TRANSACTIONS OF THE

AMERICAN MATHEMATICAL SOCIETY
Volume 353, Number 11, Pages 4319-4332

S 0002-9947(01)02783-0

Article electronically published on June 14, 2001

UNIQUENESS OF VOLUME-MINIMIZING SUBMANIFOLDS
CALIBRATED BY THE FIRST PONTRYAGIN FORM

DANIEL A. GROSSMAN AND WEIQING GU

ABSTRACT. One way to understand the geometry of the real Grassmann mani-
fold G (RF*™) parameterizing oriented k-dimensional subspaces of R*t" is to
understand the volume-minimizing subvarieties in each homology class. Some
of these subvarieties can be determined by using a calibration. In previous
work, one of the authors calculated the set of 4-planes calibrated by the first
Pontryagin form p; on Gy (RFt7) for all k,n > 4, and identified a family
of mutually congruent round 4-spheres which are consequently homologically
volume-minimizing. In the present work, we associate to the family of cal-
ibrated planes a Pfaffian system on the symmetry group SO(k + n,R), an
analysis of which yields a uniqueness result; namely, that any connected sub-
manifold of Gy (R**+") calibrated by p; is contained in one of these 4-spheres.
A similar result holds for pj-calibrated submanifolds of the quotient Grass-
mannian G?C(Rk*") of non-oriented k-planes.

1. INTRODUCTION

1.1. Background. Due to the importance of the Grassmann manifolds parame-
terizing oriented subspaces of a vector space in both topology (where they support
the universal characteristic classes) and geometry (where they provide a natural
setting for innumerable interesting problems), most aspects of their own topology
and geometry have been investigated and understood. However, one important
feature that remains unknown is a complete list of closed subvarieties of Grass-
mannians which are volume-minimizing in their respective homology classes. In
their fundamental work [§], Harvey and Lawson suggested the use of certain natu-
ral differential forms as calibrations in order to determine these subvarieties. The
particular forms suggested are the invariant closed forms representing the universal
characteristic classes for vector bundles (see [10], for instance).

This suggestion was first taken up in [4], with the use of Euler forms to de-
termine which among the natural inclusions G (RF ") € G1(R*™™) are homo-
logically volume-minimizing. In the more ambitious work [3], volume-minimizing
representative cycles were found for almost all homology classes in Gy (R¥t"), with
k,n < 4, using as calibrations Euler forms, dual Euler forms, the first Pontrya-
gin form p;, and quaternionic forms. One of the present authors extended part of
the preceding results in [7], proving that the 4-cycles in G4(R®) calibrated by p;
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remasn calibrated by p;—and therefore homologically volume-minimizing—in all
larger Grassmannians G (R*t") D G4(R®).

The question of whether these volume-minimizing representatives are unique
(up to congruence) naturally arises. For the Euler-calibrated sub-Grassmannians
studied in [4], an affirmative answer was proven in the same paper. In his thesis [11],
L.-H. Pan proved that the maximal connected submanifolds in G4(R?) calibrated
by p1 are indeed unique modulo ambient isometry using uniqueness theorems about
sphere fibrations; however, it is known (see [3 p. 392]) that for certain other classes
of G4(R?), the corresponding statement is false. In another thesis [9], C. Michael
described submanifolds of G3(RS) calibrated by p; as corresponding to integral
manifolds of a certain Pfaffian system on the Lie group SO(6,R); an analysis of
this system gave a proof that every connected p-calibrated submanifold in G5(R®)
is congruent to part of the singular cycle PONT, defined in [3, p. 375]. The method
is similar to that used by Robert Bryant (as reported in [3, pp. 378-380]) to prove
non-ezistence of pi-calibrated submanifolds in G3(RT).

In the present paper, we extend Michael’s method to prove the following.

Theorem 1. Given any pi-calibrated oriented 4-plane V, C T,Gr(R**™), with
k,n > 4, there exists a unique mazximal connected p1-calibrated submanifold contain-
ing p and tangent to Vy; any connected p1-calibrated submanifold lies in a mazimal
one.

As explained below, a global uniqueness result follows from this.

Corollary 1. Any two mazimal connected p;-calibrated submanifolds of Gy (RkT™)
are congruent under the ambient isometry group.

The proof of Theorem [M ends with a description of one maximal calibrated sub-
manifold, which has the structure of a quaternionic projective line HP', and is
geometrically a round 4-sphere; this was already present in [3] and [7]. All of the
results mentioned so far concern the Grassmannian of oriented subspaces of a real
vector space; we also prove the same uniqueness theorem for the Grassmannian
Gi (RF*+™) of non-oriented subspaces of a real vector space.

The difficulty of using calibrations to study homologically volume-minimizing
submanifolds often lies in determining the calibrated planes, those subspaces of
the tangent space on which the closed differential form being used as a calibra-
tion takes its maximum value; this value is called the comass of the calibration.
This formidable computation was carried out for the first Pontryagin form p; in [3]
for low-dimensional cases, and the result was used in [9] and [I1] to obtain the
low-dimensional uniqueness theorems. In [7], by introducing a new gquaternionic
symmetrization scheme, one of the present authors was able to systematically cal-
culate the comasses and calibrated planes of p; on all real Grassmannians; recently,
Dadok and Harvey (]2]) have given a simplified version of this calculation. Gu’s
main result is that each of the pj-calibrated 4-planes of G (R¥*™) (with k,n > 4)
can be carried by an isometry to one of the previously known p;-calibrated 4-planes
of a sub-Grassmannian G4(R®) C G, (R**"); the isometry group of G4(R?®) was
already known to act transitively on the latter set. This “infinitesimal unique-
ness theorem”, combined with Pan’s p;-uniqueness result in [I1] on G4(R?), makes
plausible the general uniqueness result expressed in Corollary [ (although we do
not actually use Pan’s result). Note that Gu’s proof of transitivity of the isometry
group acting on calibrated 4-planes, combined with Theorem [[l implies Corollary [l
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One way of interpreting this result is as the simplifying observation that the 4-
dimensional, p;-calibrated geometry of the real Grassmannian G (R**") is already
fully present in the sub-Grassmannian G4 (Rs). The pi-calibrated oddities in low
dimensions—the singular cycle PONT in G3(RY), and the non-existence in G3(R"),
for example—do not reappear.

1.2. Overview. The layout of this paper is as follows.

In Section [2], we first review the basic notions of calibrated geometry; for much
more, see [8]. We also introduce the Grassmannian of oriented subspaces of a
real vector space as a homogeneous space of the group SO(k + n,R), and we use
the infinitesimal structure of the group to define both a Riemannian metric and a
closed differential form—the first Pontryagin form p;—on the Grassmannian. We
then introduce a larger symmetry group O¢(k+n) of the Grassmannian, which has
the advantage of acting transitively on the pi-calibrated planes. These planes are
described again through the use of the infinitesimal group structure, as expressed
in the left-invariant Maurer-Cartan 1-form and its exterior derivative.

In Section B, we compute the infinitesimal stabilizer of the action of the sym-
metry group O¢(k + n) on the set of p;-calibrated planes of the Grassmannian.
This information complements our description of the calibrated planes given in the
preceding section to give a more complete picture of the local differential geometry,
as expressed on the symmetry group.

Section M is the heart of the paper, in which we prove Theorem [Il The state-
ment echoes the conclusion of the Frobenius theorem about foliations of manifolds,
because the latter theorem carries the essential integrability results needed to give
a complete local description of our calibrated submanifolds. The bulk of the proof
involves constructing a Pfaffian system, or subbundle of a cotangent bundle, which
satisfies the hypotheses of the Frobenius theorem and whose integral manifolds cor-
respond to pi-calibrated submanifolds of the Grassmannian. This Pfaffian system
is defined on the symmetry group O¢(k + n), where computations are much easier
because of the invariant expressions for all relevant quantities. We actually begin
with a Pfaffian system not satisfying the hypotheses of the Frobenius theorem; sub-
jecting this system to two partial prolongations gives the desired system, and an
interpretation of this final system completes the proof.

Finally, in Section 5] the analogous results are stated and justified for the Grass-
mannian of non-oriented subspaces of a real vector space.

Some remaining areas of investigation are the following.

First, for the low-dimensional real Grassmannians, various invariant forms were
used as calibrations in [3] to compute calibrated cycles in almost every homology
class. What kind of uniqueness results hold for these other calibrations, among
which are Euler forms, dual Euler forms, and the dual of the first Pontryagin form,
in higher-dimensional real Grassmannians?

Second, to our knowledge, nothing is known about either planes or submanifolds
of the real Grassmannians calibrated by the higher Pontryagin forms. For instance,
is all of the po-calibrated geometry of G (RF*™) (for k,n > 8) already present in
Gs(R16)?

Third, a topic of current investigation by the authors ([6]) is the 4-dimensional
geometry of complex Grassmannians calibrated by the second Chern form cs. The
main difficulty with this and the previously suggested problems is, as usual, deter-
mination of the calibrated planes.
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1.3. Notation. Throughout this paper, we use the following conventions.

The space R*** of matrices is identified with the space Endg (H) of real-linear
endomorphisms of the quaternions, described with respect to the standard basis
{1,1,j,k}. More explicitly, we will refer to

0 -1 0 0 00 —1 0 0 0 0 —1
1 0 0 0 00 0 -1 0 0 1 0

B=1log o o 1["%=10 0 ol ®=|o -1 0 o]
0 0 -1 0 01 0 0 1 0 0 0
0 -1 0 0 0 0 -1 0 00 0 -1
1 0 0 0 0 0 0 1 00 —1 0

Li=lg o o <1]"5=11 0 o ofl"™=|o1 0 o
0 0 1 0 0 -1 0 0 10 0 0

These give a basis for the subspace so(4,R) C R*** of skew-symmetric matrices.
In fact,

(1) RY™=R-DNa ((@R-LH) o (@R-R») @ (@R (LHRV)> :

where p, v € {i,j, k} throughout. This gives the usual decomposition of square ma-
trices into pure-trace, skew-symmetric, and traceless-symmetric parts, respectively,
with the second summand further decomposed into two subalgebras isomorphic
to sp(1) = su(2), as is characteristic of 4-dimensional geometry. By construction,
multiplication of the matrices corresponds to composition of operators on H, sim-
plifying some otherwise-tedious calculations.

Always, we have k,n > 4. In this generality, we will take advantage of () by
using the decomposition

(2) Rk-‘rn ~H o Rk—4 D Hl ® Rn_4,

where H' is simply another copy of the quaternions. We will also use a standard
inclusion G4(R®) — Gp(RF™) defined by identifying E* ¢ R® = H @ H' with
E @ RF* c R¥™ referring to the terms of (2.

Finally, we will often use the same notation for both a Pfaffian system, regarded
as a vector subbundle of a cotangent bundle, and for the exterior ideal algebraically
generated by that subbundle.

Acknowledgements. The authors met at MSRI in July 1999, at a summer pro-
gram on exterior differential systems. Stimulating lectures by Robert Bryant and
Jeanne Clelland, as well as several helpful conversations with each of them, pro-
vided some of the techniques used in this work. We thank them for this, and we
thank MSRI for sponsoring the program from which we learned so much.

2. 4-PLANES CALIBRATED BY pp

2.1. Calibrations. A calibration is a closed differential p-form v on an oriented
Riemannian manifold M, whose values on the set of decomposable unit p-vectors
(representing oriented p-dimensional tangent subspaces) are bounded. The supre-
mum of these values, taken over all p-planes at all points of the manifold, is called
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the comass of ¥, denoted by |[¢||*. An oriented tangent p-plane is said to be
calibrated by 1), or 1-calibrated, if

(o0 A= Avp) = |9

for some (and thus any) oriented, orthonormal basis v;. An oriented p-dimensional
submanifold S C M is said to be w-calibrated if each of its tangent spaces is a
1-calibrated plane. In case S is a closed, y-calibrated submanifold representing
a homology class [S] € H,(M,R), and S’ ~ S represents the same class, the
fundamental calculation is

el vois) = [w= [ v <l vel(s),

proving that S is volume-minimizing in its homology class, with equality holding if
and only if S’ is also -calibrated.

This is the basic method of calibration by which one proves certain subman-
ifolds homologically volume-minimizing. It will be applied to the Grassmannian
of oriented subspaces of a real vector space, with the first Pontryagin form as a
calibration. Typically, a major difficulty is in determining the calibrated planes; in
our case, this has been done in [7].

It is worth noting that in recent years the notion of calibration has found other
application, most notably in M. Gromov’s work [3] on sub-Riemannian geometry,
in Gang Tian’s work [12] on higher-dimensional gauge theory, and in various works
(see [1]], for example) of D. DeTurck et al. on isospectral deformations of Riemannian
manifolds.

2.2. The Structure of the Real, Oriented Grassmannian. The manifold
G (R**™) parameterizing oriented k-dimensional subspaces in real Euclidean space
RF*+™ acquires the structure of a homogeneous space by the fibration

7: SO0k +n,R) = GuR*™), (fi -+ foan) = [fL A A fil,

where f; are columns, considered as elements of R¥*"  and the notation on the
right is the usual way of denoting an oriented subspace in terms of a basis. The
isotropy subgroup of the familiar left-action (that is, the stabilizer of the image
m(e) of the identity e € SO(k + n,R)) is equal to the block-diagonal SO(k,R) x
SO(n,R) € SO(k + n,R), which is therefore the structure group of 7 as a right-
principal bundle. The inner-product (z,y) — Tr(z'y) on T,.SO(k + n,R) =
s0(k + n,R) is invariant under the adjoint action of SO(k,R) x SO(n,R) on
s0(k+n,R), and therefore defines a Riemannian metric on the quotient Gy, (R**+™).
The first Pontryagin form p; is a closed, SO(k +n, R)-invariant differential 4-form,
representing in de Rham cohomology H*(G(R**™), R) the universal characteristic
class of the same name; we will define it precisely below. This p; calibrates certain
oriented 4-planes in tangent spaces T, G (R**™). These p;-calibrated planes were
found and described in [3] for the case k = n = 4; in [7] (and again in [2]), the
description was extended to arbitrary k,mn > 4, and our goal in this section is to
describe them in a manner suited to our further analysis.

The left-invariant, so(k + n, R)-valued Maurer-Cartan form ¢ on SO(k + n,R)
gives a linear isomorphism from each tangent space Ty SO(k + n,R) to the Lie
algebra so(k + n, R); it may be written as

(o “lw
Lpi w B )
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where o = —ta is a k x k matrix of one-forms, w is an n x k matrix of one-forms,
and 8 = —!8 is an n x n matrix of one-forms. It is easy to verify that at each
g € SO(k + n,R), the block w induces a linear isomorphism

(3) Wy - Tﬂ(g)Gk(RkJ'_n) - RnXk.

However, different g # ¢’ with 7(g) = 7(¢’) may induce different identifications
wg # Wy : Tr(e)Ge(RF) — R™*. In fact, for ¢ = gh with h € SO(k,R) x
SO(n,R) we have the equivariance

0 B
Now, the differential 4-form on SO(k + n,R) given by

(4) Wy = wgn, = B~lwyA, for h= <A 0) .

Trace (WA ‘'wAwA fw)

is at each point the pull-back under 7* of some form on G (R**"); and from (@)
one can see that it is invariant under fiber-translation by h € SO(k,R) x SO(n,R).
This implies that it is the pull-back of some unique 4-form p; on G (R**"), which
is by definition the first Pontryagin form.

2.3. The p;-Calibrated Planes. The set of p;-calibrated 4-planes in T,,Gj (R¥")
includes the oriented 4-planes corresponding—via w, for some g € m !(z) C
SO(k +n,R)—to the following oriented subspace of R™**:

v

_ 04><(k—4) ) = 4><4}
5 V = : ES I7Ri7R',R CR ’
(5) {<0(n4)><4 0(n— 1) x (k—1) v pan { 5, Ric}

oriented with Ry A Ry A R A1 > 0.

(We have taken some liberty in identifying R, with an n x k matrix in an obvious
way.)

However, there are more calibrated planes than these; the space described above
is only one of four connected components of the space of all calibrated oriented
4-planes. The others are images of the described component under the group gen-
erated by a commuting pair of order-2 isometries of Gj(R**"), each of which
preserves py, and which we shall now describe (see [3] p. 393] and [13], pp. 302-315]
for more details).

For the first, we can take the motion induced by any orientation-reversing orthog-
onal involution on R¥*"_ i.e., any element of O(k +n, R)\SO(k +n, R) of order 2.
For instance, reversal of one of the coordinate axes will suffice. This simply enlarges
our symmetry group to O(k+n,R), and our isotropy group to SO(k,R) x O(n,R);
we could have begun by defining the fibration 7 on O(k-+n, R), but find it preferable
to highlight the presence of the extra components.

The second isometry ¢ takes an oriented k-subspace in R to that same sub-
space, but with the opposite orientation.

The group of motions of Gy (R¥™™) generated by ¢ and the induced action of
O(k + n,R) is the full simultaneous symmetry group of both the invariant metric
and the closed form p;. Consequently, the entire group must act on the space
of calibrated planes; it is not difficult to verify that the action is effective, so we
really could not have used any smaller group. We denote the group by O¢(k 4 n),
and remind the reader that its identity component is isomorphic to SO(k + n,R).
Therefore, all that we have said about the so(k + n,R)-valued Maurer-Cartan
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form ¢ applies to O°(k 4+ n), including the formula for the pull-back of p;; the
identification of tangent spaces of G, (R**") with R™"** by w; and the description
of pi-calibrated planes as corresponding via wg to the oriented 4-space V' C R™*k
except that, by construction, all of the p;-calibrated planes occur in the latter
manner for g € O°(k + n). Also, the reader can verify that the isotropy group of
O¢(k + n) acting on G%(R**") is isomorphic to O(k, R) x O(n,R), and that the
same equivariance (@) holds, with A € O(k,R), B € O(n,R) (in which the four
components are now apparent).

In fact, it is on O°(k + n) that our computations in the proof of Theorem [ will
take place; but because these computations are inherently local, the reader need
only be comfortable with so(k + n, R) to understand them.

In the next section we will determine the Lie algebra of the stabilizer of the
particular calibrated oriented 4-plane w; (V) C Ty (o) Gr(R**™). This will help us
to better understand the space of calibrated planes, to set up the Pfaffian system
describing p;-calibrated submanifolds of G (R¥™), and to interpret the results of
the analysis of that system.

3. INFINITESIMAL STABILIZER OF A p;-CALIBRATED PLANE

In this section, we calculate the Lie algebra of the stabilizer in O(k, R) x O(n,R)
of a particular p;-calibrated oriented 4-plane V. C T5 ()G (R*¥+7). Knowledge of
this “infinitesimal stabilizer” will be useful later for guiding us through the analysis
of our Pfaffian system. The map w, : Tﬂ(e)Gk(R’H‘") = R™F* conjugates the
isotropy action of O(k,R) x O(n,R) on Ty ()G (R¥*+7) into a left-action on R™*¥
given by

(A,B) -v = BvA™'.

We are therefore interested in understanding the stabilizer under this action of the
oriented subspace V = w(V,) C R"*¥ (see (B)) corresponding to the calibrated
plane V.. We will first consider the case £k = n = 4, the result of which will then
be useful in the general case k,n > 4.

In case k = n = 4, recall that V = Span {I, R;, R;, R} C R***. The condition
that (a,b) € so(4,R) x s0(4,R) be in the Lie algebra of the stabilizer of V' is that

bv—vaeV forallv=ov'l+v"R, €V,

where summation over v € {i,j,k} is understood throughout. For a,b € so(4,R)
given by a = af L, + a%,R,, b = b} L, + V%R, (where af,a%, b, b% € R), this
condition immediately gives

Vil —vlaf =0  forallv' € R, pe {i,j, k}, and
bio" —ovalf =0  for allv” € R, p,v € {i,}, k},

from which we obtain the condition a¥ = b’ ; in other words, the “left”-components

of a,b € 50(4,R) = sp(1) x sp(1)g must be equal (see (d)), while the “right”-
components are arbitrary. It is now clear that the infinitesimal stabilizer is isomor-
phic to sp(1)? = sp(1) x s0(4, R).

In the general case k,n > 4, the condition that (a,b) € so(k,R) x so(n,R) be in
the Lie algebra of the stabilizer of V' defined in (B)) is that
v 0

bv—vaecV forallv= (0 0

) , D =v'T+v"R,.
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When we use block notation

t t
© = ) =)
with a; € s0(4,R), ay € so(k — 4,R), ag € RFED b ¢ s50(4,R), by €
so(n —4,R), and by € R("=H*4 this condition gives
tay =0, byv =0, bo—va; € Span {I, R;, R;, Rk}
The first two of these equations imply that as = bs = 0, and the third describes

the situation of the preceding case, k = n = 4; clearly, as € so(k — 4,R) and
by € so(n — 4, R) remain free. Therefore, we have proven the following.

v

Lemma 1. The subgroup of O(k,R) x O(n,R) stabilizing the p;-calibrated plane
V. has Lie algebra isomorphic to sp(1) x so(4,R) x so(k — 4,R) x so(n — 4,R),
defined in the block form @) by az =0, ba = 0, and referring to the decomposition
@), a1r = b1z

The set of calibrated 4-planes over a single point p € G (R**") is a homogeneous
space of O¢(k 4+ n), and the reader should think of Lemma[ll as describing its local
structure.

4. PROOF OF THEOREM [

4.1. Construction of the Associated Pfaffian System. Our interest is in de-
scribing the 4-dimensional oriented submanifolds S C G (R¥™™) all of whose tan-
gent spaces are pi-calibrated planes. To avoid confusion, in this section we will
let M = G(R**™). The set of all p;-calibrated planes is a subbundle G¢* — M
of the Grassmann bundle G4(TM) — M of all oriented tangent 4-planes of Mj;
the fiber of the subbundle is the 4-component homogeneous space of p;-calibrated
planes at a point, locally described in the preceding section. The reader is ad-
vised to keep in mind our interpretation of the theorem as indicating that the
p1-calibrated geometry of G (R**") is already completely expressed in the sub-
manifold G4(R®) C Gi(R*™).

Given any 4-dimensional oriented submanifold S C M, we may lift it to the
image of its Gauss map vs : S — G4(TM) given by s — TS C TsM, where TS
denotes the tangent space of S. Clearly, S C M is calibrated by p; if and only if the
image v5(9) lies in the subset G°% C G4(TM). Of course, not every 4-dimensional
submanifold in G°* arises this way, but we need not concern ourselves with the
criterion (typically called a “contact condition”) for detecting those that do.

Notice that the fibration 7 : O¢(k + n) — M lifts to give another fibration

7 : O°(k +n) — G, defined using @) by 7(g) = w, '(V):

Gcal

O (k +n) —— M.

The isotropy subgroup of this lifted fibration 7 is the stabilizer of V' whose Lie
algebra was described in Lemma [1. Given a calibrated submanifold S C M, we
are first going to consider its Gauss-image vs(S) C G, and then pull back to
consider § = 77 1(y5(S)) € O°(k 4+ n). The motivation for the latter step is that
we have a left-invariant basis for the differential 1-forms on the Lie group O¢(k+n)
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coming from the Maurer-Cartan form, and formulae for the derivatives of these
1-forms are available in the Maurer-Cartan equation (see () below). Note that S

has dimension equal to dim(S) + dim(#-fiber) =4+43-3 + (k;l) + (”54).

To prepare the computational apparatus, recall that we introduced in block form
(of sizes k,n) the Maurer-Cartan form

a —tw
. (w 8 ) |
We need to dissect it further, by writing
ar —ta 1 w1 w:
“= (a; a42>’ b= (g; 54&)’ YT (w; wz>’
where the various smaller matrices satisfy
a1, Br,w1 €50(4,R)@ Q' ay€s0(k—4,R)@Q", Bi€s0(n—4,R)®Q,

and the rest of the sizes are determined by these (with no further relations)ﬂ
The skew-symmetric 4 x 4 matrices aq, 31,w; will have their 1-form components
distinguished not by the usual “matrix-entry-index” notation but according to the
invariant decomposition ({I); namely,

o =ap+agp=ofL,+ajR,, B1=p0L+0r=0rLu+ PrR.,

w1 =wr+ (wp + wRr) +wLr = (wll) + (WYL, +whRy) + (W LuRy),

where ay, &c., are R**%-valued 1-forms, with components o (u € {i,j, k}), &c.,
which are ordinary scalar-valued 1-forms. It will be helpful sometimes to write

a1 —tag —tw; —twe

C|ar as —tws —twy
14 w1 w3 B —'fe
w2 Wy 52 54

In case k = 4 or n = 4, some of these forms are absent; this renders some of the
computations below vacuous, but no false statements follow.

The various identifications and maps described up to this point have been de-
signed so that the following holds.

Lemma 2. Loca}ly, p1-calibrated manifolds S C M are in one-to-one correspon-
dence (via S < S) with submanifolds of O¢(k 4+ n) on which

wL:O, wLR:O, WQIO, w3:0, W4:0,
and
le wly%a (Jé%-Fﬁf, O‘Ea ﬁly%a (O‘4)§'a (54);
are everywhere linearly independent.

Here (044); denotes the collection of independent entries of the skew-symmetric
matrix oy (say, 1 <i < j <k —4), and likewise for (54)2» (with1 <i<j<n-—4).

L “7/ ® Q” denotes the space of 1-forms with values in the vector space W.
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Proof. If a point g € O¢(k+n) lies in the lift S of a py-calibrated submanifold, then
S must contain the fiber of # passing through ¢, on which (by LemmalIl) the 1-forms
o + 61, o, Bk, (a4)§-, ([34)3'- constitute a basis for all 1-forms. Furthermore, the

tangent space of S = 7(S5) at 7m(g) must equal the calibrated 4-plane denoted by
#(g), by construction of the lift S; consequently, w, restricted to S takes values
only in the space V of (H), which is to say that

wr =0, wprr =0, wy =0, w3 =0, and wy = 0.

Finally, because S has dimension 4, and the various components of w must span the
cotangent space of any local section of S-S (which is transverse to the #-fibers
previously considered), it is necessary that w! and wY be independent from each
other and from off + Y, o%, (%, (a4)§», and ([34); From these observations, our
statement of Lemma [2] follows easily. O

4.2. Analysis of the Pfaffian System. We now have a description of the p;-
calibrated manifolds in terms of a Pfaffian system with independence condition on
the Lie group O°(k + n). We will see that this Pfaffian system is not integrable;
that is, it does not satisfy the conditions of the Frobenius theorem. However, we are
eventually going to show that its integral manifolds are in correspondence with those
of another—still invariant—Pfaffian system (a so-called prolongation) on O¢(k+n)
which does satisfy the conditions of the Frobenius theorem. This implies that any
connected integral submanifold of the prolonged Pfaffian system lies in a maximal
such submanifold. We will see that these maximal submanifolds project to smooth
4-spheres in G (R**") as mentioned in the Introduction; Theorem [l then follows
immediately.
So we begin analyzing the Pfaffian system

b = Span {va WLR, W2, W3, W4},

where by wp, &c., we of course mean the various matrix-entry 1-forms. On any
integral manifold $ € O°(n+ k) of ® (that is, any manifold on which all forms in ®
vanish), the exterior derivatives of forms in ® must vanish. Therefore, we consider
these derivatives, computed using the Maurer-Cartan equation

N ]

Dissected as above, we obtain (among others) the following equations:
dws = —f2 A (wr + wgr) (mod P),
dws = (w +wr) A ‘s (mod @),
dwy =0 (mod P).
The first two equations say that on an integral manifold of ®, we must have
—Ba A (wr +wr) =0, (wr+wgr)A ‘ag=0;

but a tedious application of the Cartan lemma shows that these latter equations,
together with the independence condition w! A wi A wh A wk £ 0, imply az = 0
and 2 = 0, which we might have expected from Lemma[ll (Similarly, we expect
to see conditions «y, = (1, coming shortly.)



UNIQUENESS OF p;-CALIBRATED SUBMANIFOLDS 4329

Now, it is clear from this last result that integral manifolds of ® satisfying our
independence condition are in one-to-one correspondence with integral manifolds
of the partially prolonged Pfaffian system

") = & @ Span{az, (2}
satisfying the same independence condition (where, once again, as and (2 refer

to the various 1-form entries of those matrices). Now our situation is somewhat
simpler, because in addition to the contrived

(8) dwy =0, dwy =0, doy =0 (mod W),
we can also use () to compute
9) day =0, df; =0 (mod M),
Therefore, all that remains to study are dwy, and dwrg. These are components of
dwi = —w1 Aag — 1 Awr (mod <I>(1)).
We are also going to need derivatives of oy and [Sy:
doy = —a; Aoy + 'wy Awy, dBi=wi A 'wy —B1ABL (mod <I>(1)).

Now observe that these equations for dwy, day, df; are identical to what one has
in the special low-dimensional case k = n = 4. No forms other than components of
these wy, oy, (1 are going to make any further appearance, and we will therefore
drop the subscript ; when referring to them.

Let us then review what we have. There are skew-symmetric 4 X 4-matrices of
1-forms « and (3, decomposed as

o= alzLM + aVRRm 6 = 6511/1 + ﬂERua
and a 4 x 4-matrix of 1-forms

w=w'l+ WYL, +Ww4iR,) +w”L,R,,

satisfying

(10) dw=-wAa—LFAw (moddW),
(11) do=—-ana+ 'wAw (mod &),
(12) dB=wA 'w—FAB (mod dW).

We are requiring w} and w"” to vanish, and w!, w%, of + B¢, a%, and % to be
independent.

Differentiation of the equations wf = 0 and w*” = 0 will display more forms
whose vanishing is required. For instance, the value of dw! is the L;-component
(referring to the decomposition () of the 2-form matrix dw given in (I0). Remem-
ber that we only need this modulo ®():

dwt = (W' +WhR,) A (4 L, + a4 R,)
+ (85 Ly + BrRy) A (W' + wi Ry,
(af, — ) Aw!  (mod &M).
Similar computations give
dwl = (¥ — B Aw!  (mod &),

dw'” = (o — Y AwY  (mod &)
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This shows that on any integral manifold of ®1) satisfying the independence con-
dition w! Aw! Awl Awk # 0, one also has of — 3% = 0 (as expected from Lemmal[I)).

Consequently, we prolong again in a manner very similar to the preceding, and
define

?® = oW @ Span {af — g4}
We know by construction that
(13) dw! =0, dw"™ =0 (mod ®?),
and we finally compute from (1), (02):
d(ag, = Bz) = [- (o L + o Ry) A (o Ly + o Ry)
+ (W = wRR) A (W +wRR))L
— [(W'T +WhR,) A (W' — WhR,)
= (BE Ly + BRRy) A (BE Ly + BpRu)E
[~al AapLuLy + B A BLLuLu],
=0 (mod ®?).

(14)

Equations (&), (@), (I3), and (1) show that the left-invariant Pfaffian system (%)
on Of(k + n) satisfies the conditions of the Frobenius theorem, and we already
know that its integral manifolds are locally in one-to-one correspondence with p;-
calibrated submanifolds of M = G (RF™).

We consider the maximal connected integral manifold of ®®) passing through
the identity e € SO(k + n,R) C O%(k + n); let this submanifold be denoted by
S. The proof will be complete if we can show that this leaf projects to a smooth
submanifold in G (R**"), as claimed above. To see this, note that the tangent
space of S at any point, and in particular at the identity e, is defined as a subspace
of the tangent space so(k + n,R) of SO(k +n,R) by the equations

wr =0, wpr=0, w2 =0, w3 =0, wg =0, ag =0, fo =0, ar — B =0.

But one can verify that at the identity, the tangent subspace defined by these
equations is actually a Lie subalgebra of so(k + n,R). (Verifying closure of this
space under the Lie bracket is essentially equivalent to verifying that the hypotheses
of the Frobenius theorem are satisfied.) This, combined with left-invariance, tells
us that our leaf S is a connected Lie subgroup of SO(k + n,R), and that the other
leaves are its cosets in O°(k + n).

This subgroup may be described as follows, with reference to the decomposition
@) of R¥*". First note that the action of § € SO(k+n, R) preserves the subspaces
H o H, RF* and R" %, and is arbitrary (but orthogonal) on the latter two
components. On the component H @& H’, our group includes the 10-dimensional
group Sp(2) of linear Euclidean motions of H? commuting with left-multiplication
by (quaternion) scalars. (This corresponds to the non-zero forms ag, Br,wr, wg.) S
also includes that same left-multiplication by unit quaternions (which corresponds
to the non-zero form ay, + 81). Consequently, the entire group S on H® H acts
transitively on the collection of 1-dimensional quaternionic subspaces

{(z,y) eH? :za+yb=0}CHO H .
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The image under 7 : O°(k + n) — G(R*¥*") of § is then equal to a quaternionic
projective line HP' ¢ G4(H @ H') C Gi(R¥™), with the canonical orientation
(generated on tangent spaces by left-multiplication by i, for instance, or derivable
from the definition (B)).

This completes the proof of Theorem [l

5. THE GRASSMANNIAN OF NON-ORIENTED SUBSPACES

At this point, it is easy to understand the pj-calibrated submanifolds of the
Grassmannian Gi(R’H‘") of non-oriented k-subspaces of R¥*". This space has
the previously considered Grassmannian as a double-cover, and all of their respec-
tive local geometries are identical. It is crucial of course that p; is defined on
Gi (Rk"’”), which follows from its invariance under the orientation-reversal map &
on Gj(R**"). The most apparent p;-calibrated submanifold of Gi(Rk*‘") is the
set of 1-dimensional quaternionic subspaces under the identification (2)), but with-
out the information of the canonical quaternionic orientation. It is easy to verify
that this is still a round 4-sphere, which has as a double cover in Gx(R**") the
disjoint union of two spheres.

The main difference is that the symmetry group O°(k + n) for Gx(R¥*") is
replaced by O(k + n,R) acting on Gi(R’””) (that is, we take the quotient by
the orientation-reversal map e, which generates a normal subgroup of order 2 in
O%(k+n)). The description of the pi-calibrated planes is the same, except that only
two components occur at each point of G,hC (R*+7) instead of four. Furthermore, the
Lie algebra of the structure group is the same, and the invariance of the previously
studied Pfaffian system with independence condition (on O¢(k+n)) under € implies
that there exists a Pfaffian system with independence condition on O(k + n,R)
which lifts to the former, and plays the same role. These two systems are locally
isomorphic, and the analysis proceeds in exactly the same way, yielding the same
“identity leaf” S. Repeating our interpretation of the identical calculations then
yields the following.

Theorem 2. Given any pi-calibrated oriented 4-plane Vy; C TpGi(R’”") there
exists a unique mazximal connected pi-calibrated submanifold containing p and tan-
gent to Vy; any connected p:-calibrated submanifold lies in a mazimal one. These
maximal submanifolds are round 4-spheres.

Corollary 2. Any two maximal connected p1-calibrated submanifolds of Gi(Rk*‘")
are congruent under the ambient isometry group.
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