that:

DE1 (F X E3 = 2E1 X Eg,
DE2 (F X E3 = 2E2 X Eg,
Dp,(F x Es) =0,

(cEa+AF x By — F)x B3 — E1 x Ea = cFEy X E3— AFEy— 2F x Ej,

(dEy — AF x E3) X B3 = dFEy X Ez — A,

Dg, (Ey x Es (—eEB1 — AF x E3) x Bs = —cEy x E5 — AFq,

Dg,(Ea x E3) = (—dEy — AF x By — F) x E3+ E3 x By = —dFEy x Es+ AEy; — 2F X Ej3,
Dp, F1=cEs+AF X By — F=cEy+ AE2 x Es— F,
Dp, Fo=—cE1 — AF X Eys+ F3 = —cE1 4+ AE1 X B3+ Eg,
Dp,F1=dEs — AF X By — E3 =dFEs+ AE; x Es — Ej3,
Dp,Fo=—dE1 —AF X By — F=—dFEy — AEy Xx Es — F.

1

)
)
s )
Dp, (E1 x Es)
Dp,(E1 x Es)

( )

( )

2

The above formulas now imply immediately that the complex curve defined by JFs is superminimal. A
representation of superminimal complex curves was obtained in [4]. It now follows from [11] that M is
obtained as in Theorem 5, starting from a superminimal complex curve in S°(1).

In order to show that we can start with an arbitrary superminimal complex curve it is sufficient to
check that the vector field %, defined in the proof of Theorem 2 of [11], is a Killing vector field satisfying
the conditions of Lemma 3, which can be verified by a straightforward computation. Therefore, we have
shown the following theorem:

Theorem 9. Let ¢ : M3 — S%(1) be a Lagrangian immersion. Then M admils a Sasakian structure
compatible with the induced metric if and only if locally M s congruent with

(i) a totally geodesic immersion,

(1) the inverse image under the Hopf map of a holomorphic curve in CP?(4), as described in Theorem
4,

(1) the unit second normal bundle of a superminimal complex curve in S°(1), as described in Theorem

5.
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