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1. OVERVIEW

e Introduction to the local differential geometry of submanifolds of projective space

e Introduction to moving frames for projective geometry

e How much must a submanifold X C PV resemble a given submanifold Z ¢ P infinites-
imally before we can conclude X ~ Z7

e To what order must a line field on a submanifold X € PV have contact with X before
we can conclude the lines are contained in X7

e Applications to algebraic geometry

e A new variant of the Hwang-Yamaguchi rigidity theorem

e An exposition of the Hwang-Yamaguchi rigidity theorem in the language of moving
frames.

e Open questions and problems.

Representation theory and algebraic geometry are natural tools for studying submanifolds
of projective space. Recently there has also been progress the other way, using projective
differential geometry to prove results in algebraic geometry and representation theory. These
talks will focus on the basics of submanifolds of projective space, and give a few applications
to algebraic geometry. For further applications to algebraic geometry the reader is invited to
consult chapter 3 of [11] and the references therein.

Due to constraints of time and space, applications to representation theory will not be given
here, but the interested reader can consult [23] for an overview. FEntertaining applications
include new proofs of the classification of compact Hermitian symmetric spaces, and of complex
simple Lie algebras, based on the geometry of rational homogeneous varieties (instead of root
systems), see [22]. The applications are not limited to classical representation theory. There are
applications to Deligne’s conjectured categorical generalization of the exceptional series [25], to
Vogel’s proposed Universal Lie algebra [27], and to the study of the intermediate Lie algebra
¢71 [26].

Notations, conventions. I mostly work over the complex numbers in the complex analytic
category, although most of the results are valid in the C*° category and over other fields, even
characteristic p, as long as the usual precautions are taken. When working over R, some results
become more complicated as there are more possible normal forms. I use notations and the
ordering of roots as in [2] and label maximal parabolic subgroups accordingly, e.g., Py refers to
the maximal parabolic obtained by omitting the spaces corresponding to the simple root ay.
(v1,...,u) denotes the linear span of the vectors vy,...,vx. If X C PV is a subset, Xcv
denotes the corresponding cone in V'\0, the inverse image of X under the projection V\0 — PV.
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and X C PV denotes the Zariski closure of X, the zero set of all the homogeneous polynomials
vanishing on X. When we write X", we mean dim (X) = n. We often use Id to denote the
identity matrix or identity map. Repeated indicies are to be summed over.

Acknowledgements. These notes are based on lectures given at Seoul National University
in June 2006 and at the IMA workshop Symmetries and overdetermined systems of partial
differential equations, July 2006. It is a pleasure to thank Professors Han and Eastwood for
inviting me to give these respective lecture series. I would also like to thank Professor Yamaguchi
for carefully explaining his results with Hwang to me at the workshop.

2. SUBMANIFOLDS OF PROJECTIVE SPACE

2.1. Projective geometry. Let V be a vector space and let PV denote the associated pro-
jective space. We think of PV as the quotient of GL(V'), the general linear group of invertible
endomorphisms of V', by the subgroup P; preserving a line. For example if we take the line

1

0
(.

0

then
%k *
0 = *
P =

Dok ...k
0 *x ... x

where, if dim V' = N +1 the blocking is (1, N) x (1, N), so P; is the group of invertible matrices
with zeros in the lower left hand block.

In the spirit of Klein, we consider two submanifolds M7, My C PV to be equivalent if there
exists some g € GL(V) such that g.M; = M, and define the corresponding notion of local
equivalence.

Just as in the geometry of submanifolds of Euclidean space, we will look for differential in-
variants that will enable us to determine if a neighborhood (germ) of a point of M; is equivalent
to a neighborhood (germ) of a point of Ms. These invariants will be obtained by taking deriva-
tives at a point in a geometrically meaningful way. Recall that second derivatives furnish a
complete set of differential invariants for surfaces in Fuclidean three space- the vector-bundle
valued Fuclidean first and second fundamental forms, and two surfaces are locally equivalent iff
there exists a local diffecomorphism f : M7 — M preserving the first and second fundamental
forms.

The group of admissible motions in projective space is larger than the corresponding Euclidean
group so we expect to have to take more derivatives to determine equivalence in the projective
case than the Euclidean. For example, it was long known that for hypersurfaces X* c P7t!
that one needs at least three derivatives and Jensen and Musso [12] showed that for most
hypersurfaces, when n > 1, three derivatives are sufficient. For curves in the plane one needs
six derivatives!

In order to take derivatives in a way that will facilitate extracting geometric information from
them, we will use the moving frame. Before developing the moving frame in §3, we discuss a
few coarse invariants without machinery and state several rigidity results.
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2.2. Asymptotic directions. Fix x € X" C PV. After taking one derivative, we have the
tangent space T, X C TPV, which is the set of tangent directions to lines in PV having contact
with X at x to order at least one. Since we are discussing directions, it is better to consider
PT, X C PT,PV. Inside PT, X is C x, C PT, X, the set of tangent directions to lines having
contact at least two with X at x, these are called the asymptotic directions in Euclidean
geometry, and we continue to use the same terminology in the projective setting. Continuing,
we define Cy, x . for all k, and finally, Cs x », Which, in the analytic category, equals Cx z, the
lines on (the completion of) X through . When X is understood we sometimes write Cy, , for
Cr.X -

***picture here***

What does Ca x 5, or more generally Cy, x . tell us about the geometry of X ?

That is, what can we learn of the macroscopic geometry of X from the microscopic geometry
at a point? To increase the chances of getting meaningful information, from now on, when we
are in the analytic or algebraic category, we will work at a general point. Loosely speaking, after
taking k derivatives there will be both discrete and continuous invariants. A general point is
one where all the discrete invariants are locally constant.

(To be more precise, if one is in the analytic category, one should really speak of k-general
points (those that are general to order k), to insure there is just a finite number of discrete
invariants. In everything that follows we will be taking just a finite number of derivatives
and we should say we are working at a k-general point where k is larger than the number of
derivatives we are taking.)

When we are in the C* category, we will work in open subsets and require whatever property
we are studying at a point holds at all points in the open subset.

For example, if X" is a hypersurface, Ca x, is a degree two hypersurface in PT, X (we will
prove this below), and thus its only invariant is its rank r. In particular, if X is a smooth
algebraic variety and € Xgeperqr the rank is n (see e.g., [6, 11]) and thus we do not get much
information. (In contrast, if 7 < n, then the Gauss map of X is degenerate and X is (locally)
ruled by P"~"’s.)

More generally, if X" C P"*%, then Co x , is the intersection of at most min (a, (”;1)) quadric
hypersurfaces, and one generally expects that equality holds. In particular, if the codimension is
sufficiently large we expect Ca , to be empty and otherwise it should have codimension a. When
this fails to happen, there are often interesting consequences for the macroscopic geometry of
X.

2.3. The Segre variety and Griffiths-Harris conjecture. Let A, B be vector spaces and
let V=A®B. Let

X = P(rank one tensors) C PV.
Recall that every rank one matrix (i.e., rank one tensor expressed in terms of bases) is the matrix

product of a column vector with a row vector, and that this representation is unique up to a
choice of scale, so when we projectivize (and thus introduce another choice of scale) we obtain

X ~PA x PB.

X is called the Segre variety and is often written X = Seg(PA x PB) C P(A® B).

We calculate Co, for the Segre. We first must calculate 7, X C T,PV. We identify TPV
with V' mod % and locate T, X as a subspace of V mod z.

Let x = [ag®bg] € Seg(PA x PB). A curve z(t) in X with z(0) = z is given by curves
a(t) C A, b(t) C B, with a(0) = ag, b(0) = by by taking x(t) = [a(t) @ b(t)].

d
Eh:oat@bt = ay @by + ap @by
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and thus
T, X = (A/ag) ® by D ag® B/by mod ag ® by
Write A" = (A/ag) ® by, B’ = ag® (B/by) so
T,X ~ A/@B/.

We now take second derivatives modulo the tangent space to see which tangent directions
have lines osculating to order two (these will be the derivatives that are zero modulo the tangent
space).

d2 " / / /!
(2.1) W\tzoat@)bt:a0®b0+a0®b0+ao®b0 mod &

(2.2) = af, ® by mod T, X
Thus we get zero iff either af = 0 or by = 0, i.e.
CQ7X7J; =PA'UPB C ]P’(A, D B/)

i.e., Ca x, is the disjoint union of two linear spaces, of dimensions dim A — 2,dim B — 2. Note
that dim Cs , is much larger than expected.

For example, consider the case Seg(P? x P?) C P8. Here Ca, is defined by four quadratic
polynomials on P? = P(7,X), so one would have expected Ca , to be empty. This rather extreme
pathology led Griffiths and Harris to conjecture:

Conjecture 2.1 (Griffiths-Harris, 1979 [6]). Let Y* C P® be a wariety not contained in a
hyperplane and let y € Yyenerai- If Coyy = PlUP c P3P = P(T,Y), then Y is isomorphic to
Seg(P? x P?).

(The original statement of the conjecture was in terms of the projective second fundamental
form defined below.) Twenty years later, in [16] I showed the conjecture was true, and moreover
in [16, 20] I showed:

Theorem 2.2. Let X" = G/P C PV be a rank two compact Hermitian symmetric space (CHSS)
in its minimal homogeneous embedding, other than a quadric hypersurface. Let Y™ C PV be a
variety not contained in a hyperplane and let y € Ygenera- If Co,y,y =~ Co x o then'Y is projectively
isomorphic to X.

An analogous result is true in the C'*° category, namely

Theorem 2.3. Let X" = G/P C PV be a rank two compact Hermitian symmetric space (CHSS)
in its minimal homogeneous embedding, other than a quadric hypersurface. Let Y™ C PW be a
smooth submanifold not contained in a hyperplane. If Cay,y = Co x4 for ally € Y, then' Y is
projectively isomorphic to an open subset of X.

The situation of the quadric hypersurface is explained below (Fubini’s theorem) - to charac-
terize it, one must have C3y,y = C3 0 z-

The rank two CHSS are Seg(PA x PB), the Grassmanians of two-planes G(2, V'), the quadric
hypersurfaces, the complexified Cayley plane OP? = FEg/Ps, and the spinor variety Ds/Ps
(essentially the isotropic 5-planes through the origin in C!° equipped with a quadratic form -
the set of such planes is disconnected and the spinor variety is one (of the two) isormorphic
components. The minimal homogenous embedding is also in a smaller linear space than the
Plucker embedding of the Grassmannian.) The only rank one CHSS is projective space P™. The
rank two CHSS and projective space are examples of rational homogeneous varieties.
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2.4. Homogeneous varieties. Let G C GL(V) be a reductive group acting irreducibly on a
vector space V. Then there exists a unique closed orbit X = G/P C PV which is a rational
homogeneous variety. (Equivalently, X may be characterized as the orbit of a highest weight
line, or as the minimal orbit.)

Note that if X = G/P C PV is homogenous, T, X inherits additional structure beyond that of
a vector space. Namely, consider z = [Id] as the class of the identity element for the projection
G — G/P. Then P acts on T, X and, as a P-module T, X ~ g/p. For example, in the case of
the Segre, T, X was the direct sum of two vector spaces.

A homogeneous variety X = G/P is a compact Hermitian symmetric space, or CHSS for short,
if P acts irreducibly on T, X. The rank of a CHSS is the number of its last nonzero fundamental
form in its minimal homogeneous embedding. (This definition agress with the standard one.)
Fundamental forms are defined in §3.4.

Exercise 2.4. The Grassmannian of k-planes through the origin in V', which we denote G(k, V),
is homogenous for GL(V') (we have already seen the special case G(1,V) =PV).

Determine the group P, C GL(V) that stabilizes a point. Show that TpG(k,V) ~ E* @ V/E
in two different ways - by an argument as in the Segre case above and by determining the
structure of g/p.

While all homogeneous varieties have many special properties, the rank at most two CHSS
(other than the quadric hypersurface) are distinguished by the following property:

Proposition 2.5. [21] Theorem 2.2 is sharp in the sense that no other homogeneous variety
1s completely determined by its asymptotic directions at a general point other than a linearly
embedded projective space.

Nevertheless, there are significant generalizations of theorem 2.2 due to Hwang-Yamaguchi and
Robles discussed below in §3.5. To state these results we will need definitions of the fundamental
forms and Fubini cubic forms, which are given in the next section.

However, with an additional hypothesis - namely that the unknown variety has the correct
codimension, we obtain the following result (which appears here for the first time):

Theorem 2.6. Let X" C CP""® be a complex submanifold not contained in a hyperplane. Let
x € X be a general point. Let Z™ C P be an irreducible compact Hermitian symmetric space
in its minimal homogeneous embedding, other than a quadric hypersurface. If Cox . = Co 7.
then X = Z.

Remark 2.7. The Segre variety has Co, = C, = PA'UPB' C P(A @& B') = PI,X. To see
this, note that a matrix has rank one iff all its 2 x 2 minors are zero, and these minors provide
defining equations for the Segre. In general, if a variety is defined by equations of degree at most
d, then any line having contact to order d at any point must be contained in the variety. In
fact all homogeneously embedded rational homogeneous varieties G/P are cut out by quadratic
equations so Cy /p, = Ca/pa-

3. MOVING FRAMES AND DIFFERENTIAL INVARIANTS

For more details regarding this section, see chapter 3 of [11].
Once and for all fix index ranges 1 < o, 8,7 <n,n+1 < p,v <n+a,0< A, B,C <n+a=N.

3.1. The Maurer-Cartan form of GL(V). Let dimV = N+1, denote an element f € GL(V)
by f = (eo, ..., en) where we may think of the e 4 as column vectors providing a basis of V. (Once
a reference basis of V' is fixed, GL(V') is isomorphic to the space of all bases of V.) Each e4 is a
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V-valued function on GL(V), e4 : GL(V) — V. For any differentiable map between manifolds
we can compute the induced differential

dealy : TyGL(V) — T,V
but now since V' is a vector space, we may identify 7.,V ~ V and consider
dea : TyGL(V) =V
i.e., dey is a V-valued one-form on GL(V'). As such, we may express it as
deyg = eow% + elwi‘ + -+ erg

where w € QY(GL(V)) are ordinary one-forms (This is because e, ..., ey is a basis of V so any
V-valued one form is a linear combination of these with scalar valued one forms as coefficients.)
Collect the forms wg into a matrix Q = (wg). Write df = (deg, ...,den), so df = fQ or

Q= fldf

Q is called the Maurer-Cartan form for GL(V').
Amazing fact: we can compute the exterior derivative of ) algebraically! We have d) =
d(f~1) A df so we need to calculate d(f~!). Here is where an extremely useful fact comes in:

The derivative of a constant function is zero.

We calculate 0 = d(Id) = d(f~'f) = d(f~")f + f~'df, and thus dQ = —f~'df f~' A df but
we can move a scalar valued-matrix across the wedge product to conclude

dQY=-QANQ

which is called the Maurer-Cartan equation. The notation is such that (Q A Q)‘é = wé A wg.

3.2. Moving frames for X C PV. Now let X" C P"*% = PV be a submanifold. We are ready
to take derivatives. Were we working in coordinates, to take derivatives at x € X, we might
want to choose coordinates such that x is the origin. We will make the analoguous adaptation
using moving frames, but the advantage of moving frames is that all points will be as if they were
the origin of a coordinate system. To do this, let 7 : F% := GL(V)|x — X be the restriction of
m:GL(V)— PV.

*okk Kk

picture coming here

Similarly, we might want to choose local coordinates (z!,...,2"*%) about 2 = (0, ...,0) such
that T, X is spanned by 6%1, ) e 8%"' Again, using moving frames the effect will be as if we had
chosen such coordinates about each point simultaneously. To do this, let 7 : F! — X denote

the sub-bundle of F% preserving the flag
i CcT,X CV.

Reqall T C V denotes the line corresponding to z and T, X denotes the affine tangent space
T,X C V, where [v] = . Let (eq, ..., en1q) be a basis of V with dual basis (€°, ..., e"*?) adapted
such that ey € & and {eg, ey} span T, X. Write T =T,X and N = N, X = T,PV/T,X.

Remark 3.1. (Aside for the experts) I am slightly abusing notation in this section by identifying
T,X/z with T, X = (T, X/%) ® 2* and similarly for N, X.

The fiber of 7 : F! — X over a point is isomorphic to the group
9@ 95 9

Gi=q9=10 g5 9| |9€GL(V)
0 0 gy
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While F! is not in general a Lie group, since F! € GL(V), we may pull back the Maurer-
Cartan from on GL(V) to F!. Write the pullback of the Maurer-Cartan form to F' as

0 0 .0
wy wg Wy
w=|wj wj w
oW

The definition of F' implies that w(‘f = 0 because deg = wgeo + -+ wpen + wg+len+1 4+ 4
w6‘+aen+1 but we have required that ey only move towards eq,...,e, to first order. Similarly,
because dim X = n, the adaptation implies that the forms wf are all linearly independent.

At this point you should know what to do - seeing something equal to zero, we differentiate
it. Thanks to the Maurer-Cartan equation, we may calculate the derivative algebraically. We
obtain

0 =d(wl) = —wh Nwf Yu

Since the one-forms w§ are all linearly independent, it is clear that the wh must be linear

combinations of the wg , and in fact the Cartan lemma (see e.g., [11], p 314) implies that the
dependence is symmetric. More precisely (exercise!) there exist functions

qgﬁ:fl—MC

with wh = qgﬁwg and moreover qgﬁ = qg »

Now F! was defined geometrically (i.e., without making any arbitrary choices) so any function
on F! invariant under the action of G descends to be a well defined function on X, and will be
a differential invariant. Our functions qgﬁ are not invariant under the action of G1, but we can
form a tensor from them that is invariant, which will lead to a vector-bundle valued differential
invariant for X (the same phenomenon happens in the Euclidean geometry of submanifolds).

Consider

[Tf = By = wiwh @ (e, mod T, X) = ¢ jwiwf ® (e, mod T, X)

IT e T(F', 7*(S?T*X @ NX)) is constant on the fiber and induces a tensor IT € T'(X, S?T*X @ NX).
called the projective second fundamental form.
Thinking of I, : NYX — S?T* X, we may now properly define the asymptotic directions by

Cog :=P(Zeros(II,(N; X)) C PT, X

3.3. Higher order differential invariants: the Fubini forms. We continue differentiating
constant functions:
0=d(wh — qgﬁwég)

yields functions TZBV : F' — C that induce a tensor F3 € I'(F!, 7*(S3T*X ® NX)) called the
Fubini cubic form. Unlike the second fundamental form, it does not descend to be a tensor
over X because it varies in the fiber. We discuss this variation in §6. Such tensors provide
relative differential invariants and by sucessive differentiations, one obtains a series of invariants

F, € T (FL, 7*(S*T* @ N)). For example,

M a, B, 7, 0
Fy = 1},5,5@0 WoWowo @ ey
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where the functions rgﬁy, TZBV s are given by
(3.1) amwo = dqaﬁ - qaﬁwo qaﬁw + qa(gwﬁ + qggwa
(3'2) aﬁyéwo = draﬁfy aﬁ’yw - aﬁ’YwM

+ Sapy (1t 0By —|—3qaﬁw — qhefywr)

We define C, , := Zeros(Fa ¢, ..., Fj, y) C PT, X, which is independent of our choice of f €
7 1(x).

If one chooses local affine coordinates (z!, ..., 2"%%) such that z = (0, ...,0) and T, X = <8%>7
and writes X as a graph

ot = qgﬁgnaznﬁ + rgmzz:axﬁ:ﬂ + rgﬁwxaxﬁ:ﬂ:né + -

then there exists a local section of F! such that

0
F2’:(: = qgﬁdxada:ﬁ & w
0
Fg’x = Tu da:o‘dxﬁdx'y & @
Fyly =", da®daPda’ da’ @ 9
4l — By Ot

and similarly for higher orders.

(3.1) is a system of an equations with one-forms as coefficients for the a(";rz) coefficients of

F3 and is overdetermined if we assume dqgﬁ = 0, as we do in the rigidity problems. One can
calculate directly in the Segre Seg(P™ x P"), m,r > 1 case that the only possible solutions are
normalizable to zero by a fiber motion as described in (6.4). The situation is the same for Fy, F;
in this case.

In general, once Fy, ..., Fy; are normalized to zero at a general point, it is automatic that all
higher F; are zero, see [15]. Thus one has the entire Taylor series and has completely identified
the variety. This was the method of proof used in [16], as the rank two CHSS have all Fj
normalizable to zero when k > 2.

Another perspective, for those familiar with G-structures, is that one obtains rigidity by
reducing F' to a smaller bundle which is isomorphic to G, where the homogeneous model is
G/P.

Yet another perspective, for those familiar with exterior differential systems, is that after
three prolongations, the EDS defined by I = {wf,wh — qaﬁwo} on GL(V') becomes involutive,
in fact Frobenius.

3.4. The higher fundamental forms. A component of F3 does descend to a well defined
tensor on X. Namely, considering F3 : N* — S3T*, if we restrict F3|xer 7y, We obtain a tensor
F3 = III € S3T* ® N3 where N3 = T,PV/{T,X + II(S?T,X)}. One continues in this manner
to get a series of tensors Iy called the fundamental forms.

Geometrically, 11 measures how X is leaving its embedded tangent space at x to first order,
111 measures how X is leaving its second osculating space at x to first order while F3 mod 111
measures how X is moving away from its embedded tangent space to second order.

3.5. More rigidity theorems. Now that we have defined fundamental forms, we may state:

Theorem 3.2 (Hwang-Yamaguchi). [10] Let X™ C CP"*® be a complex submanifold. Let
x € X be a general point. Let Z be an irreducible rank r compact Hermitian symmetric space
in its natural embedding, other than a quadric hypersurface. If there exists linear maps f :
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T,X - T.Z, gy : Ny X — Ny .Z such that the induced maps SkT;X@)NmX — SkTZ*Z®NZZ
take Fy x5 to Fy 7. for 2 <k <r, then X =72

In [22] we calculated the differential invariants of the adjoint varieties, the closed orbits
in the projectivization of the adjoint representation of a simple Lie algebra. (These are the
homogeneous complex contact manifolds in their natural homogeneous embedding.) The adjoint
varieties have III = 0, but, in all cases but v2(P?"~1) = C,,/P; C P(c,) = P(S?C?*") which
we exclude from discussion in the remainder of this paragraph, the invariants F3, Fy are not
normalizable to zero, even though C3, = Ci,; = C2, = C;. In a normalized frame C, is
contained in a hyperplane H and Fy is the equation of the tangential variety of C, in H, where
the tangential variety 7(X) C PV of an algebraic manifold X C PV is the union of the points
on the embedded tangent lines (P'’s) to the manifold. In this case the tangential variety is a
hypersurface in H, except for g = a,, = sl,+1 which is discussed below. Moreover, Fj consists
of the defining equations for the singular locus of 7(C,). In [22] we speculated that the varieties
X4, with the exception of v(IP?"~!) would be rigid to order four, but not three, due to the
nonvanishing of F. Thus the following result came as a suprise to us:

Theorem 3.3 (Robles, [31]). Let X2(m=2) ¢ CP™ =2 be a complex submanifold. Let x € X be a
general point. Let Z C Psly, be the adjoint variety. If there exists linear maps f : T, X — T, Z,
g : N, X — N,Z such that the induced maps SkT;X@)NmX — SkTZ*Z®NZZ take Fj, x , to
Fy.z.. for k=23, then X = Z.

Again, the corresponding result holds in the C°° category.

The adjoint variety of sl,,, = s[(T¥) has the geometric interpretation of the variety of flags of
lines inside hyperplanes inside W, or equivalently as the traceless, rank one matrices. It has Ca ,
the union of two disjoint linear spaces in a hyperplane in PT,Z. The quartic F} is the square of
a quadratic equation (whose zero set contains the two linear spaces), and the cubics in Fj are
the derivatives of this quartic, see [22], §6.

3.6. The prolongation property and proof of theorem 2.6. The precise restrictions 11
places on the Fj in general is not known at this time. However, there is a strong restriction 11
places on the higher fundamental forms that dates back to Cartan. We recall a definition from
exterior differential systems:

Let U, W be vector spaces. Given a linear subspace A C S¥U* @ W, define the j-th prolonga-
tion of A to be AU) := (A® S7U*) N (S*+7U* @ W). Thinking of A as a collection of W-valued
homogeneous polynomials on U, the j-th prolongation of A is the set of all homogeneous W-
valued polynomials of degree k + j on U with the property that all their j-th order partial
derivatives lie in A.

Proposition 3.4 (Cartan [3] p 377). Let X" C P""%, and let x € X be a general point. Then
Fro(N}) C Fap(N3) 52, (Here W is taken to be the trivial vector space and U = T, X .)

Proposition 3.5. [21] Let X = G/P C PV be a CHSS in its minimal homogeneous embedding.
Then ka(N,’;) = Fg,x(Nék)(k_z). Moreover, the only monzero components of the Fj are the
fundamental forms.

The only homogeneous varieties having the property that the only nonzero components of the
Fy. are the fundamental forms are the CHSS.

proof of 2.6. The strict prolongation property for CHSS in their minimal homogenous embedding
implies that any variety with the same second fundamental form at a general point as a CHSS
in its minimal homogeneous embedding can have codimension at most that of the corresponding
CHSS, and equality holds iff all the other fundamental forms are the prolongations of the second.

O
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4. BERTINI TYPE THEOREMS AND APPLICATIONS

The results discussed so far dealt with homogeneous varieties. We now broaden our study to
various pathologies of the Cy, .

Let T be a vector space. The classical Bertini theorem implies that for a linear subspace
A C S?T* if ¢ € A is generic, then u € gsing := {v € T | q(v,w) = 0 Yw € T} implies
u € Zeros (A) :={v e T | Qv,v) =0VQ € A}.

Theorem 4.1 (Mobile Bertini). Let X™ C PV be a complex manifold and let x € X be a general
point. Let ¢ € II(N;X) be a generic quadric. Then qgng is tangent to a linear space on X.

For generalizations and variations, see [20)].
The result holds in the C'*° category if one replaces a general point by all points and that the
linear space is contained in X as long as X continues (e.g., it is contained in X if X is complete).

Proof. Assume v = e and ¢ = qgglwg‘wég . Our hypotheses imply q%r L' — 0 for all 3. Formula

(3.1) reduces to

n+l B _ uwo nt+l
Tig %o = “49nWu -

If ¢ is generic we are working on a reduction of F! where the w! are independent of each other
and independent of the semi-basic forms (although the wj will no longer be independent of the
w§,w?); thus the coefficients on both sides of the equality are zero, proving both the classical
Bertini theorem and v € 74y, where 7 is a generic cubic in F3(N*). Then using the formula for
F4 one obtains v € Zeros(F3) and v € s4ng Where s is a generic element of F;(N*). One then
concludes by induction. O

Remark 4.2. The mobile Bertini theorem essentially dates back to B. Segre [34], and was re-
discovered in various forms in [6, 4]. Its primarary use is in the study of varieties X" C PV
with defective dual varieties X* C PV*, where the dual variety of a smooth variety is the set of
tangent hyperplanes to X, which is usually a hypersurface. The point is that a generic quadric
in II(N;X) (with € Xgenerar) is singular of rank » iff codim X* =n —r 4+ 1.

Example 4.3. Taking X = Seg(PA x PB) and keeping the notations of above, Let Y have the
same second fundamental form of X at a general point y € Y so we inherit an identification
T,Y ~ A®B. If dimB = b > a = dim A, then mobile Bertini implies that PB’ is actually
tangent to a linear space on Y, because the maximum rank of a quadric is @ — 1 so at any point
[b] € sPB’ there is even a generic quadric singular at [b]. (Of course the directions of PA" are
also tangent to lines on Y because the Segre is rigid.)

While in [16] I did not calculate the rigidity of Seg(P! x P") C P(C?2® C"*!), the rigidity
follows from the same calculations, however one must take additional derivatives to get the
appropriate vanishing of the Fubini forms. However there is also an elementary proof of rigidity
in this case using the mobile Bertini theorem [20]. Given a variety Y"*! C PV such that at a
general point y € Y, Cy,, contains a P! by 4.1 the n-plane field is integrable and thus Y is
ruled by P™’s. Such a variety arises necessarily from a curve in the Grassmannian G(n+1, N +1)
(as the union of the points on the P™’s in the curve). But in order to also have the P factor in
Ca,y, such a curve must be a line and thus Y must be the Segre.

The mobile Bertini theorem describes consequences of Cy , being pathological. Here are some
results when Cy, , is pathological for k& > 2.

Theorem 4.4 (Darboux). Let X2 C P?*® be an analytic submanifold and let x € Xgeneral- If
there exists a line | having contact to order three with X at x, then | C X. In other words, for

surfaces in projective space,
C3,x = Cm Vo € Xgeneral-
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The C°° analogue holds replacing general points by all points and lines by line segments
contained in X.
There are several generalizations of this result in [18, 19]. Here is one of them:

Theorem 4.5. [19] Let X™ C P! be an analytic submanifold and let x € Xgenerat- If X C C
18 an irreducible component with dimX >n — k, then X C C,.

The C* analog holds with the by now obvious modifications.
The proof is similar to that of the mobile Bertini theorem.

Exercise 4.6. One of my favorite problems to put on an undergraduate differential geometry
exam is: Prove that a surface in Euclidean three space that has more than two lines passing
through each point is a plane (i.e., has an infinite number of lines passing through). In [30],
Mezzetti and Portelli showed that a 3-fold having more than six lines passing through a general
point must have an infinite number. Show that an n-fold having more than n! lines passing
through a general point must have an infinite number passing through each point. (See [19] if
you need help.)

The rigidity of the quadric hypersurface is a classical result:

Theorem 4.7 (Fubini). Let X" C P"*! be an analytic submanifold or algebraic variety and let
T € Xgeneral- Say C34 = Coz. Let v = rankCa ;. Then

o Ifr>1, then X is a quadric hypersurface of rank r.

o Ifr =1, then X has a one-dimensional Gauss image. In particular, it is ruled by P~ 1’s.

In all situations, the dimension of the Gauss image of X is r, see [11], §3.4.

One way to prove Fubini’s theorem (assuming r > 1) is to first use mobile Bertini to see that
X contains large linear spaces, then to note that degree is invariant under linear section, so one
can reduce to the case of a surface. But then it is elementary to show that the only analytic
surface that is doubly ruled by lines is the quadric surface.

Another way to prove Fubini’s theorem (assuming r > 1) is to use moving frames to reduce
the frame bundle to O(n + 2).

What can we say in higher codimension? Consider codimension two. What are the varieties
X" C P2 such that for general x € X we have C3, = Co . ?

Note that there are two principal difficulties in codimension two. First, in codimension one,
having C3 , = Ca , implies that F3 is normalizable to zero - this is no longer true in codimension
greater than one. Second, in codimension one, there is just one quadratic form in /1, so its only
invariant is its rank. In larger codimension there are moduli spaces, although for pencils at least
there are normal forms, convienently given in [9].

For examples, we have inherited from Fubini’s theorem:

0. P* C P"*2 as a linear subspace

0. Q" C P! ¢ P"*2 a quadric

0”. A variety with a one-dimensional Gauss image.

To these it is easy to see the following are also possible:

1. The (local) product of a curve with a variety with a one dimensional Gauss image.

2. The intersection of two quadric hypersurfaces.

3. A (local) product of a curve with a quadric hypersurface.

There is one more example we have already seen several times in these lectures:

4. The Segre Seg(P! x P?) C P° or a cone over it.
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Theorem 4.8 (Codimension two Fubini). [29] Let X™ C P"2 be an analytic submanifold and
let © € Xgenerai- If C3.0 = Cap then X is (an open subset of) one of 0,0,0”,1 — 4 above.

Here if one were to work over R, the corresponding result would be more complicated as there
are more normal forms for pencils of quadrics.

5. APPLICATIONS TO ALGEBRAIC GEOMETRY

One nice aspect of algebraic geometry is that spaces parametrizing algebraic varieties tend
to also be algebraic varieties (or at least stacks, which is the algebraic geometer’s version of
an orbifold). For example, let Z® C P"*! be a hypersurface. The study of the images of
holomorphic maps f : P! — Z, called rational curves on Z is of interest to algebraic geometers
and physicists. One can break this into a series of problems based on the degree of f(P') (that
is, the number of points in the intersection f(P') N H where H = P" is a general hyperplane).
When the degree is one, these are just the lines on Z, and already here there are many open
questions. Let F(Z) C G(P!,P"*!) = G(2,C"*2) denote the variety of lines (i.e. linear P'’s) on
Z.

Note that if the lines are distributed evenly on Z, then dimF(Z) = dimC, z +n — 1, and we
always have dimF(Z) > dimC,, z +n — 1, so the microscopic geometry bounds the macroscopic
geometry.

Example 5.1. Let Z =P", then F(Z) = G(2,n+1). In particular, dimF(Z) = 2n — 2 and this
is the largest possible dimension, and P" is the only variety with dimF(Z) = 2n — 2.

Which are the varieties X™ C PV with dimF(X) = 2n — 37 A classical theorem states that
in this case X must be a quadric hypersurface.

Rogora, in [32], classified all X™ C P""% with dimF(X) = 2n — 4, with the extra hypothesis
codim X > 2. The only “new”example is the Grassmannian G(2,5). (A classification in codi-
mension one would be quite difficult.) A corollary of the codimension two Fubini theorem is
that Rogora’s theorem in codimension two is nearly proved - nearly and not completely because
one needs to add the extra hypothesis that Cs ; has only one component or that C3, = Ca,.

If one has extra information about X, one can say more. Say X is a hypersurface of degree
d. Then it is easy to show that dimF(X) > 2n — 1 — d.

Conjecture 5.2 (Debarre, deJong). If X" C P! is smooth and n > d = deg(X), then
dimF(X)=2n—-1-—d.

Without loss of generality it would be sufficient to prove the conjecture when n = d (slice by
linear sections to reduce the dimension). The conjecture is easy to show when n = 2, it was
proven by Collino when n = 3, by deBarre when n = 4, and the proof of the n = 5 case was
was the PhD thesis of R. Beheshti [1]. Beheshti’s thesis had three ingredients, a general lemma
(that F(X) could not be uniruled by rational curves), theorem 4.5 above, and a case by case
argument. As a corollary of the codimension two Fubini theorem one obtains a new proof of
Beheshti’s theorem eliminating the case by case argument (but there is a different case by case
argument buried in the proof of the codimension two Fubini theorem). More importantly, the
techniques should be useful in either proving the theorem or pointing to where one should look
for potential counter-examples.

6. MOVING FRAMES PROOF OF THE HWANG-YAMAGUCHI THEOREM

The principle of calculation in [20] was to use mobile Bertini theorems and the decomposition
of the spaces ST ® N into irreducible R-modules, where R C GL(T) x GL(N) is the subgroup
preserving II € S?T* ® N. One can isolate where each F}, can “live ” as the intersection of two
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vector spaces (one of which is S¥T* @ N, the other is explained below). Then, since R acts on
fibers, we can decompose F}, into R-modules and in order for a module to appear, it most be in
both the vector spaces. This combined with mobile Bertini theorems reduces the calculations
to almost nothing.

Hwang and Yamaguchi use representation theory in a more sophisticated way via a theory de-
veloped by Se-ashi [33]. What follows is a proof of their result (modulo a Lie algebra cohomology
calculation made easy by work of Kostant [13]).

Let Z = G/P C PW be a CHSS in its minimal homogeneous embedding. For the moment
we restrict to the case where I11; = 0. Let X C PV be an analytic submanifold, let x € X be
a general point and assume IIx, ~ Il .. We determine sufficient conditions that imply X is
projectively isomorphic to Z.

We have a filtration of V, V) = 2 C V] = T,X C V =V, Write L = Vo, T = Vi/Voh, N =
V/Vi. We have an induced grading of gl(V') where

gl(V)o = gl(L) ® gl(T) @ gl(N),
gl(V).1=L"@T@®T*®N,
gl(V)h1 =LT*"eT® N,
gl(V)—a=L"®N,
gl(V)a =L®N".
Let go C gl(V)o denote the subalgebra annhilating 1. More precisely

20
0
u= TG € gl(V)o
iy
is in go iff
(6.1) ull = (—xhqng + v0as + v3ah, — xgqgﬁ)eo‘ cef®e,®en =0

Let g1 C gl(V); denote the subspace such that [g1,g-1] = go. Note that g = g_1 D goD @
coincides with the Z-graded semi-simple Lie algebra giving rise to Z = G/P and that the
inclusion g C gl(V') coincides with the embedding g — gl(W). The grading on g induced from
the grading of gl(V') agrees with the grading induced by P. In particular, g4o = 0.

We let g+ = gl(V)/g and note that g* is naturally an g-module. Alternatively, one can
work with s[(V) instead of gl(V) and define g+ as the Killing-orthogonal complement to go in
s[(V') (Working with s[(V')-frames does not effect projective geometry since the actual group of
projective transformations is PGL(V)).

Recall that Fj3 arises by applying the Cartan lemma to the equations
(6.2) 0:—wg/\wg‘—w,‘j/\wg—i-qgﬁ(w{)l/\wg—kwff‘/\wg) Y, 5
i.e., the tensor
(6.3) (g, w§ — ghpwl — dgw + dhgw) Awj @’ @ey,

must vanish. Exactly dim (g')g independent entries of the Maurer-Cartan form of gl(V )y appear
in (6.3) and these forms are forced to be linear combinations of the semi-basic forms w§. To
see this, comparing with (6.1), we see (6.3) is just the action of gl(V)g on II and (gt)g is by
definition the cokernel of this action.

Thus we may think of obtaining the coefficients of F3 at x in two stages, first we write the (g)g
component of the Maurer-Cartan form of GL(V) as an arbitrary linear combination of semi-
basic forms, i.e., we choose a map T — (g*)o. Once we have chosen such a map, substituting
the image into (6.3) yields a (A2T*® gl(V')_1)-valued tensor. But by the definition of g, it is



14 J.M. LANDSBERG

actually (A%27T* ® (gt)_1)-valued. Then we require moreover that that substitution satisfy (6.3)
be zero. In other words, pointwise we have a map

VLT @ (gh)o — AT @ ()4
and the (at this stage) admissible coefficients of F3 are determined by a choice of map T — (g*)
which is in the kernel of 9%1.

Now the variation of F3 as one moves in the fiber is given by a map 7" — (g

0

1Yo induced from

the action of (g); on (g+)o. We may express it as:
(6.4) ZE%EO ®e’ 4+ 2%, Qe x%wgeo 2’ + (:L"%wg‘ + zpwh) ® e’ ®eq
where o

0 x5 0

0 0 =z

0 0 0

is a general element of gl(V);. The kernel of this map is gy so it induces a linear map with
source (g);. Similarly, the image automatically takes values in 7% @ (g*)o. In summary, (6.4)
may be expressed as a map
9" (g ) — T* @ (g )o.
Let CP9 := APT*® (g+),—1. Considering g as a T-module (via the embedding T — g) we
have the Lie algebra cohomology groups

A . ol +1,0
HPY(T, gb) = ker oP* : CP* — CP '
Image or—1.0 : Cr=1.0 — Cp1
We summarize the above discussion:
Proposition 6.1. Let X C PV be an analytic submanifold, let x € Xgenerar and suppose
Ilx , ~ 11z, where Z C PW is a CHSS in its minimal homogeneous embedding. The choices of

F3 x 5 imposed by (6.2), modulo motions in the fiber, is isomorphic to the Lie algebra cohomology
group H"!(T, g*).

Now if F3 is normalizable and normalized to zero, differentiating again, we obtain the equation

(ghsw + dheqhwi) Nwg @e, @e*0e’ =0
which determines the possible coefficients of Fjy.
We conclude any choice of Fj must be in the kernel of the map

82’1 . T* ® (gJ_)l _ A2T* ® (gJ_)2
The variation of of Fy in the fiber of F' is given by the image of the map
2deg @ e” > xgqgﬁqi’ﬂ;wg‘ Awj(vAw)@e ®e,

as v A w ranges over the decomposable elements of A?T. Without indicies, the variation of Fy
is the image of the map

83’0 : (gl)g — AzT* X (QL)l.
We conclude that if F3 has been normalized to zero, then F}, is normalizable to zero if
H*Y(T,g*+)=0
(T,g7) =0.
Finally, if F3, F; are normalized to zero, then the coefficients of Fj are given by
ker %' T* @ (gJ‘)2 — N°T*® (gl)la

and note that there is nothing to quotient by in this case. In summary
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Proposition 6.2. A sufficient condition for second order rigidity to hold for a rank two CHSS

7 =

G/P CPW is that HY\(T,g") = 0,H>\(T,g") = 0,H>!(T,g") = 0.

Using Kostant’s results in [13], the calculation of these groups is easy.

Remark 6.3. We note that this condition is not necessary for second order rigidity. It holds in
all rigid rank two cases but one, Seg(P! x P"), with n > 1, which we saw, in §4.3, is indeed rigid
to order two. Note that in that case the naive moving frames approach is significantly more
difficult as one must prolong several times before obtaining the vanishing of the normalized Fj.

When the last nonzero fundamental form is the k-th, one must show HU! ... H*tL1 are all
zero. Note that in this case, H"! governs the vanishing F35,...,F} ;—1, where I} ; denotes the
component of F, in S¥T* @ Nj.

7. OPEN QUESTIONS AND PROBLEMS

This section under construction.
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