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Introduction

The classical Borel-Weil-Bott theorem provides realizations for the irreducible finite dimensional
modules of a semisimple complex Lie group G as cohomology spaces associated to irreducible ho-
mogeneous vector bundles on the flag manifolds of G. We address the “functorial” behavior of this
construction, i.e. we consider equivariant embeddings of flag manifolds and the resulting pullbacks of
cohomology. In this paper, we concentrate on the case of complete flag manifolds and cohomology
of line bundles. The study of vector bundles on partial flag manifolds will be carried out in a future
work.

Let us start by introducing some basic notation and then proceed to discuss the objective of this
paper. We assume that G is connected and simply connected. Let B C G be a Borel subgroup and
H C B be a Cartan subgroup. Let P, A, W denote respectively the weight lattice, root system and
Weyl group of G with respect to H. Let P, AT, A~, IT denote respectively the sets of dominant
weights, positive roots, negative roots and simple roots of G with respect to B. Let p = %(A*), where
(@) denotes the sum of the elements of a finite subset @ C P. To each element w € W is associated
its inversion set @, = AT N w~1(A™), which in fact characterizes the element. The length I[(w),
i.e. the number of simple reflections in a minimal expression for w, equals the cardinality of &,,.
Besides the linear action of WW on P, denoted by w(i), we consider the affine action defined by
w-A=w(+ p)— p. We record for future reference the following formulae relating the two actions
of WW on P:

wlw-D=r—-w1.0, wl.0=—(dy). (1)

A weight A € P is called regular if it is congruent to a dominant weight under the affine action
of W. In such a case, the relevant Weyl group element, which is unique, is denoted by w;, so that
w; - A € PT. A weight which is not regular is called singular. For regular weights, we define length
as I(A) = Il(w,). For singular weights the length function is not defined; whenever we write [(1)
we make the implicit assumption that A is regular. If V is a G-module, its weight spaces are de-
noted by V* for A € P; a generic weight vector is denoted by v* (weight vectors are assumed to be
nonzero). For A € P+, let V(1) denote an irreducible G-module with highest weight A; the weights
of the form w(x), w € W are called the extreme weights of V (1); the corresponding weight vec-
tors v are called extreme weight vectors. Dual spaces and maps are denoted by a subscript *. We
use the following common convention: lower case German letters denote Lie algebras of Lie groups
denoted by the corresponding capital Italic letters. The universal enveloping algebra of a Lie algebra a
is denoted by i{(a). When discussing cohomology, we denote by H(——) the total cohomology group
@q HCI(__)

Let X = G/B denote the flag manifold of G. The G-equivariant line bundles on X are parametrized
by the characters of B, which are in turn parametrized by P. Let C, denote a one-dimensional
B-module with character A € P. Let O()A) denote the sheaf of local holomorphic sections of the line
bundle £_; = G xpg C_;. We can now formulate

Theorem 0.1 (Borel-Weil-Bott). (See [1].) Let A € P. Then

q ~ | Vwe-0*, il =q,
H (X’ O(A)) o {0, otherwise.

Suppose that G is embedded as a subgroup into another semisimple complex Lie group G. The
group B, being a solvable subgroup of G, can be embedded into a Borel subgroup BCG.Put X = E/ﬁ.
For convenience, we also fix Cartan subgroups H C B and H ¢ B with H = BN H. Notice however, that
many of the concepts introduced below depend only on the choice of Borel subgroups. Let t* : P — P
denote the restriction of weights. There is an equivariant embedding of flag manifolds

QX = X.



V.V. Tsanov / Journal of Algebra 373 (2013) 1-29 3

Given an invertible sheaf (5(3:) on X, it restricts to an invertible sheaf O(\) on X, with A = L*(X).
There is a G-equivariant pullback map

7t H(X, O0)) — H(X,0()).

By the Borel-Weil-Bott theorem, the domain space of 7* is an irreducible E—Nmodule, V(@ -%)* and
the target space is an irreducible G-module, V(w - 1)*. By Schur’s lemma, m* is either surjective or
zero. When m* is nonzero, its dual is a G-monomorphism (7*)*: V(w - 1) — V(\Tv "X). This brings
us to the central notion considered in this paper.

Definition 0.1. Given an irreducible G-module V, an irreducible G-submodule V c V is called a co-
homological component, if it can be realized as the image of (7%)* for an appropriate . The set of
cohomological pairs of dominant weights is defined as

C=C@ ={(u.ePtx Pt vVi(w) c V() cohomological}. (2)

The construction of cohomological components could be termed as “geometric branching” of rep-
resentations, versus the general “algebraic branching”. Here are three problems arising naturally after
the above definition.

Problem I: Find a criterion for nonvanishing of the pullback T, ~
Problem II: Characterize the cohomological components of a given irreducible G-module.
Problem III: Describe the set C of cohomological pairs of dominant weights.

The goal of this paper is to address these problems. We present a complete solution to Problem 1.
The resulting criterion actually gives a solution to Problem II as well. Problem III is addressed in
Section 2.3. A complete solution is not given, but some important structural properties of the set C
are established, reducing Problem III to a saturation problem for some finitely generated submonoids
of PT x P+,

The initial motivation for this study came after the work of Dimitrov and Roth [3,4], where the
above problems were posed and solved for diagonal embeddings. It is in this work that the notion of a
cohomological component was originally introduced. In the case of a diagonal embedding, X < X x X,
Kiinneth’s formula allows an interpretation of the pullback as a cup product map

g 122 gI(X, O(h)) ® H2(X, O(r2)) — HIT2(X, O()),

where A = A1 + A2. When the dual map (7 *1*2))* is nonzero, its image is an irreducible component
V(w, - 1) of the tensor product V(wjy, - A1) ® V(wy, - A2). This makes the diagonal case particu-
larly interesting, as it relates to Littlewood-Richardson theory. Dimitrov and Roth found the following
solution to Problem .

Theorem 0.2. (See Dimitrov and Roth [4].) The cup product map 7w *1-*2) is nonzero if and only if

(DWM U®y, =Py, .

, N 3)

The methods employed in [4] for the proof of the above criterion for nonvanishing are algebro-
geometric. However, condition (3) is Lie theoretic in nature and it seemed desirable to have a proof
and “explanation” for this criterion in Lie theoretic terms. The necessary framework is readily available
in Kostant’s fundamental paper on Lie algebra cohomology [7], and turns out to be sufficiently flexible
to allow treatment of the general case. Kostant’s theorem (Theorem 5.14 in [7], presented here as
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Theorem 1.3) is a Lie-algebraic counterpart to the Borel-Weil-Bott theorem and has a particularly
strong feature: explicit harmonic representatives.

In Theorem 2.2 of the present paper we provide a complete solution of Problem L. The criterion
can be formulated briefly, using Kostant’s harmonics, as follows:

The pullback 7t* is nonzero if and only if it can be realized on harmonic representatives.

Kostant’s harmonics are very explicit and the above criterion can be formulated in concrete terms.
This is the content of Theorem 2.2, where we present two conditions, (i) and (ii), which are necessary
and, together, sufficient for the nonvanishing of 7r*. The first one is an analogue of (3) above, refers
only to the Weyl group elements W and w, and is easy to verify for a given pair W, w. The second
one refers to the G-module structure of the cohomology group H(X, (5(\7v -%)), and is considerably
more difficult to verify. The good news is that the first condition is quite restrictive already and, in
several important cases, automatically implies the second. However, we show that this implication
does not hold in general. A simple counter-example is supplied via the adjoint representation of SL;
(see Theorem 3.8). ~

Condition (ii) of Theorem 2.2 provides an answer to Problem II: a component V(i) C V(fI) is
cohomological if and only if there exists a pair of Weyl group elements w, w satisfying (i), for which
the extreme weight vector v* W e V(w) is not orthogonal to the extreme weight vector v* @
with respect to any K-invariant Hermitian form on V(,u) Here K denotes a maximal compact sub-
group of G containing a maximal compact subgroup of G. An alternative formulation of (ii), with more
geometric flavor, is given in Theorem 2.2". Although complete, this solution to Problem II is not com-
pletely satisfactory, since the relevant property can be hard to check. As already mentioned, a good
characterization of cohomological components is known for special classes of embeddings. Dimitrov
and Roth proved in [4] that, in the case of diagonal embeddings, the generic cohomological com-
ponents are generalized PRV components of stable multiplicity 1 and vice versa. In Theorem 3.3 we
show that, for regular embeddings, the cohomological components are those generated by common
highest weight vectors for B and B (i.e. the highest components). In Theorem 3.8 we give an answer
to Problem II for the case of principal rational curves. It turns out that the list is very small in this
case: the cohomological components are either highest components obtained via pullbacks of global
sections, or trivial modules obtained in degree 1 of cohomology.

In Theorem 2.8 we establish some structural properties of the set C, making a first step towards a
solution of Problem III. For a pair of Weyl group elements w, W satisfying condition (i) of Theorem 2.2,
we denote

Dy ={(, ) ePT x P w1 irswtpul.

This set is a submonoid of the dominant monoid P+ x P+. It consists, in view of Theorem 2.2, of all
pairs (u, &) such that V(u) could be a cohomological component of V (ji) associated with the given
pair w, w. The set of cohomological pairs introduced above can be written as

C= UCw,Vv’ where Cy 5 =C N Dy

and the union is along all pairs w, W satisfying (i). Theorem 2.8 asserts that Cy i is a submonoid
of Dy and, furthermore, there exists a positive integer k such that for any (u, ) € Dy we have
(ke kit) € Cy . Various situations occur: the complement Dy,  \ Cw.% can be finite, infinite, or
empty. A variety of examples is supplied by the results of Section 3.4.

The paper consists of three sections. Section 1 summarizes the necessary background. The basic
goal here is to state Kostant’s theorem on Lie algebra cohomology (Theorem 1.3 in the text), and
sketch its connection to the Borel-Weil-Bott theorem. Section 2 contains a detailed setting of the
situation we are interested in, and the main results. In Section 2.1 we prove Theorem 2.1, which
asserts that the nonvanishing of 7% can be studied in either of the three cohomology theories: sheaf
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cohomology, Dolbeault cohomology, and Lie algebra cohomology. Section 2.2 contains the criterion
for nonvanishing of w* (Theorem 2.2) and some related results and remarks. Section 2.3 contains the
results on the structure of C, notably Theorem 2.8. Section 3 contains applications, specializations and
examples. Sections 3.1 and 3.2 are devoted to two important special classes of embeddings. Section 3.1
deals with regular embeddings; the results here are new and although one finds nothing exotic or
unexpected, this case is arguably important for the general picture. Section 3.2 deals with diagonal
embeddings and contains an alternative proof of the nonvanishing criterion of Dimitrov and Roth. In
Section 3.3 we study homogeneous rational curves in flag manifolds. We give a complete description
of the cohomological components or the case of curves associated with principal sl, subalgebras.
With this result and the result on regular embeddings in hand, we can access a larger class of rational
curves via factorizations of embeddings. Finally, in Section 3.4 we study cohomological components
arising from the adjoint representation of a semisimple complex Lie algebra g and show that a full
set of generators for the algebra of ad-invariant polynomials on g can be obtained as cohomological
components.

1. Preliminaries
1.1. Semisimple Lie algebras and Lie groups

Let g be a semisimple complex Lie algebra and G be the associated connected, simply con-
nected, complex Lie group. Let k denote the Killing form on g. We will use the same notation
for the restrictions of x to subalgebras, some extensions, and the induced bilinear forms on dual
spaces. In particular, ¥ extends to a nondegenerate bilinear form on the Grassmann algebra Ag,
where the degree components are declared to be mutually orthogonal and on pure tensors we have
K(X1 A+ AXq, Y1 A--- AYq) =detk (xj, yi). Thus « yields an algebra isomorphism Ag = Ag*.

Let K C G be a maximal compact subgroup and ¢ C g be the corresponding compact real form, so
that g = £ @ it. The restriction of k to ¢ is negative definite and coincides with the Killing form of &.
Put q =i, so that g=q@®iq, and « is positive definite on q. A conjugation in g is defined by

X+iy=x—1iy, X, y€q.

In turn, this conjugation defines a positive definite Hermitian form {.,.} on g by

x,y}=kxYy), x yeg.

Since Ag = Arq ®r iArq, both the conjugation and the Hermitian form extend to Ag. The following
proposition summarizes some facts from [7, § 3].

Proposition 1.1. Let a be any subalgebra of g.

(i) Thena={a € g: a € a} is a subalgebra of g.
(ii) The map a — a*, x +—> & defined by &x(a) = k (a, x), for a € a, is an isomorphism of vector spaces, which
extends naturally to a graded isomorphism of the Grassmann algebras Aa = Aa*.
(iii) The pullback of {.,.} along Aa* = Aa — Ag is a positive definite Hermitian form on Aa™.

Recall that in the introduction we have fixed a Cartan and a Borel subgroups of G. We may, and
do, assume that T = KN H is a maximal torus in K. We have the corresponding subalgebras h C b C g
and a root space decomposition

9=h®(69f>-

aeA
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The restriction of k to h provides an isomorphism between h* and b, denoted by w + hy,. In particu-
lar, we have the coroots hy, for @ € A. We fix root vectors ey € g%, for o € A, satisfying [ey, e_q] = hy
and

cewen={o e s b @

One verifies immediately that

Pa =€ _q. (5)

Denote n = [b, b]; this is the nil-radical of b. Also, set n~ =n. Then

n:n*:@g“, n7:€Bg°‘.

aeAt aeA~

Following Dynkin, we call a subalgebra a of g regular with respect to the Cartan subalgebra b, if a
is also an h-submodule of g with respect to the adjoint action. In such a case, we set A(a) ={ae A
g% C a}. A subalgebra a C g is called regular, if it is regular with respect to some Cartan subalgebra.
In particular, any subalgebra of g containing b is a regular subalgebra. The following proposition is
straightforward to verify.

Proposition 1.2. Let a be a regular subalgebra of g with respect to b.

(i) A(a)=—A(a).
(ii) The isomorphism a = a* and the monomorphism Aa* < Ag defined in Proposition 1.1 are morphisms
of h-modules.
(iii) Ifanb =0, then {ep = Ayep o | Y C A(a)} is a basis of weight vectors for the h-module Aa.

1.2. Flag manifolds and homogeneous vector bundles

Recall that X = G/B is the flag manifold of G. Put x, = eB € X. A holomorphic vector bundle
& — X is said to be homogeneous (or more precisely G-homogeneous), if the total space £ caries a G-
action such that the map £ — X is G-equivariant and for any g € G, x € X the resulting map between
the fibers Ex — Eg is linear. Let E, be the fiber over x,. Then B acts linearly on E, and we have

EZG xpEy=(Gx Eo)/((gh,v)~ (g,bv)).

The action of the compact group K on X is also transitive (cf. [13]). The intersection T =K NB =
K N H is a maximal abelian subgroup of K and the flag manifold can be written as X = K/T. Let
p:K — X, g gx, be the canonical map. For g € K let pg : T;,CK — Tgxox be the tangent map of

complexified tangent spaces. By definition g = Téc K. Thus

Ker(pS) =, Im(pS) = Tgx =n" @n.
Let g € K and let g be identified with T§I< via the tangent map of the right translation by g. The
restriction of p‘[g: to n (respectively, n™) is a T-module isomorphism onto T(g),}}]X (respectively, T;,’SX ).

The holomorphic and the antiholomorphic tangent bundles on X are K-homogeneous unitary vector
bundles and we have

T'OX=Kxrn~, T%'X=Kxrn. (6)
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In what follows we will make use of the Dolbeault d-complex on X, hence we are specifically
interested in antiholomorphic differential forms. The second identity in (6) implies that the anti-
holomorphic cotangent bundle £2%1X can be written as K x 7 n*, and more generally

209X =K x1 (A%n*).

The space of differentiable sections is

Ol (x) = (C®(K) @n*)",
where T acts on C*°(K) on the right.

1.2.1. Sheaf cohomology and Lie algebra cohomology

A classical theorem of Lie states that the irreducible representations of solvable Lie groups (over C)
are one-dimensional. Hence the only irreducible homogeneous holomorphic vector bundles on X are
line bundles. A homogeneous holomorphic line bundle on X corresponds to a character of B. Since
the character group of B is identified with the weight lattice P, and any holomorphic line bundle on
a flag manifold is linearly equivalent to a homogeneous one, we have Pic(X) = P. In the introduction,
we gave the notation £; = G xp C, for A € P. The sheaf of local holomorphic sections of £_, was
denoted by O(A). The homogeneity of £_, yields a representation of G on the cohomology space
HI(X, O(L)). All such representations are described by the Borel-Weil-Bott theorem formulated in
the introduction.

The line bundle £_; — X can be written both as G xgp C_; and K x7t C_,. We can form the
Dolbeault §-complex C5(X, L-;) of antiholomorphic forms with values in £_;. These forms can be
lifted to forms on K, with the suitable invariance properties. First, we have the bundle

QV9(X, £L_5) =K x1 (ATn* ®C_;),

whose space of differentiable sections is C%9(X, £_;) = (C®(K) ® A9n* ® C_,)T, which can also
be written as Homy (A9n, C*°(K) @ C_,). The total space of the d-complex of antiholomorphic forms
on X with values in £_; is (An*® C®(K)®C_,)Y. The latter is also the total space of the Lie algebra
cochain complex C(n, C*®(K) ® C_,)" defined with respect to the right action of n on C*(K) and
the trivial action on C_,. Moreover, the coboundary operators coincide and we have an isomorphism
of complexes

C3(X, £3) ZC(n, C¥(K)®C_;)".

Both complexes carry a left K-action and the isomorphism above is a K-module isomorphism. We
can conclude that, for all g, there is a K-equivariant isomorphism of cohomology groups

HO9(X, £3) = H(n, C¥(K) ® C_;)". 7)
Dolbeault’s theorem gives
HI(X,000) = H*(X, L_,). (8)

Combining (7) and (8) we deduce the following isomorphism of K-modules:

HI(X, 0()) = HI(n, C®(K) ® C_;)".
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We shall restrict our considerations to the space of representable functions F(K) instead of
C°°(K). This can be viewed as a restriction to differential forms with algebraic coefficients, if a suit-
able algebraic structure on X is chosen. In fact, one has H9(n, C*®°(K) @ C_;)% = HI(n, F(K) ® C_,)",
which can be deduced, via the Peter-Weyl theorem, from the theorem of Kostant stated in the fol-
lowing section. Now, using the Peter-Weyl theorem we obtain

HI(n, FUO®C)" = @@ HI(mV(w* @V ®C;)"
nepP+

=P viw e (HI(n VW) ®C-,)".
nepP+

In particular, we arrive at the reciprocity law observed by Bott [1]: for A € P and u € P* we have

dimHomg (V ()*, HI(X, O(1))) = dim Homg (C;., H9(n, V (1))). (9)

1.2.2. Kostant’s theorem on Lie algebra cohomology

In the introduction we stated the Borel-Weil-Bott theorem, which determines the left hand side
of (9). In this section, we formulate a theorem of Kostant, which determines the right hand side.
Both theorems are in fact more general - they treat general flag manifolds of G, i.e. coset spaces of
the form G/P, where P is a parabolic subgroup. We only present the statement for complete flag
manifolds as it is sufficient for our purposes.

The cochain complex C(n, V(u)) is endowed with a Hermitian form obtained as the product of
the form {,} on An, defined as the restriction of the Hermitian form on Ag given in Section 1.1,
and a K-invariant Hermitian form on V(). Let L = dd* + d*d be the Laplacian defined with re-
spect to this Hermitian form. The main ingredient in Kostant’s proof is a spectral decomposition
for the Laplacian L and, in particular, an explicit description of its kernel - the harmonic cocy-
cles.

Let {e*, | @ C AT} denote the basis of n* dual to the basis {eq | @ C AT} of n. Thus {e*, =
Naeco € o | @ C AT} is a basis of An* dual to the basis {e¢ | @ C AT} of An (see Proposition 1.2).

Theorem 1.3. (See Kostant [7].) Let + € P and q € N. Then the space of harmonics in C9(n, V (u)) is given
by

Harm (n, V() = €D C(n, V)™,
wew(q)

where the super-script w - i designates h-weight space and YW(q) denotes the set of elements in VW with
length q. For each w € VW the weight space C(n, V (1)) is one-dimensional, generated by the cocycle

* w(p)
e,(pw_l RV .

Consequently, the cohomology group H9(n, V (u)) decomposes into one-dimensional h-submodules as fol-
lows:

Himvw)= @ Hmveo)'™
wew(q)

The above theorem can be used to obtain explicitly the harmonics for the complex C(n, F(K) ®
C,A)h. for regular A € P. The relevant Hermitian form is the product of the form on An, as above,
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and the form on F(K) which is the restriction of the standard K-invariant form on L2(K). We
have

Harm(n, F(K) ® C_;)" = V(w; - 1)* ® (Harm(n, V(w; - 1)) @ C_;)".

By the above theorem, Harm(n, V(w; - M)* =e*,, ~ ® v**(Pw.). Here we have used the formula
wl(w - 1) =1+ (Dy,) given in (1).

2. Embeddings and cohomological components: general results

Let t:g— g bea monomorphism between two semisimple complex Lie algebras; we regard g as
a subalgebra of §. Let G and G the associated connected, simply connected complex Lie groups. Then
t induces a homomorphism ¢ : G — G with a finite kernel.

We are interested in ¢-equivariant maps between flag manifolds of G and G. The complete flag
manifold X = G/B of G can be viewed as a parameter space for all Borel subalgebras of g. Defining
a G-equivariant _map from X to the complete flag manifold X of G is equivalent to choosing a Borel
subalgebra b c ' containing b. Such a subalgebra always exists, but may not be unique in general.
Since b=gnN b, the map G/B — G/B is always an embedding. We now assume that a pair of Borel
subalgebras b C b is fixed, and denote the resulting embedding of flag manifolds by

¢:X—>7(.

Fix a compact real form ¢ C g and extend it to a compact real form %Cﬁ. Set t=tNb, T=END,
h=tdit, h=Tdit Clearly t=tNTand h= gNh. Denote by K, K, T, T, H, H the corresponding Lie
groups. Note that the map ¢ can be interpreted as a map between coset spaces of compact groups:

¢:K/T— K/T.

After the above choices have been made we can use the notions and notation given in the Introduction
and Section 1. The differential of ¢ evaluated at x, = eT is a T-equivariant linear map, which we
denote by ¢, = (d@)y,. In view of (6) we get

Qo :nt — FE (10)

Note that ¢, coincides with the restriction of ¢ to n*, since n* = gN7*. One should be aware that
this coincidence is not necessarily true for partial flag manifolds.

2.1. Pullback maps and cohomological components

The homomorphism ¢ : G — G and the embedding ¢ : X — X defined in the previous section
give rise to various pullback maps. Primarily, we are interested in the restriction of homogeneous
holomorphic line bundles from X to X, and the resulting cohomological pullbacks. Since ¢(B) C B,
each character % of B defines a character A =X o ¢ of B, and for the associated line bundles we have

*

L_3 ri) L.
Recall that Pic(X) =P and Pic()N() =P (see Section 1.2). Since ¢:h — E is an inclusion, its dual

t* : b* — b* is surjective. The map ¢* respects the weight lattices, hence the restriction of line bundles
can be computed using the map

P — P.
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Note that the above map of lattices may not be surjective. In fact, we have 'P/L*ﬁ = Ker(¢), the latter
being a finite subgroup of H.
Let AeP and A = *(%) € P. There is a pullback map

ELH(X,O0)) — H(X, 0().

which is G-equivariant. This map is the central object of our study. In particular, we are aiming to
solve Problems I, II, III stated in the introduction.

Remark 2.1. The three problems formulated in the introduction are easily solved for dominant . Since
b C b, we have (*(PT) C Pt. Let * € P+. Then:

(1) 7*: HO(X, (’N)(X)) — HO9(X, O(»)) is nonzero, because the effective line bundles on homogeneous
manifolds are base-point-free. ~
(II) The corresponding cohomological component is V(1) C Vb, generated by a b-highest weight
vector in V(X).
(Ill) Let Co denote the subset of C (see (2)) resulting from pullbacks on global sections. Then Cp =
{(u, 1) € PT x PH: = 1*(10)}.

The above case is important but, as far as our problems are concerned, trivial. As we shall see, the

problems become nontrivial for pullbacks in higher degrees of cohomology. To study 7* we intend to
translate it to a pullback in Lie algebra cohomology. First, Dolbeault’s theorem allows us to translate

the map 7t to a pullback in Dolbeault cohomology, denoted by
@' HO(X, £_3) — HOU(X, £_y).

The nonvanishing of - is equivalent to the nonvanishing of (pjx. Now we can use the fact that the

Dolbeault -complexes can be interpreted as Lie algebra cochain complexes (see Section 1.2.1).
The homomorphism ¢ : K — K gives rise to a K x K-equivariant pullback of representative func-
tions, denoted by

r: F(K) — F(K).
The tangent map ¢, defined in (10), after dualization, gives rise to a map of Grassmann algebras

@y AT — An*.
Combining the maps r and ¢; we get a pullback on Lie algebra cochain complexes

g ®r:C(f, F(K)) — C(n, F(K)).
We denote the resulting map on cohomology by
@ H(®, F(K)) — H(n, F(K)).

The map @ plays a central role, as it encompasses the information about all pullback maps nx, for
reP.

The pullback of antiholomorphic differential forms with values in £_5 and representative coeffi-
cients is translated to the following map between Lie algebra complexes

prer®l:C([, F(K)®C_ ) — C(n, F(K)®C_;)".
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The induced map on cohomology, denoted by w*, equals the restriction of @ ® 1 to the space of
h-invariants:

@ H(F, () ®C_5)" — H(n, C*(K)®C_;)".

In this way, we arrive at the following theorem.

Theorem 2.1. Let % € P and A = L*(X) € P. Then the following diagram commutes:
HIX, () = HOX, £ 5) = HI(F,C°(K)®C_3)P

2 05 @ |

HI(X,0() = HY(X,L_;) = HIi(n, C®(K) ® C_;)".

2.2. A criterion for nonvanishing of >

In this section we fix » € P and denote A = Lf(;:) € P. We assume that both A and A are regu-
lar weights (otherwise the associated pullback 7 vimishes for trivial reasons) and we set W = Wy
and w = w;. The Borel-Weil-Bott theorem gives H®OX, OG) = V(@ -%)* and H® (X, O()) =
V(w-A)*. The map 7* and its dual (7*)*, written as maps of G-modules, are

V@ VNt (1) Vwe ) — V@ D).

There are two obvious necessary conditions for nonvanishing of 7%: first, the equality T():) =1();
second, the existence of a G-submodule in V(Vv ~X) isomorphic to V(w - 1), i.e. Homg(V(w - A),
V(VNV -2 # 0. These conditions are not sufficient in general; counter-examples may be found using
the results of Section 3.4. B

Theorem 2.1 allows us to translate the study of the map 7 to the language of Lie algebra co-
homology. Namely, the nonvanishing of 7% is equivalent to the nonvanishing of @*. In this setting
Kostant’s results may be used to obtain a more explicit description of the pullback.

Theorem 2.2. The pullback o (or, equivalently, nx) is nonzero if and only if the following two conditions
hold:

(i) <pj(?*_¢w) = aei¢w,for some nonzero complex number a.

(ii) Homg (V (w - 1), u(g)VXHd’W)) #£0, i.e. the G-submodule of V (W - %) generated by the extreme weight
vector v {®#) contains an irreducible component isomorphic to V (w - 1).

Proof. It is clear that the map @’ is nonzero if and only if the restriction of the map @ :
H(7, ]-'(I?)) — H(n, F(K)) to the E—submodule H(7W, .7-'(?))* is nonzero. Furthermore, we can restrict
our attention to harmonic representatives, because the vanishing of the pullback on all harmonics is
equivalent to total vanishing. -

Kostant’s theorem (see Theorem 1.3) implies that, after decomposing the space F(K) according to
the Peter-Weyl theorem, we get

H(¥, ]—‘(T?))x =H®, V(@ -0)* e V(w -X))X.
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The harmonic representatives are pure tensors of the form &, ® f ® v*+(®#) where f varies in
V(W - %)*. Since t*(X) = A we have

w (H(E F(K)') € H(n, F())* = H(n, V(w - 1)* @ V(w - )"

Moreover, since the map of cochain complexes is also equivariant with respect to the right h-action,
we get

0r(E ) @1(F @ V) e Cn, (V- )" @ V(- D))"

After this preparation we are ready to prove the theorem.

Assume first that @* = 0. Then, by semisimplicity, V(W - A)* contains a G-submodule V* iso-
morphic to V(w - 1)*, such that r(V* @ ¥+ (®#)) £ 0. Let f € V* be such that r(f ® V*T(®#)) £ 0.
Then

0@ B1(T @V ) e Cn Vw1 @V w )'
=e'y, VW -V* @V (w- 1)),

Hence ¢} (e* o) is proportional to e* * 5, e condition (i) is satisfied.

To show that condition (ii) holds as well, recall first that we have chosen maximal compact sub-
groups K C G and KcG such that t=gnN [ Weyl's unitary trick implies that there exists a unique
(up to a scalar multiple) K-invariant Hermitian form on V (v - X). Fix one such form. The inclusion
ECE implies that this form is also K-invariant. Consequently, the orthogonal complement VL of
any K-submodule V C V(w ) is also a K-submodule. In particular, the K-isotypic decomposition of
V(W A) is orthogonal, say V(w A) U1 ®---®Un. Of course, the isotypic decomposition of V(W A)
as a G-module is the same. The extreme weight vector ¥**(®?#) can be written uniquely as

VAHPE) — 4 4 up, ujeUj.

Clearly uj =0 if and only if FAHPw) € Ujl. The Hermitian form on V(W - %) induces a vector
space isomorphism V(W - %) = V(W - %)%, as well as a Hermitian form on V(@ - %)*. The (orthog-
onal) G-isotypic decomposition of the dual space is V(W -)* =U} & --- @ U};,. We have u; =0 if
and only if F(+! ‘va)) =0 forall fe Uj. On the other hand, the latter condition is equivalent to
r(U* ® T+ ®a) )=

Observe that

U@V = (g @ -+ B UGt

Now, fix U; to be the isotypic component of V(w - ). We have assumed that r(U} @ VHPw)) #0,

which can now be seen to be equivalent to u;j # 0, which in turn holds if and only if $U(g) VA HPw)
contains a G-submodule isomorphic to V (w - A). Thus condition (ii) holds.

To prove the other direction, suppose that conditions (i) and (ii) hold. Condition (i) implies that

1*(®y) = (D). Condition (ii) 1mp11es that V* contains a G- submodule V* isomorphic to V(w - 1)*
and there exists f € V* such that f (@ +®)) #0. Then r(f ® P+ @) hev(w: WEQ V(W - A)rPw)
is nonzero. It follows that the pullback of the harmonic cocycle ¢ ed, ® f ® P Pw) ¢ C(W, V(w A)*
V(i -7))* is a nonzero cocycle in C(n, V(w -1)* ® V(w - 1))*, and hence is harmonic. This implies
that w* #£0. O
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Remark 2.2. The two conditions in Theorem 2.2 are independent in general. Examples illustrating the
independence are given in Remark 3.2. In some cases, however, (i) implies (ii), so that (i) becomes
a necessary and sufficient condition for nonvanishing. We will see that this holds for the classes
of regular embeddings and diagonal embeddings. Another case when (i) implies (ii) is treated in
Corollary 2.5 below. Such cases are particularly nice to work with, because condition (i) is much
easier to verify for a given inclusion of Lie algebras.

2.2.1. An alternative formulation of the criterion

Theorem 2.2, specifically condition (ii) therein, can be reformulated in geometric terms. We first
introduce some notation and a technical lemma, then state the reformulation as Theorem Zl’

For W e W, let X% = GWw~1B/B denote the G-orbit through W~'B in X, and let Xy = X2, denote
the closure in X. For ¥ € P* let O3 (V) denote the restriction of O(V) to Xy, and let

7Y H(X, (’)(v)) — H(Xw. 05 (D)) (11)

denote the correspondmg pullback on cohomology.

For [i € P+ there is a G- -equivariant map

Vi X — P(V(),

Note that

~_ 1~ ~—1 7
T 18) = [ ],
Lemma 2.3. Let W € W and [i € P*. Then there is a G-module isomorphism
Im () = (@7 )"

where;\7‘7"71 () is a nonzero vector in V ([X) of the extreme weight W~ (fL) and ${(g)v" ' @ is the G-submod-
ule of V (1) generated by this vector.

Proof. The lemma follows immediately from the definitions. O

Lemma 2.3 provides an equivalent substitute for condition (ii) of Theorem 2.2 and allows us to
formulate the following version of the criterion for nonvanishing of 7*.

Theorem 2.2'. Let &, A, W, w be as in the beginning of Section 2.2. The pullback @ (or, equivalently, nx) is
nonzero if and only if the following two conditions hold:

(i) (pg‘(’e”’i(pw) = aei(p for some nonzero complex number a.

(i) Homg (V (w - 1)*, Im(r g A)) # 0, i.e. the space HO(X O(w A)) contains a G-submodule isomorphic to
V(w - 1)* whose elements do not vanish identically on Xg.

2.2.2. Corollaries
Below we formulate some corollaries from Theorems 2.2 and 2.2’.

Corollary 2.4. Let 4 € P and [i € Pt Suppose that V(ﬁ) contains V () as a cohomological component,
i.e. the projection V (J1)* — V (u)* can be realized as a cohomglggical pullback w°H* : H(X, O - 1)) —
H(X,O(c - ), withd e Wand o € W. Then V (11) C $h(g)v° P,
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Proof. The corollary follows directly from the proof of Theorem 2.2. O

Corollary 2.5. In the notation of Theorem 2.2, suppose 1;: W1 0. Then condition (i) is necessary and suf-

ficient for the nonvanishing of w* (or equivalently of 7). Furthermore, if condition (i) holds, then 7> is a
nonzero morphism from the one-dimensional G-module to the one-dimensional G-module.

Proof. The corollary follows 1mmed1ately from Theorem 2.2, in view of the fact that H(X (’)(A)) =
if and only if % =50 for some & € W. A simpler, independent proof is sketched below.

The cohomological morphisms between trivial modules are all captured in the pullback of Lie
algebra cohomology with trivial coefficients:

Wy - H(’ﬁ) — H(n)v
1— [@s (],

where, as usual, H(n) stands for H(n, C). We have H(n) = H(n, 7(K))? with respect to the left
g-action. Similarly H(W) = H(T, F(K))®. The weight space decompositions of the two cohomology
spaces above, as right modules over h and § respectively, are

HE)= @ H®,  H® =c[e, ],
Few

Hmy= @ Hm®,  Hm° =<c[ei¢rl]. (12)

oeWw

The map @, is h-equivariant and its nonvanishing on a given E—weight space corresponds to a coho-
mological morphism between trivial modules. O

In the next corollary we present a sufficient condition for nonvanishing of *, deduced from The-
orem 2.2 and a result of Montagard, Pasquier and Ressayre [10]. We need some preliminaries.

The homology of the flag manifold X with integral coefficients is classically computed using the
Schubert cell decomposition. The Schubert cells are the B-orbits in X. They are parametrized by W:
the cell decomposition is X =[[,,cyy BwB/B; the dimension of the orbit BwB/B is I(w). Let 2,y =
BwB/B be closure in X. The Schubert cycles £2,, generate H.(X,Z) and form a basis for H.(X, C).
Similarly, the Schubert cycles 2 :NEWE/E for W € W generate H.(X, Z).

Any algebraic subvariety of Y C X is a cocycle, and its cohomology class [Y] may be expressed as
a non-negative linear combination of §2¢:

Y= ) a2, ca(Y)eZso.
Wew

A subvariety Y C X is called multiplicity free, if ¢ (Y) € {0, 1} for all W e W.

Corollary 2.6. Let x € P and put A= (). Suppose that both 7 and A are regular and denote W = Wy and
w = w,. Suppose further that the following two conditions hold:

() 5 (€ 5, ) =ae* 4 forsomeaeC*.

(ii) The closure X = GW—1B/B of the G-orbit through W~ in X is multiplicity free.

Then the pullback T H(X, (5(3:)) — H(X, O(})) is nonzero.
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Proof. Condition (i) of the present corollary is the same as condition (i) of Theorem 2.2’. To prove
the corollary it is sufficient to show that condition (ii) of the present corollary implies condition (ii)’
of Theorem 2.2". o _

Denote It =W -A and = w - A, so that H(X, O(X)) = V()* and H(X,O)) = V(u)* by the
Borel-Weil-Bott theorem. We invoke Theorem 1 from [10], which states that, if X is multiplicity free
in X, then we have Homg (V (W), V(ﬁ)) # 0. The proof actually contains a stronger result. Namely, the
assertion that the pullback (see (11) for the notation)

IS

7l H(X, O()) — H(Xw. On (D)

is surjective and its image contains a G-submodule isomorphic to V (x)*. In particular, condition (ii)’
of Theorem 2.2’ holds. O

Remark 2.3. There are classes of inclusions ¢: g < g for ‘which the closure of any G-orbit in E/E is
multiplicity free. For instance, when the image of G in G is a spherical subgroup of minimal rank,
cf [11]. In such a case, condition (i) of Corollary 2.6 becomes a necessary and sufficient condition for

nonvanishing of 7r*. We shall discuss one such case independently, namely, the diagonal embedding
¢:G— G x G, in Section 3.2.

2.3. Properties of cohomological components

Recall that E denotes the real span of A in h*. Similarly, let E denote the real span of A in b* Then
PxPcCE @ E. Consider the monoid D = P+ x P+ whose elements are pairs of dominant weights
for G and G, respectively. Problem III stated in the introduction is concerned with the characteriza-
tion of the set C =C(g) of elements (u, ) eD such that there exists a cohomological component
V(w) C V(i) associated with the embedding ¢ : X < X. This goal is not achieved here, however, we
prove some important facts about C showing that this set has structure. We start with the following
technical lemma.

Lemma 2.7. Let D = P+ x P+. Suppose that W € Wand we W satisfy condition (i) of Theorem 2.2, i.e.
there exists a € C* such that

() 5 (€5 ) =ae*
The set
Dwiw={(n. D) eD: u=w-(*(w ' K))}

is a finitely generated submonoid of D.
Proof. Condition (i) implies that (*(®y) = (@), which in turn implies that for i € P,

w- (@) = w( (W) (13)
The right hand side depends linearly on fi. Thus Dy, i is the intersection of D with a linear subspace
of E®E. This implies that Dy,  is a submonoid of D. Since both D and P x P are finitely generated,

sois Dy,w. O

Theorem 2.2 implies that

c=JcnDuw,

w, W



16 V.V. Tsanov / Journal of Algebra 373 (2013) 1-29

where the union is over the pairs w, W satisfying (i). Denote Cy % = C N Dy . The main result of
this section is the following theorem.

Theorem 2.8. Suppose that W and w € W are as in Lemma 2.7. Then C, i is a submonoid of Dy, 3. Further-
more, there exists a positive integer k, depending only on the embedding ¢ and the elements w, W, such that
forany (i, [t) € Dy % we have (ku, kL) € Cy .

Proof. First, from Corollary 2.5 we obtain (0, 0) € Cy, 7. The theorem follows directly from Lemma 2.9
and Lemma 2.10 which we state and prove below. O

Remark 2.4. A question naturally arising after Theorem 2.8 is: what is the minimal k and how can
it be computed? Various situations may occur. For instance, as we shall see, for regular and diagonal
embeddings we always have Cy, i = Dy i, so that k = 1. On the other hand, the results of Section 3.4
allow us to construct examples for which the complement Dy, % \ Cy i is non-empty, finite in some
cases and infinite in others; see Remark 3.3. Corollary 2.6 implies that, when the orbit-closure Xg
is multiplicity free in X, we have k= 1. It would be interesting to know whether there is a relation
between the coefficients cz (X)) and k.

Lemma 2.9. Suppose that W € W and w € W are as in Lemma 2.7. Then there exists a positive integer k such
that for any (i, [t) € Dw i the pullback

WKL G (k) — V (kp)*
is nonzero. In particular, (ki, kit) € Cw -

Proof. Let (i, [t) € Dy w. For k € Z.¢ put =W kX, A= *(g) and g = w - Ay, so that u = puq.
Using (13) we get

pe=w - (F(WkE)) = w( (W KRD))) = kg

Recall that X% = G\TVE/E C X denotes the G-orbit in X through the point corresponding to the ele-
ment w1, o
Condition (i) of Theorem 2.2" holds by hypothesis. Condition (ii)" is satisfied for WK f and
only if there exists a G-submodule V (ku)* C H(X, O(kjt)) whose elements do not vanish identically
on Xg. The existence of k, for which such a G-submodule exists, is asserted by Lemma 2 of [10]. Now

Theorem 2.2” implies that 7™ & - 0.
The fact that k can be chosen uniformly for all (i, ff) € Dy i follows from the fact that D,, & is
finitely generated. O

Lemma 2.10. Suppose that W and w € W are as in Lemma 2.7. Suppose further that (i1, [t1) and (42, fi2)
belong to Cy i, so that both pullbacks

ALVt — vt w R T — V(i)
are nonzero. Denote [T = [i1 + i and (= ju1 + 2. Then (u, L) € Cy, i and the pullback
aV V(@ — V)

is nonzero. In other words, Cyy i is a subsemigroup of Dyy .



V.V. Tsanov / Journal of Algebra 373 (2013) 1-29 17

Proof. Denote %; = W' - ji; and A; = (*(%j) for j= 1,2. Also, put » =W~ - X and A = *(%).
Lemma 2.7 implies that (u, ) € Dy, and A = 1. 1. Thus the pullback 7% is indeed a map
from V(,u)* to V(,u)*

To check that 7% # 0 we shall apply Theorem 2.2’. By assumption, condition (i) is satisfied by T
It remains to verify condition (ii)'. It is convenient to relabel condition (ii)" as applied to the pullbacks
™, w*2 and 7*, as follows:

(i); Homg (V (t1)*, lm(n~‘))¢0
(i), Homg (V (2)*, lm(n~2))7é0
(i) Homg(V ()", Im(rr})) #0.

Our hypothesis for nonvanishing of w*1 and 7r*2 implies, via Theorem 2.2/, that (ii)/] and (ii)’2 hold.
We need to verify (ii). Thus, we have G-submodules V} C HO(X, 0 (1)) and VicC HO(X, 0 (fi2)),
isomorphic respectively to V(u1)* and V(u2)*, whose elements do not vanish 1dent1ca11y on Xi. Let
§:X < X x X denote the diagonal embedding. It follows that HO(X x X, O(,LL]) X O(/Lz)) contains
the G x G-submodule Vi ® V3 whose elements do not vanish identically on §(X) C X x X. Let Vic
Vi ® V3 be the highest G-irreducible component; we have V3 = V(u)*. Then V3 does not vanish

identically on §(X3). Notice that the restriction of HO()N( x X, (5([11) X 5(;72)) to the diagonal 6(7()
is a surjection onto HO()N(, (’N)([l)). Thus any irreducible G-submodule of HO()~( x X, 5(;71) X (’3([422))
which has a nonzero pullback to §(X) is isomorphic to an irreducible G-submodule of HO(T(, (5([1))
which has a nonzero pullback to X. In particular, there exists V* c HO(X, O(j1)) such that V* =
V3= V(w)* and such that V* does not vanish identically on Xg. Hence (ii)’ holds and 7% is nonzero.
This completes the proof. O

3. Special cases and examples
3.1. Regular embeddings

In this section we consider the case when ¢:g C g is a regular subalgebra, i.e. we suppose that
a Cartan subalgebra E C g is given such that g is an E—submodule of g. Then h=g¢g ﬂﬁ is a Cartan
subalgebra of g and the corresponding root system A = A(g, h) is included as a subset in the root
system A= A(g, E), namely A ={@ e A: gD Tj&} C A. The Weyl group W is included in W as the
subgroup generated by the reflections along the roots in A. Notice that in this setting, the homomor-
phism ¢ : G — G of simply connected Lie groups is a monomorphism and we can think of G as a
subgroup of G. N -

Assume that b and b are Borel subalgebras of g and § respectively, such that b =gnNb. Let

<p:X<—>}~(

be the associated embedding of flag manifolds.

The above choice of Borel subalgebras defines partitions A = AT LA™ and A=A+ UA™, which
satisfy AT =AN A% Let T c AY and [T C AT be the sets of simple roots. Note that we have
fINACI,but not necessarily 11 C 1. As a consequence, the length of Weyl group elements may
change under the inclusion W C W.

The restriction of weights (* h* — b* is a morphism of YW-modules. More precisely, consider
the subspaces of b* defined as h§ = Ker(t*) and b} = spanc{A}. Then h* = by @ b} is direct sum
of W-modules orthogonal with respect to k. The restriction of «* to b7 is an isomorphism onto h*
preserving the root system A, the WV action, and mapping the integral weights PN b3 into the weight
lattice P. The action of W on bj is trivial.

Let hy, eq, for @ € A be coroots and root vectors for g, as in Section 1.1. Analogously, let Ea, CoR
for & =a € A be coroots and root vectors for 9. In a case when & € A we have a proportion of the
root vectors ez = ae, with a € C\ {0}. Dualizing, we get the following lemma.
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Lemma3.1.Let& € AT. The following are equivalent:
(i) The root & belongs to A.

(i) @3 (8% ) #O0.

(iii) goj;(?’ia) =ae*, forsomea € Aanda e C\ {0}.

We can now derive another lemma.

Lemma 3.2. Let W € W. Then the following are equivalent:

(i) If w =T, - 'an is any reduced expression for W in the generators g, & € 1, then &1, ... ., Qg are simple
rootsin At. ~
(ii) W e W and [(wW) =I(W).
(iii) @ C A.
(iv) gog‘(?fd,w) #0.
(v) gog‘(?ﬁq)w) = ae’id,w forsome w e Wanda € C\ {0}.

Proof. The equivalences (i) < (ii) < (iii) follow from elementary combinatorics of Weyl groups. The
equivalences (iii) < (iv) < (v) are deduced from Lemma 3.1. O

Theorem 3.3. Let % € P be a regular weight. Denote A = L*(’X) and W = Wy. Then the nonvanishing of
7 H(X, B()) — H(X,00.)

is equivalent to each of the conditions (i)-(v) in Lemma 3.2.
Moreover, if T* # 0, then

(a) for the element w in condition (v) we have w = W = wy; B
(b) we have t*(W - 1) = w - A and the cohomological component given by @M* V(W L) — V(- 1) is
the highest component, i.e. generated by a b-highest weight vector.

Proof. The necessity of condition (iv) for the nonvanishing of 7" follows from Theorem 2.2. Let us
prove sufficiency. The conditions of the lemma yield W € W. Hence the conjugation by W preserves G
as a subgroup of G, and acts on G as a Weyl group element w € WV preserving H. In particular,
W~1BW is a Borel subgroup of G contained in the Borel subgroup W1BW of G. It follows that the
extreme weight vector V*™(®#) ¢ V(W - %) is an eigenvector for w~!B#, and hence is an extreme
weight vector for some G-submodule of V(@ -%). Since (v) implies (* (@) = (@), the h-weight of
VAHPE) is (*(h + (D)) = A + (Pw). We can conclude that $((g)v**®% is an irreducible G-module
with B-highest weight w(i 4+ (®y)) = w - 1, that is £l(g)V*+®# = V(w - ). Thus condition (ii) of
Theorem 2.2 is fulfilled and the map w” (and consequently 7*) is nonzero. A particular harmonic
cocycle whose pullback remains harmonic is

T, ® T 7 (05, @ VW cCH VW -D* 0 V(- D).

To prove the second statement of the theorem, suppose T # 0. Then the conditions in Lemma 3.2
hold and from the first part of the proof we see that w = W = w;, so (a) holds. To prove (b) note
that we have w(t*(V)) = *(W(V)) for ¥ € P. We compute

W =w+ (@) = w(ix (A + (@) = (W(X+ (@5)) = (W - D).

Finally, observe that w acting on V(W - X) sends VA+H@%) to VW Hence the highest weight vector
belongs to the cohomological component $i(g)v*+{®#), o
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Corollary 3.4. For a regular embedding ¢ : G/B — E/E we have C(¢) = Co(@), i.e. all cohomological com-
ponents can be obtained from pullbacks in cohomological degree 0. (See (2) and Remark 2.1 for the notation.)

3.2. Diagonal embeddings

In this section we present a new proof of a theorem of Dimitrov and Roth, cf. [4], which answers
Problem I for diagonal embeddings. Our proof is derived from the general Theorem 2.2. The specific
feature here is that condition (i) of Theorem 2.2 is necessary and sufficient for the nonvanishing

of 7r*. The fact that condition (ii) can be dropped is deduced from a theorem of Kumar and Mathieu
(cf. [8] and [9] respectively), known as the PRV conjecture.
Consider here the diagonal inclusion of g into g=g® g,

L:g—>gdg, (x)=(Kx).
In this case we also have an inclusion on the level of simply connected Lie groups ¢ : G <> G x G = G.
Furthermore, any Borel subgroup B C G is contained in a unique Borel subgroup of G, namely B =

B x B. We now assume that B and B =B x B are fixed. This results in a diagonal embedding of the
flag manifold X = G/B into X = X x X:

Q: X—>XxX, @k =(x,X).
Let K C G be a maximal compact subgroup. Put T = KN B and H = C¢(T); these are maximal toral
subgroups of K and G respectively. Then K=KxK, T=TxT,and H=H x H are respectively a
maximal compact subgroup of G, a maximal torus in K, and a maximal complex torus in G. These
subgroups also satisfy the conditions we need, namely K=GNK, T=KNT, H=G N H. With this
all choices required for our work, as set in the beginning of Section 2, are made and we can use the

relevant notation. o
The weight lattice of G is P =7 @& P and the pullback ¢*: P @& P — P is given by

(M, h2) = + A2,

The Weyl group of G is the direct product W =W x W; the root system is A=(Ax {0) U ({0} x A).
The inversion set of a given element W = (w1, wy) € W has the form

D5 = (Pw, x {0}) U ({0} x Dy,).
This implies T(W) =1I(w1) + l[(w3). The lemma below follows immediately from the definitions.

Lemma 3.5. Let & = (A, X2) € P. Then:

(i) x is a regular weight in P if and only if both A1 and Ay are regular weights in P.
(ii) If A is regular weight, then Wy = (W, Wy,).

Now, let A = (1, A2) € P be a regular weight. Kiinneth’s formula implies that
HI(/\)( (’;)‘(’X)) ~ H’(“)(X, O()q)) ) HMZ)(X, O(kz)).

Put A =*(A) = A1 + A2 € P. The pullback 7* can be interpreted as the cup product map

7" HOD (X, 0(0)) ® HIOD (X, 0(00)) —> HIODHED (X 0G4y + 12)).
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The reciprocity law described in Section 1.2.1 allows us to translate this map to a pullback @ in Lie
algebra cohomology. The latter map is expressed as a wedge product,

" H(n, F(K) ® C_;,) ® H(n, F(K) ® C_;,) —> H(n, F(K) ®C_,;)
(g, ®F1®21)® (eX g, ® F2a®22) > (€%, N ) ® (F1® F2) ® (21 ® 22).

Theorem 3.6. (See Dimitrov and Roth [4].) Leth = (A, M2) € P, and A = A1 + Az € P. Suppose the weights
A1, A2, A are regular, and put w1 = w;,, W = wy,, w = w,. Then the following are equivalent:

(i) T #£0.
(i) ¢ (T ) =€y .
(i) Doy, U Py, = Py

Proof. The equivalence of (ii) and (iii) is obvious. The implication (i) = (ii) was established in the
general case in Theorem 2.2. To show that (iii) implies (i), it suffices to show that condition (ii) of
Theorem 2.2 is also satisfied. We invoke Theorem 2.10 in [8], which states that for any w,v € Pt and
o € W, the g-module V with extreme weight w + o (v) occurs with multiplicity exactly one in the
submodule U(g)(v* @ v™) of V(1) ® V(v). Now take pt = wi-A1, V=wy Ay, and 0 = wlwz_l.
Then V = V(w - 1) and this module has w='(w - 1) as an extreme weight. Using condition (iii) we
get

Wl W D) =A+p—w ' (p) = A+ (@) = A1 + Ao + (P,) + (Pu,)

=wil Wi A +wy we A =wil () +wy ' (v).

We have $((g)(v* ® v7™) = ti(g)(v"1 ¥ @ vW2 ) since the diagonal action of the Weyl group is
compatible with the g-module structure of V() ® V (v). Hence V(w - 1) C Ll(g)(vwfl(“) ® vwfl(”)).
This completes the proof. O

Dimitrov and Roth studied various properties of cohomological components for diagonal embed-
dings. In particular, they answered Problem III and proposed a conjectural answer to Problem II,
supported by a proof for classical groups as well as for generic weights of arbitrary semisimple groups.
(For the missing definitions see [4].)

(II) Conjecture of Dimitrov and Roth: The cohomological components of V(it1) ® V (u2) are exactly
the generalized PRV components of stable multiplicity one.

(1) The set C" = {(u, 1, i2) € (PT)3: V(w)* € V(1) ® V(142) cohomological} equals the union of
all regular walls of codimension ¢ = rank g of the Littlewood-Richardson cone.

Here a regular wall means a wall intersecting the interior of the triple dominant chamber. The
regular walls of codimension ¢ wall are exactly the monoids C{N,WI,WZ for w, wq, wy satisfying (iii),

defined analogously to our C,, . (Notice that there is one dualization distinguishing our C from C'.)
3.3. Homogeneous rational curves

In this section, we take g = sl included in a semisimple Lie algebra §~and study the resulting
equivariant embeddings of X = P! into a higher dimensional flag manifold X. First we consider the
special case when g is a principal three-dimensional subalgebra of g (the definition is give below).
Then we use this case and the results on regular embeddings from Section 3.1 to deal with a more
general situation.
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3.3.1. Principal rational curves

We start by recalling, following Kostant [6], the definition as some basic properties of principal
three-dimensional subalgebras of semisimple Lie algebras. After that, we study the resulting em-
beddings of flag manifolds and give a complete classification of the cohomological components of
modules.

The nilpotent elements in the semisimple complex Lie algebra § are divided into conjugacy classes
under the action of the adjoint group. The largest class is the one of principal nilpotent elements,
which is characterized by the property that each representative ¢ is contained in a unique maximal
subalgebra il consisting of nilpotent elements, ¢ € T Cg. The normalizer of T is a Borel subalgebra b
of g. Let h C b be any Cartan subalgebra, to which we associate roots and root vectors as usual. Let
a1,...,0 be the simple roots associated to b. Then the principal nilpotent elements contained in T
are alternatively characterized by the fact that in the expression

&= Z Cex

GeA+

one has cy; #0 for all j=1,2,...,¢ (In sl the principal nilpotent elements are those, whose
Jordan form consists of a single Jordan cell with zero eigenvalue.)

A principal three-dimensional subalgebra g of g is a simple three-dimensional subalgebra contain-
ing a principal nilpotent element. The semisimple elements of such a subalgebra are regular, in the
sense that their centralizers are Cartan subalgebras. Thus a Cartan subalgebra h of g is contained in
a unique Cartan subalgebra h of g. It follows that any given Borel subalgebra b C g is contained in a
unique Borel subalgebra bc §. Since G/B= P!, we deduce that a given principal g in d determines a
unique, equivariantly embedded, rational curve in the flag manifold X of G,

¢:P' X.

We call such a curve a principal rational curve in X.

Let « denote the positive root of g, and let &1, ..., & denote the simple roots of §. Let @1, ..., @y
be the fundamental weights, so that 2k (¢, @) /K (G, &) = 8 k.

We want to determine the possible cohomological components of g-modules obtained via this
embedding. The line bundles on P! carry nonzero cohomology in degree at most 1. The pullbacks
in degree 0 never vanish (provided the domain is nonzero) and give rise to cohomological compo-
nents which are exactly the highest components. From now on, we restrict our considerations to line
bundles whose cohomology appears in degree 1.

Let X € P be a weight of length 1, put A = ¢*(%), and consider the pullback

7 HY(X,O0) — H'(P',00)).

The Weyl group element 5 is one of the simple reflections in W. According to the interpretation of
the map 7* in terms of Lie algebra cohomology, we need to study the map

Qr W — "
Since n = Cey, and the element e, is principal nilpotent, we have a nonzero image
v (€g) =ager,, j=1.2,....¢
Thus condition (i) from Theorem 2.2 is always satisfied. This implies in particular that

F@p=a=2, j=1,2,...,¢L
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Hence the restriction of weights (* : P—Pis easily computable. In particular, we can deduce that all
fundamental weights of g are mapped to strictly positive numbers in P = Z. This fact already follows
from the regularity of hy, but now we can be more precise.

Lemma 3.7. Let & be a simple root of a simple ideal g1 of §, and let &; be the corresponding fundamental
weight. Then one of the following possibilities occurs:

(1) Ifgl = sly, then L*((T)]) =1.
(ii) If g1 = sl3, then 1* (&) = 2.
(iii) If g1 is not isomorphic to sl or sls, then 1*(@;) > 3.

Proof. The result is obtained by direct computations using the tables at the end of [2]. O

We can now deduce the following theorem, which solves Problems I, II, III for principal rational
curves.

Theorem 3.8. Let % ¢ P be a weight of length 1, with W5 =g;. Then 3g; - *=Yk_, oy with ¢ >0,

Let g1 be the simple ideal of § to whose root system & belongs. Let A = L*(X). Then 71'X : Hl(y(, 5@)) —
HI(P', O())) is a nonzero map if and only if one of the following alternatives holds:

(i) g1 = sl and ¢; > Zk# Ckl* (@y). In this case we have a cohomological component V(—A — 2) C
1% Sz : ) generated by a highest weight vector; A can take any value in Z _» provided the coefficient c
is sufficiently large.

(ii) g1 = sl3 and A :?aj - (mwj) where m is an even positive integer. In this case > = —2 and the cohomo-
logical component is the one-dimensional space of G-invariants in V (n@j).

(iii) x= —0j. In this case A = —2 and T isa cohomological morphism from the trivial G-module to the
trivial G-module.

Proof. We need to check when A has length 1 (i.e. A < —2). If it does, then, as noted above, condi-
tion (i) of Theorem 2.2 is always satisfied and it remains to check condition (ii). We have

=L*(cha)k —aj&’j —&j)
k
=) @) — (aj+1)2. (14)
k

It follows that A < —2 if and only if c;(«*(@j) — 2) + Zk# cxt*(@;j) < 0. Now we refer to Lemma 3.7,
and we get three possible cases.

First, if g1 = slp, then part (i) of the lemma applies and we can invoke Theorem 3.3 to conclude
that part (i) of the present theorem holds.

Second, if g1 = sl3, then we see that A < —2 if and only if ¢y =0 for k # j. So we must have =
?aj - (mj). Then we get A = —2 and H'(P', ©(»)) = C. Notice that the principal three-dimensional
subalgebra of sl3 is in fact the image of sl under the adjoint representation. Depending on the way in
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which the fundamental weights are ordered, we get that H! ()~( s O(X)) is isomorphic to either S™(sly)
or S™(sl5). The cohomological component, if it exists, is contained in the invariants of S™(sl) or
S™(sl5). On the other hand, the sly-invariants in S'(sly) are generated by the Killing form, and hence
occur only in even degrees. (Respectively, in S'(sly) the invariants are generated by the symmetric
tensor associated to the Casimir element.) In particular, if m is odd, there are no invariants and hence
the pullback 7% vanishes. To prove that the map is surjective for m even, we need to show that the
invariants are contained in the sl;-submodule generated by an appropriate extreme weight vector, as
required by condition (ii) of Theorem 2.2. This can be done directly, by an elementary but somewhat
tedious computation, which we shall not reproduce here. Instead one could use the following simple
argument, given here for Hl()N(, (9(3:)) = S™(sl3), the other case being analogous. The invariants in
S™(sl5) are spanned by x™2, where « is the Killing form. The extreme weight vector in S™(sly)

S(X

taking part in condition (ii) of Theorem 2.2 is V'
quadratic form) we see that

mip — h}. Since « (hy) # 0 (here « is regarded as a

?aj-(mé?)j)[’é‘iaj ® (Km/z ® hg) ®E’] #0,

which implies part (ii) of the present theorem.

Statement (iii) follows directly from Corollary 2.5.

To see that parts (i), (ii) and (iii) account for all possibilities for a nonzero pullback, observe that
if g1 is neither sl nor sl3, then part (iii) of Lemma 3.7 and the computation (14) imply that A has
length 1 if and only if ¢, =0 for all k. In this case A = —&/j and 2 = —2, so we are in case (iii) of the
theorem. O

3.3.2. More rational curves

Combining the results from the preceding sections we can study more general embeddings. Sup-
pose that the homogeneous embeddlng @ Pl G / B factors as the composition of two embeddings
@1:P'< G1/By and @3 : G1/B1 — G/B so that ¢ is a principal embedding and ¢; is a regular em-
bedding. Then we can apply Theorem 3.3 to ¢, and Theorem 3.8 to ¢; in order to find the weights
% e P for which the pullback 7% : H(E/E, (9(3:)) — H(P!, O([*X)) is nonzero. The above assumption
is satisfied if and only if the following property holds:

Property (R). A three-dimensional simple subalgebra g of a semisimple Lie algebra g will be said to satisfy
the property (R) if there exists a proper semisimple regular subalgebra g1 C g, containing g as a principal
three-dimensional subalgebra.

The three-dimensional simple subalgebras of a semisimple Lie algebra were classified in a classical
work of Dynkin [5]. The results in Chapter IIl therein show that (R) holds for any three-dimensional
simple subalgebra of g, if § is of type Ay, By, Cy¢, G2, F4 or is a sum of simple algebras of these
types. The property (R) is not always satisfied if § has simple summands of type D, or E,. The
exceptions are explicitly classified in [5]. We refrain from further study of these exceptions. Instead,
we present examples where the factorization method applies. In both examples below, we take the
same inclusion ¢ : sl; < sl4, satisfying the property (R). What differs in the two examples is the choice
of Borel subalgebras b C b. Thus we get two different embeddings P! < SL/ B, which both factor as
desired above. We observe that the respective sets of cohomological components differ substantially.
This illustrates on a simple example the dependence of the set of cohomological components on the
choice of Borel subalgebras.

Example 3.1. Let g = sly, §=sl4 and ¢: g < § be the inclusion given by

I
c d

OO0 Q
ocooaQac
o Q oo
QT OO
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Let h C sl and E C slq be the diagonal Cartan subalgebras. It is clear that g; = sl @ sl is block-
diagonally included in sl4. Now, we have a diagonal inclusion ¢; : g < g7 and a regular inclusion
l2:91< 7, sothat t=1t301¢4.

The restriction of weights is

o ok
~ ~ ~ 2 ~ ~ 1 ~ ~
(a1, az,a3) — (ay,ds) — a +as.

(Here the weights are written in coordinates corresponding to the respective bases of fundamental
weights.) Consider the upper triangular Borel subalgebra b of sl, and as extension take the upper
triangular Borel subalgebra b of sl4 Put by =g1 N b. This defines embeddings

p' A pt Pt & g1, /B

Let &1, O, &3 denote the simple roots of § with respect to B, let a1, o denote the simple roots of g4
with respect to by, let o denote the simple root of g with respect to b.

We are interested in pullbacks in cohomological degree 1. The relevant inversion sets are singletons
of simple roots. Since we are concerned with a regular and a diagonal embedding, we can refer to
Theorems 3.3 and 3.6 respectively, and it is sufficient to consider the restrictions of roots rather than
the associated elements 'é"j&. We have

s

~ b q * o~ ~ 4
a] — o] — o, 1" (0ap) =0, a3 — o) —> .

Assume = (dq,dz,d3) € P has length 1. Put A= LZ(A) and A = *(A) = (j(A1). We have T
71’2 oyrl1 Theorems 3.3 and 3.6 imply that 7r* # 0 if and only if one of the following two cases occurs.
Case 1. sg, - %eP* and Sq - A € PT. One can easily compute that in coordinates this translates to

When these inequalities are satisfied we have a cohomological component Vg, (—d1 —d3 — 2) in
Vo, (a1 — 2,51~+53 +1,d3).
Case 2. sz, - A € P* and sy - A € PT, which translates to

When these inequalities are satisfied we have a cohomological component Vg, (—ad; — a3 — 2) in
Vi, (41,02 + 03 + 1, —d3 — 2).

Example 3.2. Here we consider the same inclusion sl; SN sl @ sl 2 sl4 as in the previous example,
but we associate to it a different embedding of flag manifolds, by choosing different Borel subalgebras.
We take b and b; as before, but b C sl4 is defined to consist of the matrices of the form

O % O *
O % ¥ *
o ¥ © O
* % ¥ %
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Let &1, 02, d3 be the simple roots of sl4. Then we see that the only simple root of sl, for which
*(@j) = a is do. Let A = (d7,d2,d3) € P have length 1. As in the previous example we see that
* #0 if and only if 37, % eP* and sy - A € P+. These conditions yield the following inequalities:

It is easy to see that this system is satisfied only for h=—0 =73, - 0. We can conclude that there is
a single weight giving a nonzero cohomological pullback in degree 1, and this pullback is

7 %.C—C.
3.4. The adjoint representation and invariant polynomials

Let g be a semisimple complex Lie algebra and G be the associated connected simply connected
complex Lie group. Let C[g] denote the coordinate ring of g. It is a well-known classical result that
the ad-invariant polynomials on g form a C-algebra which is isomorphic to a polynomial algebra on
¢ variables, where ¢ = rank(g), see e.g. [12]. More precisely, there exist homogeneous polynomials
P1,...,Pe € Clg] such that

J=Clgl° =Clp1,..., pel.

The polynomials p1,..., p;j are not uniquely determined, but their degrees are. Let d;j = degp;. These
integers are numerical invariants of g and are important in various contexts, see e.g. [6]. The numbers
dy,...,d; are all distinct if g is simple. For a semisimple g one obtains the totality of degrees for
the simple factors, so some numbers may occur with multiplicity. Here is the list of the sets D =
{dy,...,dg} for the simple Lie algebras:

D(Ap) =1{2,3,..., £+ 1}, D(Gy) ={2,6},
D(By) =1{2,4,...,2¢}, D(F4) ={2,6, 8,12},
D(Cp) =1{2,4,...,2¢}, D(Eg) =1{2,5,6,8,9,12},

D(Dy)={2,4,...,2¢—2,¢}, D(E7)={2,6,8,10,12,14, 18},
D(Eg) = {2, 8,12, 14, 18, 20, 24, 30}.

Note that the adjoint representation is self-dual so that C[g] = S(g*) = S(g) as g-modules, and an
explicit isomorphism can be obtained using the Killing form. We choose to work with S(g) instead
of S(g*), so we shall think of pq,..., p; as elements of S(g) from now on. It is not hard to determine
the freedom available for the choice of each generator p;. Obviously scaling is possible and, for types
A1 and A, this is the only freedom. For all other types there are other possible alterations. For
instance, for type As, i.e. g =sl4, we have dq =2, dy = 3, d3 = 4. The degree components of the first
two generators are one-dimensional, i.e. dim $2(g)¢ = dim $3(g)¢ = 1. Thus p; and p; are determined
up to scaling. However, dim S*(g)® =2 as this space contains p% along with a third generator of J.
Thus ps3 is determined up to a summand proportional to p%. The general pattern is analogous.

The goal in this section is to show that there exist generators for Jj, which may be realized as
cohomological components in the spaces S1(g), ..., S(g) respectively. Of course, we need to specify
a suitable equivariant embedding of flag manifolds.
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Set g =sl(g) and let t =ad : g < g be the inclusion given by the adjoint representation. Note that
the degree components S%(g) are finite dimensional irreducible §-modules, the symmetric powers
of the natural representation, and their highest weights lie along the first fundamental ray of the
dominant Weyl chamber. Then Cp; is an irreducible g-submodule in sdi(g).

Theorem 3.9. There exist Borel subalgebras b C g and bc gwithb C b such that, for a suitable choice of p;,
the g-submodule Cp; C s4i(g) is a cohomological component relative to the embedding of complete flag
manifolds G/B — E/E. R

More precisely, the pullback 7r* realizing this component is in cohomology of highest possible degree, which
isr =dim(G/B) = #A™, the restricted weight is > = t*1 = (A™), and the resulting sheaf O()) is the canon-
ical sheaf on G/B.

Proof. We start with the definition of the nested Borel subalgebras. We fix a Cartan and a Borel
subalgebras h C b C g, and refer to Section 1 for the notions and notation related to such a pair. The
choice of h and b is not restricted since all such pairs are conjugate under G. The subtlety is to find
a suitable b. In fact we shall consider a family of Borel subalgebras of g and choose the appropriate
member at the end of the proof. The Borel subalgebras of § are in a bijection with the complete flags
in the natural representation of g. In turn the natural representation of g coincides, as a vector space,
with g. The condition that b C b means that the flag Fl; corresponding to b must be stable under
the (adjoint) action of b. We shall consider a family of flags in g parametrized by the manifold FI(f)
of complete flag in the Cartan subalgebra h. In our result we shall care mainly about the projection
of FI(h) onto the projective space P(h) of one-dimensional subspaces of .

Definition of the flag Fl(y) for y € FI(h). We shall define the flag FI(y) by an ordered basis of g
consisting of root vectors and a basis of . The flag FI(y) shall be a completion of the partial flag in g
given by the triangular decomposition g =m @ h @& m~. Fix any order 1, ..., B on the set of positive
roots At such that the corresponding flag in m is fixed by the action of b (one such order can be
obtained by first fixing a partial order according to the heights of the roots and then ordering the sets
of equal heights arbitrarily). Let hq, ..., hy; be any ordered basis of h, and denote the corresponding
flag in h by y = y(hq, ..., hy). Now consider the ordered basis

eﬁl,...,eﬁr,hl,...,hg,e_ﬁr,...,e_,g], (15)

to be denoted by v, ..., vy (With n= ¢+ 2r). Let FI(y) be the corresponding complete flag in g, and
let b = b(y) be the Borel subalgebra of § stabilizing FI(y). It is clear that b C b.

The basis (15) defines a Cartan subalgebra h C g consisting of the elements which are diagonal in
this basis, as well as a set of simple roots corresponding to the order. Fix a compact real form ¢ C g.
Since the adjoint representation is irreducible, there is a unique compact real form ¢ C g containing €.
We now make the additional assumption that the basis hq, ..., h, is orthogonal with respect to the
unique Hermitian form on g which is £-invariant. Note that this assumption does not limit the choice
of y € FI(h), because every flag can be obtained from an orthogonal ordered basis. Furthermore, we
may assume that the root vectors e, satisfy the relations (4), and with this assumption the basis (15)
is orthogonal. This ensures that we have E =1 iT, where T=¥Nb. We now have everything in place,
ready to apply Theorem 2.2.

So far we have fixed a basis for the natural representation of g, as well as the corresponding Cartan
subalgebra h consisting of diagonal matrices and Borel subalgebra b consisting of upper triangular
matrices. Before proceeding further with the proof let us recall some commonly used notation for
the roots and Weyl group elements of sl,. For j,k e {1,...,n} let Ej denote the elementary matrix
having 1 at the (j,k)-th entry and zeros elsewhere. Then {E;,: j #k} is a complete set of root
vectors for g with respect to E Let @; denote the root corresponding to E; for j # k. Then the
simple roots of b are ajjy1 for je{l,...,n—1}. Let $1,...,Sp_1 denote the corresponding simple
reflections generating W.
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Let us exhibit an element W € YV such that pr(e* o5 ) =ae* ... Recall that, since we are consid-
ering an embedding of complete flag manifolds, we have ¢ = (po The image of ex+ under ¢ can be
written as a linear combination of simple tensors:

tea+) = Z €565
FCA+
We are looking for W such that ce; # 0. Notice that, for every j e {1,...,r} we have

teg)vrr1 = leg;, hil=—Bj(h1)eg; = —Bj(h1)v;.

Put & = {d;,41: 1<j<r}C AT.Then we have

= n—ﬂj(hﬂ.
=1

Assume now that hy is regular, so that cg # 0. The set & is in fact the inversion set ®g of the Weyl
group element

Hence we have

05 (B ) =cge’ o+ (16)

The second step is to determine all dominant weights /& € P+ such that Wo - (F(W1- ) e PT.
In the presence of (16) it is equivalent to working with the linear action of the Weyl groups and
considering w, (¢*(W~1(f))). For the computations it is more convenient to write the weights of §
as “gl-weights”, i.e. =01, ) (then the dominant ones are those whose components are non-
increasing integers). In these terms, the restriction of weights is written as

l*(xl,n-yxn):;:lﬂl +"'+xrﬂr—’Xn—r-&-lﬂr—"'—’xnﬁl-

Now, we take fi = (fi1, ..., [in) € P* and compute

FWTNR) = (o Bss ey Bt Bty Frg2s - )
= ,17«2/31 +- ﬁr+1,3r - ﬁn—r—&-]ﬂr - ﬁnﬂL

We are interested to know when = w,(¢*(W~1(f))) is dominant. It is dominant if and only if
Wop = t*(W (1)) is anti-dominant; thus we do not need to know the exact form of w,. For wou
to be anti-dominant, it is necessary that its inner product with any strictly dominant weight v be
non-positive. Let v be strictly dominant. We have

W, wot) = (2 — i) (v, B1) + - -+ + (Hr+1 — Bn—r+1) (v, Br).

Since (v, ;) >0 and fij41 — flu—js1 >0 for all je{1,...,r}, it follows that (v, wou) <O if and
only if (v, wou) =0 if and only if iy =--- = i if and only if it = k1. (Here @; is the first of the
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fundamental weights @1, ..., @,—1 of §.) In such a case, clearly u = 0. To summarize, for ji € P+, we
have

p=wol* (W (W) e Pt = [A=kd forsomek>0,

and

p=wo*(W () ePt = p=0.

We can conclude that the only possible cohomological components associated with the fixed em-
bedding ¢ and pair of Weyl group elements W, w, are trivial G-modules included in symmetric
powers of the natural representation of G, i.e. ad-invariant polynomials on g*. Specifically, for k >0
and A=W~ (k1), we have

7 skg)* — C.

Now we have come to verifying condition (ii) of Theorem 2.2. The relevant extreme weight vector

¥ =797"@ in this case equals V = vk, =hk e S¥(g). We are looking for a trivial G-submodule of

Sk(g)* whose nonzero elements do not vanish at v as linear functionals. Notice that, for f e S¥(g)*,
we have

fO) =k f ),

where on the right hand side we consider f as a polynomial function on g. Thus f(V) # 0 if and
only if f(hy) # 0. Recall that h; is already restricted to be outside the root hyperplanes. Now, let
Z C b be the Zariski closed set defined by the vanishing of the roots and all nonconstant ad-invariant
polynomials. Then, if we choose hq ¢ Z we get m* 0 for all k such that S¥(g)® s 0. Furthermore,
the images of (w*)* for k=d, ..., d, generate J. This completes the proof of the theorem. O

Remark 3.1. It is evident from the proof of Theorem 3.9 that the resulting cohomological components
vary with hi. Several questions arise. For instance: is it true that every set of generators for Jj can
be obtained for a suitable h1? Or, since h; may be chosen so that so the generators vanish on it and
the associated cohomological components generate a proper subalgebra of J, one could ask: which
subalgebras can be obtained in this way? To answer these questions one needs relevant knowledge
about the zero-loci of generators of J.

Remark 3.2. The construction described in the proof of Theorem 3.9 can be used to show that con-
ditions (i) and (ii) of Theorem 2.2 are independent in general. Namely, if the element h; is chosen in
the zero locus of p, but not on a root hyperplane, we obtain a map 777231 for which (i) is satisfied
while (ii) isn’t. If hy is chosen on a root hyperplane, but not in the zero locus of p», then T2
satisfies (ii) but not (i).

Remark 3.3. Along the lines of the preceding remarks we obtain diverse examples for the monoid
Cw.w of cohomological pairs of dominant weights studied in Section 2.3 (see also Remark 2.4). Here
w =w, and W are as in the proof of the above theorem. We see that Dy, % = {(0,m&1): m €
Z>0}. Since S1(g) does not contain invariants, (0, @1) ¢ Cw,.#w, and hence Dy, # \ Cw,.w # <. This
complement can be finite or infinite. Indeed, let g = sl3. If hy is in a generic position, we obtain
Cw,.% = Dw,.w \ (0,@1). If hy is not on a root hyperplane but in the zero locus of p;, respectively ps3,
we obtain Cy, % = {(0,m®1): m =0 mod 2}, respectively Cy,.w% = {(0,m&1): m=0 mod 3}. In the
last two cases, we observe that the number k from Theorem 2.8, for which kD, # C Cw, .. equals
respectively 2 and 3. Hence this number is not determined by the embedding ¢ of Lie algebras, but
really depends on the choice of Borel subalgebras, i.e. depends on the embedding ¢ of flag manifolds.
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