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Abstract. We study the secant variety of the spinor variety, focusing on its equations of
degree three and four. We show that in type D,,, cubic equations exist if and only if n > 9.
In general the ideal has generators in degrees at least three and four. Finally we observe
that the other Freudenthal varieties exhibit strikingly similar behaviors.
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1 Introduction

This paper grew out from a striking observation in a preprint version of [I3], according to which
the spinor variety of type D7 was the unique compact Hermitian symmetric space whose secant
variety (with respect to its minimal equivariant embedding) had no cubic equation.

Among the most familiar Hermitian symmetric spaces, the Scorza varieties, which parametrize
matrices (possibly symmetric or skew-symmetric) of rank one (up to scalar), have extremely well-
behaved secant varieties: the k-th secant oy (X) of a Scorza variety X parametrizes matrices
of rank at most k + 1, and its ideal is generated by explicit equations of degree k + 2, given
by minors and their generalizations (a standard reference for secant varieties, including Scorza
varieties, is [I5]). In particular the first secant variety o(X) is cut-out by cubics, and it was
tempting to think that o(X), for many equivariantly embedded rational homogeneous spaces,
or at least for the simplest ones, should have many cubic equations. Moreover, writing down
such equations explicitly would be a step towards a generalized theory of minors.

The class of Hermitian symmetric spaces (possibly enlarged to the so-called cominuscule
varieties) being particularly well-behaved, it was tempting to try to understand better the ob-
servation of [I3] about the spinor variety of type D7. Our first aim was to understand, for
a spinor variety S of type D, the cubic equations of ¢(S). The answer to this problem is
essentially given by Theorem [2] where we provide the decomposition into irreducibles of the
symmetric cube of a half-spin representation, combined with Theorem Bl Our conclusion is that
there are no cubic equations for the secant variety exactly in types D7 and Dg. In type Dg there
exists a family a cubic equations parametrized by the other half-spin representation.

On the other hand quartic equations exist already in type D7 (in type Dg and lower, the
secant variety is the whole ambient space). Theorem [ allows a partial understanding of quartic
equations of ¢(.S). In particular, in any type D,,, with n > 7, there exist quartic equations which
cannot be derived from cubic ones.

Finally, in the last sections we put our results in a broader perspective. The point is that
spinor varieties are only one class among the so-called Freudenthal varieties, which also include
Lagrangian Grassmannians, and Grassmannians of middle-dimensional subspaces of an even

*This paper is a contribution to the Special Issue “Elie Cartan and Differential Geometry”. The full collection
is available at http://www.emis.de/journals/SIGMA /Cartan.html
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dimensional vector space. It turns out that at least with respect to their cubic and quartic
equations, Freudenthal varieties exhibit a strikingly uniform behavior. It would be interesting
to understand better these similarities and their limits.

2 Spinor varieties and Pfaffians

It was already observed by Chevalley that an open subset of the spinor variety can be parametri-
zed by Pfaffians; more precisely, by the complete set of sub-Pfaffians of a generic skew-symmetric
matrix. An interesting consequence is that the equations of the spinor variety provide polynomial
relations between these sub-Pfaffians. Such relations have been known from the very beginning
of Pfaffian theory, the most famous one being the rule analogous to the line or column expansion
of determinants. Many other such relations have been found, including Tanner’s relations, and
its relatively recent generalization by Wenzel ([4], see also [9] for a short proof).

The link with spinor varieties has the following immediate consequences. First, since the
ideal of the spinor variety is generated in degree two by Kostant’s theorem, it follows that all
the algebraic relations between sub-Pfaffians are generated by quadratic relations. Second, these
quadratic relations can be completely explicited, using the full set of quadratic equations for
the spinor variety obtained by Chevalley. Since these equations are more convenient to express
in terms of Clifford algebras, we will begin with a brief review of the tools involved. Our basic
reference is [3].

2.1 Clifford algebras and spin representations

Let V be a complex vector space of dimension 2n, endowed with a non degenerate quadratic
form q. Suppose that V = E @ F splits as the direct sum of two maximal isotropic vector
spaces, of dimension n. For any v € V, we can define two natural operators on the exterior
algebra AV. One is the exterior product o(v) by v; the other one is the inner product i(v)
defined by the contraction with v through the quadratic form; both are graded operators, of
respective degree +1 and —1.

Let ¢(v) = o(v) +i(v). An easy computation shows that the map ¢ : V' — End(AV') extends
to the Clifford algebra CI1(V'), the quotient of the tensor algebra of V' by the relations

vRw+w®v=2qv,w)l.
Applying to 1 € A’V one obtains a vector space isomorphism
0: Cl(V)~ AV

which is compatible with the action of V' on both sides. In particular the inverse isomorphism
sends v A w € A2V to vw — q(v,w)1 € CI(V). Note that A2V is naturally isomorphic to so(V)
and that the resulting map so(V) — CI(V) is a morphism of Lie algebras, once the associative
algebra C1(V') has been endowed with its natural Lie algebra structure.

Let f € CI(V) be the product of the vectors in some basis of F' (f is well defined up to a non
zero scalar). Then CI(V)f is a left ideal of C1(V') isomorphic, as a vector space, to AE (this is
because Cl(V) ~ CI(E) @ CI(F) and CI(F)f = (f)). This makes of AE a Cl(V)-module, with
an action of v =v' +v" € V= FE @ F defined by o(v') + 2i(v") (beware to the factor 2 here!).

The spin group Spin(V') is defined as a subgroup of the group of invertible elements in the
Clifford algebra. In particular any C1(V)-module is also a Spin(V')-module. As a Spin(V)-
module, AE splits as the direct sum of the two half-spin representations A°Y4E and A°Ve"E,
both of dimension 2”71, that we will also denote A, and A_. A priori these two representations
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cannot be distinguished. Our convention will be the following: if €(n) is the parity of n, then
we let

A+ — /\E(n)E

This will have the advantage that the pure spinor defined by F will belong to the projectivization
of A+ .

2.2 Pure spinors

The variety of maximal isotropic subspaces of V' has two connected components S, and S_,
which are (non canonically) isomorphic. Their linear spans in the Pliicker embedding are in
direct sum: there is a splitting

A"V = A"V, & A"V

into spaces of the same dimension, and St = G(n,2n)NP(A"V,) are linear sections of the usual
Grassmannian. But the minimal embeddings of S| and S_ are embeddings in the projectivized
half-spin representations: S, is the Spin(V)-orbit, in the projectivization of A, of the line
AOPE = (eg A+ Aey), where eq,. .., e, is a basis of E. The embedded varieties

Sy CPAL and S_ CcPA_

are called the varieties of even and odd pure spinors, respectively. The more familiar embeddings
into P(A"Vy) can be recovered from these minimal embeddings through a quadratic Veronese
map.

Two maximal isotropic subspaces of V are in the same spinor variety if and only if the
dimension of their intersection has the same parity as n. In particular £ and F' belong to the
same family if and only if n is even.

If H C V is any maximal isotropic subspace, its representative in Sy U S_ can be obtained
as follows. Let h € CI(V) be the product of the vectors of a basis of H. Then the left ideal
CIl(V)f intersects the right ideal hCI1(V') along a line, which can be written as uy f for a unique
line uy € P(AE). According to the parity of the dimension of H N E one gets in fact a line
up € P(ATE) = PAL, representing the point of the spinor variety defined by H.

Consider for example, for any subset I of {1,...,n}, the maximal isotropic space Hy generated
by the vectors e; for i € I, and f; for j ¢ I, where fi,..., f, is the basis of F' such that
q(ei, fj) = 0ij. Then upy, is the line generated by ey, the wedge product of the e;’s, i € I.

Proposition 1. The action of Spin(V') on S is generically 3-transitive (but not 4-transitive),
in the sense that Spin(V') has an open orbit in Sy x Sy x Sy.

Proof. We treat the case where n = 2m is even. Then E and F' both belong to S, as well
as the space G = (e9; + foi—1,€2i-1 — f2i, 1 < @ < m). The stabilizer of (E,F) in Sy x S, is
easily seen to be equal to GL,, embedded almost diagonally in SOs, by the morphism A —
(A,tA7Y) € GL(E) x GL(F) € GL(E ® F). The additional condition that G be preserved
is then equivalent to the condition that A preserved the symplectic form w on E defined by
w(egi,e2i—1) = 1 and w(e;j, er) = 0 if j,k is not of the form 2i,2i — 1. So the stabilizer of the
triple (E, F,G) € S; x84 x S; is a copy of the symplectic group Sp,, inside SO2,. In particular
the orbit of (E, F, G) inside S; x Sy x Sy has dimension dim SOs,, — dim Sp,, = 3dim S, so it
must be dense. |

The smooth varieties S4, S1 x S4, Sy x Sy x S1 are thus smooth compactifications of the
homogeneous spaces SOy, SO, /GLy and SOsy,/Spy, respectively.
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We thus recover the fact (which holds for any rational homogeneous variety, equivariantly
embedded) that the secant variety o(S,) to the spinor variety is quasi-homogeneous. However
the second secant variety o2(S4 ) is not, because the stabilizer Sp,, of a general triple in S acts
trivially on the corresponding lines of A;. So a general point of 09(S4) can be put, up to the
group action, in the form tpup +tpup +tgug, but the triple (tg,tr, tg) € P? cannot be reduced
to (1,1,1).

For future use we choose the following general points of S x S and S; x Sy x St

If n = 2m is even, F and F belong to Sy, and G defined above as well. Their representatives
in PA, are

ug =e1 A - Aep, up =1, ug = A2 (1 + egi—1 A eg;).

If n =2m+1is odd, E belongs to S, but F belongs to S_, so we denote by F’ the maximal
isotropic subspace generated by f1,..., fn—_1, €n, which belongs to S;. Then

up =€y N---N\ep, UFr = €.

The sum ug 4+ up (respectively ug + upr) defines a generic point of the secant variety o(S5),
more precisely a point in the open orbit.

2.3 Pfaffians

Pfaffians appear when one tries to parametrize the spinor variety S, at least in a neighborhood
of the point defined by E. This is exactly similar to the fact that minors of a generic matrix
are Pliicker coordinates of a generic point of the Grassmannian.

For this, we use our preferred basis ej,...,e, of E. Let u = (u;;) be any skew-symmetric
matrix of size n. Then the vectors

n
el(u) :ei—i—Zuijfj, 1<1<n
Jj=1

generate a maximal isotropic subspace F(u) in the same family as E, that is S;. A computation
yields the following formula for the corresponding pure spinor (this is a slight extension of the
way Chevalley defines the Pfaffian in [3| p. 57]):

uE(u) = Z PfK(u)eKc,
{(K) even

where the sum is over the sequences K = (kj---ky) of integers between 1 and n, of even
length ¢ = ¢(K), K¢ is the complementary subset of integers, and Pfg(u) is the Pfaffian
of the submatrix of u obtained by taking lines and columns indexed by K. Since E(u) is
a generic maximal isotropic subspace in the same family as F, this formula provides a rational
parametrization of a dense open subset of the spinor variety Sy .

2.4 Equations

Which equations characterize pure spinors? Kostant’s theorem asserts that, as for any equiv-
ariantly embedded rational homogeneous space, the ideal of S, is generated in degree two.
Moreover, the quadratic equations of Sy can be written down very explicitly, as follows.

We need to introduce the main anti-automorphism of CI(V'), which is characterized by the
fact that a(vy -+ v,) = v, -+ - vy if the space generated by vy,...,v, is isotropic. Then, for any

u,v € Ay C CU(V), let
B(u,v) =ufa(v) € CU(V) ~ AV,



On Spinor Varieties and Their Secants 5

where the isomorphism between CI(V) and AV is defined as above. Denote by [i(u,v) the
projection of B3(u,v) to A¥V. Then

1. Bk is non zero if and only if n — k = 2p is even,;

2. then it is symmetric for p even and skew-symmetric for p odd;

3. B and (9, coincide up to sign;

4. u € A defines a pure spinor if and only if S (u,u) = 0 for all k£ smaller than n.

Indeed, in case u represents a pure spinor, that is, a maximal isotropic subspace of V', one can
check that ((u,u) is the product of the vectors in a basis of that space. This implies that
Br(u,u) = 0 for all k& # n. Conversely, the last assertion is that this property defines Sy, and
more precisely, we get the complete space of quadratic equations of ;. — whence the whole ideal.

A simple computation yields the following formula, which will be of fundamental importance
in the sequel. Recall that we denoted by F’ the maximal isotropic subspace generated by

fla"' afnflaen-
Proposition 2. Suppose n is even. Then, up to a non zero constant,
Bor(up, ur) = Y ex A fx.
UK)=k
Suppose n is odd. Then, up to a non zero constant,

Bokt1(uE, upr) = Z ex N\ fx N ep.
oK)=k

2.5 Pfaffian identities

Applying the previous identities to the generic maximal isotropic subspace F(u) and the cor-
responding pure spinor, we shall obtain quadratic identities between sub-Pfaffians of a generic
skew-symmetric matrix. As explained above, we will obtain all the relations of that kind, and
every algebraic relation between these sub-Pfaffians can be deduced from these.

The only computation we need is that of 5(er,es) = ¥(erfales)).1. Let fi,..., f, be a basis
of F' such that q(e;, fj) = 0;;. We can suppose that f = fi--- fy.

Lemma 1. For any I, J, we have

Bler,es) =211 3" (I, J, R)erns Aer A frense A fr,
RCIAJ

with €(I,J,R) = £1. (We denoted IAJ = (I \ J)U(J\ I) and I¢ the complement of I.)

Proof. First we check the following simple formula:

n

D()W(en .. e)) L =p(f)en A Aer =]+ fine).

i=1

More generally, ¥(f7)¥(ef).1 = [[;e;(1 + fi A e;), if T denotes the sequence I in reverse order.
Then we make the following series of computations, first without taking care of signs:

Blerser) = £(en)(fre)(fr)-e; =+l (fre). [[(1+ £ Aes)

jeJ
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= (er)-(Fe ATTO+ f1 7€) = 2(eng)ilerms). (foe AT+ 5 ney)
jeJ jeJ
— i2‘ImJ‘Tz)(€I\J).(€IﬂJ A fye N H (1+ fj A ej)>
jEINT
= 221l (ep ). (fI\J A freage Aemng A T 0+ fi A ej))
jeINT

= f2lInJ| H (L+e; A fi) A freage Nerng A H (1+ fj A ej).
iel\J jeINI

Note that the factor two appear because v (e;).(1+ f; Ae;) = 2e;. Expanding the two products,
one easily gets the result, up to sign.

What is the correct sign in the preceding formula? The first line contributes by the sign
o(J¢,J), the signature of the permutation that puts the sequence (J¢, J) in increasing order.
Then the fourth line contributes by the sign o(I \ J,I N J). The sixth line contributes by the
sign o(I'\ J,I¢ N J¢), and an addition minus one to the power |I N J| x |J¢| because of the
permutation of the e and f terms. Finally, in the last lines one needs to put I\ J in reverse
order, which contributes minus one to the power (‘I ;J‘). |

Putting things together, we obtain our quadratic equations:

Theorem 1. For any disjoint sets of integers R, S, T, with R and T of different sizes, we have

> e«(SUASUB, R T)Pfsua(u)Plsup(u) =0,
AUB=RUT
ANB=g

where e(SUA,SUB, R, T) = +£1. Moreover all the quadratic relations between the sub-Pfaffians
of a generic skew-symmetric matriz are linear combinations of these.

The sign function ¢(SU A, S U B, R,T) can be written down explicitly but seemingly not in
a pleasant way. These relations are probably known, but we do not know any suitable reference.

Remark 1. To be precise, the relations of the theorem will be non trivial only if the sizes of T
and R are such that |T'| = |R| 4 4p for some p > 0, as follows from the properties of 5. If we
take this restriction into account, the theorem provides a complete set of independent quadratic
relations between sub-Pfaffians.

In particular the relations found by Wenzel [4], 9] have to follow from these. What about the
contrary? It is easy to see that Wenzel’s relations are not independent. But it is quite possible
that they generate the full set of quadratic relations.

3 Decomposition formulas: cubics

3.1 Tensor products of fundamental representations

The map 3 allows to establish the following decomposition formulas

SPAL = AVe o @PATHY, APAL = PATETEY

7>0 7>0

In the first formula A"V, and A"V_ are the irreducible modules of highest weights 2w, and
2wy _1, respectively. Also recall that A1V is an irreducible but not fundamental module, its
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highest weight being w,, + w,_1. This implies that it appears inside the tensor product of the
two half-spin representations, which decomposes as

Ar@A_ = N""Ve PV, ., .
7>0

We aim to generalize these formulas to degree three.

Proposition 3. Let i <n —2; then

AL ® AV = EB aneri,gj @ @ an—l+wif2jfl’
Jj=0 j=>0

where the first (resp. second) sum is over the set of non negative integers j such that i —2j >0
(resp. i —2j +1>0), and we use the convention that wy = 0.

Proof. We first produce a non zero equivariant map from A, ® A’V to each Vion+wi_a; OF
Vion_1+wi_a;_1» Which will imply that the left hand side of the identity contains the right hand
side. Then we prove the equality by checking dimensions.

For the first step, we observe that the action of V' on the spin representations induces
equivariant maps Ar ® A%V — Ay and Ay @ APV — Ax. Dualizing, we obtain maps
Ay — AL ® APV and Ay — Ar ® A%V Hence the following sequence of equivariant
morphisms,

AL @AV = AL @AV QAT = AL @ NPV = Vi gy,

where the second arrow is a contraction map by the quadratic form, and the last one is a Cartan
product. Similarly, we can define the sequence

AL @AV S ANV @AV - AL@ANTTTW S Vo

The composed morphisms are non zero and our first claim follows.
To check that dimensions fit, we first note that Weyl’s dimension formula yields, for any
k <mn —2 (including k = 0)

. ) 12n—=2k+1/2n
dim Vi, o, = dim Vi, 4o, = 2" 1m ( k )

The required equality is thus equivalent to the identity

2n _Z":Qn—2k+1 2n _Zi: o\ ([ 2n
i) on—k+1\k/) k k—1) )’
k=0 k=0
which is obvious. [ |

Proposition 4.

A+ & /\nV+ = ‘/E’)wn D @ an—l—wn_zja

3>0

A-i— ®NA"V_ = an+2wn71 @ EB an71+wn—2j—l'
7>0
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Proof. As in the proof of the Proposition above, we first notice that there exist non-zero
equivariant morphisms from the tensor products of the left hand sides of these decomposition
formulas, to any irreducible component of their right hand sides.

There remains to check that dimensions fit. Weyl’s dimension formula yields

on—1 /on 2n 2n
dim V3, = —— = on~t — .
v, =2 () =2 () - ()

The equality of dimensions is thus equivalent to the identity

1 /2n 2n 2n 2n 2n
- - _ i (=1
() =0 () ()= (3)
which follows immediately from the binomial expansion of (1 — 1)2". |

In a similar way, we can prove the following identity:

Proposition 5.
A+ ® /\nilv = V2wn+wn—1 b @(an+wn_zj—1 ® an71+wn—2j)'
7>0

Of course we can deduce the corresponding identities for A_ by simply exchanging w,, and
wp_1 in the formulas above.

3.2 Decomposing cubics

Now we come to our main result, a decomposition formula for S3A . Since this formula will
not be multiplicity free, we cannot proceed as in the preceding proofs. Instead we will use
induction, and we will need some restriction formulas for certain sos,-modules to s09, 2. We
will denote by U the natural s0,,_2-module, the fundamental weights by ¢1, ..., ¢,—1, and by Uy
the irreducible 09, o-module with highest weight ¢. Also we will let 6+ be the two half-spin
representations.

It is well-known that the restrictions of A, and A_ are both equal to . &d_. More generally,

502 — $502 — . .
ReSSngfg kan - R‘eSSngfg kan— 1 @ Ul¢n— 1+jdn—2*
i+j=k

To state our next results we will use the following notation: we let

Si = U1+ ® Upp_sto, for 0<i<n-3,

Sn_2 = U2¢n—1+¢n—2 @ U¢n—l+2¢n—27
Sn—1=Usg,_, ®Usp,_,-

Lemma 2. One has the following restriction formulas:

Resi? Vi 4w, = Si ®25;1 @ S;_3, for 0<i<n-—2,

$02n—2
50
R65503272 Vown+wn_1 = Sn—-1® Sn—2 @ Sp—3.
Proof. Restrict our formulas for tensor products to s0s,_9 and use induction. |

We can now prove the main result of this section.
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Theorem 2. Let aj, for j > 0, be the coefficients of the power series

i 1
D )

J=0

Then the third symmetric power of a half-spin representation decomposes as

3
S A-I— = V?Mn @ @ a’ijn-f-wn—Qj @ @ aj_4vwn71+wn—2j—1'
i>0 j=4

Proof. First observe that S®A, is a submodule of S2A, ® A,. Since the decomposition of
S?A. into irreducible components only involves wedge powers of the natural representation, we
easily deduce from the formulas we already proved, that S®A | must be a sum of modules of the
form V3, (with multiplicity one), and Vi, 14, _,; or Vi, _ 1w, o;_, With j > 0. We can thus let

53A+ = ‘/3(4171 @ @ a?anernfgj D @ b?VWn—1+Wn72jfl’

7>0 7>0

for some multiplicities a?, b? which a priori, can depend on n. We want to compute these

multiplicities inductively, by restricting this formula to 509, 9. A straightforward computation
yields the following relations:

af oy =20 +b)+bF U+ B = af +af + 20,

where for j > 1, §; (resp. «;) is the number of pairs (k,[) such that k + 2l = j and k,l > 0
(resp. £ > 0, 1 > 1). The two equations are valid for j = 1 if we let all the coefficients with
index zero equal to zero. In particular the second one yields a} = 0.

Now we can use the two equations alternatively, to compute b7 and a} by induction on j.
Indeed the first equation gives b} knowing a7/ (and coefficients computed before), and then the
second equation gives a7, ; knowing aj and b7.

But since a;; and 3; do not depend on n, and neither does a7, which can be seen as the input
of the induction, we can conclude that aj and b7 are all independent of n. So we denote them
simply by a; and b; and we let

a(x) = Z a;al, b(x) = ijxj.
7>0 7>0

Our induction relations above can then be rewritten as

72
a(z) + (1 + z)b(x) = A0 —)
(14 x)a(z) + zb(x) = T oi_)

Note that the determinant of the matrix of coefficients of a(x) and b(z) equals (1 + )% —z =
1+ 2+ 2. When we solve these two equations, this explains the appearance of a factor (1 —x3)
at the denominators of a(z) and b(x). Indeed we easily get

1 x4
R T R

a(z) =

The theorem is proved. n

Comparing dimensions, one gets the curious corollary:
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Corollary 1. Let ¢, for p > 0, be the coefficients of the power series

1+ 2
Zcpxp: 2 3y
= (I —22)(1 —a3)

Then for all any integer n > 2, one has the identity

(2"t + 1)3(2"2 Doy, <<n2fp> - (n _2;_ 1)) '

p=>0

Moreover, c,, p > 0, is the only series with non negative coefficients satisfying this identity.

4 Cubic equations of the secant variety

Theorem 3. Restrictions of cubics to the secant variety of the spinor variety yields
C[U(S-f-)]?) - ‘[3\:% ® @Vw\/n-i-wn_m'
i>1

(Note the appearance of duals, since Sy C PA, implies that C[o(S1)] is a quotient of
Sym(AY).) Comparing with the full decomposition of S*AY given by Theorem P we immedia-
tely deduce the decomposition of the space I3(o(Sy)) of cubic equations of the secant variety:

— ) v . v
IB(U(S+)) - @ a]*GVmewnfzj b @ a.774vwn—1+wn72j71'
j=6 j=24
x

(Note that the term aj_¢ appears because of the relation a(z) — 7= = z%(a(z) + 1).) In
particular, we deduce:

Corollary 2. The secant variety of the spinor variety of type D,, has non trivial cubic equations
if and only if n > 9.

In type Dg we have
S3A+ = ngg D ng+¢d5 D ng+¢d3 D Vw9+w1 D sza

and I3(0(S4)) = V..
We can compare Theorem [B] with Theorem 3.11 in [I2], according to which the coordinate
ring of the tangent variety 7(S4) is given in degree d by the formula

C[T(S-i‘)]d = @ ‘/’(572 > ap)wn+> apwn—_2p’
23 ap<} pap<d
the sum being over r-tuples a = (aq, ... ,a,) of non-negative integers, with » = [n/2] (and recall

the convention that wg = 0). (Actually there is a misprint in [I2], where the condition stated on
a is not the condition that follows from the proof.) For d = 3 we deduce the following statement:

Corollary 3. The kernel of the restriction map Clo(S4)]s — C[7(S+)]3 is @paz Vo), 4w _sy-

Proof of the theorem. We adopt the following strategy. First, we identify a set of generators
of the vector spaces of equivariant maps G' — Hom(S®A,, V., +u, ,,) and G — Hom(S3A
Vion—14wn_2_1), for each i. Then we evaluate these generators at a general point of the secant
variety and prove that their image has rank one and zero, respectively.
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First step. By Theorem 2] we know that the dimension of G—Hom(S?A, V,, tu._,;) is equal
to the number of pairs (a, b) of integers such that 2a+3b = i. Rather than constructing an explicit
basis, it will be much easier to construct one of G —Hom(S?A; @ AL, V,, 1w, _,.). By restriction
to S3AL C S2AL @A, we will deduce a set of generators of G—Hom(S?A 1, V,, 14, _,;). Recall
the decomposition

SPAL = A"V o @AV
7>0

By Proposition [3, there exists an equivariant map from A"~%V ® A, to V,,, 1w, _,. if and only
if ¢ > 2j. Moreover this map is then unique (up to constant), and can be described as the
following composition:

(bi,j DAY ® A+ — APV ® NV ® A-i— — AV ® A-‘r - an-l—wn—m'

Here the first arrow is induced by the dual map to the exterior multiplication of exterior forms;
the second one by the action of the Clifford algebra (which is isomorphic to the exterior algebra)
on the half-spin representations; the last one is the projection to the Cartan component.

The ¢; ;, where i > 2j, form a basis of G — Hom(S2A+ ® Ay, Vi, 1w, oi)-

Second step. Now we need to evaluate ¢; ; on a generic point of the secant variety, which will
of course be our favourite point introduced at the very end of Section

We will consider the case were n = 2m is even, the case n odd being similar. Then up =
€1 €p = emax and up = 1 = ey. We first evaluate the image 19; 2; of emaxes ® ey inside
ARV @ AL [ |

Lemma 3. Up to a non zero constant,

V2i25 = Z erNfINfr®ey.
o(h)=m—i—j
0(J)=2j

What remains to do is to evaluate the dimension of the subspace of V,,, 4, , spanned by

the images 1/;2i72j of the 1925, i > 2j. It turns out that this dimension is equal to one, because
of the following dependence relations.

Lemma 4. For j > 1 and i+ j < m, we have
(=)™ (25 — D)thoioj + (m +1i — j + 1)thos0j—2 = 0.

Proof. First observe that the natural maps V ® Ay — A induce, by transposition, maps
Ay - AL @ VY ~ AL ®V. We can thus define an equivariant morphism

Ri AN AL S AVTEIlV VR AL — ARV Q AL

Observe that the image of this map is contained in (and actually coincides with, but we will
not need that) the kernel of the projection to the Cartan component V,, ., ,,. Indeed, it
follows from Proposition [ that the tensor product A2~V ® A_ does not contain any copy
of Vi 4w, o;-

Now consider 994121 € A2 @ AL Tts image by k; is

Ki(V2i41,2j-1) = Z( e Ner AfIAfr® fres+ fAer Afi A f1©ex A 6])
k=1 0(I)=m—ij
0(J0)=2j—-1
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Z(Z(—l)w)@wk ANk A fre @ e+ Y er A A fror® 6JUk>

k=1 keJ k¢TUT
(=)™ (25 — Dapainj—2 + (m 41— j+ 1)1y 25

As we have seen the projection of ;()2i41,2j—1) in Vi, 4w, _,, must be zero, and this implies the
claim. -

The coefficients in the previous dependence relations are always non zero, so the dimension
of the span of the 10;2; is at most one. What remains to check is that it is non zero, which
follows from the next lemma.

Lemma 5. ;o # 0.

Proof. Recall that 19;¢ = ZZ(I):mfi er N fr®l € A" 2V @ AL, We need to prove that
this tensor has a non zero Cartan component. To detect the component on Vi, 4w, o, We just
need to pair vn; o with a highest weight vector in this representation, that is, a tensor of the
form g1 A -+ A gn—2; ® ug, where G is a maximal isotropic space in the same family as E, and
the vectors g1,...,gn—2; belong to G. Generically, the pairing of such a tensor with ;o is
clearly non zero: this is obvious for the pairing of 1 with ug in A, which is the top-degree
component of ug; and also for the pairing with g; A - -+ A g,_9;, since such tensors generate the
full AP20V. |

Now we consider cubics of type Vi, 4w, o, ,. As before we first identify a basis of G —

Hom(S?A4 ® Ay, Vo 4w, ), given by the composition ¢; ; of the following natural maps

(b;j L ATHY KA — AP 2i=1y, ® A2i—4i+1y, ® Ay
S ATl 9 AL Vi1 twn i1 -

Again for n = 2m even, we evaluate qﬁ;j at the same point as before, and we get, up to a non

zero constant, the tensor 1;21'4,172.]‘4,1. As before, when j varies, the 1521-“72]-“ are modified only
by a non zero constant. And this implies that they are all equal to zero, because

Lemma 6. 1/;2i+1,1 =0.

Proof. Indeed, the very same computation as that of Lemma @ shows that 1)9;11,1 is a non zero
multiple of £;(12;0), and therefore its projection to V,,, 4w, o, , has to vanish. n

5 Decomposition formulas: quartics

5.1 More formulas for tensor products

First we shall need decomposition formulas for tensor products of some Cartan powers of spin
representations. We use the notation 6; = €; + - - - + ¢;; this is a fundamental weight w; when
i1<n-—2, but 0, 1 =w, 1+ w, and 0, = 2w,. We have

V3Wn ® A-i— = EB ‘/’Gn+€n72j7 V3Wn ®A_ = EBVGnJanﬁjfu
>0 >0
VQWTL ® V2wn71 - @ ‘/anj“r@nfk’ VQWTL ® an—i - @ ‘/anj“l’enfk’
j,k odd Jj+k>i

j+k—ieven
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Observe that, as follows from Weyl’s dimension formula, for p > ¢ > 1,
(2n)!(2n + 1)!
(n—p)l(n+p+2)nl(n+1)"

dim Vg, 19,_, = (p+ 1)

(2n)!(2n + 2)!
m—p)!n+p+2)(n—qg+(n+q+1)!

We will also need formulas for the tensor products of fundamental non spin representations.
These are just wedge products of the vector representations, so one can take their tensor products
as slop,-modules, and then restrict to soo,-modules using the Littlewood restriction rules and
their generalization by King and Howe-Tan—Willenbring (see [5]). The result is the following
decomposition formula, for p > ¢:

dimVy, 49, ,=@—-q+1)p+qg+1)

an—p ® an—q = @ ‘/gnfr‘i‘enfs D 2 @ ‘/enfr‘f'gnfs’
P—qSr—s<p+q<r+s pHq<r+s
p+qg—r—s even p+qg—r—s even

For future use we will need to understand in some detail the spin-equivariant maps V,,, ®V,,, —

Vo, +o,. Observe that we can define two basic maps
ab ML APV @ ATV — APV @ V@ ATV — APV @ AT,

aP7ha=l o APV @ ATV S APV @ V @ ATV — APV @ ALY

P.q

In the definition of aggl’ﬁl we used the natural map V ® AV — A1V defined by the
wedge product, while in the definition of ag;ll’qfl we used the map V ® AV — A9V induced
by the contraction by the quadratic form on V.

A straightforward computation shows that

_9 _ ) 10—
p=24 o p—Lletl _ o p=24 o p—lg-1

Xp—1,g+1 D, p—1l,q—1 P.q

By such compositions, we can therefore define unambiguously, maps
ayy s APV @AV — AV e AV

for p+q—1r — s even and |¢ — s| < p— r. Note that the latter condition is equivalent to

/

N
NS
/NN

NSNS
NN
NS

N\

AP—kYV @ AItRY

APV @ A1V

APFV @ ARy
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If we compose such a map a; g with the projection to the Cartan component,
APV @ ATV — A"V @ A°V — Vp, 1.,

we claim that the resulting map 3, is non zero. This is also true if s > n, which can occur
if p+q > n; in this case, since AV ~ A"~V the resulting map B, maps APV @ AV to
Vo, +6,,_.. We claim that 85 and Bya" * are independent, and that this is the explanation for
the multiplicities that are equal to two in the decomposition formula above.

5.2 Branching

Second, we will use restriction formulas for representations of type Vp, 1,, first from Dy, 11 to By,
then to D,, (see again [5]). We identify the weight 6; + 6;, for ¢ < j, with the partition (2°177"),
of length j <n + 1.

1. To obtain the restriction of Vp, 4, from Dy 11 to By, take the sum of the representations
defined by the partitions

(221]*2)’ (2i*11j*i+1)’ (21'1]'7@'71)7 (2i711j7i)’

(where only those of length at most n must be kept).

2. To obtain the restriction of Vp, ¢, from By, to D,, make the same operation, except that
if one of the representation obtained is of the form Vp, 19, = Vau, +o, (resp. Vag, = Vi, ).
one has to add the mirror representation Va,,, ,+s, (resp. Vi, ).

5.3 Decomposing quartics

From the preceding formulas, and our decomposition for cubics, we easily deduce the following
statement:

Proposition 6. There exists integers e;'; and f;* such that the decomposition formula for the

fourth symmetric power of a half-spin representation is of the form

4 n n
S A—f— = @ ei,j‘/@nffrenfj D @ fz .‘/’2wn_1+9nii_

0<i,j<n 0<i<n
Moreover €'; =0 if i 4+ j is odd and f]' =0 if ¢ is odd.

Proof. Only the last assertion needs to be proved. Recall that the weights of the half-spin
representation, after a suitable choice of a maximal torus of Spin(V), are of the form 3(&e; &
-+ £ €,), where the number of minus signs is even. In particular the sum of the coefficients is
5 minus some even integer. This implies that if aje; + -+ + aye, is any weight of S*A., then
aj + - -+ ay equals 2n mod 2. In particular, if 6,,_; + 6,,_; is a weight of S4A L, then i+ j must

be even. Similarly, if 2w, _1 + 6,,_; is a weight of S*A_, then i must be even. |
We expect the same phenomena as for cubics, that is:

Conjecture. The integers e'; and f' are independent of n.

We have checked this conjecture up to n = 20 with the help of the program LiE [14].
The coefficients f; = f/* are all equal to zero in that range, except fig = foo = 1. The first

coefficients e; ; = e;; are given by the following table, where they are displayed in such a way
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that the first line gives the coefficients eg j, and the diagonal gives the coefficients e; ;.

10001010 20103020403 0 5
o0 o0 o0o0O0O0OO0O1O01O02¢02¢03204°0O0
0o o0 o0010O0O0201O030205 0 3

o0 0010101020303 040
10 001 01 0 3 01040 3 06
oo o0 o010O0O020 2035030

10 0020103 02 05 0 3
o0 0 01 010202040
10 002010 40 2 0 5
10 00 2 010 3 0 3 0
1000 2 010 4 0 2

0 00 0 2 010 30

2 0 0 0 3 0 2 0 5

1 0 00 2 0 1 O
10 0 0 3 01

1 0 00 3 O

2 0 0 0 3

1 0 0 O

2 0 O

1 0

2

We can try to prove this conjecture in the same way as we proved the similar statement for
cubics, that is, by induction on n. So we restrict the above formula for S*A, to D,,_; and
deduce an inductive relation for the multiplicities.

To obtain this equation we need a formula for the tensor products of S*A, ® A_. One can
check that for p > 2,

an“rwn—p ® A“F = @ ‘/enf'r‘f'enfs’ an“rwn—p ® Af = @ ‘/anr"l‘enfs'
r>p>s r>p>s
r4s—p even r+s—p odd

One can then write down some inductive relations for the multiplicities e;; and fi*, which
unfortunately are not sufficient to compute them all (contrary to the cubic case), and a fortiori
not sufficient to prove the conjecture: some additional idea is needed.

Admitting the conjecture, we obtain the following recursive relations for the multiplicities:

1

€i—1,i—1 + €ii+ €it1,i+1 = LzJ + 95,0 + 04 0dds
[5] +1

2 )

eictjteij1teqteign= Y, gt Y, by
i<p<j  i<2pt1<j

/
€p,2; T €1,2i—1 + €12i41 = <

where we have let 66,j = eg; + fj. Moreover the third type of equations holds for j > i > 0,
with the caveat that for ¢ = 1, ep; has to be replaced by 6/07 e

The first series of equations allow to compute the diagonal coefficients e; ;. Their generating
series is

Ze"xi: 1+.%'9
SNSRI (rO)




16 L. Manivel

We conjecture that the generating series of the multiplicities eg; and f; are

16

i _ 1 i r
2_cor' = (1 —2h)(1 — 25)(1 — 28) 2 fu' = (1 —2%)(1 — 25)(1 — %)

i>0 i>0

Once the coefficients e; ;, eg; and f; are known, the recursive relations above allow to compute all
the multiplicities e; ;, and to write down their generating series as an explicit rational function.

6 Quartic equations of the secant variety

We first make the following easy observation (see [11]): the space I4(o(S5)) of quartic equations
of the secant variety to the spinor variety, is the orthogonal in S4Ai to the subspace of SA
generated by the fourth powers (a + b)4, where a, b are pure spinors (i.e., belong to the cone
over S;). Such a tensor decomposes into homogeneous components that can be treated sep-
arately: the fourth powers a* generate the Cartan components Vj, of S*A.; the terms a®b
generate the image of V3, ® V,, C S3A; ® Ay in S*A; the terms a?b? generate the image of
Vow,, ® Va,, (or rather its symmetric part). These tensor products are known: we have

2
‘/éwn ® an = @ ‘/bn+0n—2p’ S V2wn = @ ‘/en72p+6nf2q'
p

p—q even

The only components that appear in both decomposition are Vj,,, and the Vp, g s, for p

an even integer. This implies that

C[U(S+)]4 - @ ‘/Q\T/L—Qp“l’@n—Qq @ 2 @ ‘/’9\7/1+9n—2p @ @ ‘/9\:1+9n—2p

p>q>0 p even p odd
p—q even

n—2p

Theorem 4.

Clo(S)la = EB VGYL—szr‘)n—M @ @ VGYHr(M—zp'
p>q>1 p#1
p—q even

(p,g)#(1,1)

Proof. There are two things to prove. First, that the Vei 1o, p’s, for p even, appear in

2
Clo(S+)]s with multiplicity one. Second, that the nglﬂp_kgn%q’s, for p — q even, or ¢ = 0
and p odd, have non zero multiplicity.

For the first assertion, recall that Vp, _, is, for p even, a component of S2A ., with multiplicity
one. Let V = ). v; ® v be a generator of the corresponding highest weight line in S?AL C
Ay ®A4. Denote by u a highest weight vector of Aj. Then ), (uv;) ® (uv}) is a highest weight
vector in S?Va,,,, while Y. (u?v;) ® v/ is a highest weight vector in Vi, ®V,,,. Since their images
in S4V4,,, are both equal to Y, u?v;v}, we deduce that the components Vo, +6,,_,, inside S Vs,
and inside V3,,, ® V,,, generate a unique copy of Vy, 14, _,, inside S4Vs,,,. . This proves the first
claim.

For the second assertion, consider a component Vp, _, 14, _,, coming from S 2V, » With p > q.
We want to check that the tensors of the form e?f? in S4V5,, , for e and f in the cone over the
spinor variety, do generate such a component.

Suppose first that p and ¢ are both even. Consider the map

Bn—2p®6n—2q

S Vo, — S%V, ® SV, P Y @V

n—2p n—2q"

Since Bp—2p(e,e) = 0 (at least for p > 1), the tensor e?f? is mapped by this morphism to

Bn72p(ea f) ® ﬂanq(ea f) € ‘/gn—Qp ® ‘/gn72q'
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To check that (,_gp(e, f) ® Bn_24(e, f) has a non zero projection to the Cartan component
Vo, 2p 02> We just need to pair it with highest weight vectors of that component (which is
self-dual). Such highest weight vectors are of the form

GLINA - NGn—2p @ g1 A=+ N\ Gn-2q,

where the vectors g1, ..., gn—24 generate an isotropic subspace of V' (recall that we have supposed
p > q). So it suffices to check that (8,_2,(e, f) pairs non trivially with a generic tensor gy A--- A
gn—2p- But this is obvious, since such tensors generate the whole space Vg, _, .

Now suppose that p and ¢ are both odd. Then we cannot use the same morphism as before,
and instead we use the composition

52‘/2(4171 PN SZan ® SQan 6n—2p+i®/[zn—2q—2 van72p+2 ® ‘/97172(172 . Vb ® Vb

n—2p n—2q"°

We conclude as in the previous case, except when p = 1 for which we get zero. By symmetry
we can always get the component Vp, _, 16, ., except in the case where (p,q) = (1,1). |

Comparing with the decomposition of S4Ai we can of course deduce the decomposition of
I,(o(S4)) into irreducible components. It has the same “odd” part (by this we mean the same
multiplicities on the components of type ngn_ﬁgnﬂ.), while the multiplicities of components
Vb, _i+6,_; n the “even” part are given, for low values of 7 and j, by the following table:

o0 o00O0O0O0O0ODO0O1O0O0O0Z2TQO01O030 20 4
o 0o 00 0001 01020203040
o0 0o0O0O0O0OO0OO0OT1O0T1O02¢02204°0 3

o 0oo0o0101010250303 040
0o 00 00O0O1O0201TO0303 0 5
0o 00 01 0O0O020 203030
o0 0 01010202040 3
000 01010202040

o0 0 010103 0 2 0 4

10 00 2 010 3 0 3 0

0 0001 01 0 3 0 2
000 0 2 010 3 0

10 0 02 0 2 0 4

10 00 2 0 1 O

0 00 0 2 01

1 0 00 3 O

10 0 0 2

1 0 0 O

1 0 0

1 0

1

Of course these multiplicities will be independent of n if and only if the conjecture in Sec-
tion is correct.
For example, we get (denoting S,, the spinor variety Sy in type D,,):

Ly(a(57)) = Viws 1a(0(S8)) = Vs e @ Vaws,
14(0(59)) = VW2+W6 @ le+2wg @ ng @ VWG @ Vw4 @ VWO'
The first of these statements is contained in [I3] Theorem 1.3], where it is proved that V,,,

generates the full ideal I(o(S7)).
Comparing the previous theorem with Theorem 3.11 in [12], we deduce:
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Corollary 4. The kernel of the restriction map Clo(S1)]a — Cl7(S+)]4 is equal to

V \4
@ %n—2p+9n—2q @ @ ‘/Gn+€n—2p'

p>q=>1 p>4
p—q even
p+g>4

We also remark that quartic equations are not always induced by cubic equations.

Proposition 7. There is a component V) .., inside I4(c(S)), of multiplicity one, con-
sisting in quartic equations which are not induced by cubics — hence generators of 1(c(S4)).

Proof. The tensor product formulas given in Section [B] imply that the tensor product of
Viontwn—ap O Vioy 1 twn_o,—1 by Ay, for p > 4, does not contain any copy of Vi, 31w, _,- Therefore

the tensor product of I3(c(Sy)) by AY cannot contain V) . . which implies our claim. H

7 Freudenthal varieties
The spinor varieties belong to the family of Freudenthal varieties
LG Cc P(AMC?), G cP(A"C™), Sy cP(AY)

which share, especially for n = 3, many remarkable properties [7, [10]. Here we denoted G =
G(n,2n) the usual Grassmannian, and LG = LG(n,2n) the Lagrangian Grassmannian, in their
respective Pliicker embeddings. Moreover we restrict to the spinor varieties of type Ds,. The
varieties LG, G, Sy are then Hermitian symmetric spaces of the same rank n. In fact they
can be considered as models of the same variety over the (complexified) normed algebras R, C
and H. For n = 3 there is even an exceptional Freudenthal variety G over the Cayley algebra Q,
which is the unique compact Hermitian symmetric space of type Fr.

Every Freudenthal variety is easily seen to be 3-transitive, and this leads to analogs of the
homogeneous spaces embeddings discussed after Proposition [T}

Sp, — LG, Spon/GL, — LG x LG, Spon /Oy — LG x LG x LG,
GL, — G, GL2,/GL, x GL, — G x G, GL3,/GL, — G x G x G,
SO, — Sy, SO, /GLy, — S+ x S4, SOop,/Spy, — S+ x S4 x Sy,
Es — G, E;/C*Eg — G x G, Er/Fy — G x G x G.

Of course this is strongly reminiscent of Freudenthal’s magic square and its higher rank gener-
alizations [10].

Cubic equations of the secant variety of a Freudenthal variety F° C PV, can be described
uniformly. In fact the decomposition of S3V,, is known, and there are two types of isotypic
components:

1. Those whose highest weight does not appear among the weights of V5, ® V,,; as we have
already noticed, the duals of these components must belong to I3(o(F)).

2. Those whose highest weight does appear among the weights of Vo, ®V,,. In fact this tensor
product turns out to be multiplicity free; we write it down as

Vouw @ Vi = @ VerQi-

(2
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Let us discuss the case of G = G(n, 2n), the usual Grassmannian. Here UV = A"C?", and the
decomposition of S3U follows from the computations of Chen, Garsia and Remmel [2]. In fact
these authors compute the plethysm S3(S™) rather than S3(A™), but its is known that S3(A™)
is dual to S3(S™) for n even; for n odd S3(A™) is dual to A3(S™), which is also computed in [2].
Here by “dual”, we mean that the highest weights of the irreducible components are coded by
dual partitions, with the same multiplicities. This yields:

3/ AM\
S (/\ )_ @ mavbvwnfa+wn+a—b+wn+b7
a,b<n
a<2b, b<2a

where the multiplicity mg is given by the following rule. If b > a, then mq; = |
2a —b = 1 mod 6 or a and b are both even. Otherwise m,j = [%] If a > b, then
Mg = L%TT“HJ if 2b —a = 1 mod 6 or a and b are both even. Otherwise mg = [%T“H]

Observe that the decomposition of S3(A™) is thus notably more complicated that the de-
composition of S?A,. But most components, more precisely all those for which a # b, will
automatically vanish on o(G), since

—b .
2a 6+1J if

(/\n)(Q) ® /\n = @ an—a+wn+wn+a'

a<n
This indicates that we should pay special attention to the multiplicities m, := mg q, which are
given by the formula

m6r+szr+1_5s,1a r>0, 0<s<5.

Let us compute the generating series of these multiplicities:

kaaz 1—|—CE—|—$2—|—CU3+CU4+$5)ZT+1 ZxGTJrl
k>0 r>0 r>0

= (1—|—:U—|—x2+x3+x4+x5)(1—x6)_2—x(l—x6)_1

1 1 1 l—xz+a?
T1-26\1-2 )T 1-28 1-g

1 1423 1

121 —22  (1—22)(1 —a3)

This is the rational function we already met in Theorem 21
One can check that the same phenomenon holds for the Lagrangian Grassmannian. We
finally get the uniform statement:

Theorem 5. Let X C P(V,,) be a Freudenthal variety of rank n. Then there exist dominant
weights Qo = 2w, Qq, ...,y such that:

1. for any k <1, one has

Viw ® Viw = @ Vv(lfk)erQilJr---JrQik,

0<iy << <n

i particular

VooVe=@PVo, VawdV,=EPVera;
=0 =0
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2. the multiplicity m; of V,1q, inside S3V,, is given by the generating series

1 __ 1 .
2 = o)

i>0
3. the degree three part of Clo(X)] is

Clo(X)]s = @ V¢3/+Q
i#1

Explicitly, the weights ; are the following:

2wn_i in type Cp,
Qi = qwni +wnyi intype Ag, 1,
Oon—2i in type Day,.

8 A toy case

It may be interesting to observe that the list of Freudenthal varieties can be completed by two
“degenerate” cases,

V = v, (P) c P(S"C?), P = (PH" c P((CH®").

The complete series V, P, LG, V, S, for a given n, has in particular the nice property that
each variety is a (special) linear section of the next variety in the series.

The case of the rational normal curve V is the simplest one. Its secant varieties are well
understood (see e.g. [0, Part I, 1.3]). In particular the first secant variety has a nice desingu-
larization in terms of the secant bundle. For simplicity let U = C?. On the projective plane
P? = P(S2U), the secant bundle is the rank two vector bundle E defined by the exact sequence

0— S"2UY @ Op2(—1) = S"UY @ Op2 — E — 0. (1)

Obviously E is generated by global sections and H°(P?, E) = S"U"Y. The line bundle Og(1)
defines a morphism 7 from the threefold P(E) to P(H°(P?, E)V) = P(S™"U). The next lemma is
contained in [8 Section 3].

Lemma 7. The map n: P(E) — P(S"U) is a desingularization of o(V'). It induces an isomor-
phism

Cle(V)]x ~ H'(P(E), Og(k)) = H°(P%, S*E).

Since S*F has no higher cohomology, as easily follows from (), we can compute H° (P2, S¥E)
= x(P2,S*E) as a (virtual) GL(U)-module, by using the equivariant localization formula of
Atiyah-Bott [I]. In order to state the result we need a few more notations. We consider
a maximal torus 7 in GL(U), and a compatible basis (e, f) of U. We denote by x, y the
corresponding characters of T'. For g € T', the formula reads

Trace(g, S*E,)
det(1 — g1, T,P2)’

Trace(g, X(IP’Q, SkE)) =
pe(®)T
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Here (P2)” denotes the set of fixed points of the action of 7' on P2, which are the three lines in
S2U generated by €2, ef, f2. In order to get a compact formula, we introduce an indeterminate
t and define

Py(t,x,y) = Y t" Trace(g, x(P*, S*E)).
k>0

Let us compute this in from the Atiyah-Bott localization formula. At the fixed point p = [e?],
the fiber of E is the space of degree n polynomials modded out by those divisible by €. A
T-eigenbasis of F), is thus given by the images of f",e =L The induced T-eigenbasis of SkEp
consists in the degree k& monomials in e, f, multiplied by =Y Moreover, the T-module
T,P%2 = Hom({(e?), (ef, f?)) has weights y/x and y?/2%. The same straightforward analysis at
the two other fixed points yields the formula

R N s 1) I oy TR €N ) hi (2", y")
Trace(g, x(P~, S E))_(l_g)( _g_j) (1_%)(1_%) (1_5)(1_%),

where hy(z,y) denotes the sum of degree k£ monomials in x, y. Summing over k, we get the
closed expression P, (t,z,y) = P.(t,x,y)/(x —y)(x? — y?), where

, B a’ Y zy(z +y)
P = =y Aty ) (- (- )

Extracting the coefficient of 3, we get the character P3(z,y) = Q3 (z,y)/(z —y) of the GL(U)-
module HY(P?, S3E)) = C[o(V)]3, with

Qnlw,y) =2 (@ 2"y 4o ay™) g @y 4 2%y Ty,

Since the character of the GL(U)-module SPU ® (det U)? is (xPT9T1yd — gyPtatl) /(z — ), this
means that

n
Clo(V)]s = S"U & @ S*" U @ (det U)".
k=2
This is in agreement with Theorem [, for w = nwi, but taken with a grain of salt. Indeed, all
the formulas in Theorem [B] are correct, with

Qi = 2w — 2iw1,

except for the first one for £ > 2. Indeed, the weights §2;, in the special case we are dealing
with, are not linearly independent (recall that this is a degenerate case!). To get a correct result
from the first formula of Theorem [B] (which is just an instance of the Clebsch—Gordan formula),
one needs to correct this by taking all non zero multiplicities to the value one.

One can go further and compute the character P¥(x,y) = Q(z,y)/(x — y) of the GL(U)-
module H(P?, S¥E) = C[o(V)]. Indeed, if ¢k , is the coefficient of 2™ ~%y* in this polyno-
mial, one can deduce for nk > 2s the induction formula

Qfl,s - Qﬁ7572 = 5s§k - 5n|sfl - 5n\372-
This leads to the following statement:
Proposition 8. Let € € {0,1} be the parity of s, with nk > 2s. The multiplicity of S¥"~25U ®
(det U)* inside Clo(V)]y is

it =min (151 15551) - 1557

n
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For example, for k£ = 4 one gets that the multiplicity qf;’s is equal to 0 for s = 1, to 2 for s
even and 4 < s < 2n, and to 1 otherwise. For n = 3 the secant variety is the whole of P3, and
one recovers the formulas of Chen-Garsia-Remmel for the symmetric powers of S3C2.

For the tangent surface 7(V') to the normal rational curve we have

Clr(V)le = @ 5" U & (det U)*.
s<k
s#1
We recover the fact that we have already observed for the spinor varieties: 7(V') has, for n > 4,
and contrary to o(V'), some non trivial cubic equations.

It is tempting to imagine that very similar formulas could hold for the other types of Freuden-
thal varieties. Observe, nevertheless, that the ideal of (V') is generated by cubics (obtained
as 3 x 3 minors of catalecticant matrices [§]). We have seen that this statement is not true for
spinor varieties.
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