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CALIBRATED SUBBUNDLES IN NON-COMPACT
MANIFOLDS OF SPECIAL HOLONOMY

SPIRO KARIGIANNIS AND MAUNG MIN-OO

ABSTRACT. This paper is a continuation of [ZI]. We first construct special La-
grangian submanifolds of the Ricci-flat Stenzel metric (of holonomy SU(n)) on
the cotangent bundle of S™ by looking at the conormal bundle of appropriate
submanifolds of S™. We find that the condition for the conormal bundle to be
special Lagrangian is the same as that discovered by Harvey-Lawson for sub-
manifolds in R™ in their pioneering paper [I9]. We also construct calibrated
submanifolds in complete metrics with special holonomy Go and Spin(7) dis-
covered by Bryant and Salamon [[] on the total spaces of appropriate bundles
over self-dual Einstein four manifolds. The submanifolds are constructed as
certain subbundles over immersed surfaces. We show that this construction
requires the surface to be minimal in the associative and Cayley cases, and to
be (properly oriented) real isotropic in the coassociative case. We also make
some remarks about using these constructions as a possible local model for the
intersection of compact calibrated submanifolds in a compact manifold with
special holonomy.

1. INTRODUCTION

The study of calibrated geometries begun in the paper [I9] of Harvey and Law-
son. Calibrated submanifolds (in particular special Lagrangian submanifolds) are
believed to play a crucial role in mirror symmetry [40] and M-theory, and hence
they have recently received much attention. There has been extensive research
done on special Lagrangian submanifolds of C™, most notably by Joyce but see
also [23] and the many references contained therein. Much less progress has been
made in studying associative, coassociative, and Cayley submanifolds even in flat
space. The earliest explicit non-flat examples of special holonomy metrics were
constructed on vector bundles. These explicit metrics are all cohomogeneity one
examples and are obtained by reducing the conditions for special holonomy to an
exactly solvable ordinary differential equation. Explicit Calabi-Yau metrics were
found on the cotangent bundle of sphere, initially discovered by Eguchi-Hanson
for S% and Candelas and others for S3, but see Stenzel [39] for the general case.
Similarly Calabi discovered hyper-Kéahler metrics on the cotangent bundle of the
complex projective space [8] and Bryant and Salamon [7] found explicit examples
of metrics of full holonomy Gs and Spin(7) on the bundles of anti-self-dual 2-forms
and negative chirality spinors over specific four-manifolds. (See Remark B for a
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note on orientation conventions.) These bundles, although non-compact, also serve
as local models for a general metric of special holonomy and they have also received
a lot of attention from mathematical physicists, who have generalized these metrics
and studied them in detail [2, @] [T0) [T5] [16].

In our first paper [21], along with Marianty Ionel we generalized a bundle con-
struction of Harvey and Lawson for special Lagrangian submanifolds in C” to anal-
ogous constructions of coassociative, associative, and Cayley submanifolds in R”
and R8. In this paper we further generalize this construction to the case of several
explicit, non-flat, non-compact manifolds with complete metrics of special holo-
nomy which are vector bundles over a compact base. The authors recommend that
readers first consult [21], as many of the calculations, especially in Section H are
very similar and are covered in more detail in [21]. In particular, without further
mention, all of our local calculations are done using normal coordinates.

In Section Bl we briefly review the relevant facts from calibrated geometry that
we will use, and set up some notation. In particular, it should be noted that in
Propositions 23l and 28 we present alternative characterizations of the associative
and Cayley conditions. These characterizations are entirely in terms of the calibrat-
ing forms and the associated cross products and metrics (which are all derivable
from the forms). This is similar to the special Lagrangian and coassociative con-
ditions. In [21] our proofs in the associative and Cayley cases relied on a choice of
identification of the tangent spaces with octonions or purely imaginary octonions
and was perhaps not as satisfying. At least the invariant description of the Cayley
condition seems not to have appeared in the literature before.

In Section Blwe describe the Stenzel Calabi-Yau metrics on T7%(S™) and show that
the conormal bundle over an immersed submanifold X in S™ is special Lagrangian
with respect to some phase (which depends on the codimension of X in S™) if and
only if X is austere in S™. This is the same result as Harvey and Lawson found [19]
for C™ but it is perhaps surprising, especially since the complex structure on 7(S™)
is obtained in an extremely different way from that of C* = T*(R"), namely by
identifying it with a complex quadric hypersurface in C**1.

In Section @l we construct coassociative and Cayley submanifolds in A% (S%) and
A2 (CP?) by taking vector subbundles over an immersed surface ¥ in the base. As
n [21], the associative construction requires 3 to be minimal, while the coasso-
ciative case needs ¥ to be (properly oriented) isotropic. (Sometimes also called
superminimal.) In this case it is perhaps not so surprising that the results are the
same as in the flat case, since the calculations are extremely similar, differing bas-
cially only by the presence of some conformal scaling factors. This is entirely due
to the fact that these cohomogeneity one metrics have a high degree of symmetry.
We also construct Cayley submanifolds in the negative spinor bundle & (S*) over
S4 by taking rank 2 vector bundles over a minimal surface ¥ in S*. The result is
again the same as the flat case of R® found in [21] although this time the calcu-
lation is done in a very different way. It should also be noted that in the case of
R?®, we obtained degenerate examples. That is, they were products of lower order
constructions. However, this time in the case of & (S*) the Cayley examples are
not, degenerate.

Finally in Section [l we make some remarks about how these constructions might
be used as local models for the intersections of compact calibrated submanifolds
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of a compact manifold with special holonomy. We hope to expand upon this topic
further in a subsequent paper.

Remark. Similar although different statements to some of the results of Section El
appeared, without proof, in an unpublished preprint by S.H. Wang [#2] back in 2001.
As remarked in [21]], the original statement which appeared in the preprint was
incorrect, but the authors were recently notified by Robert Bryant that a corrected
version of Wang’s paper will appear soon.

Acknowledgements. The authors would like to thank Marianty Ionel and Nai-
Chung Conan Leung for helpful discussions.

2. REVIEW OF CALIBRATED GEOMETRIES

In this section we review the necessary facts about the calibrated geometries
that we study in this paper, and set up notation. Some references are [T9, 23, 24].
Calibrated submanifolds are a distinguished class of submanifolds of a Riemannian
manifold (M, g) which are absolutely volume minimizing in their homology class.
Being minimal is a second order differential condition, but being calibrated is a first
order differential condition.

Definition 2.1. A closed k-form a on M is called a calibration if it satisfies
aler,...,ex) < 1 for any choice of k orthonormal tangent vectors ej,...,ex at
any point p € M. A calibrated subspace of T,(M) is an oriented k-dimensional
subspace V, for which a(V,) = 1. Then a calibrated submanifold L of M is a
k-dimensional oriented submanifold for which each tangent space is a calibrated
subspace. Equivalently, L* is calibrated if

al, =volg,

where voly, is the volume form of L associated to the induced Riemannian metric
from M and the choice of orientation.

Here are the four main examples of calibrated geometries. (More will be said
below about Go and Spin(7) structures.)
I. Complex submanifolds L?* (of complex dimension k) of a Kdhler manifold M

where the calibration is given by o = %, and w is the Kéahler form on M. Kahler
manifolds are characterized by having Riemannian holonomy contained in U(n),
where n is the complex dimension of M. These submanifolds come in all even real
dimensions.

I1. Special Lagrangian submanifolds L™ with phase €* of a Calabi- Yau manifold
M where the calibration is given by Re(e?€)), where Q is the holomorphic (n,0)
volume form on M. Calabi-Yau manifolds have Riemannian holonomy contained in
SU(n). Special Lagrangian submanifolds are always half-dimensional, but there is
an S! family of these calibrations for each M, corresponding to the e freedom of
choosing 2. Note that Calabi-Yau manifolds, being Kéahler, also possess the Kahler
calibration.

III. Associative submanifolds L3 and coassociative submanifolds L* of a Go
manifold M7. Here the calibrations are given by the 3-form ¢ and the 4-form *¢,
respectively, where ¢ is the fundamental 3-form corresponding to the Go-structure.
G2 manifolds have Riemannian holonomy contained in Go. These calibrated sub-
manifolds only come in dimensions 3 and 4.

IV. Cayley submanifolds L* of a Spin(7) manifold M®. Here the calibration
is given by the 4-form ® which is the fundamental 4-form corresponding to the
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Spin(7)-structure. Spin(7) manifolds have Riemannian holonomy contained in
Spin(7). These calibrated submanifolds only come in dimension 4.

Remark 2.2. If M*" is a hyper-Kdhler manifold, which means its Riemannian
holonomy is contained in Sp(n), then it has an S? family of Kihler structures and
each one is Calabi-Yau. There is thus a wealth of calibrated submanifolds in the
hyper-Kihler case. Also, a Calabi-Yau manifold M® of complex dimension 4 is
always a Spin(7) manifold, and thus contains special Lagrangian, complex, and
Cayley submanifolds.

In practice, it is not easy to check if «|, = voly but there are alternative,
equivalent conditions for a submanifold to be calibrated which we now describe.
I. Complex submanifolds L of a K&hler manifold M are characterized by the fact
that their tangent spaces are invariant under the action of the complex structure J
on M.
I1. Harvey and Lawson showed in [T9] that, up to a possible change of orientation,
L is special Lagrangian of phase e? if and only if
(2.1) wl, =0 and
(2.2) Im(e?Q), = 0
Condition £ say that L is Lagrangian, while [2) is the special condition.

III. A Riemannian manifold M7 which possesses a Go structure has a globally
defined, two-fold vector cross product

X T(M)xT(M)—T(M)
(v,w) — v X w

which satisfies

VX W=—w XV x is alternating
(v X w,v) =0 Vv, w (orthogonal to its arguments)
lv x w|® = v Aw|? Yo, w
where (-,-) is the Riemannian metric on M and | - | is its associated norm. The

metric, cross product, and fundamental 3-form ¢ are related by
(2.3) o(u,v,w) = (u X v,w)

from which it follows that

(2.4) (u x U)b = viulp

where ” is the isomorphism from vector fields to one-forms induced by the Riemann-
ian metric. It is shown in [I9] that a 3-dimensional submanifold L? is associative
if and only if its tangent space is preserved by the cross product x. Similarly, a
4-dimensional submanifold L* is coassociative if and only if u X v is a normal vector
for every pair of vectors u, v tangent to L*. There exist vector valued alternating 3
and 4-forms on M called the associator and coassociator which vanish on associative
and coassociative submanifolds, respectively, but these are difficult to work with
directly as they are related to octonion algebra. In [T9] Harvey and Lawson showed
that the coassociative condition is equivalent (up to a change of orientation), to the
vanishing of the 3-form ¢:

(2.5) ¢l =0
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This reformulation should be compared to 1) and (ZZ).

We now present an alternative characterization of the associative condition. Let
u,v,w be a linearly independent set of tangent vectors at a point p € M. We
want to check when the 3-dimensional subspace that they span is an associative
subspace. Now if we have chosen an identification of T}, M with Im O, then we need
to check the vanishing of the associator:

[u, v, w] = u(vw) — (uwv)w
When v and v are imaginary octonions, their product is uv = —(u,v) + u X v, in
terms of the inner product and the cross product. Thus we have
[u,v,w] = u(—{w,w) +vxw)—(—(u,v) +u X v)w
= —(v,whu— {(u,v X w) +u X (v X w)
+ (u, v)w + (u X v,w) — (u X V) X W

= (u,v)w — (v,whu+u X (vxw)—(uxv)Xw

where we have used ([3)) to cancel two of the terms. Now from Lemma 2.4.3 in [27]

we have the formula
wx (vxw) = —(u,v)w + (u, wyv — (uvw x p)*

Substituting this into the above expression for the associator and simplifying, we
obtain

[, v, w] = —2(u_vows * ©)*
Thus we have proved the following:
Proposition 2.3. The subspace spanned by the tangent vectors w,v,w is an asso-
ciative subspace if and only if

(2.6) uavawa* @ = 0.

Remark 2.4. The left hand side of ) is (using the metric isomorphism) a vector
valued 3-form which is invariant under the action of Gg. Therefore representation
theory arguments say it must be the associator, and here we show this directly.

IV. A Riemannian manifold M?® which possesses a Spin(7) structure has a glob-
ally defined, three-fold vector cross product

X T(M)xT(M)x T(M)— T(M)
(u,v,w) — X (u,v,w)

which satisfies

X (u,v,w) is totally skew-symmetric
(X (u,v,w),u) =0 Vu,v,w (orthogonal to its arguments)
X (u, v, w)]> = JuAvAw Yu,v,w
where (-,-) is the Riemannian metric on M and | - | is its associated norm. As in
the Go case, the metric, cross product, and fundamental 4-form ¢ are related by
(2.7) D(u,v,w,y) = (X (u,v,w),y)

from which it follows that

(2.8) X (u,v, w)b = wavuld.
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It is shown in [I9] that a 4-dimensional submanifold L* is Cayley if and only if its
tangent space is preserved by the cross product X. As in the Gy case, there exists
a rank 7 bundle valued 4-form 1 on M that vanishes on Cayley submanifolds. This
form 7 is defined in terms of octonion multiplication. Let w,v,w,y be a linearly
independent set of tangent vectors at a point p € M. We want to check when the
4-dimensional subspace that they span is Cayley subspace. Assuming an explicit
identification of T, M with O, the form 7 is:

1
=7 Im (@X (v, w,y) +0X (w,u,y) + 02X (w,0,y) + X (0, u, w))

We now describe a characterization of the Cayley condition which is analogous
to ([ZH), that does not seem to have explicitly appeared in the literature before.
The fact we use is the following. The space of 2-forms on M splits as A? = AZB A,
where at each point A? is k-dimensional. (see [22, 27].) One can check by explicit
computation that if v and v are tangent vectors, identified as octonions, then

Im(aw) 2 77 (u’ A v°)

where 77 is projection onto AZ. Thus, up to isomorphism, the expression for the
form 7 becomes

n =7y (ub/\X(v,w,y)b—l—vb/\X(w,u,y)b—kwb/\X(u,v,y)b—kyb/\X(v,u,w)b)

We have an explicit formula for the projection 77 in terms of the 4-form ®. (See [27],
for example, although we differ by a sign here because of the opposite choice of
orientation.) This formula is

1
(U’ A V') = 1 (ub Av® + U_I’UJ‘I))
Combining these expressions, we have proved the following:

Proposition 2.5. The subspace spanned by the tangent vectors u, v, w,y is a Cayley
subspace if and only if the A2 valued 2-form 1 vanishes:

n=u AX(vw, y)b + X (v, w, ) 2® + 0° A X (w, u, y)b + vaX (w, u,y) 2P
+w’ A X (u,v, y)b + waX (u,v,y)2® + 3" A X (v, u, w)b +ya X (v,u,w)1® =0

Remark 2.6. It should be evident that calibrated submanifolds seem to fall into
two different categories. There are those whose tangent spaces are preserved by a
cross product operation. These are the complex, associative, and Cayley submani-
folds, whose tangent spaces are preserved by J, x, and X, respectively. These are
called instantons. There are also those which are determined by the vanishing of
differential forms, namely the special Lagrangian and coassociative submanifolds,
and these are called branes. Branes have a nice, unobstructed deformation theory,
which was first studied by McLean [35]. Instantons, on the other hand, are gener-
ally obstructed and are more complicated to study. See [29] for more details on the
differences between branes and instantons.

3. SPECIAL LAGRANCIANS IN T*(S™) WITH THE STENZEL METRIC

In this section we construct special Lagrangian submanifolds in 7*(S™) with the
Calabi-Yau metric discovered by Stenzel [39] and discussed in detail in [9].

It is a classical fact that if X? is a p-dimensional submanifold of R", then the
conormal bundle N*(X) is a Lagrangian submanifold of the symplectic manifold
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T*(R™), with its canonical symplectic structure. Harvey and Lawson found con-
ditions ([I9], Theorem II1.3.11) on the immersion X C R™ that makes N*(X) a
special Lagrangian submanifold of 7*(R™) = C", in terms of the second funda-
mental form of the immersion. We generalize this construction to the case of the
Calabi-Yau metric on T*(S™), which we now describe.

Following Szoke [A1], we can map the space

T*(S™) = {(z,¢) e R*" x R"M||z| = 1, (x,&) =0}

diffeomorphically and equivariantly with respect to SO(n;R) C O(n;C) onto the
complex quadric

Q ={(z0,---,2n) 6@”+1|Zz£ =1}
in C"*! by
v.T*s" — Q
(3.1) (x,&) +— xcosh|§|+i|§—|sinh(|§|)

In this way @ = T*(S™) inherits a complex structure, since it is a complex hyper-
surface of C"*1. Tt also posseses a holomorphic (n,0) form Q which is defined by

(3.2) Qvy,..yon) = (dzo Adzr Ao ANdzy) (Z, 01,00, 0p)

where

029 0z 0zn,
is the holomorphic radial vector field on C™*'. With respect to this complex struc-
ture, Stenzel showed [39] that there exists a Ricci-flat K&hler metric on T%(S™),
thought of as the quadic @), whose Kéhler form wg, in a neighbourhood of a point
where zg # 0, is given by

(3.3) wst =3 D agudz; Ady
g,k=1

where we have (see also Anciaux [I] for more details) that

% Zk) u +2Re (zjz;C — @zjzk> u”

|20[? =)

Here u is a function of the radial variable r = |z| and satisfies a certain ordinary
differential equation that makes the metric Ricci-flat. The precise form of u depends
on the dimension n but it will not concern us since our results depend only on the
fact that u is a function of . We note that 72 = cosh? |¢| + sinh? |¢]. Tt is easy to
check from B3) and @) that when restricted to the zero section, this gives the
standard round metric on S™. In dimension n = 2 this metric coincides with the
well known Eguchi-Hanson and Calabi metrics on 7%(S?). [, @, 10, T3]

Now let X be a p-dimensional submanifold of the standard round sphere S™
with the induced metric. The conormal bundle of X? in S™ will be denoted by
L =N*(X)C T*(S™). Then L is a submanifold of dimension n and can be locally
be parametrized as:

(s,t) — (x(s),Etkuk) s=(81,-..,8p), t=(tpr1,---,tn)

(3.4) ajk = (5jk +
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where x = (x9,...,2,) € X C 8" and v = (vPT1,... ") € R"*! are orthonormal
conormal vectors in N*(X). Let ey, ..., e, be an orthonormal base of tangent vec-
tors to X. Then (ey = x(s),e1,...,e€p, vPHL . v™) form an adapted orthonormal
moving frame of R"*! along the submanifold X.

We restrict the map in ([BII) to the subbundle L = N*(X):

U (x(s), Styr™) = a(s) cosh [t| + i(s, t) sinh [¢]

k
where [t]* =2, + ...+ 1, and ¥ = Zt"zl” is a unit conormal vector. Note that

¥ is homogeneous as a function of t. That is, P(s, A\t) = ©(s,t) for all A # 0 and
v(s,t)sinh |¢| is well defined for ¢ = 0.

Theorem 3.1. The conormal bundle L of a submanifold X C S™ is special La-
grangian in T*(S™) equipped with the Ricci-flat Stenzel metric if and only if X is
austere in S™.

Proof. We show that the tangent space of L at each point is a special Lagrangian
subspace. Fix a point (z,€) € L. By the equivariance of the embedding we can
choose an orthonormal basis (e, ...,e,) of R"™! so that at the point (z,¢) the
moving frame is given by these vectors and so the point has coordinates (z(0) =
eo, Stpv®) with v*(0) = eg, for k = p+1,...,n. In fact, since we still have the
freedom of rotating the conormal vectors, we can assume that 7 = vP™! = ¢, ;. In
other words, we can rotate so that the point we are considering has ¢ coordinates
tpy1 =t/ =t>0and tx, =0fork=p+2,...,n.

Now we compute a basis for the tangent space at this point ¥(z, &) = eg cosh [¢|+
iept1 sinh|t|. We differentiate the immersion with respect to the s and ¢ coordinates
and evaluate at the point. From sq,...,s, we have

(3.5) E; = cosh |t|e; + isinh|t] A”(e;) ji=1,....,p

where A” is the second fundamental form in the direction of the unit normal vector
© of the submanifold X in S™. That is, A”(u) = V7, where V is the Levi-Civita
connection for the standard round metric on S™. When we differentiate with respect
to { we get

sinh |¢| [ psinh|t| . |t| cosh || — sinh |¢|
Fi = t t t
k x(s) |t| k “+1 (V |t| + ; v |t|3 k

Now we evaluate at our fixed point by putting s = 0, tx = 0 for k # p+ 1, and
tp+1 = [t| to obtain

(3.6) Fp41 = sinhlt|eg+ ¢ cosh[t| ept
inh |¢
F, = ism|t|||ek k=p+2,....n

At the point ey cosh |t| +iep 1 sinh [¢], zo = cosh|t| # 0, zp41 = ¢ sinh [¢] and all
the other coordinates z1, ..., Zp, Zp+2, . - -, 2n are zero. This simplifies (and in fact
diagonalizes) the Stenzel metric in (B3) and () and we have at that point

/

ajp = U jv k # p+ 1
apriptr = (1+tanh®[t])u’ + 4sinh® [t u”
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and so

. n .
i 1
wer = 3 Z dzi N dzZ, + 3 (v tanh? [t| v/ 4 4u/ sinh? [t])dzps1 A dZpa
k=1
Since from (X)) the E;’s have a zero component in the e, ;-direction, dzp41 A
dZp4+1 vanishes on E; A Ej, for all j,k and we have

wst(Ej, Ex) = u' sinh|t|cosh|t] ((A’}(ej,ek» — (A’}(ek,ej»)
= 0
since the second fundamental form is symmetric. From @I) and B8 we see
that E; has non-zero components only in the z1,..., 2, directions and Fj, for k =
P+ 2,...,n has a non-zero component only in the z; direction. Hence
wst(Ej, Fi) =0 j=1,....,p and k=p+2,...,n
Similarly, F,+1 has non-zero components only in the direction of zg and zp;. Thus
wsi(Ej, Fp1) = 0
wst(Fi, Fpy1) = 0

Thus we have shown that that L = N*(X) is always Lagrangian with respect to
the symplectic form associated to the Stenzel metric for any submanifold X of S™.

In order to find the conditions for L to be special Lagrangian, we have to evaluate
the holomorphic (n, 0)-form € on the tangent vectors E; and Fj, of our submanifold.
In a neighbourhood of a point where zg # 0, it follows from B2 that

1
. Q=—d - ANdzp,
(37) 2% 21 N\ Ndz

This calculation is very similar to the original calculation done by Harvey and
Lawson [19], except that we have factors involving the function v and the hyperbolic
trigonometric functions of the radial variable [¢].

We can choose ey, . . ., e, to diagonalize the second fundamental in the direction o
at the point under consideration. Let A; be the corresponding eigenvalues (principal
curvatures). Then we have

E; = coshlt|e; +i)jsinh|tle; j=1,...,p
Fpt1 = sinhlt|eg+ i coshl|t|epts
inh |¢
F, = z'sm|t|||ek k=p+2,....n

and hence, plugging into 1),
QELN---NE,ANFppa A+ AN F)

sinh |1€|)"p1 p u
i

1
= ———coshlt|{ —— h|t| + i, sinh |¢
3 cosh i cosh | |( i (cosh [t] 4 i\, sinh [¢])

j=1
p
= (+xx)i" P[] (1+iA; tanh |¢])
j=1

where (x % x) denotes an always positive factor. Hence from (Z2) we see that L
will be special Lagrangian with phase =™ if the product on the right hand side
above vanishes for all ¢. This happens if and only if all odd symmetric polynomials
in the eigenvalues A; have to be zero, or equivalently if all eigenvalues occur in
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pairs of opposite signs. This has to be true in all normal directons v and so the
submanifold must be austere as defined by Harvey and Lawson [T9]. This completes
the proof. O

Remark 3.2. The first symmetric polynomial is the trace, so the submanifold M?
is necessarily minimal. If p = 1,2 this is the only condition, but for p > 3 the
austere condition is much stronger than minimal.

Remark 3.3. It is interesting to note that we cannot construct special Lagrangian
submanifolds in this way of arbitrary phase. The factor of =™ means that the al-
lowed phase (up to orientation) depends on the codimension n—p of the immersion.
We will say more about this in Section Bl

Austere submanifolds have been studied for example in [3, [[1]. A particularly
simple (and in some sense trivial) example comes from equators: a sphere S?P im-
mersed in S™ as an equator is totally geodesic, and hence the conormal bundle
N*(SP) is a special Lagrangian submanifold of 7*(S™) with respect to the Stenzel
metric. (Of phase i"7P.)

4. CALIBRATED SUBMANIFOLDS FOR THE BRYANT-SALAMON METRICS

In this section we will construct calibrated submanifolds as subbundles inside
the Bryant-Salamon metrics [{] of exceptional holonomy Go or Spin(7) which are
themselves defined on appropriate bundles over four manifolds with a self-dual
Einstein metric. The subbundles are defined exactly in the same way as in [IKM],
except that the ambient manifold, instead of being flat R” or R® is the total space
of a vector bundle over a four manifold X*.

4.1. Calibrated submanifolds of A% (X%). Let (X%, g) be an oriented self-dual
Einstein manifold. The examples for which Bryant and Salamon obtained complete
G2 metrics are those with positive scalar curvature: CP? and S*. Let M’ =
A2 (T*X*) be the bundle of anti-self-dual 2-forms on X*. This vector bundle has
a connection induced by the Levi-Civita connection of (X, g). The tangent space
T, M of M at a point w € A2 has therefore a canonical splitting T,,M = H, ® V,
into horizontal and vertical subspaces.

The projection map is a submersion and maps the horizontal space isometrically
onto the tangent space of the base manifold at that point. The metric g on the base
X* has a unique lift to the horizontal space g». The vertical space V,,, which can
be identified with the vector space (the fibre) A2 (T} X) also has a natural metric
gy induced by g.

Theorem 4.1. (Bryant-Salamon []) There exist positive functions u and v, de-
pending only on the radial coordinate in the vertical fibres and satisfying a certain
set of ordinary differential equations such that the metric
(4.1) gur = u® gn ® % gy
on the total space M7 = A2 (T*X*) of a self-dual Einstein 4-manifold has Go-
holonomy with fundamental 3-form ¢ given by

© = v voly +u?v df

where 0 is the canonical (soldering) 2-form on A2(T*X%) and voly is the volume
3-form of gy on the vertical fibres.
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Remark 4.2. The canonical p-form ¢ on A?(T*X) for any manifold X is defined to
be O(u1 A+ Aup)w = w(mur A« - - AT,up), at the point w where 7 is the projection
onto the base manifold. For p = 1 this is the usual canonical 1-form on T*(X).

Let €2 ¢!, €2, €3 be an orthonormal coframe for T*(X) and f!, 2, f3 be an (or-
thonormal) basis of anti-self-dual 2-forms in the vertical fibres defined by f! =
eV A et — el AeF with i, 4,k forming a cyclic permutation of 1,2,3. We denote
horizontal lifts of tangent vectors e; on the base to H by é;, with dual horizontal
1-forms €. Similarly we think of the anti-self dual two forms f? as being vertical
tangent vectors f* in V on the total space with dual vertical 1-forms f;. Then
locally the fundamental three form ¢ is given by

(4.2) ¢ =V (AANfanfs)+u®vfin(@@ne —e?ned)
+utvfon (@ AEE—BNE) +utvfasn(@@ne —e ne?)
In this basis, the dual 4-form is given by
(43)xp =ut(E®ne' " nE) - fonfsn(ene —e ned)
—u?tfsnfin@ne—ene) PP iAo n (@ nE —e ne?)

It was proved in [7] that the functions u and v are globally defined and the
Bryant-Salamon metric is complete only in the cases where X is either S* or CP?
with the standard metrics (round metric on S™ and Fubini-Study metric on CP2.) In
other cases, like for hyperbolic space, the functions are not globally defined and we
only obtain an incomplete metric defined near the zero section of the vector bundle
A2 (T*X*). Our constructions below of associative and coassociative submanifolds
are of a general nature and hence works in both cases (complete or incomplete).

An oriented surface £2 C X* equipped with the induced metric defines a canon-
ical lift

f3:8% — M7= A2 (XY

locally defined by the anti-self-dual 2-form f! = e' A e? — ! A 12, where e, e?
are orthonormal co-tangent vectors and v!,1? are orthonormal conormal vectors
to the surface 3. That is, (e!,e?, v, v?) is an oriented adapted co-frame along the

surface. It is easily seen that fg is globally well defined and is independent of the
local frame. More invariantly we can define it by

fé = voly, — * volxg

where voly, is the induced volume form on ¥ and # is the Hodge star operator on
X%, The span of f! defines a line bundle L?* ¢ M” = A%(X). We also define
L+ ={w e A% |w L w'} to be the (real) two-dimensional subbundle orthogonal to
L with respect to the Bryant-Salamon metric. Locally L' is spanned by the two
anti-self-dual 2-forms

fP=etAvt =i ne? fP=et At —e2 At
We want to determine necessary and sufficient conditions on the second funda-

mental form of ¥ for L to be associative and L+ to be coassociative with respect
to the Bryant-Salamon Go-structure on M.

Theorem 4.3. The bundle L defined above which is canonically associated to a
surface ¥ in a four dimensional self-dual Einstein manifold (X*,g) is associative
in M7 = A% (T*X) equipped with the Go metric of Bryant and Salamon if and only
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if ¥ is a minimal surface in X*. The bundle L* is coassociative if and only if ¥ is
a (propertly oriented) real isotropic surface in X*.

Proof. We check that at each point, the tangent space is a calibrated subspace. We
begin with the associative case. At a point t;f* € L, the following three vectors
form a basis of the tangent space Ty, ;1 of L. (We denote the dual vectors with a
lower index.)
(4.4) E; = é&+tale,fY) i=1,2

PR o= f
where the bar denotes the horizontal lift and af(e;, f*) = (Ve, f 1)\/ is a vertical

vector which can be expressed (locally) in terms of the second fundamental form of
the submanifold as follows:

afei, f1) = (A" (e, e1) — A (ei,e2)) fs + (— AV (4, €2) + A (e, 1)) f

where we use the notation: A”(u,v) = (V,v,v) = —(V,v,v) for u,v € T(X) and
v 1 T(X).

From Proposition we have that the subbundle L is associative if and only
if the 1-form Ey 1FE5 F) 1 * ¢ vanishes at all points of L. Using ) and E3) we
compute:

Fiaxp=-1v(faANE AD?—EADY) = f3A(E AT —D* NEP))

where u, v are just functions. Using the symmetry of the second fundamental form
A and the index notation Azk = A" (e;, ex), we continue to compute:
By Fiaxg = —u?v(font' + f5A0° + (Al + ASy) (@' AT — D2 A EP))
— v (t1(—Ady + AL (' ANT? — & A D))
and further
Ey By Fiaxp = —uv (tl (Ab + A§2)171 + tl(—A§2 + A%2)DQ)
— v (t1(=Agy — AL)P? + i (= Ap, + A7)

= —twdv ((Af} + A%)7" — (A} + A3)7°)
Since u, v, are positive functions and since this expression must vanish at all points
on L (that is, for all ¢;), we must have A}, + A3, = 0 and A%}, + A%, = 0. Thus L
is associative if and only if ¥ is a minimal surface in X4, proving the first half of
the theorem.

We now move on to the coassociative case. For the subbundle Lt we have
the following description of a basis of four tangent vectors at a given point f =
tof? +taf*:

Ei = 6_,L'—|—t2a(6i,f2)+t30é(€i,f3) 1= 152
F, = fi j=2,3
Here the vertical correction terms are given by:

alei, f2) = (Vef?)y, = (A" (es, e2) — A (ei 1)) f*
ale, f2) = (Ve f?), = (A% (ei, e2) + A" (ei,€1)) [
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In order to check coassociativity, by ([ZH) we need to check that ¢ , = 0. As
in [21] we define v = tovy + t3ve and vt = —t3v; + tavs and thus

B, = él+(Alf2— lff)fl

Es &+ (A52 - A';;) I

It is easy to compute that
(p(El,EQ, ) = EQ_lEl_KP
o (fit+(ee)et+()e’)

and hence since F; = f7 we see that ©(E1, Fa, F3) = ¢(Fy, Es, F3) = 0 always. It
remains to check when ¢(Fy, F3, E;) = 0 for j = 1,2. Since p(Fy, F3,-) = v f; and
v is always positive, these become the conditions

(4.5) Aly =AY =0 Apy =AYy, =0

for the tangent space at (xg, ta,t3) to be coassociative. We get two more conditions
that must be satisfied by demanding that the tangent space at (xq, —t3,t2) also be
coassociative. This corresponds to changing to — —t3 and t3 — ty in the above
equations, which is equivalent to v — v+ and v+ — —v. This gives

(4.6) AV + A =0 AL + A% =0

Conditions ) and (6 are exactly the same as those obtained in the case of
R7 in [ZT]. These surfaces are called isotropic (with negative orientation) or super-
minimal surfaces. These surfaces are necessarily minimal, but the condition is in
fact stronger (and overdetermined). See [B, [T4, 211, 37 and the references contained
therein for more details. 0

Remark 4.4. Although the associative case is computed using a different method
from that of [21]], the calculations here and in Section are very similar to [21],
basically differing by the presence of certain conformal scaling factors. This is due
to the high degree of symmetry in the cohomogeneity one metrics.

4.2. Cayley Submanifolds of § (S*). In order to construct Cayley submanifolds,
we now look at the Bryant-Salamon construction on the negative spin bundle of four
manifolds. Let (X%, g) be an oriented self-dual Einstein spin manifold of positive
scalar curvature. The only example now is S*, since CP? is not spin. Let M® =
& (X*) — X be the complex two-dimensional vector bundle of negative chirality
spinors on S%. This is in fact the quaternionic Hopf bundle of the quaternionic
projective line HP' 2 §4. Tts unit sphere bundle S” — S, can be viewed as the
associated principal Sp(1) = SU(2)-bundle. Note that Spin(4) = SU(2) x SU(2).
This vector bundle has a natural Hermitian inner product and a connection induced
by the Levi-Civita connection of the standard metric on S*. The tangent space T, M
of M at a point s € & has therefore a canonical splitting TsM = H, & Vs into
horizontal and vertical subspaces. It is well known that this connection defines the
standard SU(2)-instanton on S* with (anti-) self-dual curvature. The horizontal
space of the connection is orthogonal to the vertical space with respect to the
standard metric on S”7 and the curvature, which is the Lie bracket of horizontal
vector fields identifies the anti-self-dual 2-forms on the base with the vertical fibres
which form the Lie algebra su(2) = R3. The projection map is a submersion and



14 SPIRO KARIGIANNIS AND MAUNG MIN-OO

maps the horizontal space isometrically onto T'(S*). The vertical space V, also has
a natural induced metric gy and the connection form is an isomorphism between
anti-self-dual 2-forms and the Lie algebra of SU(2).

Theorem 4.5. (Bryant-Salamon []) There exist positive functions u and v, de-
pending only on the radial coordinate in the vertical fibres and satisfying a certain
set of ordinary differential equations such that the metric

(4.7) gus = u? gy ® 0% gy

on the total space M® = & (S*) has Spin(7)-holonomy with self-dual fundamental
4-form ® given by
O = u* voly + u?v? 8 + vt voly

where voly, voly are the volume 4-forms of gy, gy on the horizontal and vertical
spaces respectively and B is the 4-form defined as follows:

3
8= Zwk Aot
k=1

where wy, is an orthonormal basis for anti-self-dual 2-forms on the horizontal space
and o* is the corresponding orthonormal basis for anti-self-dual 2-forms on the
vertical space.

Remark 4.6. Given an orthonormal basis of three anti-self-dual 2-forms, we get
the corresponding vertical vectors at a spinor s by Clifford multiplication since the
curvature of the connection is anti-self-dual.

Remark 4.7. A note on orientations. With our chosen convention for the Spin(7)
4-form @, the natural local model for this structure is the negative spinor bundle
over R*. With the opposite choice of orientation, we would be working with the
positive spinor bundle. See [28] for more about sign conventions and orientations.
As we are working only on S* in this paper, it does not make a difference.

Let eq, es, e3, e4 be an oriented orthonormal frame for S* with horizontal lifts to
the total space & (S*) denoted by &; with dual 1-forms &. Let f', 2, f3, f* be the
corresponding oriented orthonormal basis for the fibres. Then (dropping the wedge
product symbols for clarity), the form ® can be written as

(4.8) o = wulele?eBet +utt(ele? — S (FL2 — B
Fuot(Ele® — et (FLFP — i)
o (elet — &%) (FLFL — F27%) 4 ot fL R R
Now let X2 C S* be an oriented surface equipped with the induced metric and
let (e1,eq,v1,2) be an oriented adapted frame along the surface. That is, (eq, e2)

are orthonormal tangent vectors and (v, 12) are orthonormal normal vectors to the
surface. We are interested in the operator

I'=~v(e! Ae?) =2y AV?) on

acting on spinors. The operator I' leaves & invariant and it is easily seen that
T" is well defined globally and is independent of the local frame. Moreover I is a
skew-hermitian operator satisfying I'> = —1. The eigenspace decomposition of &
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with respect to I' defines a natural splitting of the spinor bundle & restricted to
the surface: & |, =& ® &, where

FE={s€& |T(D) =~(e' Ae?)s = +is}

The two bundles Jf and § are complex line bundles and are orthogonal to each
other. We want to determine necessary and sufficient conditions on the second fun-
damental form of ¥ for the total space of these bundles to be Cayley submanifolds
with respect to the Bryant-Salamon Spin(7)-structure on M.

Theorem 4.8. The total space of either rank 2 bundle $,i over ¥ is a Cayley

submanifold of $ (S*) if and only the immersion ¥ C S* is minimal.

Proof. We show every tangent space to the total space of &Jr is a Cayley subspace
of the corresponding tangent space to & (S*). The proof for § is identical.

Let I denote the covariant derivative of the operator I' along the surface. Since
I'? = —1, we have: IT+1IT = 0, so I and I anti-commute and T’ interchanges

the two eigenspaces of I'. Differentiating the eigenvalue equation I's = is, we get
(T'—i)$ = —T's and hence

1 .

Now at a fixed point on S* let s; be a unit spinor in the fibre $,+. Then
o = I'sy = is1 is another unit spinor in &Jr orthogonal to s;. Therefore the fibres
of the negative spinor bundle at a point are given by ¢1s1 + t2s2 where t1,t2 € R.
TEUS the following four vectors form a basis of the tangent space at t1s1 + t2s2 of
g

1 1
FEi = e — 5 t1 Vel (F)(Sl) - 5 to Vel (F)(Sg)
) )
By = &= 5t Vel)(s1) = 512 Ve, (I)(52)
F1 = 51
F2 = SS9 = iSl

where the bar denotes the horizontal lift and the V., (I")(s;) are vertical vectors
which can be expressed in terms of the second fundamental form of the submanifold
as we now describe.

Using the adapted frame (e, e2,v1,v2), we have at a given point (recall we are
always using normal coordinates)

Vel = (1(Vee)r(e®) +7(e')y(Ve, )
= At ne?) = ALy (VP N e?) = Apyy(el Avt) = ARyy(e! Av?)
where we have used the notation Aﬁcj = (Ve e5,11). Note that the operators (el A
V') all anti-commute with T' = ~(e! A €2) as expected and hence they permute
the two subbundles J,i. Let f! be the 1-form dual to the vertical tangent vector
f1 which corresponds to the spinor s;. Then one can check easily that f2, f3, f4
correspond to the spinors sy = <t - 51,83 = % - 51,84 = %* - 51, respectively. It can
also be checked that vy(e)y(v!) = v(e?)y(v?) and y(e!)y(v?) = —vy(e?)y(v?), since

we are on the negative spinor bundle so Clifford multiplication by —v(ele?v!1?) is
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equal to —1. Using all these facts the tangent vectors can be expressed as

ot . :
E, = e+ 51 (A}, — AL fs + (AT + Aly) fu)

to . .
+ 5 (A3, — Alp) fs + (AL — A fa)
Ey = e+ 5 ((—Aly — A%) f5 + (=A%, + A3) fa)
t . .
Y ((Afy — A3y) fs + (—Afy — A35) f4)
Fo= fi
o= f
In order to check that the space spanned by E4, Es, Fi, F5 is Cayley, we need to
check the vanishing of the AZ form 1 from Proposition EZJ using the explicit form

of ® in [@X). Recall that from @) we have that &}, = u?e* and f} = v2f*. Then
(again omitting the wedge product symbols), one can tediously compute that

no= 2ut0? (t(A] + A3y) — (AT + A5)) (€' F° — e[t -t +e'f?)
+20%0? (ta(Afy + A3,) +1i(Ay + A43,)) (11 + 2 f° - @ f2 — e f)
which clearly vanishes for all t1,t5 if and only if ¥ is minimal in S%. O

An obvious example again in this case is to take an equatorial S? sitting inside
S4, which is totally geodesic. Then there exist two different real rank 2 vector
bundles over this S? which are Cayley with respect to the Bryant-Salamon metric
on & (S*). In fact by the results of Bryant [3], any genus Riemann surface may be
immersed in S* as a minimal surface, and hence we can find Cayley submanifolds
of & (S*) which are rank 2 bundles over any possible compact surface.

5. LOCAL INTERSECTIONS OF CALIBRATED SUBMANIFOLDS

In this section we make some remarks about possible uses of these constructions
to study the local intersections of compact calibrated submanifolds in a compact
manifold with special holonomy. In [85] McLean studied the local moduli spaces of
compact calibrated submanifolds. One of his observations was the following.

Theorem 5.1 (McLean [35]). Let X be a compact calibrated submanifold of a
manifold M with special holonomy. A small neighbourhood of X in M is naturally
isomorphic to a small neighbourhood of the zero section of the normal bundle N (X)
of X in M. We also have the following explicit identifications of N(X) for the
various cases of calibrations:

Calibration Normal Bundle N(X) is isomorphic to
special Lagrangian Cotangent bundle T*(X) (intrinsic)
coassociative Bundle of anti-self-dual 2-forms A% (X) (intrinsic)
associative twisted spinor bundle $ @y E over X (non-intrinsic)
Cayley twisted negative spinor bundle & @y F over X (non-intrinsic)

where B and F' are some explicitly described quaternionic line bundles.

Now in all the explicit non-compact manifolds with complete metrics of special
holonomy that we have been discussing in this paper, the base of the bundle (the
zero section), is an example of a calibrated submanifold. (In fact the zero section
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is always rigid with respect to deformations through calibrated submanifolds by
the results of McLean [B5].) Explicitly, S™ is special Lagrangian in T*(S™) with
respect to the Stenzel metric, CP? is coassociative in A% (CP?) with respect to the
Bryant-Salamon metric, and so on. The ambient manifolds in all cases are complete
versions of the local neighbourhoods described in Theorem Bl This is immediate
for the special Lagrangian and coassociative cases. In the case of S*, McLean shows
that the quaternionic line bundle F' is trivial in this case so the normal bundle is
isomorphic to & (S*), which is the ambient space of the complete Bryant-Salamon
Spin(7) metric. Finally, there is also a complete Go metric on $(S?) that was
discovered by Bryant and Salamon [7]. We do not discuss this metric in the current
paper because the calculations are almost identical to the & (S*) case, but see [ZT]
for some brief remarks on this metric. The zero section S is associative in §(S?),
and the quaternionic line bundle E mentioned in Theorem Bl is again trivial in
this case.

Hence we see that these non-compact manifolds (at least near the zero section)
are good local models for a small neighbourhood of a rigid, compact calibrated
submanifold. Furthermore, one can check that in all these cases the fibres of the
vector bundle total space are also calibrated submanifolds. The fibres are examples
of calibrated submanifolds which intersect the base calibrated submanifold in only
a point. However, the calibrated submanifolds which we constructed in Sections
and Bl were defined as sub-bundles of the total space restricted to a submanifold of
the base. These calibrated submanifolds interesect the base calibrated submanifold
in a surface in the exceptional cases, and in submanifolds of many different possible
dimensions in the special Lagrangian case.

From the characterizations of calibrated submanifolds in terms of cross product
structures and calibrating forms in Section B, one can deduce that (non-singular)
calibrated submanifolds can only intersect in submanifolds of certain allowable di-
mensions. For instance, since an associative 3-plane is closed under the cross prod-
uct, two associative 3-planes can only intersect in 0,1, or 3 dimensions. This is
because if they intersect in 2 dimensions spanned by orthogonal vectors e; and es,
the fact that they are both associative means that must also both contain the third
direction e; x es. Now because coassociative 4-planes are orthogonal complements
to associative 3-planes, one can use a similar argument to show that two coasso-
ciative submanifolds can only intersect in 0,2, or 4 dimensions. Similarly since
Cayley 4-planes are closed under the triple cross product X, it is easy to deduce
that they too can only intersect in 0, 2, or 4 dimensions. Finally, consider the local
model of R™ C C™ of a special Lagrangian of phase 0 in C™, with coordinated
27 = 27 +iy?. Then the real n-plane with coordinates (z',... 2P iyP™ ... iy")
is a U(n) rotation of R™ with determinant ¢"~? and hence is special Lagrangian in
C™ with phase i"7P, and intersects R™ in p dimensions. Thus we have essentially
shown the following.

Proposition 5.2. Let X7 and X5 be two non-singular calibrated submanifolds of
a manifold M with special holonomy. Suppose that X1 and X5 intersect at some
point x, and that in a neighbourhood U of x the intersection X1 N Xa is not just
the point x and not all of X1 NU (and equivalently not all of Xo NU.) Then we
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must have:
Calibration Intersection of X1 and Xs near x must be
special Lagrangian p-dimensional, when phases of X1, Xo differ by i~ P
coassociative a surface (2-dimensional)
associative a curve (1-dimensional)
Cayley a surface (2-dimensional)

The constructed calibrated submanifolds in this paper all intersect the base (zero
section) calibrated submanifold in precisely the dimensions expected by Proposi-
tion (Compare Remark B3) Furthermore, our constructions required strong
conditions on the intersection with the base, thought of as an isometrically im-
mersed submanifold of the base. Based on this evidence, it is natural to ask the
following question:

Question 5.3. Let X; and X3 be two compact calibrated submanifolds of a com-
pact manifold M with special holonomy. Recall that both X; and Xs inherit
induced Riemannian metrics g1 and go from M, respectively. Suppose that X; and
X, intersect at some point x, and that in a neighbourhood U of x the intersection
X1 N Xz is not just the point x and not all of X; NU (and equivalently not all of
XoNU.) Then is it true that we must have:

e if X; and X, are special Lagrangian, with phases differing by i"~P, then
the local intersection of X7 and X5 near x is a p-dimensional submanifold,
which is an austere immersion with respect to (X1, g1) or (Xo, g2).

e if X7 and X5 are coassociative, then the local intersection of X7 and X5 near
x is a 2-dimensional surface, which is a properly oriented isotropic (that is,
negative superminimal) immersion with respect to (X1, g1) or (Xa, g2).

e if X, and X5 are associative, then the local intersection of X; and X5 near
x is a 1-dimensional curve, which is a geodesic (minimal) immersion with
respect to (X1, 1) or (X2, g2).

e if X; and X5 are Cayley, then the local intersection of X; and X5 near x
is a 2-dimensional surface, which is a minimal immersion with respect to

(X1,91) or (X2, g2).

We are currently investigating this question. A related problem is the following.
In symplectic geometry, a neighbourhood of a Lagrangian submanifold X in a sym-
plectic manifold M is naturally identified with a neigbourhood of the zero section
in T*(X). It would be useful to have similar neighbourhood theorems in the case
of calibrated submanifolds, describing the Ricci-flat metric on the ambient space to
a certain order of approximation. Topologically, this was done by McLean [35].

It would also be useful to discover to what extent these bundle constructions of
calibrated submanifolds generalize to other explicitly known metrics. There is a
wealth of new explicit examples of Go and Spin(7) metrics, for example, that have
been recently discovered by physicists. (See [d, 0], and the references therein.)

6. CONCLUSION

Besides the possible applications to the study of intersections of calibrated sub-
manifolds discussed in Section B, there are several other future directions to explore.
It would be interesting to study the possible singularities that can occur in such
examples. It should be noted that even when the submanifold over which we build
our calibrated sub-bundle is only immersed in the base, with self-intersections,
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the resulting calibrated submanifold which we construct is in fact embedded. It
is also worth studying how these calibrated submanifolds can be deformed. This
would require extending the work of McLean [35] to the case of non-compact cali-
brated submanifolds. Some study has been made of deformations of non-compact
asymptotically conical |25, B3] B4 B6] or asymptotically cylindrical [26] calibrated
submanifolds. This of course is closely related to the possible non-existence of
other kinds of calibrated submanifolds built as bundles over the same submanifold,
discussed at the end of Section It may be that the only way to deform our
constructed calibrated submanifolds through calibrated submanifolds would be to
deform the base of the sub-bundle. For example, the moduli space of associative
3-folds near a fixed associative submanifold L which is a rank 1 line bundle over
a minimal surface ¥ as constructed in Section Bl may be just those which arise via
the same construction by deforming the minimal surface inside the base, through
minimal surfaces. These moduli of course always exist as possible deformations,
the only question being whether or not there are any others.
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