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ABSTRACT. We investigate the structure of the ring D (X) of G-invariant
differential operators on a reductive spherical homogeneous space X =
G/H with an overgroup G. We consider three natural subalgebras of
D¢ (X) which are polynomial algebras with explicit generators, namely
the subalgebra Dg(X) of G-invariant differential operators on X and two
other subalgebras coming from the centers of the enveloping algebras of
g and €, where K is a maximal proper subgroup of GG containing H. We
show that in most cases Dg(X) is generated by any two of these three
subalgebras, and analyze when this may fail. Moreover, we find explicit
relations among the generators for each possible triple (é, G,H), and
describe transfer maps connecting eigenvalues for Dz(X) and for the
center of the enveloping algebra of gc.
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Let X be a manifold with a transitive action of a compact Lie group G.
The ring D (X) of G-invariant differential operators on X is commutative
if and only if the complexification X¢ is Gc-spherical, i.e. X¢ admits an
open orbit of a Borel subgroup of G¢. This is the case for instance if X is a
symmetric space of G, but there are also spherical homogeneous spaces that
are not symmetric, e.g. X¢ = SO(2n+1,C)/GL,,(C) or SLgy,+1(C)/Sp(n, C);

they were classified in [Kr2, B, M].

Knop [Kn| proved that if X¢ is Gc-

spherical then D¢ (X) is actually a polynomial ring; the number of algebrai-
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cally independent generators of Dg(X) is equal to the rank of the spherical
space X = G/H (see Section 2.2). A more explicit structure is known in
some special settings:

(1) If X is a reductive symmetric space, then D¢ (X) is naturally isomor-
phic to the ring of invariant polynomials for the (little) Weyl group,
by work of Harish-Chandra [Ha].

(2) If X appears as an open Gg-orbit in a prehomogeneous vector space
and if the center Z(gc) of the enveloping algebra U(gc) surjects
onto D¢ (X), then explicit generators in D (X) were given by Howe—
Umeda [HU] as a generalization of the classical Capelli identity.

In this paper we consider the situation where the spherical homogeneous
space X admits an overgroup, i.e. there is a Lie group G containing G and
acting (transitively) on X. In this situation there are two natural subalgebras
of Dg(X), obtained from the centers of Z(gc) and Z(gc), which play an
important role in the global analysis by means of representation theory of
G and G. We investigate the structure of the ring Dg(X) by using these
two subalgebras as well as a third one, induced from a certain G-equivariant
fibration of X (see Section 1.1).

More precisely, the setting of the paper is the following.

Basic setting 1.1. We consider a connected compact Lie group G and two
connected proper closed subgroups G and H of G such that the complezxified
homogeneous space CNJC/E{C is Gc-spherical. The embedding G — G then
induces a diffeomorphism

(1.1) X :=G/H = G/H,
where we set H := HNG.

In most of the paper, we furthermore assume that G is simple. A clas-
sification of such triples (é, ﬁ, G) up to a covering is given in Table 1.1; it
is obtained from Oni&¢ik’s infinitesimal classification [O] of triples (G, H, G)
with G compact simple and G=HG , and from the classification of spherical
homogeneous spaces [Kr2, B, M]. In this setting G/H is never a symmetric
space.

1.1. Three subalgebras of Dg(X). Let D(X) be the full C-algebra of
differential operators on X. The differentiations of the left and right regular
representations of G on C*°(G) induce a C-algebra homomorphism

(1.2) 0 ®dr: Ulge) ® Ulae) — D(X),

where U(gc)? is the subalgebra of H-invariant elements in the enveloping al-
gebra U(gc) (see Section 2.1). It is known (see e.g. [He2, Ch.II, Th. 4.6]) that
the image dr(U(gc)™) coincides with Dg(X). However, the ring U(ge)¥ is
noncommutative and difficult to understand in general. Instead, we analyze
D¢ (X) in terms of three well-understood subalgebras.

The first subalgebra is the image d¢(Z(gc)) of the center Z(gc) of U(gce).
The ring Z(gc) is well-understood (it is isomorphic to a polynomial ring,
described by the Harish-Chandra isomorphism), but its image d¢(Z(gc)) is
typically smaller than D¢ (X) in our setting, in contrast with the case where
X = G/H is a symmetric space [Hel|.
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The second subalgebra of D¢ (X) we consider is d¢(Z(gc)) = dr(Z(gc)),
where we regard X as a G-space and consider the map

d®@dr: Uge) © Uge)” — D(X)

similar to (1.2). In our setting, d¢(Z(gc)) is always equal to the full subalge-
braDg(X) C Dg(X) of G-invariant differential operators on X (Lemma 2.6).

Finally, the third subalgebra is dr(Z(fc)) for some subgroup K of G
containing H. This algebra is zero if K = H, and equal to d¢(Z(gc)) =
dr(Z(gc)) if K = G. However, it may yield new nontrivial G-invariant dif-
ferential operators on X if H C K C G. We shall choose K to be a maximal
connected proper subgroup of G containing H (this is possible by Proposi-
tion 5.5.(2)). The geometric meaning of the algebra dr(Z(fc)) will be ex-
plained in Section 2.3, in terms of the fibration of X = G/H over G/K with
fiber F := K/H: namely, there are natural maps dry : U(tc)? — Dg(F)
(similar to dr in (1.2)) and ¢ : Dg(F) — Dg(X) such that the following
diagram commutes.

(1.3) Z(ac) Z(gc) Z(tc)

f A

Da(X) € Do(X) <~ Dx(F)

In our setting, dr, (Z(tc)) is also equal to the full algebra Dg (F') (Lemma 2.6),
and in particular,

(1.4) (D (F)) =dr(Z(tc)).

Remark 1.2. The number of connected components of H = HNG may vary

under taking a covering of é, but the algebra D¢ (X) and its subalgebras

Dg(X) = dé(Z(gc)), dr(Z(tc)), and d¢(Z(gc)) do not, see Theorem 5.1.

We prove the following.

Theorem 1.3. In the setting 1.1, suppose that G is simple. Ifaﬂ g is not
a maximal proper subalgebra of g, then there is a unique mazximal connected
proper subgroup K of G containing H, and

(1) Dg(X) is generated by Dx(X) and dr(Z(tc));

(2) Dg(X) is generated by d¢(Z(gc)) and dr(Z(tc));

(3) Da(X) is generated by D(X) and d¢(Z(gc)), evcept if we are in

case (ix) of Table 1.1 up to a covering of G.

[fH N g is a maximal proper subalgebra of g, then

D¢ (X) = Dg(X) = dé(Z(gc))-

The complete list of triples (é,ﬁ ,G) in Theorem 1.3, up to a covering
of é, is given in Table 1.1. In that table we use the notation H; - Hy for the
almost product of two subgroups H; and Hy (meaning there is a surjective
homomorphism with finite kernel from Hy x Hs to Hy - Hy). We also use the
notation Diag to indicate a diagonal embedding. Here t7,t8,013 : H — K
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G H G

(1) O(2n+2) | SO(2n+1) U(n+1)
(i) | SO(2n+2) U(n+1) SU(n+1)
(ii) | SO(2n+2) U(n+1) SO(2n +1)
(iii) | SU(2n+2)| U@2n+1) Sp(n+1)
(iv) | SU(2n+2) Sp(n+1) U(2n+1)
(v) (4n+4) | SO(4n+3) | Sp(n+1)-Sp(1)
(v)' | SO(4n+4) | SO(4n+3) |Sp(n+1)-U(1) n) x Sp(1))
(vi) SO(16) SO(15) Spin(9) i
(vii) SO(8) Spin(7) SO(5) x SO(3)
(ix) SO(7) Go(-14) SO(6)
(x) SO(7) SO(6) Go(-14)
(xi) SO(8) Spin(7) SO(7)
(xii) SO(8) SO(7) Spin(7)
(xiii) SO(8) Spin(7) SO(6) x SO(2)
(xiii)’|  SO(8) Spin(7) SO(6)
(xiv) SO(8) SO(6) x SO(2) Spin(7)

TaBLE 1.1. Complete list of triples (G, H ,G) in the set-

ting 1.1 with G simple, up to a covering of G. We also indicate

H := HN G and the maximal connected proper subgroup K

of G containing H. In case (i)’ we require n > 2.

and 114 : H — H are nontrivial embeddings described in Sections 6.7, 6.8,

and 6.12. We denote by [/I(\?:) the double covering of U(3), see Section 6.12.

The main case is when h N g is not a maximal proper subalgebra of g: the
only exceptions in Table 1.1 are (x), (xi), and (xii).

The condition that GC /H@ be Gc-spherical depends only on the triples
of complex Lie algebras (gc, be. gc). The pair (g, b) is always a symmetric
pair except in cases (viii) and (ix); the pair (g, ) is never symmetric.

Remark 1.4. By using the triality of D4 for the realization of G in é, we
see that the triple

(1.5) (G, H,G) = (Spin(8) x Spin(8), Spin(7) x Spin(7), Spin(8))

satisfies all the conditions of Theorem 1.3 with

H:= ﬁ NG = GQ(_14)

except that G is not simple. This case arises as a compact real form of the
complexification of the isomorphism

Spin(1,7)/Ga(—14) = Spin(8, C) /Spin(7, C).

In this case, there is a unique maximal connected proper subgroup K of G
containing H, with K ~ Spin(7), and most (but not all) of our main results
hold. We discuss the case (1.5) separately in Section 7 (see also Remark 1.9).
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1.2. Generators and relations for Dg(X). We prove Theorem 1.3 by
finding explicit relations among the three subalgebras Dx(X) = d¢(Z(gc)),
(D (F)) = dr(Z(tc)) (see (1.4)), and d¢(Z(gc)) of Dg(X). In particular,
we find explicit algebraically independent generators of Dg(X) chosen from
any two of the three subalgebras, as follows.

Theorem 1.5. In the setting 1.1, suppose that G is stmple. Let K be a
maximal connected proper subgroup of G containing H if b is not a maximal
proper subalgebra of g, and K = H otherwise. Let ' = K/H.
(1) There exist elements Py, of D5(X), elements Q. of Dk (F), elements
Ry of Z(gc), and integers m,n,s,t € N with m +n = s+t such that
e Dx(X) =C[P,..., Pyl is a polynomial ring in the Py;
o Di(F) =C[Q1,...,Qn] is a polynomial ring in the Qy;
1 DG(X> - (C[Plv cee 7Pm7 L(Q1)7 ] L(Qn)]
=Cl(Q1),...,(Qs),dl(Ry),...,dl(Ry)]
is a polynomial ring in the Py and 1(Qg), as well as in the 1(Qg)

and d¢(Ry,).

(2) The Py, Qy, Ry can be chosen in such a way that for any k there exist
constants ay, by, ¢, € C with

(1.6) ak Pr, + b 1(Qr) = cx dl(Ry).

(3) The Py, Qp, Ry can always be chosen in such a way that Dg(X) =
ClPr, ..., Py, dl(R1),...,dl(Ry)] is also a polynomial ring in the P and
dl(Ry), unless we are in case (iz) of Table 1.1 up to a covering of G.

Theorem 1.5.(1) gives an algebra isomorphism
(1.7) Da(X) ~Dg(X) @ Dg (F).

In this setting there are two expressions of X as a homogeneous space, namely
G/H and G/H. Both are spherical, but their ranks are different in general;
as an immediate consequence of (1.7), we obtain the following relation with
the rank of the spherical homogeneous space K/H.

Corollary 1.6. In the setting of Theorem 1.5, we have
rank G/H + rank K/H = rank G/H.

Corollary 1.6 also holds in the case (1.5) by Proposition 7.4. Table 1.2
gives the ranks of G/H, K/H, and G/H in each case.

The closed formulas (1.6) in Theorem 1.5 for explicit generators Py, Q, Ri
are given in Section 6 for each triple ((~}’, H , G) according to the classification
of Table 1.1. These formulas imply the following.

Corollary 1.7. In the setting of Theorem 1.5, let Cz € Z(gc) and Cg €
Z(gc) be the respective Casimir elements of the complex reductive Lie alge-
bras gc and gc. Then there exists a nonzero a € R such that

(1.8) dU(Cg) € adl(Cq) + dr(Z(tc))

as a holomorphic differential operator on é@/f-j@.
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rank G/H | rank K/H | rankG/H

@), Q) 1 1 2
(i) EY 2 "
(iii) 1 1 2

(iv) n n 2n
(v), (v) 1 1 2
(vi) 1 1 2
(vii) 1 1 2
(viii) 1 2 3
(ix) 1 1 2
(x) 1 0 1
(xi) 1 0 1
(xii) 1 0 1
(xii), (xiii)’ 1 1 2
(xiv) 2 1 3
(1.5) 2 1 3

TABLE 1.2. Ranks of G/H, K/H, and G/H in each case of
Table 1.1 and in case (1.5)

Remark 1.8. In cases (v), (vii), (viii), and (xiii) of Table 1.1, the group G
is simple but G is not. The formulas that we compute show for any choice
of an Ad(G)-invariant nondegenerate symmetric bilinear form on gc¢, the
corresponding Casimir element C € Z(gc) satisfies (1.8) for some nonzero
a € R.

The formulas (1.6) play a fundamental role in constructing a “transfer
map” relating the eigenvalues of Z(gc) and Dg(X) (see Theorem 1.11), pro-
viding some interaction between the representation of g and of its subalge-
bra g.

Remark 1.9. An analogue of Theorems 1.3 and 1.5 may fail in the setting
1.1 in the following situations:
e Theorem 1.3.(2) may fail if G is only assumed to be semisimple, not
simple: this happens in the case (1.5) (see Proposition 7.5).
e Theorem 1.3.(1)(2) may fail if K is not maximal: this happens for
(G,H,G,H) = (SU(2n +2),Sp(n + 1), U(2n + 1), Sp(n) x U(1))
and K = Sp(n) x U(1) x U(1) (see Remark 6.4.4.(2)).
e Theorem 1.3.(1)—(2)—(3) may fail if X¢ is not Gg-spherical: this
happens for
(G,H,G, H) = (SO(4n + 4),SO(4n + 3), Sp(n + 1), Sp(n))
(see Remark 6.5.2).

In the case (1.5), we shall prove that the “transfer map” still exists even
though Theorem 1.3.(2) fails, and we shall find a closed formula for it in
Proposition 7.6. This will be used in the forthcoming paper [KK2] for anal-
ysis on the locally symmetric space I'\SO(8,C)/SO(7,C), see Section 1.4
below.
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1.3. Transfer maps. We now explain how eigenvalues of the two algebras
Z(gc) and Dg(X) are related through a “transfer map”. In the whole section,
we work in the setting of Theorem 1.5.

1.3.1. Localization. We start with some general formalism. Let Z be a max-
imal ideal of Z(tc) and (Z) the ideal generated by dr(Z) in the commutative
algebra D¢ (X). Let

(1.9) qr : Dg(X) — Dg(X)z := Da(X)/(T)
be the quotient homomorphism. Theorem 1.5.(1)—(2) implies the following.

Proposition 1.10. In the setting of Theorem 1.5, for any mazimal ideal T
of Z(tc), the map qz induces algebra isomorphisms
Da(X) — Da(X)z

and
Z(g@)/Ker(qI o df) ;> Dg(X)I.

These isomorphisms combine into an algebra isomorphism
(1.10) 1+ Z(gc)/Ker(gr o df) — Dg(X),
which induces a natural map
¢ : Homeag(D5(X),C) — Homg g (Z(gc)/Ker(qz o df),C)
C Homcag(Z(gc), C).

We note that there is no a priori homomorphism between the two algebras
Z(gc) and Dg(X).

1.3.2. The case of the annihilator of an irreducible representation of K.
When Z is the annihilator of an irreducible representation of K, the map
7 has a geometric meaning, which we formulate below as a “transfer map”.

For each irreducible K-module (7,V;) with nonzero H-fixed vectors, we
consider the isotypic K-module W, := (V.¥)” @V, and form the G-equivariant
vector bundle W, := G xg W, over Y := G/K. The group G acts by trans-
lations on the space C*°(Y, W, ) of smooth sections of this bundle, and we
may view C°(Y,W;) as a subrepresentation via the natural injective G-
homomorphism

ir : C®°(Y,WV,) — C™(X)

(see Section 3.2). In our setting, W, is isomorphic to V; because the sub-
space of H-fixed vectors in 7 is one-dimensional (see Lemma 4.2.(4) and
Fact 3.1.(iv)). The center Z(gc) of the enveloping algebra U(gc) acts on
the space C*°(Y,W;) of smooth sections as differential operators which
are G-invariant, and thus we have an algebra homomorphism into the ring
Dq (Y, W;) of G-invariant differential operators acting on C*°(Y, W;):

VAR Z(g@) — Dg(Y, WT).

We relate joint eigenfunctions for Dg(X) on C°°(X) to joint eigenfunctions
for Z(gc) on C*°(Y, W;) as follows.

Let Z. be the annihilator in Z(fc) of the contragredient representation
7V of 7. We have Ker(qz. o d¢) C Ker(d¢7), and the action of Z(gc) on
C>=(Y, W;) factors through Z(gc)/Ker(gz. o df). The algebra isomorphism
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@z, of (1.10) implies that i, transfers joint eigenfunctions for Z(gc) on the
subrepresentation C*°(Y, W;) to joint eigenfunctions for Dg(X) on C*°(X)
via 7 . Such an algebra isomorphism ¢z, also exists when (é,ﬁ ,G) is
the triple (1.5), see Proposition 7.6. To describe the relation between joint
eigenvalues for D(X) and Z(gc), we introduce “transfer maps”

(1.11) { v(:,7) : Home 41g(Dg(X), C) — Homeag(Z(gc), ©),
' A(+,7) : Home aig(Z(gc)/Ker(dlT), C) — Homg a1g(D5(X), C)

for every 7 € Disc(K/H) by using the bijection (7 as follows:

Homc.a1g(Z(gc), C)

% U

HomC-alg (]D)é (X)7 (C) Lp: Hom(C-alg(Z(g(C)/Ker(QIT © d€)7 (C)
I,
U U
k

Spec(X), Homc.a1g(Z(gc)/Ker(dl™),C)

Here we set

C®(X;M))7 :={F €i-(C™®(Y,W;)) : PF=XP)F VPeDsX)}
and
(1.12)  Spec(X); := {A € Homc.ag(Dg(X),C) : C(X;My), # {0} }.

We shall see (Proposition 4.8) that ¢7 (\) vanishes on Ker(d(™) if A €
Spec(X)r, hence v(A(v,7)) = v for all v € Homc aig(Z(gc)/Ker(de), C)
and A(v(A, 7)) = A for all A € Spec(X)-.

By using the closed formulas in Theorem 1.5.(1)—(2), we find an explicit
formula for the transfer map

v(-,7) = ¢z : Homcag(Da(X), C) — Home ag(Z(gc), C)
in terms of the highest weight of 7 and the Harish-Chandra isomorphisms

~

Homc.aig(Z(gc),C) — ic/Wi(gc),
Homg ¢ (Dg(X),C) — ag/W,
where jc and ac_are certain abelian subspaces of gc and gc, respectively,

and W (gc) and W are finite reflection groups (see Section 4.3 for details).
We note that there is no a priori homomorphism between ac and jc.

Theorem 1.11. In the setting of Theorem 1.5, for any irreducible K -module
T with nonzero H-fized vectors, there is an affine map S. : af. — j& such
that the transfer map

I/(-, 7') : Homc_alg(]D)é(X), (C) — Homc_alg(Z(g(c), (C)

is given by Sr : E&/W — ic/W(gc) via the Harish-Chandra isomorphisms.
This means that for any A € ag. and v € i with v = S-(X) mod W (gc), the
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following two conditions on f € C*(Y,W;) are equivalent:
d(R)f = v(R)f VR € Z(gc),
DG f) = MD)i-f VD € D&(X).

Theorem 1.11 also holds in the case (1.5). We refer to Theorem 4.9 for a
more precise statement. An explicit formula for the affine map - for all 7 is
obtained in Section 6 for each triple (G, H, G) of Table 1.1, and in Section 7
for the triple (1.5).

1.4. Application to noncompact real forms. We may reformulate Theo-
rem 1.3 in terms of complex Lie algebras, as follows. Suppose gc D gc, be, e
are reductive Lie algebras over C such that

gc = gc + be,
bc :=gcNbc C tc C ge.

The ring Déc (é’c / H, c) of é(c—invariant holomorphic differential operators on
the complex homogeneous space Ge / Hg is isomorphic to the ring Dg(G/H)
and does not depend on the choice of connected complex Lie groups CNJC D ﬁ(c
with Lie algebras gc D H@ in our setting, see Theorem 5.2 below. Consider
the following two conditions on the quadruple (gc, gc, E@, tc):
(A) Déc(éc/ﬁ@) is contained in the C-algebra generated by d¢(Z(gc))
and dr(Z(tc));
(B) d¢(Z(gc)) is contained in the C-algebra generated by Dg, (Ge/He)
and dr(Z(¢c)).
Here is an immediate consequence of Theorem 1.3.(1)—(2).

Corollary 1.12. In the setting 1.1, suppose G is simple. Let ¥ be a mazimal
proper Lie subalgebra of g containing b N g. Then conditions (A) and (B)
both hold for the quadruple (gc, gc, bc,éc).

Remark 1.13. In the case (1.5) where G is semisimple but not simple,
condition (B) still holds (Proposition 7.4), but condition (A) fails (Proposi-
tion 7.5).

Since the rings of invariant differential operators depend only on the com-
plexification (see Theorem 5.2), our results hold for any real forms having the
same complexification. In particular, the generators Py, ¢(Qg), and d¢(Ry)
are defined on real forms of X¢ by the restriction of their holomorphic contin-
uation, satisfying the same relations (1.6). Similarly, the relation (1.8) for the
Casimir operators in Corollary 1.7 holds on any real forms of X¢ = 6’@ / ﬁ@.

Let 7 € Disc(K/H). The transfer map v(-,7) of (1.11) gives certain con-
straints on Z(gc)-infinitesimal characters of irreducible G-modules realized
in C*°(Y, W;). We now formulate this more explicitly by using the argument
of holomorphic continuation and the affine map Sr. In the setting of Theo-
rem 1.5, let GC D H@, G, K¢ _be the complexifications of the compact Lie
groups G>o H G, K, and let GR ) HR, GRr, Kr be other real forms. We set
Hg = HRHGR and Xg := Gr/Hg. For simplicity, we assume that Kz = K
and Hg = H, hence Gg acts properly on Xg. We use the same letter W, to
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denote the Gr-equivariant vector bundle over Yg := Gr/Kg, which is given
by the restriction of the holomorphic G¢-equivariant vector bundle W;C over
Yc := Gc/Kc to the totally real submanifold Yg. For A € ji/Wi(gc), we
define the space of joint eigensections for Z(gc) by

C® (Y, Wi M) 1= {f € C®(Ye, Wr) = dl7(2)f = x5 (2)f Vz € Z(gc)},

see (2.10) for the notation of Harish-Chandra homomorphisms. The set of
possible infinitesimal characters for subrepresentations of the regular repre-
sentation C*°(Yr, W;) is defined by

SuppPz () (C% (Y, Wr)) :={A € ic/W(gc) : CF(Yr, Wr; M) # {0}}.
Theorem 1.11 implies the following.

Corollary 1.14. In the setting of Theorem 1.5, for any T € Disc(K/H),
SuppZ(gC)(COO(YR7WT)) - S’T‘(E[E:) mod W(Q(C)a

where Sy : ai. — i is the affine map of Theorem 1.11.

In [KK2|, we shall prove that under condition (B), any irreducible unitary
representation 7 of éR realized in the space D'(XRg) of distributions on Xg
is discretely decomposable when restricted to Ggr, even when Gg is noncom-
pact. Then the relations (1.6) give crucial information for the branching law

of irreducible representations 7 of G restricted to G, using the analysis on
the fiber

(1.13) F = K/H—)XR—>YR=GR/KR.

In subsequent papers, we use the present results to find:

(a) relationships between spectrum for Riemannian locally symmetric spaces
I'\Gr/Kg and spectrum for pseudo-Riemannian manifolds I'\Gg/Hg,
using Theorems 1.3.(2) and 1.11, see [KK2];

(b) explicit branching laws of irreducible unitary representations of Gr (e.g.

Zuckerman’s derived functor modules A4(\)) when restricted to the sub-
group G, using Theorem 1.3.(1), see [KK3].

Thus in both (a) and (b) we obtain results on infinite-dimensional representa-
tions of noncompact groups by reducing to finite-dimensional representations
of compact groups and using Theorem 1.3.

1.5. Remarks. The idea of studying the interaction between harmonic anal-
ysis on homogeneous spaces with overgroups and branching laws of infinite-
dimensional representations goes back to the papers [Kol, Ko2, Ko5|, where
computations were carried out in some situations where G / Hisa symmetric
space of rank one. The work of the current paper was started in the spring
of 2011, as an attempt to generalize the machinery of [Kol, Ko2, Ko5| to
cases where G / H has higher rank, and to find the right general framework
in which such results hold. Our results were announced in [Ko7|.

One important motivation for this paper has been the application to the
analysis on locally pseudo-Riemannian symmetric spaces, as described in
Section 1.4 and in [KK2|. Relations between Casimir operators as in Corol-
lary 1.7 were also announced by Mehdi—Olbrich at a talk at the Max Planck
Institute in Bonn in August 2011.
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Recently Schlichtkrull-Trapa—Vogan put on the arXiv the preprint [STV],
investigating the rank-one cases (i), (iv), (vi), (x) of Table 1.1, and proving
the irreducibility of the representations of the exceptional group Gy(y) in
|[Ko2, Th. 6.4] for the last singular parameters.

1.6. Organization of the paper. Sections 2 to 5 are of a theoretical
nature. Our analysis is centered around the G-equivariant fiber bundle

X =G/H iR G/K. In Section 2 we collect some basic facts on invari-
ant differential operators and explain the diagram (1.3). In Section 3 we
discuss geometric approaches to the restriction of representations of G to
the subgroup G in the space of square integrable or holomorphic sections.
The assumption that X¢ is Ge-spherical implies several multiplicity-freeness
results for representations, not only of GG, but also of G and K. Using this,
in Section 4 we explain a precise strategy for proving Theorems 1.3 and 1.11.

In Section 5 we examine the connected components of H = HNG , and prove
that the subalgebras Dx(X), dr(Z(tc)), and d¢(Z(gc)) are completely de-

termined by the triple of Lie algebras (gc, bc, g¢)-

Sections 6 and 7 are the technical heart of the paper: we complete the
proofs of the main theorems through a case-by-case analysis. In particular,
we find the closed formula for the “transfer map” for simple G in Section 6
in each case of Table 1.1, by carrying out computations of finite-dimensional
representations. Section 7 focuses on the case of the triple (1.5).

Notation. In the whole paper, we use the notation N = Z N [0, +00) and
Ny =7Zn(0,+00). For n € Ny we set

(Zn)z = {(ab'"aan) GZn:al > Zan}
and (N")> := (Z")> NN",

Acknowledgements. We would like to thank the referee for a careful read-
ing of the paper and for very helpful comments and suggestions. We are
grateful to the University of Tokyo for its support through the GCOE pro-
gram, and to the University of Chicago, the Max Planck Institut fiir Mathe-
matik (Bonn), the Mathematical Sciences Research Institute (Berkeley), and
the Institut des Hautes Etudes Scientifiques (Bures-sur-Yvette) for giving us
opportunities to work together in very good conditions.

2. REMINDERS AND BASIC FACTS

In this section we set up some notation and review some known facts
on spherical homogeneous spaces, in particular about invariant differential
operators and regular representations.

Let X = G/H be a reductive homogeneous space, by which we mean that
G is a connected real reductive linear Lie group and H a reductive subgroup
of G. We shall always assume that H is algebraic. The group G naturally
acts on the ring of differential operators on X by

_ % *\—1
g-D={,0Do(ly)",

where £ is the pull-back by the left translation £, : z +— g-z. We denote by
D¢ (X) the ring of G-invariant differential operators on X.
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2.1. General structure of D¢ (X). We first recall some classical results on
the structure of the C-algebra D¢g(X); see [He2, Ch.II| for proofs and more
details. Let U(gc) be the enveloping algebra of the complexified Lie algebra
gc = g ®r C. It acts on C*°(X) by differentiation on the left:

(Y1 Ym)-£)(9) = aatl iy afm

forall Y7,...,Y,, € g,all f € C°(X), and all z € X. This gives a C-algebra
homomorphism

(2.1) d¢: U(ge) — D(X),

f(exp(—tmYm) - - exp(—t1Y1)z)

tm=0

where D(X) is the full C-algebra of differential operators on X. On the other
hand, U(gc) acts on C°°(G) by differentiation on the right:

0 0
(Yi---Ym)- f)(g) = FTA PR rand P f(gexp(tiY1) - - - exp(tmYom))

for all Yq,...,Y,, € g, all f € C*°(G), and all g € G. By identifying C*°(X)
with the set of right- H-invariant elements in C*°(G), we obtain a C-algebra
homomorphism

(2.2) dr: Ulge)? — Da(X),

where U(gc)* is the subalgebra of Adg(H)-invariant elements in U(gc). It
is surjective and induces an algebra isomorphism

(2.3) U(ac)” /U(gc)be N U(gc)” = De(X)

(see [He2, Ch.II, Th.4.6]).

Since the center Z(gc) is contained in U(gc)®, the homomorphisms d¢
and dr of (2.1) and (2.2) restrict to homomorphisms from Z(gc¢) to Dg(X).
To see the relationship between them, consider the inversion g — ¢g~! of G.
Its differential gives rise to an antiautomorphism 7 of the enveloping algebra
U(gc), given by Y1 -+ Yy, — (=Yy,) -+ (Y1) for all Y1,...,Y,, € gc. This
antiautomorphism induces an automorphism of the commutative subalgebra
Z(gc). The following is an immediate consequence of the definitions.

Lemma 2.1. We have d¢on = dr on Z(gc).

2.2. Spherical homogeneous spaces. Recall the following two character-
izations of spherical homogeneous spaces, in terms of the ring of invariant
differential operators (condition (ii)) and in terms of representation theory
(condition (iii)). For a continuous representation m of G, we denote by
Homg (7, C*°(X)) the set of G-intertwining continuous operators from 7 to
C>(X).

Fact 2.2. Suppose X = G/H is a reductive homogeneous space. Then the
following conditions are equivalent:
(i) Xc = Ge/Hc is Ge-spherical;
(ii) the C-algebra Dg(X) is commutative;
(117) dim Homg (7, C*° (X)) is uniformly bounded for any irreducible repre-
sentation m of G.
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For (i) < (ii), see e.g. [V]; for (i) < (iii), see [KO].

If X¢ = G¢/Hc is Ge-spherical, then by work of Knop [Kn| the ring
D¢ (X) is finitely generated as a Z(gc)-module, and there is a C-algebra
isomorphism
(2.4) U Dg(X) = S(ac)",
where S(ac)" is the ring of W-invariant elements in the symmetric algebra
S(ac) for some subspace ac of a Cartan subalgebra of gc and some finite
reflection group W acting on ac. In particular, Dg(X) is a polynomial
algebra in r generators, by a theorem of Chevalley (see e.g. [Wa, Th. 2.1.3.1]),
where

r := dimc ac

is called the rank of G/H, denoted by rank G/H. A typical example of
a spherical homogeneous space is a complex reductive symmetric space; in
this case the isomorphism Dg(X) ~ S(ac)" is explicit, as we shall recall in
Section 2.4.

2.3. A geometric interpretation of the subalgebra dr(Z(tc)). Let K
be a connected reductive subgroup of GG containing H. The reductive homo-
geneous space X := G/H fibers over G/K with fiber F':= K/H. There is a
natural injective homomorphism

(2.5) L:Dg(F) — Dg(X)
defined as follows: for any D € Dk (F), any f € C*°(X), and any g € G,

(2.6) (D) f)lgr = ((6) ™" 0 Do ) (flgr),

where £, : X — X is the translation by g and £; : C*°(X) — C*°(X) the
pull-back by ¢,. Note that in (2.6) the right-hand side does not depend on
the representative ¢ in gF since D is K-invariant. Thus ¢(D) is defined
“along the fibers gF of the bundle X = G/H — G/K”, and makes the
following diagram commute for any g € G (where the unlabeled horizontal
arrows denote restriction).

C>(X) C>(gF) C(F)
i «(D) \L D
C>(X) C®(gF) —'— C(F)

Similarly to (2.2), we can define a map

(2.7) drp : U(te)? — Dy (F).
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In particular, drp is defined on the center Z(fc) of the enveloping algebra
U(tc). The following diagram commutes.

Z(tc) — U(gc)”

|arr |ir

Dy (F) ——— Dg(X)

2.4. The case of reductive symmetric spaces. Reductive symmetric
spaces are a special case of spherical homogeneous spaces, and the results of
Section 2.2 are known in a more explicit form in this case, as we now explain.
We also collect a few other useful facts on symmetric spaces.

Note that in most cases of Table 1.1, both G/H and F = K/H are
symmetric spaces; in Section 4, we shall apply the present results to G / H
and F instead of X = G/H, replacing (a C j, W, W(gc),p = pa + pm) with
(a cj,W, W(ac)v :5: Pa + pﬁl) and (aF Cik,Wr, W(EC)J)E = Pap T me)'

Suppose that X = G/H is a reductive symmetric space, i.e. H is an open
subgroup of the group of fixed points of G under some involutive automor-
phism o. Let g = b + q be the decomposition of g into eigenspaces of do,
with respective eigenvalues +1 and —1. Fix a maximal semisimple abelian
subspace a of ¢; we shall call such a subspace a Cartan subspace for the sym-
metric space G/H. Let W be the Weyl group of the restricted root system
Y(gc, ac) of ac in gc. There is a natural C-algebra isomorphism

(2.8) ¥ Dg(X) = S(ac)V

as in Section 2.2, known as the Harish-Chandra isomorphism. Any v € af/W
gives rise to a C-algebra homomorphism

Xy Da(X) — C
D — (¥(D),v).
We extend ac to a Cartan subalgebra jc of gc and write W (gc) for the Weyl
group of the root system A(gc,ic).
Harish-Chandra’s original isomorphism concerned a special case of reduc-

tive symmetric spaces, namely group manifolds (G x G)/Diag(G) ~ G. In
this case the isomorphism amounts to

(2.9) & : Z(gc) ~ Daxa(G) —> S(ic)"V o).

Any X € ji&/W(gc) induces a C-algebra homomorphism x§ : Z(gc) — C,
and we have a natural description of the set of maximal ideals of Z(gc) as
follows:

(2.10) it/W(gc) — Homc.ag(Z(gc),C)
A — Xf.
We now discuss the relationship between x;X and Xf.
Fix a positive system AT (gc,jc) of roots of jc in gc and let T (gc, ac)

be a positive system of restricted roots of ac in g¢ such that the restriction
map « — ol sends AT (ge,jc) to X1 (g, ac) U {0}. We set tc := jc N be.
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Then we have a direct sum decomposition jc = tc + ac. Let p, (resp. p) be
half the sum of the elements of X7 (gc, ac) (resp. At (gc,jc)), counted with
multiplicities, and let py := p — pa. Then p = pyn + pa € i =t +ag. The
pm-shift map v — v + py from ag to j¢ induces a map

(2.11) T :ag/W —ic/W(gc),

which is independent of the choice of the positive systems. The relationship
between ;X and Xf is then given as follows.

Lemma 2.3. For any v € ai./W, the following diagrams commute.

Z(gc) % S(ic)"W (o) Z(gc) % S(jc) W (ee)
X?T(V) Xg(l’)
de C dr C
24 2
Da(X) — S(ac)V Da(X) —— S(ac)

Proof. For the left diagram, see [Hel| or [Wa, Ch. 2, § 1.5]. The commutativ-
ity of the right diagram follows from that of the left and from Lemma 2.1. [

The following fact is due to Helgason [Hel].

Fact 2.4. If G is a classical group, then T is injective and the C-algebra
homomorphisms d¢ : Z(gc) — Dg(X) and dr : Z(gc) — Da(X) are surjec-
tive.

The Cartan—Weyl highest weight theory establishes a bijection between
irreducible finite-dimensional representations of gc and dominant integral
weights with respect to the positive system AT (gc,ijc):

Rep(gc, A) «— A.

When it exists, we denote by Rep(G, \) the lift of Rep(gc, A) to the con-
nected compact group G. Among such representation, the irreducible finite-
dimensional representations with nonzero Hc-fixed vectors are characterized
by the following theorem of Cartan-Helgason (see e.g. [Wa, Th. 3.3.1.1]):

Fact 2.5 (Cartan—-Helgason theorem). Suppose X = G/H is a compact
reductive symmetric space, and let X € ji. be a dominant integral weight with
respect to A1 (gc,jc)-
(1) The representation Rep(gc, A\) has a nonzero he-fized vector if and
only if
(A, )
(a,a)

(2.12) At =0 and €N Vae€ X (gc,ac).

In this case, the space of hc-fized vectors in Rep(gc, A) is one-dimen-
sional, and we shall regard X as an element of af. since A = 0.
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(2) Suppose A satisfies (2.12). Then Rep(gc, A) lifts to a representa-
tion Rep(G,\) of G if and only if X € af. lifts to the compact torus
expa (CG). In this case, if H is connected, then the G-module
Rep(gc, A) is realized uniquely in the reqular representation C*°(X).

(3) The algebra Dg(X) acts on Rep(ge, A) by the scalars X§+pa‘

2.5. A surjectivity result. In the general setting of Theorem 1.5, we ob-
serve the following.

Lemma 2.6. In the setting 1.1, suppose that G is simple or that the triple
(G,H,G) is (1.5), and let K and F = K/H be as in Theorem 1.5 or Re-
mark 1.4. Then the homomorphisms

s Z(E@)—)Dé(X),

drp : Z(kc) — Dg(F)
of (2.1) and (2.7) are surjective.

Proof. Suppose Gis simple. It follows from the classification of Table 1.1 that
G/H is always a classical symmetric space, except in cases (viii) and (ix),
where G/H = SO(7)/Go(-14), and in cases (xi) and (xiii), where G/H =
SO(8)/Spin(7). Similarly, F' = K/H is always a classical symmetric space
or a singleton, except in case (v)’, where

F=((Sp(n)xSp(1))-U(1))/(Sp(n)-Diag(U(1))) ~ (Sp(1)xU(1))/Diag(U(1)),

in case (viii), where F' = (SO(4) x SO(2))/ts(U(2)) (see Section 6.8 for the
definition of 1g), and in the example of Section 7, where F' = Spin(7)/G(_14)-
Thus, by Fact 2.4, we only need to prove that d¢ : Z(gc) — Dg(X) is
surjective in the following four cases:

(1) X =G/H =S0(7)/Gy—14);

(2) X = G/H = S0O(8)/Spin(7);

(3) X = G/H = (Sp(1) x U(1))/Diag(U(1));

(4) X = G/H = (30(4) x S0(2)) /15(U(2)).
For (1) we see from Lemma 4.12 and Lemma 6.11.3.(3) below that D¢g(X)
is generated by the Casimir operator. For (2) we reduce to the classical
symmetric space SO(8)/SO(7) by taking a double covering and using the
triality of Dy (see Section 6.7). For (3) we note that Dg(X) is generated by
the Casimir operators of Sp(1) and the Euler operator of U(1). For (4) we
see from Lemmas 4.12 and 6.8.3.(5) below that Dg(X) is generated by the
Casimir operator of SO(4) and the Euler operator of SO(2).

Suppose (é, H, G) is the triple (1.5). Then X = é/ﬁ[ is a direct product

of two copies of Spin(8)/Spin(7), and F' = K/H = Spin(7)/Gy(_14), hence
both df and dry are surjective. O

3. ANALYSIS ON FIBER BUNDLES AND BRANCHING LAWS

In this section, we collect some useful results on finite-dimensional repre-
sentations of compact groups. A similar approach will be used in [KK2]| to
deal with infinite-dimensional representations of noncompact groups; this is
why we use the terminology of discrete series representations here.
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3.1. Discrete series representations. Let G be a unimodular Lie group
and H a closed unimodular subgroup. The homogeneous space G/H carries
a G-invariant Radon measure. Recall that an irreducible unitary represen-
tation 7 of G is called a discrete series representation for X = G/H if there
exists a nonzero continuous G-intertwining operator from 7w to the regular
representation of G on L?(X) or, equivalently, if 7 can be realized as a closed
G-invariant subspace of L?(X). Let G be the unitary dual of G, i.e. the set of
equivalence classes of irreducible unitary representations of G. We shall de-
note by Disc(G/H) the subset of G consisting of unitary equivalence classes
of discrete series representations for G/H.

We now assume that G is compact. Then any 7 € G is finite-dimensional.
By the Frobenius reciprocity theorem, Disc(G/H) is the set of equivalence
classes of irreducible finite-dimensional representations m of G with nonzero
H-fixed vectors. Furthermore,

dim Homg (m, L*(X)) = [x|g : 1] := dim V7,

where V.1 is the subspace of H-invariant vectors in the representation space
Vr of m. Here is a version of Fact 2.2 for compact G.

Fact 3.1. Let G be a connected compact Lie group. Then the following
conditions on (G, H) are equivalent:
(i) Xc = Gc/Hc is Ge-spherical;
(i) the C-algebra Dg(X) is commutative;
(11i) the discrete series for G/H have uniformly bounded multiplicities;
(tv) G/H is multiplicity-free (i.e. all discrete series for G/H have multi-
plicity 1).

For (i) < (iv), see [VK]; for (iii) < (iv), see [Krl].

When X = G/H is a reductive symmetric space, the set Disc(G/H) is
described by the Cartan-Helgason theorem (Fact 2.5.(2)). For nonsymmetric
spherical X = G/H with G simple, the set Disc(G/H) was determined by
Kréamer |[Kr2|. We shall consider nonsymmetric spherical X = G/H with an

overgroup G as in Table 1.1 (where G is not necessarily simple); in this case,
the description of Disc(G/H) is enriched in Section 6 by a description of the
branching laws of representations for the restriction G | G.

3.2. A decomposition of L?(X) using discrete series for a fiber. Let
G be a compact connected Lie group and H ,G two connected subgroups
of G such that G = HG. Let H := H N G and let K be a connected
subgroup of G containing H (see Proposition 5.5 for later applications). The
space X := G/H fibers over Y := G/K with fiber F' := K/H. For any
finite-dimensional (complex) irreducible representation (7, V;) of K, we set

W, =V, @ (V) ~V, @¢c Ch,

where (7V,V,Y) is the contragredient representation and ¢, := [7|y : 1] € N;
by definition, ¢, # 0 if and only if 7 € Disc(K/H). The matrix coefficient

(3.1) W, 2u@v — (1(-) " tu,v') = (u, 7V( ') € C°(K)
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induces an injective K-homomorphism W, — C*°(K/H), yielding the iso-
typic decomposition

K/~ ST W,
T€Disc(K/H)

of the regular representation of K on L?(K/H). (Here S.% denotes the
Hilbert completion of the algebraic direct sum.) For any 7, let L2(Y, W;)
be the Hilbert space of square-integrable sections of the Hermitian vector

bundle
W, = G XgW, — Y.

The group G naturally acts on L?(Y,W;) as a unitary representation, the
regular representation. The Hilbert space L?(Y, W; ) identifies with the space
of square-integrable, K-equivariant maps G — W;. (Here the action of K
on G is by right translation.) The K-homomorphism W, — C*(K/H)
induces a (G x K)-homomorphism C* (G, W;) — C*(G,C*(K/H)), where
G x K acts on the domain C*°(G, W;) viaid x diag : G x K — G x G x K.
Taking K-invariant elements yields a G-homomorphism

i CXY,W,)  — C>(X)
12 2
Co(G,W)E — C®(G,C®(K/H))X.

Since the map C*° (G, W;) — C*(G,C*(K/H)) is a (K x H)-homomorphism,
it commutes with the infinitesimal action of U(gc) ® U (£c), hence in partic-
ular of Z(gc) ® Z(tc). This action preserves K-invariant elements. Thus for
any Q' € Z(tc), any R € Z(gc), and any ¢ € L2(Y,W,;) N C>®(Y, W),

ar(Q)(i-(¢)) = i(dr(Q)¢),
A(R)(i-(9)) = i(dU(R) ).

Here V' : U(tc) — U(tc) denotes the anti-automorphism of the enveloping
algebra induced by tc — tc, z — —z. The restriction to Z(£c) is actually
an automorphism because Z(€¢) is commutative.

With appropriate normalizations of the G-invariant measures on Y =
G/K and X = G/H, this defines an isometric embedding

(3.2) i LAY, WV,) — L*(X)

of Hilbert spaces. The embeddings i, induce a unitary operator

(3.3) i S 2w S LX),
T€Disc(K/H)

3.3. Application of the Borel-Weil theorem to branching laws. In
this section we give an upper estimate for possible irreducible summands in
branching laws by using a geometric realization of representations via the
Borel-Weil theorem and the analysis of the conormal bundle for orbits of
the subgroup. The results here will be used in the proofs of Lemmas 6.6.3
and 7.7.
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Let G be a connected compact Lie group with Lie algebra g. There exists
a unique complex reductive Lie group G¢ with Lie algebra gc := g ®r C
such that G is a maximal compact subgroup of Ge.

Given an element A € y/—1g, we define the subalgebras n¢ = nc(A),
lc = lc(A), and n;z = n:(A) as the sum of the eigenspaces of ad(A4) with
positive, zero, and negative eigenvalues, respectively. We say that A is the
characteristic element of the parabolic subalgebra pc := ¢ + n¢. The oppo-
site parabolic subalgebra is denoted by ps := lc +ng. We write Pc = LcNe
and Py = LcNg for the parabolic subgroups of G¢ with Lie algebras pc
and pg, respectively.

We take a Cartan subalgebra jc of gc, and fix a positive system A (g, ic).
The parabolic subagebra pc is called standard if the characteristic element
A € j¢ is dominant with respect to AT (gc,ic).

For a holomorphic finite-dimensional representation (o, V') of Pz, we form
a Gc-equivariant holomorphic vector bundle

V:zG@ XP(EV

over the (partial) flag variety G'c /P . We shall write £y for V if (o, V) is a
one-dimensional representation whose differential restricted to jc is given by
A € ji. There is a natural representation of Gi¢c on the space O(G¢/FP,V)
of holomorphic sections of the bundle V — G¢ /Py, which is irreducible
or zero whenever (o,V) is irreducible as a Pz -module. More precisely, if
(0,V) is an irreducible representation of Lc with highest weight p € j¢ for
AT (Ic,ic) == A(lg,jc) N AJr(g(c,j(c) extended to Pc = LcNg with trivial
N -action, then the Borel-Weil theorem gives the following isomorphism of
Ge-modules:
_ Rep(G if g1 is AT jc)-dominant
O(Ge/Fg, V) ~ { {0}p( e otﬁerwise.(GQJC) ,

We now apply this geometric realization of finite-dimensional representa-
tions to obtain an upper bound for possible irreducible representations that
may occur in the restriction of representations. From now, we consider a
pair of complex reductive Lie groups G¢ C é(c. We use a parabolic sub-
group of CNJ(C that has the following compatibility property with Gc.

Definition 3.2 ([Ko6, Def.3.7]). Let gc C gc be a pair of reductive Lie
algebras. A parabolic subalgebra pc of gc is gc-compatible if pc is given by
a characteristic element A in gc.

We shall also say that a parabolic subgroup 15@ of éc is G¢-compatible if
its Lie algebra pc is gc-compatible, where G is a reductive subgroup of G¢
with Lie algebra gc. If pc = Ic + nc is the Levi decomposition given by a
characteristic element A in gc, then pc := pc N ge is a parabolic subalgebra
of gc with Levi decomposition

pc = lc +nc = (IcNge) + (nc Nge).

Since the holomorphic cotangent bundle of the flag variety Ge / ﬁ(c_ is given
as the homogeneous vector bundle

é(c Xﬁc_ E(E — G¢/Fg,
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the holomorphic conormal bundle for the submanifold G¢/Pr — é@ / ﬁ(c_ is
given by

G c/Ps (G(C/P ):Ker(T*(éC/ﬁ(c_)‘Gc/pc— — T*(GC/P(C_))

~ G % p (g /ng).

Since a holomorphic section is determined by its restriction to a subman-
ifold with all normal derivatives, we obtain the following upper estimate
for possible irreducible representations of the subgroup G¢ occurring in the
branching law of the restriction of representations.

Proposition 3.3. Let G@ D Gg¢ be a pair of connected complex reductive
Lie groups, and let P(C be a Gc-compatible parabolic subgroup of G(c For
any GC equivariant holomorphic vector bundle V over G(C/P , we have an
injective Ge-homomorphism

0(Ge/Pz, V)|, <—>@ O(Ge/PZ Vg, p © S /n5)),
=0

where St(ng /ng) =~ Ge X pr St(ng /ng) is the (-th symmetric tensor bundle
of the holomorphic conormal bundle.

Applying Proposition 3.3 to the pair G¢ C G¢ X G, we obtain the fol-
lowing upper estimate for possible irreducible representations occurring in
the tensor product representations.

Proposition 3.4. Let Pc and Q¢ be standard parabolic subgroups of a con-
nected complex reductive Lie group Gc. Suppose that \,v € ji. are dominant
with respect to AT (gc,jc) and that they lift to one-dimensional holomorphic
characters of the opposite parabolic subgroups Py and Q¢ , respectively. Then
we have an injective Go-homomorphism

+oo
O(Ge/Pg, £2)®0(Ge/Qg, Ly) C @O(G@/(P(EHQ(E),£A+V®Se(n6ﬂu(g)>,
=0
where ng and ug are the nilpotent radicals of the parabolic subalgebras pg
and qc, respectiely, and Sz(n(E Nug) is the Ge-equivariant holomorphic
vector bundle G¢ X prnaz St(ng Nug) over the flag variety Ge/(Pz NQg).

4. GENERAL STRATEGY FOR THE PROOF OF THEOREMS 1.3 AND 1.5

In this section we give a method for finding explicit relations among three
subalgebras of Dg(X). The basic tools are finite-dimensional representations
and their branching laws, looking at the function space L?(X) in two different
ways. The key point, under the assumption that X¢ is G¢-spherical, is the
existence of a map ¥ — (7(¥), 7(¢¥)) relating discrete series representations
for G/H, G/H, and K/H via branching laws, see Proposition 4.1 below.
We summarize the precise steps of the proof of Theorems 1.3 and 1.5 in
Section 4.5, and that of Theorem 4.9 (hence of Theorem 1.11) in Section 4.6.
The explicit computations will be carried out case by case in Section 6 for
G simple, and in Section 7 in the case (1.5) where G is not simple.
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4.1. A double decomposition for L?(X). We use branching laws for the
restriction G | G to derive explicit relations among the generators of D (X),
t(Dg(F)), and d¢(Z(gc)). Let us explain this idea in more detail.

We decompose the regular representation on L?(X) into irreducible G-
modules in two different ways. The first way is to begin by decomposing the
regular representation L2(X) ~ L2(G/H) into irreducible G-modules, then
use branching laws G| G asin [Kol, Ko2|:

2x) =~ Y7 myiin

neDisc(G/H)

@
(4.1) ~ Y (@ (7|5 : 1] [7]G : 0] 19),
n€Disc(G/H) \9eq
where [7|g : 9] := dimHomg(¥, 7|g) > 0 is the dimension of the space of

G-intertwining operators from 1 to the restriction of 7 to G. The second
way is to expand functions on X along the fiber, and decompose L?(X) =
L?*(G/H) using the unitary operator (3.3), and then to further decompose
each summand into irreducible G-modules:

) =~ Y7 2w

T€Disc(K/H)
@ @
(4.2) ~ ) <Z [7|m < 1] [ﬁ\K;Tw>,
T€Disc(K/H) \ye@G

where [J|x: 7] = dim Homg (7, 9| k) € N.

We compute the action of d¢(Z(gc)) and d¢(Z(gc)) on each summand ¢
of (4.1), and the action of dr(Z(tc)) and d¢(Z(gc)) on each summand ¥ of
(4.2). These actions can be compared explicitly (see Proposition 4.6 below) if
each 1) appears only once in L?(X), which is the case if X¢ = G¢/Hg is G-
spherical (Fact 3.1). Using this method and applying Lemma 2.3 to G and K,
we find explicit linear relations among the generators of Dg(X), dr(Z(tc)),
and d¢(Z(gc)), in particular among the Casimir operators d¢(Cg), dr(Ck),
and d/(Cq).

4.2. Sphericity and strong multiplicity-freeness. We now give a method
to find relations among generators of the three algebras d¢(Z(gc)), dr(Z(tc)),
and d¢(Z(gc)), using finite-dimensional representations.

A key tool is the following canonical map.

Proposition 4.1. In the setting 1.1, let K be any connected subgroup of G
containing H. If Xc = G¢/Hc is Ge-spherical, then there exists a map

(4.3) Disc(G/H) — Disc(G/H) x Disc(K/H)
v — (m(9), 7(9))
such that [1(9)|g : 9] = [V K : 7(¥)] =1 for all ¥ € Disc(G/H).
We note that in our setting, Disc(G/H), Disc(G/H), and Disc(K/H) are
free abelian semigroups, and their numbers of generators satisfy
rank G/H = rank G/H + rank G/H
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by Corollary 1.6.

Proposition 4.1 is an immediate consequence of points (3) and (6) of the
following lemma, which summarizes some consequences of the Ge-sphericity
of X¢ in the presence of an overgroup Gc.

Lemma 4.2. In the setting of Proposition 4.1,

(1) X¢ is Ge-spherical;

(2) for any m € Disc(G/H), the restriction |q is multiplicity-free (i.e.
(7l : 9] =1 for all¥ € G);

(3) for any 9 € Disc(G/H) there is a unique element w(9) € Disc(G/H)
such that [7(9)|q : 9] = 1;

(4) Fc = Kc/Hc is Kc-spherical;

(5) [0k:7] <1 for all¥ € G and T € Disc(K/H);

(6) for any ¥ € Disc(G/H) there is a unique element T() € Disc(K/H)
such that [V|k : 7(9)] = 1.

Proof of Lemma 4.2. Decompose L?(X) into irreducible G-modules as in
(4.1) and (4.2). Since X¢ is Gc-spherical, Fact 3.1 implies that these de-
compositions are multiplicity-free. In particular, [z : 1] = 1 for all
7 € Disc(G/H) and [r]g : 1] = 1 for all 7 € Disc(K/H), and so (1) and (4)
hold by Fact 3.1. Moreover, for any v € CA}, by considering the multiplicities
of ¥ in the regular representation on L?(X) in (4.1) and (4.2), we see that

Yo Ime:vl= ) Wkl <1,

neDisc(G/H) r€Disc(K/H)

and the inequality is an equality if and only if ¥ € Disc(G/H). This implies
(2), (3), (5), and (6). O

Remark 4.3. Lemma 4.2 implies that if X¢ = G¢/Hc is Ge-spherical, then
the double summation (4.1) may be thought of as a strong multiplicity-free
branching law, in the sense that the restriction 7|g is multiplicity-free and
that the irreducible summands make up a disjoint union as 7 ranges over
Disc(G/H). A similar interpretation holds for (4.2).

Via the multiplicity-free decomposition

(4.4) 2x)~ 379

¥€Disc(G/H)

given by Lemma 4.2, we can diagonalize any G-endomorphism of L?(X) by
Schur’s lemma. This idea may also be applied to G-invariant differential op-
erators on X, and the map 9 — (7(19), 7(¢)) of Proposition 4.1 may then be
interpreted in terms of spectral data, which provide useful information in an-
alyzing the three subalgebras D5(X), dr(Z(tc)), and dé(Z(gc)) of Da(X).
To be more precise, we recall that the center Z(gc) acts on the representa-
tion space of any ¥ € G as scalars by Schur’s lemma, yielding a C-algebra
homomorphism

\I/g : Z(g(c) — C
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(Z(gc)-infinitesimal character). Similarly, to any 7 € G corresponds a
Z(3c)-infinitesimal character U : Z(gc) — C, and to any 7 € K a Z(kc)-
infinitesimal character ¥, : Z(¢c) — C. We denote by v : U(tc) — U(tc)
the antiautomorphism of the enveloping algebra induced by t¢ — #c,
Z — —Z. Tts restriction to the center Z(£c) of U(fc) is an automorphism
since Z(tc) is commutative. We have

U (Q) = 9.(Q")
for all Q" € Z(tc), where 7V is the contragredient representation of 7.
Using the canonical map ¥ — (7(9),7(¢)) of Proposition 4.1, we can re-
duce the question of finding explicit relations among G-invariant differential
operators on X to the simpler question of finding identities among polyno-
mials via the evaluation at ¥ € Disc(G/H), by the following proposition.

Proposition 4.4. Let G be a connected compact Lie group and X = G/H
where is H a closed subgroup of G, such that Xc = G¢/Hc is Ge-spherical.
(1) There is a map
Y : Disc(G/H) x Dg(X) — C

such that any D € Dg(X) acts on the G-isotypic subspace Uy of ¥
in C*(X) by the scalar (9, D). Moreover, ¢ induces an injective
algebra homomorphism

(4.5) ¥ : Dg(X) — Map(Disc(G/H),C).

(2) Suppose that X ~ é/ff for some connected compact overgroup G
of G. Let K be a connected subgroup of G containing H. Then

Y9, de(P)) = \Ilw(ﬁ)(P’) for all P' € Z(gc),
$(0,dr(Q)) = Tr(p)(Q") for all Q' € Z(¥c),
P(9,d0(R)) = Uy(R) for all R € Z(gc).

Proof. (1) All differential operators D € Dg(X) preserve each G-isotypic
subspace Uy. Since X¢ is Ge-spherical, Uy is an irreducible G-module. By
Schur’s lemma, D acts on Uy by a scalar, which we denote by ¥(D, ) € C.
This gives the desired map 1. Since the action of Dg(X) on C®(X) is
faithful, and since @yepise(q/a) U 18 dense in C>°(X), the induced map ¥
is injective.

(2) For any R € Z(gc) the operator d/(R) € Dg(X) acts on Uy by the
scalar Wy(R). By definition (4.3) of 7(¥), the G-module Uy occurs in the
G-irreducible module 7(19), and so for any P’ € Z(§c) the operator d{(P') €
Dg(X) acts on Uy by the scalar W, () (P'). By definition (4.3) of 7(¢J), we
have Uy C i.(9)(C®(Y, W,))), and so for any Q" € Z(tc) the operator
dr(Q') € Dg(X) acts on ¥ by the scalar ¥, yyv(Q') = \IJT(,&)(Q/\/). O
Remark 4.5. In the setting of Theorems 1.3 and 1.5, by a natural parametri-
zation of Disc(G/H) by a certain semilattice in a*, we may regard (4.5) as an

algebra homomorphism from D¢ (X) into the algebra of polynomials on ag.
See Lemma 7.8 below for an example.

The next proposition follows immediately from Proposition 4.4.
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Proposition 4.6. Suppose X¢c = G¢/Hc is Ge-spherical. If P' € Z(gc),
Q' € Z(tc), and R € Z(gc) satisfy

(4.6) o) (P) 4+ W9 (Q) + Uy(R) =0
for all ¥ € Disc(G/H), then d¢(P") + dr(Q'") + d¢(R) = 0 in Dg(X).

In most cases of Table 1.1, we will be in the following situation: X¢ =
Gc/Hg is Ge-spherical and both G/H and K /H are symmetric spaces. Then
we can reformulate Proposition 4.6 in terms of Dg(X) and Dk (F) instead
of Z(gc) and Z(tc), as follows. Let a (resp. ar) be a Cartan subspace for
the symmetric space G/H (resp. K/H) (see Section 2.4). By the Cartan—
Helgason theorem (Fact 2.5), for any ¢ € Disc(G/H) there exist A(9) € ag
and p(9) € (a},)c such that 7(0) = Rep(G, A(¥)) and 7(9) = Rep(K, (V).
By Lemma 2.3, for any P’ € Z(gc) and Q' € Z(tc) we have

(4.7) Ve)(P') = Xagg)sp, © AP,
U (Q) = X,f(,g)+qu odr(Q).

In Section 6, we extend the formula (4.7) to the cases where G/H is nonsym-
metric, see (6.7.2) and (6.8.3). Thus Proposition 4.6 yields the following.

Proposition 4.7. Suppose that X¢c = G¢/Hc is Ge-spherical and that K /H
is a symmetric space. If P € Dx(X), Q € Dg(F'), and R € Z(gc) satisfy

Xag)+ps(P) + Xf(ﬁ)eraF (Q)+VYy(R) =0
for all ¥ € Disc(G/H), then P+ +(Q) + d¢(R) = 0 in Dg(X).

4.3. The transfer map v(-,7). Let 7 € Disc(K/H). Recall from Sec-
tion 1.3 that the transfer maps
{ v(,7): Hom(C—alg(]D)@(X)a C) — Hom(C—alg(Z(g(C)v 0),
A(-,7) : Home_aig(Z(gc) /Ker(d(™),C) — Homc_alg(ID)é(X), C)

of (1.11) are induced from a bijection
(48) 90%7. : HomC-alg (]D)é (X)a C) L> HomC-alg (Z(QC)/Ker(QIT o d£)7 C)a

where Z; is the annihilator of 7V in Z(£¢); see the commutative diagram in
Section 1.3.2. Such a bijection 7 exists in the setting 1.1 when G is simple

by Proposition 1.10, and also in the case (1.5) where G is a direct product
of simple Lie groups by Proposition 7.10.

Theorem 1.5.(1)~(2) for G simple and Proposition 7.4 for G a product
imply that the transfer maps v(-,7) and A(+, 7) are inverse to each other, in
the following sense.

Proposition 4.8. In the setting 1.1, suppose that G is simple or (C:', H, G)
is the triple (1.5). Let K be a mazimal connected proper subgroup of G
containing H if b is not a maximal proper subalgebra of g, and K = H
otherwise. Let T € Disc(K/H).

(1) If X € Spec(X), (see (1.12)), then 7 (A) vanishes on Ker(dfT).
(2) We have v(A(v,7)) = v for all v € Homc.aig(Z(gc)/Ker(de),C)
and A(v(\, 7)) = A for all X € Spec(X);.
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Proof. (1) Let A € Spec(X),. Consider a nonzero F' € C*(X;M,),, and
write F' = i.(f) where f € C®(Y,W,). By Theorem 1.3.(1) for G simple and
Proposition 7.4 for the triple (1.5), for any R € Z(gc) there exist P; € D(X)
and Q; € Z(tc), 1 < j < m, such that

dU(R) =} _dr(Q;) P,

in D¢ (X). By definition (1.10) of ¢z, , we have o7 (A)(R)=3_; UK (Q;) A\(P),
because

ir(AC7(R)f) = AT (R)F = ) Wi (Q)A(P) F = @ ((R) F.

Therefore, if d¢"(R) = 0, then ¢ (\)(R) = 0 because F' is nonzero.
(2) This follows readily from (1) and from the definition of v(-,7) and
A(+,7) in Section 1.3.2. O

In the rest of this section, we give a description of the map (4.8) that relates
joint eigenvalues for D5(X) and for Z(gc), by introducing an affine map
S; 1 ag — j¢; in this way, we give a more precise version of Theorem 1.11.
This description is given via the Harish-Chandra isomorphism, which we
recall now. o

For a symmetric space X = G/H, the Harish-Chandra isomorphism ¥ of
(2.4) gives an identification
(4.9) U*an /W= Homg_a15(D5(X), C),
where W is the Weyl group of the restricted root system X (gc, ac). There are
a few cases where X¢ = éc / I;T(c is a nonsymmetric spherical homogeneous
space such as X¢ = SO(7,C)/G2(C), and in Section 6 we give an explicit
normalization of the identification (4.9) in each case of Table 1.1, see (6.7.2)
and (6.8.2) below.

The Harish-Chandra isomorphism ® of (2.9) for the group manifold G¢
gives an identification

o : )(E/W(g((:> ;> Hom(C-alg(Z(gC)> (C)7

where jc is a Cartan subalgebra of gc and W (gc) the Weyl group of the root
system A(gc,jc).

Let d? : Z(gc) — Dg(X) be the natural C-algebra homomorphism (see
(1.2)). Recall from Section 1.3 that d¢7 : Z(gc) — Dg(Y,W;) is a C-
algebra homomorphism into the ring of matrix-valued G-invariant differential
operators on C*(Y, W;), for 7 € Disc(K/H).

Theorem 4.9. In the setting 1.1, suppose that either G is simple, or G =
‘G x'G and H = Hy X Hy and G = Diag('G) = {(g9,9) : g € ‘G} for
some simple Lie group ‘G and some subgroups Hy and Hy. Let K be a
mazimal connected proper subgroup of G containing H if b is not a mazximal
proper subalgebra of g, and K = H otherwise. We set Y = G/K, and let
7 € Disc(K/H). Then

(1) the ring Dg(X) preserves the subspace i(C*° (Y, W;)) of C(X);
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(2) for f € C®(Y,W;), the function i.(f) € C®(X) is a joint eigen-
function for D5 (X) if and only if f is a joint eigenfunction for Z(gc)
via A7 ;

(3) the joint eigenvalues for Ds(X) and Z(gc) on i, (C(Y,W:)) in (2)
are related via the transfer map

v(-,7) : Homg ag(Dgs(X), C) — Home aig(Z(gc), C)

in the sense that for any A € Homc.1(Dg(X), C), the following two
conditions on f € C®(Y, W) are equivalent:

A (R)f =v(\7)(R)f  VRe Z(gc),
D(irf) = (D) irf VD € Dg(X);

(4) there exists an affine map Sr : af — j& such that the following
diagram commutes.

-~ Sy .

(4.10) ac it
as/W /W (gc)
v* o*

Hom(C—alg (Dé (X)a (C) e HomC—alg(Z(gC)7 (C)

v(-,7)

We give a proof of Theorem 4.9.(1)—(3) in Section 4.6, postponing the proof
of Proposition 1.10 and its counterpart for the product case (é,ﬁ, G) =
(‘G x'G, Hy x Hy,Diag('G)) (Proposition 7.10) until Sections 6 and 7. We
note that by the classification of Proposition 7.2 below, the product case
essentially reduces to the triple (1.5).

An explicit formula for the affine map S; is given in Section 6 for simple G
in each case, and in Section 7 for the case (1.5).

Statement (3) provides useful information on possible Z(gc)-infinitesimal
characters for irreducible G-modules in C*°(Y,V;), by means of the affine
map S;.

Remark 4.10. Theorem 4.9.(1) is not true if we do not assume X¢ =
Gc/Hc to be Ge-spherical. For instance, it is not true for

X = G/H = (SO(2n — 1) x U(n))/Diag(U(n — 1))

and G = SO(2n) x SO(2n), where X¢ is Ge-spherical but not Ge-spherical:
see |[KK2, Ex. 8.§].

Remark 4.11. The standard homomorphism T' : af/W — j&/W(gc) of
(2.11) is induced by the inclusion ac C jc and the “p-shift”. In contrast, the
map S; : af — j& of Theorem 4.9.(4) is defined even though there is a priori
no inclusion relation between ac (which is contained in g¢) and jc (which is
contained in gc).
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4.4. Graded algebras gr(Dg(X)). In order to prove that two of the three
algebras d¢(Z(gc)), dr(Z(tc)), d¢(Z(gc)) above generate the C-algebra
Dg(X) as in Theorems 1.3 and 1.5, we use the filtered algebra structure
of Dg(X). In this section, we give preliminary results on the graded algebra
gr(Dg (X)) which will be used in Sections 6 and 7.

The C-algebra D (X) has a natural filtration {Dg(X)n}nen by the or-
der of differential operators, with Dg(X)yDa(X)ny € Dg(X)a4n for all
M, N € N. Therefore, the graded module

gr(Dg (X)) = @ grn(Da(X
NeN
where gry (D (X)) := Da(X)n/Da(X)n+1, becomes a C-algebra, which is
isomorphic, as graded C-algebras, to the subalgebra S(gc/bc)? =
D rnen SV (gc/be) of the symmetric algebra S(gc/he). We relate the two
algebras Dg(X) and S(gc/be) using the following lemma.

Lemma 4.12. For any m = (mq,...,my) € N¥ and N € N, let

vm(N)::#{(al,..., ) e NF . Zalml— }

(1) The sequence (vm(N))nen determines k and m up to permutation.

(2) Suppose S(gc/bc)™ is a polynomial ring generated by algebraically
independent homogeneous elements Py, ..., Py of respective degrees
mi,...,mg. Then vy, (N) = dim SY (gc/be) for all N € N.

(3) Suppose Xc = Gc/Hc is Ge-spherical, and let Py,..., Py be as
in (2). For1 < j <k, let Dj € Dg(X)m; be the preimage of
P € S i(gc/be). Then Dy, ..., Dy are algebraically independent,
cmd D¢ (X) is the polynomial ring generated by them.

Proof. Statements (1) and (2) are obvious. For (3), let R be the C-subalgebra
of Dg(X) generated by D, ..., Dg. Since Py,..., P are algebraically inde-
pendent in gr(Dg(X)) ~ S(gc/bc)?, so are Dy, ..., Dy in Dg(X). Further-
more,

N
dim (De(X)vNR) = > dim s (ge/be)
=0
N
= Zdimgrj(Dg(X)) = dimDe(X)n
=0

for any N, hence R = Dg(X). O

4.5. Strategy for the proof of Theorems 1.3 and 1.5. We now explain
how this machinery is used to find generators and relations for Dg(X) in
Section 6. There are four steps.

The first step is to describe the map

Disc(G/H) — Disc(G/H) x Disc(K/H)
o (7(9),7(0))
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of Proposition 4.1, which exists by Ggc-sphericity of X¢. We note that an
explicit description of the sets Disc(G/H), Disc(G/H), and Disc(K/H) was
previously known in most cases, and is easily obtained in the remaining cases.
In fact, both é/ﬁ[ and K/H are symmetric spaces in most cases, hence
Disc(G/H) and Disc(K/H) are described by the Cartan-Helgason theorem
(Fact 2.5). On the other hand, G/H is never symmetric, but Disc(G/H) for
Gc-spherical Ge/Hc was classified in |GG, Kr2| under the assumption that
G is simple. There are a few remaining cases where G/H or K/H is non-
symmetric and G or K is not simple. All of them are homogeneous spaces
of classical groups of low dimension, and the classification of Disc(G/H) or
Disc(K/H) can then be carried out easily. To find an explicit formula for
the map ¢ — m(9) or 7(¥), we use the branching laws for the restriction
G + G or G| K, respectively. Some of them are obtained as special cases of
the classical branching laws, whereas Proposition 3.3 and an a priori knowl-
edge of Disc(G/H) or Disc(K/H) help us find the branching laws when the
subgroups are embedded in a nontrivial way (e.g. for SO(16) | Spin(7)).

The second step consists in taking generators Py, Qp, Ry for the three al-
gebras Dx(X), D (F), and Z(gc), respectively. In most cases, G/H and
K/H are symmetric spaces, hence we can use the Harish-Chandra isomor-
phism (see (2.8) and (2.9)). The choices of Py, Q, Ry are not unique; we
make them carefully so that P, Qk, Ry have linear relations in the next step.

The third step consists in finding explicit linear relations among the dif-
ferential operators Py, t(Q),dl(Ry) € Dg(X). For this we use the map
¥ (m(9), 7(¥)) of Proposition 4.1 and compute the scalars by which these
operators act on 7(d), 7(¢), and 9, respectively. For appropriate choices of
Py, Qp, Ry, we find linear relations among these scalars which hold for all 1.
We then conclude using Proposition 4.7.

The last step is to prove that any two of the three subalgebras ]D)g(X ),
t(Dg(F)), and d¢(Z(gc)) generate D (X) (with one exception in case (ix)
of Table 1.1). For this, we exhibit algebraically independent subsets of the
Py and ¢(Qg), of the «(Qg) and d¢(Ry), and of the P, and d¢(Ry), that
generate D (X). The proof is reduced to some estimates in the graded
algebra S(gc/bc)? by Lemma 4.12.

These four steps complete the proof of Theorems 1.3 and 1.5, with explicit
linear relations (1.6).

4.6. Strategy for the proof of Theorem 4.9 (hence of Theorem 1.11).
Postponing the proof of Proposition 1.10 (consequence of Theorem 1.3) until
Section 6, and the proof of its counterpart for the product case (Proposi-
tion 7.10) until Section 7, we now give a proof of Theorem 4.9.(1)-(3).

Proof of Theorem 4.9.(1)-(3). For 7 € Disc(K/H), let Z; be the annihilator
of the irreducible contragredient representation 7V in Z(fc), and
qz, : Dg(X) — Dg(X)z, := Dg(X)/(Z;) the quotient map (1.9) as in
Sections 1.3 and 4.3. By Proposition 1.10 for G simple and Proposition 7.10
for the product case (see Proposition 7.2), the map ¢z, induces an algebra
isomorphism

gz, 0dl: Z(gc) — Da(X)z, = Da(X)/Z;,
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which itself induces a bijection

¢7, : Homeag(Dg(X), C) — Homce aig (Z(gc) /Ker(gz, o df), C).

(1) By Schur’s lemma, the algebra Z(c) acts on i-(C*(Y,W;)) via dr
as scalars, given by the algebra homomorphism Z(¢c) — Z(¢c)/Z; ~ C. On
the other hand, d¢(Z(gc)) preserves the subspace i-(C*(Y, W;)) of C*°(X)
because i, o dl™(R) = d¢(R) oi, for all R € Z(gc). Since gz, odl: Z(gc) —
D¢g(X)z, is surjective, any element of Dg(X) preserves i, (C(Y, W;)).

(2) We again use the fact that the algebra dr(Z(€c)) acts on C*(Y, W;)
via dr as scalars, given by the algebra homomorphism Z(¢c) — Z(tc)/Z; ~
C. Since the map ¢7_above is surjective, f is a joint eigenfunction for Z (gc)
via d¢7 if and only if i,(f) is a joint eigenfunction for D¢ (X), if and only if
i (f) is a joint eigenfunction for Dg(X).

(3) This follows from the definition of the transfer map v(-,7) in Sec-
tion 1.3.2. (]

The following proposition reduces the proof of Theorem 4.9.(4) to the
question of finding an explicit formula for the map ¢ — (7w (), 7(¢)) of
Proposition 4.1.

Proposition 4.13. In the setting of Proposition 4.1, write

7(9) = Rep(G, A(¥)) for \(9) € a%,
7(¥) = Rep(K, v(19)) for v(9) € j¢.

Let 7 € Disc(K/H). Suppose there is an affine map Sy : agi — j¢ such that
S-(AW) +p5) = v(0) +p mod W (gc)

for all 9 € Disc(G/H) with 7(¥) = 7. Then the transfer map v(-,T) is given
by the commutative diagram (4.10) for this S;.

Proof. For every ¢ € Disc(G/H), let Uy be the ¥-isotypic component of
the regular representation of G' on C*°(Y,W,(y)), and for the irreducible
representation 7(1) of G, let Uy (y) be the m-isotypic component of the regular
representation of G on C°°(X). Then i ) (Uy) C Ur(y), and the algebras
Z(gc) and Dg(X) act on i, (Uy) and [7”(79) as scalars, given by Xf\((ﬂ)ﬂ)a
and X'E;(ﬂ)ﬂ’ via the Harish-Chandra homomorphisms (see (4.7) and (2.10)),
respectively. Since the algebraic direct sum

D twy (coxx))
¥€Disc(G/H)
T(9)=T
of the eigenspaces of the algebras Z(gc) and D(X) is dense in i, (C*(Y, W;)),

the transfer map v(-,7) is given by the commutative diagram (4.10) for
this S;. O

We prove that we can define an affine map S; : ag — jc as in Propo-
sition 4.13 by determining, in each case in Sections 6 and 7, an explicit
description of the map ¥ — (7(9), 7(19)).
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5. DISCONNECTED ISOTROPY SUBGROUPS H

In this section we prove that, in the setting of Theorem 1.5, the algebra
Dg(X) and its subalgebras D(X), dr(Z(tc)), and d¢(Z(gc)) are completely
determined by the triple of Lie algebras (gc, be, gc)-

For reductive symmetric spaces G/H, it is easy to check that the ring
D¢ (G/H) is isomorphic to Dg(G/Hy) where Hy is the identity component
of H (see |KK1, Rem. 3.1| for instance). However, the homogeneous spaces
X = G/H in Table 1.1 or their coverings are never symmetric spaces, and in
general, when a subgroup H is disconnected, it may happen that Dg(G/H) is
a proper subalgebra of Dg(G/Hp). In the setting of Theorem 1.5, the group
H:= HNG is not always connected: its number of connected components
may vary under taking a covering of G. However we prove the following.

Theorem 5.1. Let G be a connected compact simple Lie group, and H and G
two connected subgroups of G such that G(C/H(c is Ge-spherical. Let H :
HNG.

(1) The algebra D (G/H) is completely determined by the pair of Lie
algebras (gc, be), and does not vary under coverings of G.

(2) Let £ be a mazimal proper subalgebra of g containing Eﬁg. Then the
adjoint action of H on Z(tc) is trivial, and so the homomorphism
dr: Z(tc) = D (G/H) of (1.3) is well defined.

(8) The subalgebras D (G/H), dr(Z(kc)), and d0(Z(gc)) are completely
determined by the tmple of Lie algebras (gc, be, gc)-

We may reformulate Theorem 5.1 in terms of the ring of invariant holo-
morphic differential operators (Section 1.4) on the complex manifold X¢ =
Gc/Hc, as follows.

Theorem 5.2. Let G(C be a connected complex simple Lie group, and H(C
and G¢ two connected comple:v reductive subgroups of G(c such that G(C/H(c
1s Ge-spherical. Let He = HC NGe.

(1) The algebra Dg.(Gc/Hc) is completely determined by the pair of Lie
algebras (gc, he), and does not vary under coverings of é(c,

(2) Let tc be a mazimal proper complex reductive subalgebra of gc con-
taining H@ﬂgc, Then the homomorphism dr : Z(tc) — Dg.(Ge/Hc)
s well defined.

(8) The subalgebras Déc(éc/ﬁc), dr(Z(tc)), and d¢(Z(gc)) are com-
pletely determined by the triple of Lie algebras (gc, bc, gc)-

Theorem 5.2 is derived from Theorem 5.1 in Section 5.1, by using the
natural isomorphism (Lemma 5.4)

Dg.(Ge/He) — Da(G/H).

In Section 5.2 we reduce the proof of Theorem 5.1 to two inclusions of Lie
groups described in Proposition 5.5. These inclusions are established in
Sections 5.3 and 5.5 for most cases, with a separate treatment for coverings
of cases (v), (vi), (vii) of Table 1.1 in Section 5.4.
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By Theorem §.1,~it is sufficient to prove Theorems 1.3, 1.5, 1.11, and 4.9
for the triples (G, H,G) of Table 1.1, and they are then automatically true
for all other triples obtained by a covering of G.

5.1. Invariant differential operators and real forms. We begin with
some basic observations on invariant differential operators in the setting
where the groups G and H are not necessarily compact. A holomorphic
continuation argument will be used to apply our main results on compact
groups to the analysis of locally homogeneous spaces of other real forms, see
Section 1.4 and [KK2|. Recall that a subgroup G of a complex Lie group G
is said to be a real form of G if the Lie algebra gs of G4 is a real form of
the complex Lie algebra g; of G1, namely g1 = g2 + v/—1go (direct sum).

Lemma 5.3. Let G¢c D Hc be a pair of complex Lie groups, and G O H
respective real forms. Suppose H C GN Hc. Then the natural G-equivariant
smooth map
L:X:G/H—>X(C:G((j/H(C
induces an injective C-algebra homomorphism
P DGC(X(C) — D(;(X).
Proof. The map ¢ is not necessarily injective, but it factors as follows:

X G/GQH(C — Xc.

covering real form

This induces two homomorphisms whose composition is the desired map ¢*:

DG(c(X(C) —_— Dg(G/GﬂH@) — Dg(X).

restriction

The second homomorphism is injective because X — G/(G N Hc) is a cov-
ering. The first homomorphism D¢, (Xc) — De(G/(G N He)) is also in-
jective because, locally, we can find coordinates (zi,...,2,) on X¢, with
zj = xj ++/—1y;, such that the totally real submanifold G/(G N Hc) is
given by y; = --- = y, = 0 and any differential operator P € D¢g.(Xc¢) is
represented as P = ) cq(2) % with holomorphic coefficients ¢4 (2), and
therefore the restriction map P+ > co() % is injective. O
Lemma 5.3 implies the following.

Lemma 5.4. In the setting of Lemma 5.3, if H meetls every connected com-
ponent of He, then (* is a ring isomorphism
D¢ (Ge/He) — Da(G/H).

In particular, if Hc is connected, then the ring Dg(G/H) is completely de-
termined by the pair of complex Lie algebras (gc,bc), and does not depend
on the real form H of Hc.

Proof. To see that the injective algebra homomorphism ¢* from Lemma 5.3
is surjective, it suffices to show that the induced map on the graded modules

gr(¢*) : S(gc/be) e — S(ac/be)”

is surjective, see Section 4.4. If v € S(gc/bc) is H-invariant, then v is
invariant under the infinitesimal action of the Lie algebra b, hence of its
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complexification he. If H meets every connected component of Hg, then
any v € S(gc/be) is He-invariant, hence gr(c*) is surjective. O

Proof of Theorem 5.2 assuming Theorem 5.1. Up to replacing ﬁ(c by some
conjugate, we may and do assume that there is a Cartan involution 6 of Ge
which leaves both H@ and G¢ invariant. Since G¢ acts transitively on
GC/H(C, the intersection Hg = H(C N Gc is conjugate to the original one
if we take a conjugation of G¢. Then the subgroups G H G, and H of fixed
points by 6 in é(c, ff(c, Gc, and Hg, respectively, are maximal compact
subgroups of these complex groups. In particular, H meets every connected

component of He. Now Lemma 5.4 implies that Theorem 5.2 follows from
Theorem 5.1. O

5.2. Proof of Theorem 5.1. Theorem 5.1 reduces to the following.

Proposition 5.5. Let G be a connected I compact simple Lie group, and H
and G two connected closed subgroups ofG such that GC/HC is Ge-spherical.
Let H:= HNG.

(1) We have
(5.1) H C HyZ(G),

where Hy is the identity component of H and Z(é) the center of G.
(2) Suppose hNg is not a maximal proper subalgebra of g. Let € be a maz-

imal proper subalgebra of g containing hNg, and K the corresponding
analytic subgroup of G. Then

(5.2) (H=)HNG C K.

Proposition 5.5.(2) implies that F' := K/H and the algebra homomor-
phism dr : Z(tc) — D(F) in Section 1.1 are well defined, and that dr(Z(¢c))
is contained in the subalgebra Dy (F') of K-invariant differential operators
on F.

Proof of Theorem 5.1. (1) The injective algebra homomorphism D¢ (G/H) —
D¢ (G/Hp) induces an injective homomorphism of graded algebras

S(gc/be)” — S(ac/be)™,

which is surjective by (5.1). Thus the homomorphism Dg(G/H)—Dg(G/Hy)
is surjective by Lemma 4.12, hence is an isomorphism.

(2) The fact that the adjoint action of H on Z(fc) is trivial is clear from
(5.1). In particular, Z(kc) C U(gc)?, hence dr : Z(tc) — Da(G/H) is well
defined by the restriction of the C-algebra homomorphism (2.2) to Z(£c).

(3) By (1), the algebra Dg(G/H) is completely determined by the triple
of Lie algebras (gc,bc,gc), hence so are the subalgebras dr(Z(fc)) and
d¢(Z(ge)). Since G is connected, ]D)é(é/fl) is the subalgebra of Dg(G/H)
consisting of g-invariant elements, and so it is also completely determined
by the triple of Lie algebras (gc, be, gc)- O
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5.3. Proof of Proposition 5.5.(2) in most cases of Table 1.1. Here
are two basic tools.

Lemma 5.6. In the setting of Proposition 5.5, if G/H or G/G is simply
connected, then HNG is connected. Moreover, Hin G 1is connected for any
triple (Gl, Hl, G1) of connected Lie groups such that G, is connected and a
covering of G and Hy and G1 are analytic subgroups of G1 with respective
Lie algebras f) and g.

Proof. Let H := HNG. For (L,L') = (H,G) or (G, H), we have an exact
sequence of homotopy groups

m(G/L) — mo(H) — mo(L))

for the fibration H — L' — L'/H ~ G/L. Thus if G/L is simply connected
and L’ connected, then H is connected. Since the assumption is not changed
under taking a covering of GG, the last statement also holds. U

Lemma 5.7. In the setting of Proposition 5.5, let Z be a central subgroup
of G.
(1) If Z C G or Z C H, then (5.2) for G _implies (5.2) for G/Z (i.e.
w(H)Nw(G) C w(K) where @ : G — G/Z is the quotient map).
(2) If Z C K, then (5.2) for G/Z implies (5.2) for G.

Proof. (1) If Z € G or Z C H, then HZNGZ = (HN G)Z, and so
w(H)Nw(G) = w(HNG). In particular, w(H) Nw@(G) C w(K) as soon
as HNG C K.

(2) If Z C K, then w }(w(K)) = K. In particular,

HNGCw YwH)Nw(G)) C w Y (w(K)) = K
(

as soon as w(H) Nw(G) C w(K). O

Proposition 5.8. If (é,ﬁ, G) is any triple of connected groups locally iso-
morphic to the triples in case (i), (i), (i), (), (viii), (iz), (z), (xiii), or
(ziv) of Table 1.1, then H NG is connected.

Proof. Let (CNJ, H , G) be any triple of connected groups locally isomorphic to
the triples in case (i), (iii), or (xiv) of Table 1.1. Then H is the centralizer
of a toral subgroup of G, and so G / Hisa (generalized) flag manifold, hence
simply connected. We conclude using Lemma 5.6.

Similarly, let (é, H ,G) be any triple of connected groups locally isomor-
phic to the triples in case (i), (iv), (viii), or (xiii) of Table 1.1. Then G is
the centralizer of a toral subgroup of G, and so G /G is a (generalized) flag
manifold, hence simply connected. We conclude using Lemma 5.6.

For cases (ix) and (x) of Table 1.1, we consider the triple (G, H, Q) given
in the table. For this triple the group G= SO(7) is adjoint hence any other
triple of connected groups locally isomorphic to (G H, G) is obtained by a
covering of G. For the triple of the table we note that either G/H (case (ix))
or G/G (case (x)) is diffeomorphic to S®, which is simply connected. We
conclude using Lemma 5.6. O
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5.4. Proof of Proposition 5.5.(2) in the remaining cases (v), (vi),
(vii) of Table 1.1. For the proof of Proposition 5.5.(2), we do not need

to consider cases (xi) and (xii) of Table 1.1, because ¢ = h N g in this case.
Therefore, by Proposition 5.8, it is sufficient to treat the remaining cases (v),
(vi), and (vii) of Table 1.1, as follows.

Proposition 5.9. If (é,ﬁ, G) is any triple of connected groups locally iso-
morphic to the triples in case (v), (vi), or (vii) of Table 1.1, and if K is a

maximal connected proper subgroup of G such that b :=hNg C ¢, then the
inclusion (5.2) holds.

For this we consider the coverings
Spin(4N) == SO(4N) -5 PSO(4N).

The center {£I4n} of SO(4N) is isomorphic to Z/27Z, while that of Spin(4.NV)
is isomorphic to Z/27Z x Z/27Z (see [He3, Chap.X, Th.3.32]). We write
{1,—1, E, —FE} for the center of Spin(4N), where w(+1) = I4ny € SO(4N)
and w(+E) = —Iyn € SO(4N). Therefore there are five Lie groups with Lie
algebras s0(4N) and they are related by the following double covering maps.

Spin(4N)

Spin(4N)/{1, —E} SO(4N) Spin(4N)/{1, E}

\ . /

PSO(4N)

Let L be a connected Lie subgroup of SO(4N). (In the sequel, we shall

take L to be é, H , G, or K.) We consider connected subgroups with the
same Lie algebra [ in the above five Lie groups. Among them, we denote
by L* := w (L) the identity component of ~!(L) in Spin(4N). The
following diagram summarizes the situation.

(5.3) L
N
w_(L*) L @ (L*)
\ » /
p(L)

Each arrow in this diagram is either a double covering or an isomorphism.
We now refine the diagram (5.3) in cases (v), (vi), (vii) of Table 1.1 by
writing a double arrow in the case of a double covering and a single arrow
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in the case of an isomorphism. The following three patterns appear, up to
switching wy and w_.

Pattern (a) L°® Pattern (b) L*® Pattern (¢) L°®

4N /TN /

|
(L) L @) @) L wi(l) w. (L% L
\ |/ \ |/ \
b

p(L) p(L)

For instance, G = SO(4N) has pattern (c).
We claim the following.

Lemma 5.10. (1) Inside G = SO(4n+4) (case (v) of Table 1.1), either
o H :=S0(4n + 3) has pattern (a);
e G :=Sp(n+1)-Sp(1) and K := Sp(n+1)-Sp(1) have pattern (b)
up to switching wy and w_;
or G :=8Sp(n+1)-Sp(1) has pattern (c).
(2) Inside G = SO(16) (case (vi) of Table 1.1),
o H :=SO(15) has pattern (a);
e GG := Spin(9) and K := Spin(8) have pattern (b) up to switching
wy and w_.
(3) Inside G = SO(8) (case (vii) of Table 1.1),
e H := Spin(7) has pattern (b) up to switching w, and w_;
e G :=S0(5) x SO(3) and K :=S0O(4) x SO(3) have pattern (a).

To check this, we make the following observations.

Lemma 5.11. (1) If —Isn ¢ L and SO(4AN)/L is simply connected,
then L has pattern (a).
(2) If —Iuny € L and —1 ¢ L® (e.g. L is simply connected), then L has
pattern (b) up to switching wy and w_.
(3) If —Iun € L and —1 € L®, then L has pattern (c).

Proof of Lemma 5.11. (1) If —Iyn ¢ L, then p|; is an isomorphism. If
SO(4N)/L is simply connected, then w|re is a double covering; in particular,
—1 € L*® and so the two unlabeled arrows are double coverings. We deduce
that w_|re and wy|re are isomorphisms, since any of the three maps from
L* to p(L) is a double covering.

(2) If —I4n € L, then p|f, is a double covering. If —1 ¢ L°®, then w|rs is
an isomorphism. The fact that —Iyny € L means that £ € L® or —FE € L*®
(possibly both). If —1 ¢ L°®, only one of E or —F can belong to L®, hence
exactly one of the two unlabeled arrows is a double covering. We conclude
for w_|rs and wy|re using the fact that any of the three maps from L® to
p(L) is a double covering.

(3) If —I4n € L, then p|r, is a double covering. If —1 € L®, then w|r. is
a double covering. The fact that —Iyny € L means that £ € L®* or —FE € L*®
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(possibly both). If —1 ¢ L*, only one of E or —E, then both E and —F
belong to L®, hence both unlabeled arrow are double coverings. We conclude
for w_|pe and wy|re using the fact that any of the three maps from L® to
p(L) is covering of degree 4. O

Proof of Lemma 5.10. (a) Since —Iyni4 ¢ H and G/H ~ $*+3 is simply
connected, we can apply Lemma 5.11.(1) to L = H. Since —Iyqa € K CQG,
we can apply Lemma 5.11.(2) to L = K and L = G or Lemma 5.11.(3) to G
depending on whether —1 ¢ G*® or —1 € G®°.

(b) Since —I14 ¢ H and é/ﬁ ~ S!% is simply connected, we can apply
Lemma 5.11.(1) to L = H. Since —Iyn1q € K C G and K and G are simply
connected, we can apply Lemma 5.11.(2) to L = K and L = G.

(c) Since —Ig € H and H is simply connected, we can apply Lemma 5.11.(2)
to L = H. Since SO(8)/SO(3) is simply connected, its quotients SO(8)/K
and SO(8)/G by connected groups are also simply connected. Since —Ig ¢ G,
we can apply Lemma 5.11.(1) to L = K and L = G. O

Proof of Proposition 5.9. In cases (v), (vi), (vii) of Table 1.1, the patterns
for the groups H , G, and K are given by Lemma 5.10. On the other hand,
Lemma 5.6 implies that (5.2) is satisfied for the form of G which is simply
connected, and Lemma 5.7 implies that we can transfer (5.2) successively
between locally isomorphic Lie groups in the diagram:

e property (5.2) is transferred downwards in case of a double covering
for H or G,
e property (5.2) is transferred upwards in case of a double covering

for K.
It is then an easy verification to check that in our cases property (5.2) holds
for all five locally isomorphic quadruples (G, H, G, K). O

Thus the proof of Proposition 5.5.(2) is completed.

Remark 5.12. We cannot drop the assumption that Eﬂ ¢ is not a maximal
proper subalgebra of g in Proposition 5.5.(2). In fact, as we have already
seen, there are two cases where Eﬂ ¢ is a maximal proper subalgebra of g,
namely cases (xi) and (xii) of Table 1.1. In each case, there are five locally
isomorphic triples (é, H , G) of connected groups, and we can show by using
a similar argument as above that the intersection HNG is connected in four
cases among the five, but has two connected components in the remaining
case. This shows that (5.1) does not always hold if we take K to be the
analytic subgroup of G with Lie algebra £, a maximal proper subalgebra of g
containing h N g, when £ coincides with h N g.

5.5. Proof of Proposition 5.5.(1). We now complete the proof of Propo-
sition 5.5.(1). By Proposition 5.8, we only need to treat cases (v), (vi), (vii),
(xi), and (xii) of Table 1.1. Furthermore, the proof is reduced to adjoint
groups, as in the second statement of the following lemma.

Lemma 5.13. Let (é, ﬁ, G) be a triple of connectedgroups as in cases (v),
(vi), (vii), (xi), or (xzii) of Table 1.1. We note that G = SO(4N) for some
N > 1 in all cases.
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(1) Inside G = SO(4N), the group HNG is connected. _
(2) Inside Ad(G) = SO(4N)/{£L1n} (= p(G)), the group p(H) N p(G)

1s also connected.

Proof of Lemma 5.13. (1) The homogeneous space G/H is simply connected
in cases (v), (vi), and (vii), and G/@ is simply connected in cases (vii) and
(xi). In either case, H NG is connected by Lemma 5.6.

(2) By Lemma 5.10, one of H or G has pattern (b) or (c) in case (v), (vi),

or (vii), and so does in case (xi) or (xii) as special cases. Thus —Ijy € HNG.

Therefore p| 5., : HNG — p(H) Np(G) is surjective, and so p(H) Np(G) is
connected. O

6. EXPLICIT GENERATORS AND RELATIONS WHEN ( IS SIMPLE

In this section we complete the proof of Theorems 1.3 and 1.5, Corol-
lary 1.7, Theorem 1.11, and Theorem 4.9 for simple G.

By Theorem 5.1 on coverings of é, it suffices to prove these results for the
triples (é, H ,G) of Table 1.1. We find, for each such triple, some explicit
generators and relations for the ring D¢ (X ) of G-invariant differential opera-
tors on X, in terms of the three subalgebras D (X) = dé(Z(gc)), dr(Z(Ec)),
and d¢(Z(gc)) of Dg(X), and determine the affine map S; in Theorems 1.11
and 4.9 which induces the transfer map

V(-, 7') : Hom@_alg(]])é(X), (C) — Hom(c_alg(Z(g(C), (C)

of (1.11). The key step in the proof is to find explicitly the map ¢ —
(m(¥),7(9¥)) of Proposition 4.1 between discrete series representations, via
branching laws of compact Lie groups.

Notation and conventions. We first specify some conventions that will be
used throughout the section. Any nondegenerate, Ad(G)-invariant bilinear
form B on the Lie algebra g of a connected reductive Lie group G defines an
inner product (-, -) on the dual of the Cartan subalgebra, and also the Casimir
element C € Z(g). We fix a positive system, and use the notation Rep(G, \)
to denote the irreducible representation of G with highest weight A. If it is
one-dimensional, we write C for Rep(G,\). The trivial one-dimensional
representation is denoted by 1. For G = Sp(1)(~ SU(2)), we sometimes
write CM! for Rep(G, ), which is the unique (A+1)-dimensional irreducible
representation of G. For representations 7; of G (j = 1,2), the outer tensor
product representation of the direct product group G; x Gs is denoted by
71 M 75. The Casimir element C acts on Rep(G, \) as the scalar

A+ o2 = [p]? = (A A+ 2p),

where p is half the sum of the positive roots. When G is simple, B is a scalar
multiple of the Killing form. For classical groups G = U(n), SO(n), or Sp(n),
we shall normalize B in such a way that in the standard basis {e1,...,e,}
of the dual of a Cartan subalgebra we have B(e;, e;) = 1. With this normal-
ization, the Casimir element Cg acts on the natural representation V of G
as the following scalars:
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G Vv Eigenvalue of Cg
U(n) cn n
SO(n) cr n—1
Sp(n) cn 2n +1

We use similar normalizations for G and for K. By Fact 3.1 and Lemma
4.2.(4), the multiplicity ¢, = [7|g : 1] is equal to 1 for all 7 € Disc(K/H),
and so

Wr =G xkg (V, @C) ~ G xg V;.
Inside the computations, we sometimes use the notation L?(G/K, ) instead
of L*(G/K,W;) for T € Disc(K/H).

In describing the polynomial ring D(G/H) below, we use the notation
Dg(X) = C[A4, B, ...] to mean that Dg(X) is generated by elements A, B, ...
which are algebraically independent.

6.1. The case (G, H,G) = (SO(2n +2),S0(2n + 1),U(n +1)). Here H =
H NG = U(n), and the only maximal connected proper subgroup of G
containing H is K = U(n) x U(1). Note that the fibration

F=K/H~S'— X=8"" __y=p'C

of (1.13) is the Hopf fibration. Let Ex be a generator of the complexified
Lie algebra C of the second factor u(1) of £ = u(n) @ u(1), such that the
eigenvalues of ad(Ek) in g¢ are 0, £1.

Proposition 6.1.1 (Generators and relations). For
X =G/H =S0(2n+2)/SO(2n +1) ~ U(n+1)/U(n) = G/H
and K =U(n) x U(1), we have
(1) dU(Cg) = 2dU(Cq) — dr(Ci);
Da(

X) = Cld(Cg)l;
(2) § Dk(F) = Cldr(Ek));
Dg(X) = Cldl(Cg),dr(EK)] = Cld¢(Cg), dr(EKk)].
We identify
(6.1.1) Homc a1g(Z(9c),C) ~ j5&/W(ge) =~ C"™/Gpi1,
(6.1.2) Home g (Dg(X),C) ~ a&/W =~ C/(Z/2Z)

by the standard bases. The set Disc(K/H) consists of the representations
of K = U(n) x U(1) of the form 7 = 1 X C, for a € Z, where C, is the
one-dimensional representation of U(1) given by z + 2% The element Ex
acts on C, by v/—1a.

Proposition 6.1.2 (Transfer map). Let

X =G/H =S0(2n+2)/SO(2n +1) ~ U(n+1)/U(n) = G/H
and K =U(n) x U(1). For 1 =1KC, € Disc(K/H) with a € Z, the affine
map

S, ap~C — crtt ~

A ()\—l—a,n—2,n—4,...,—n+2,—)\—|—a)

1
2
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induces a transfer map

v(-,7) : Homc.aig(Dgs(X), C) — Homc.a15(Z(gc), C)

al
as in Theorem 4.9.

In order to prove Propositions 6.1.1 and 6.1.2, we use the following results
on finite-dimensional representations.

Lemma 6.1.3. (1) Discrete series for G/H, G/H, and F = K/H :

Disc(SO(2n +2)/SO(2n + 1)) = {H/(R*™*?) . j € N}
Disc(U(n +1)/U(n)) = {HM(C") : k0 e N};
Disc((U(n) x U(1))/U(n)) = {1KC, : a € Z}.

(2) Branching laws for SO(2n+2) | U(n+1): For j € N,
J
/}_[_](RQTL-FQ) ~ @Hk,]—k((cn-l-l)
k=0
(8) Irreducible decomposition of the reqular representation of G: Fora € Z,
L2(Un+1)/(Un) x U)),1RC,) = Y #1355 ),

jeN
j—|ale2N

(4) The ring S(gc/bc) = S(gl(n + 1,C)/gl(n,C))"™ is generated by
two algebraically independent homogeneous elements of respective de-

grees 1 and 2.

Here we denote by H7(R™) the space of spherical harmonics in R™, i.e.

of complex-valued homogeneous polynomials f(z1,...,z,,) of degree j € N
such that
97 =0.
ax

=1

For m > 2, the special orthogonal group SO(m) acts irreducibly on HJ (R™);
the highest weight is (4,0, ...,0) in the standard coordinates.

For k,/ € N, we denote by H**(C™) the space of homogeneous poly-
nomials f(z1,...,2m,21,...,2m) of degree k in zj,..., 2, and degree ¢ in
Z1, ..., 2m, such that

Z: 0z; 82/Z

For m > 1 or for m = 1 and k¢ = 0, the unitary group U(m) acts irre-
ducibly on H*(C™); the highest weight is (k,0,...,0, —¢) in the standard
coordinates.
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Proof of Lemma 6.1.3. For statements (1)—(3), see e.g. [HT, §2.1 & 4.2| in
the context of the see-saw dual pair

0(2n +2) U(1)

>

Un+1) 0(1).

Statement (4) follows from [S|; we give a proof for the sake of completeness.
Via the decomposition

gl(n +1,C)/gl(n,C) ~C" & (C")" & C
of gl(n + 1,C)/gl(n,C) into irreducible GL(n,C)-modules, the symmetric
tensor space decomposes as
S(alln +1.0)/gl(n.0) = @) 5°(C") © (C")") © 5(C).
a,b,ceN

Since the GL(n, C)-modules S*(C"), for a € N, are irreducible and mutually
inequivalent, we have

$(gln +1,)/al(n, ©)) " = @ (s°(C") @ $*((C"))

a,ceN

GL(n,C)
) ® 5(C).

Therefore,
dim 5™ (gl(n +1,C)/gl(n, C)) "™ = #{(a,c) e N? : 20+ c= N},

which is the dimension of the space of homogeneous polynomials of degree N
in C[z,y?], and so we may apply Lemma 4.12. O

Proof of Proposition 6.1.1. (1) By Lemma 6.1.3, the map ¢ — (mw(9), 7(¢))
of Proposition 4.1 is given by
(6.1.3) HELCT) — (HFFYRF2), 1 K Cyy).

The Casimir operators for é, G, and K act on these representations as the
following scalars.

] Operator \ Representation \ Scalar ‘
C@ Hk+Z(R2n+2) (k —I—f)(k Iy 2n)
Cq HEEHCY) | B2+ 2+ kn+in
Ck 1XCgy (k—10)?
Ex 1XCp_y \/—71(]{3—5)

This, together with the identity
(k+0)(k+£+2n) =2 (k* + 2 + kn + fn) — (k — £)?,
implies d¢(Cg) =2 d¢(Cg)—dr(Ck) on the G-isotypic component H*(Cm*+1)
in C*°(X) for all k,£ € N, hence on the whole of C*°(X).
(2) Since G/H and F' = K/H are symmetric spaces, we obtain Dz (X)
and Dg (F') using the Harish-Chandra isomorphism (2.8). We now focus on

Dg(X). We only need to prove the first equality, since the other one follows
from the relations between the generators. For this, using Lemmas 4.12.(3)
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and 6.1.3.(4), it suffices to show that the two differential operators d¢(Cg)
and dr(Ex) on X are algebraically independent. Let f be a polynomial in
two variables such that f(d¢(Cgz),dr(Ek)) = 0 in Dg(X). By letting this
differential operator act on the G-isotypic component ¥ = HF¥*(C"*1) in
C>(X), we obtain f((k+€)(k+£+2n),—/—1(k—4¢)) =0 for all k,¢ € N,

hence f is the zero polynomial. O

Proof of Proposition 6.1.2. We use Proposition 4.13 and the formula (6.1.3)
for the map ¥ — (7(9),7(¥)) of Proposition 4.1. Let 7 = 1K C, €
Disc(K/H) with a € Z. If ¥ € Disc(G/H) satisfies 7(¥) = 7, then ¥ is
of the form ¥ = H**(C"*1) for some k, ¢ € N with k—¢ = a, by (6.1.3). The
algebra D5(X) acts on the irreducible G-submodule 7(9) = HFH(R2H2)
by the scalars
ADO)+pz = (k+£€)+neC/(Z/2Z)
via the Harish-Chandra isomorphism (6.1.2), whereas the algebra Z(gc) acts
on the irreducible G-module ¥ = Rep(SO(5), (j, k)) X C, by the scalars
B n n n n n el

v(0) +p = (k+§,§—1,§—2,...,1—§,—£—5) C /S,
via (6.1.1). Thus the affine map S; in Proposition 6.1.2 sends \(9) + p; to
v(9) + p for any 9 € Disc(G/H) such that 7(¢) = 7, and we conclude using
Proposition 4.13. U

This completes the proof of Theorems 1.3, 1.5, 1.11, and 4.9, as well
as Corollary 1.7, in case (i) of Table 1.1. For case (i)’ of Table 1.1, the
homogeneous spaces G/H and K/H change as follows:

G/H : U(n+1)/U(n) ~ SU(n+1)/SU(n),
K/H : (U(n) x U(1))/U(n) ~~ U(n)/SU(n).

The proof works similarly, and so we omit it.

6.2. The case (G, H,G) = (SO(2n +2),U(n + 1),S0(2n + 1)). There are
two inequivalent embeddings of H = U(n + 1) into G = SO(2n + 2), which
are conjugate by an outer automorphism of G. In either case, we have H =
HNG = U(n) and the only maximal connected proper subgroup of G contain-
ing H is K = SO(2n). Note that X¢ = G¢/He = SO(2n+1,C)/GL(n,C) is
G-spherical but is not a symmetric space. We shall give explicit generators
of the ring Dg(X) by using the fibration X N G/K.

Since X = é/ﬁ and F' = K/H are symmetric spaces, the structure of
the rings Dz (X) and Dy (F) is well understood by the Harish-Chandra iso-
morphism (2.8). Further, D5(X) = d/(Z(gc)) and Dg (F) = drr(Z(tc)) by
Fact 2.4. We now recall generators of the C-algebras Dz(X) and Dg (F), to
be used in the description of D¢ (X) (Propositions 6.2.1 and 6.2.4). We refer
to Section 4.2 for the notation Xi( , X/If , X5 for the Harish-Chandra isomor-
phisms.

The rank of the symmetric space X = G/H is m := |241] and the re-
stricted root system X(gc,ac) is of type BCy, if n = 2m is even and of
type Cp, if n = 2m — 1 is odd. In either case, the Weyl group W of the
restricted root system X(gc, ac) is isomorphic to &, X (Z/2Z)™. The ring
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S (EC)W is a polynomial ring generated by algebraically independent homo-
geneous elements of respective degrees 2,4,...,2m. Consider the standard
basis {h1,...,hm} of ai and choose a positive system such that

St Gede) = | (Phihi i 1<i<m 1<j<k<m} ifn=2m-1,
8C: 0= {hy, 2hi, hj £ hg: 1<i<m, 1<j<k<m}ifn=2m.
Using these coordinates, for k € N we define P € Dg(X) by

m
_ 2k
=20
=1

for A = (A1,..., ) € E(’&/W. Then Dg(X) is a polynomial algebra gen-
erated by Pi,..., Pp. The rank of the symmetric space F' = K/H is | 5],
and the restricted root system X(tc, (ar)c) is of type BC|;,/9). We define
similarly Qf € Dg (F') for k € Ny by

[n/2]

Xn (Qk) = Zu

for p = (p1,.--, pny2)) € (jF)(*C/W. Then Dg(F) is a polynomial algebra
generated by Q1, ... 7QL% |- Finally, take a Cartan subalgebra jc of gc and
the standard basis {fi,..., fu} of ji such that the root system A(gc,jc) is
given as

{£fi,tfitfe:1<i<n, 1<j<k<n}.
For k € N, we define R € Z(gc) by

XS (Ri) =D v*
j=1

for v = (v1,...,vp) € j&/W(By). Note that Py, 1(Qg), and dr(Ry) are all
differential operator of order 2k on X.
With this notation, here is our description of D¢ (X).

6.2.1. The case that n = 2m — 1 is odd.
Proposition 6.2.1 (Generators and relations). For

X = G/H = SO(4m)/U(2m) ~ SO(4m —1)/U(2m — 1) = G/H
and K = SO(4m — 2), we have

) [ P+ Qi) =220 d0(Ry) for all k€ Ny
( ){ A(Cz) = 2d0(C) — dr(Cik):

G
D&(X) = C[Py,..., Pl;
DK(F) = C[Qlw--a@m—l];
(2) ¢ Da(X) = C[P1,...,Pn,t(Q1),.. ., t(Qm— 1)]
= C[Py,..., Pm,dr( 1), .. ( ~1)]
= Cl(Q1), -+, (Qm-1), d?"(Rl) - dr(Rm)].

In all the equalities of Proposition 6.2.1.(2), the right-hand side denotes
the polynomial ring generated by algebraically independent elements.
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In order to give an explicit description of the affine map S, inducing the
transfer map, we write the Harish-Chandra isomorphism as

(6.2.1) Homc-aig(Z(gc),C) =~ j&/W(ge) =~ C* /W (Ban-1),
(6.22)  Homc.ay(Ds(X),C) ~  a&/W C™ /W (Cp)

G
using the standard bases. The set Disc(K/H) is the set of representations
of K = SO(4m — 2) of the form 7 = Rep(SO(4m — 2),ty, m—1((k,0), k) for
ke (N™1)s. We set

1

b(k) == (k:, +2(m —i) - ;>1Si§m_1

ecm 1.
Proposition 6.2.2 (Transfer map). Let
X = G/H = SO(4m)/U(2m) ~ SO(4m — 1)/U(2m — 1) = G/H

and K =S0(4m—2). For r=Rep(SO(4m—2),ty m—1((k,0),k) € Disc(K/H)
with k € (N™™ 1Y) the affine map

Sr:iag~C" — c?m-1 ~je
A
A bt (5, b(k))

induces a transfer map

v(-,7) : Homg.ag(Dg(X), C) — Home.ag(Z(gc), C)

as in Theorem 4.9.

For the proof of Propositions 6.2.1 and 6.2.2, we use the following lemma
on finite-dimensional representations.

Lemma 6.2.3. (1) Discrete series for G/H, G/H, and F = K/H:
Disc(SO(4m)/U(2m)) = {Rep(SO(4m), tmm (4, 7)) : j € (N")>};
Disc(SO(4m — 1)/U(2m — 1)) = {Rep(SO(4m — 1),w) : w € (N*""1)5};
Disc(SO(4m —2)/U(2m — 1))

= {Rep(SO(4m — 2), tmm-1((k,0),k)) : k€ (N" )5}
(2) Branching laws for SO(4m) | SO(4m — 1): For j € (N™)>,
Rep(SO(4m), tm,m(j7 ])) ’SO(4m—1)

~ @ Rep(SO(4m — 1), tmm-1(J, k).
ke(Nm=1)>
tm,mfl(j’k)e(N2m_l)>

(3) Irreducible decomposition of the regular representation of G:
For k € (N™ 1),

L2 (80(4m — 1)/SO(4m — 2), Rep(SO(4m — 2), tyy.m_1((k, 0), k)))
~ Z@ Rep(SO(4m — 1), tmm-1(J, k).

JjeN™)>
tm,mfl(jvk)e(N2mil)Z
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(4) The ring S(gc/be) = S(so(4m — 1,C)/gl(2m — 2,C))VE=2) s
generated by algebraically independent homogeneous elements of re-
spective degrees 2,2,4.4,....,m—1,m—1,m.

Here we use the following notation: for m’, m” € Ny with m” € {m/,m’—1},
we define an “alternating concatenation” map t,,/ y» : g segm! _y g/’ by

(623) tm’,m”(j7 k) = (j17 k17j27k27 .. )
for j = (j1,.- s jm) €Z™ and k = (k1, ... kmr) € Z™".

Proof of Lemma 6.2.5. Since G / H and K /H are symmetric spaces, the first
and third formulas of (1) follow from the Cartan-Helgason theorem (Fact 2.5).
For the second formula of (1) (description of the discrete series of the nonsym-
metric spherical homogeneous space G/H), see [Kr2|; the argument below
using branching laws and (4.2) gives an alternative proof. One immediately
deduces (2) and (3) from the classical branching laws for SO(¢) | SO(¢ —1),
see e.g. [GW, Th.8.1.3 & 8.1.4], and the Frobenius reciprocity. For (4), see
the tables in [S], or [Kn, §10]. O

Proof of Proposition 6.2.1. (1) We first prove that Py + 1(Q) = 22 d¢(Ry).
By Lemma 6.2.3, the map ¥ — (7 (9), 7(9)) of Proposition 4.1 is given by
Rep(SO(4m - 1)5 tm,m—l(j’ k))

— (Rep(SO(4m), tm,m (4, 7)), Rep(SO(4m — 2), tpym—1((k, 0), k)))

for j € N™ and k € N1 with j; > ky > -+ > jipe1 > ko1 > jm. For
1 <7< m we set

(6.2.4)

. N, L
a; ::]i+2(m—z)+§.
Since pg = > v, (4m — 4i + 1) h;, we obtain

m m
2 jihi+ps = 2)_ah; €ap.
=1 =1

via the standard
2.11)) satisfies

Since the embedding af — ;ff: is given by 25 — tmm(J,J)
bases of ai: and j¢, the map T': ai./W — it /W (gc) (see (
m
1 1 1 1 o ~
T(Q;aihi> = (a1 + 5,@1 ECTERE , A, + §,am — 5) S JC/W(g(c),
=

which is the Z(gc)-infinitesimal character W, gy of 7(9), and by Lemma 2.3.(1)
the operator Py acts on the representation space of m(J) as the scalar

m
(6.2.5) X{gah_mm)(pk) — 92k Za?k‘
=1

For 1 <7:<m—1 we set
1
bi ::ki+2(m—i)—§.

Then 7(9)" has Z(fc)-infinitesimal character

1 1 1

1 s
U,y = —(bl 50 bL = Goe s bt + b 5,o) e (io)a/W (¢c),
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and by Lemma 2.3.(2) the operator ¢(Q) acts on the representation space
of 7(1) as the scalar

m—1
X(aby....20m, 1) (Qr) = 27" Z b,

i=1
On the other hand, ¥ itself has Z(gc)-infinitesimal character
Uy = (a1,b1,. .., am—1,bm-1,am) € jc/W(Bam-1),

and so d¢(Ry) acts on the representation space of 9 as the scalar

m m—1
Uy(Re) =) ai* + > b*.
i=1 i=1
Thus Py, + ¢(Qy) = 22% d¢(Ry,) by Proposition 4.6.

We now check the relation among Casimir operators. For any ¢ € N, and
j € ZF, we set

y4 l
he(j) =3 G2+ (40— 4i+ 1)y
=1 =1

l l
and  hy(j) = ji+ > (40 —4i+3)j;.
=1 =1

The Casimir operators for C?, G, and K act on the following irreducible
representations as the following scalars.

’ Operator \ Representation \ Scalar ‘
Ca Rep(SO(4m), tm (4, ) 2 hin(J)

Ca Rep(SO(4m — 1), tym—1(J, k)) P () + Py (K)
Ck Rep(SO(4m — 2),t.m—1((k,0), k)) 2h (k)

This implies d/(Cx) = 2d¢(Cq) — dr(Ck).

(2) We have already given descriptions of Dz(X) and Dk (F), so we now fo-
cus on D¢ (X). We only need to prove the first equality for Dg(X), since the
other ones follow from the relations between the generators. For this, using
Lemmas 4.12.(3) and 6.2.3.(4), it suffices to show that the differential opera-
tors P, ..., Pp,t(Q1),...,t(Qmn—1) are algebraically independent. Let f be a
polynomial in (2m—1) variables such that f(Py,..., Pn, t(Q1), ..., t(Qm-1))
= 0 in Dg(X). By letting this differential operator act on the G-isotypic
component ¥ = Rep(SO(4m — 1), tymm—1(J,k)) in C*>°(X), we obtain

m m m m—1 m—1
HD DTS SETHIS SUTI SIZNNN S B
i=1 i=1 i=1 i=1 i=1

where we set

Aj = 2a; = 2j; +4(m — i) + 1,
Since the set of elements (Ay,..., Ay, B1, ..., Bn_1) € C*™~1 for ¥ ranging
over Disc(G/H) is Zariski-dense in C>™~! we conclude that f is the zero
polynomial. U
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Proof of Proposition 6.2.2. We retain the notation of the first half of the
proof of Proposition 6.2.1.(1), and use Proposition 4.13 and the formula
(6.2.4) for the map ¥ — (7(¥), 7()) of Proposition 4.1. Let

7 = Rep(SO(4m — 2), tpm—1((k,0),k)) € Disc(K/H)
with & € (N™~1)s. If ¥ € Disc(G/H) satisfies () = 7, then ¥ is of the

form ¥ = Rep(SO(4m—1),tp m—1(J, k)) for some j € Nwith j; > k; >--- >
Jm—1 = km—1 = jm, by (6.2.4). The algebra D5(X) acts on the irreducible
G-submodule 7(9) = Rep(SO(4m), tm.m(j,7)) by the scalars

A + pz = (2a4,...,2ay) € C"/W(Cy)

via the Harish-Chandra isomorphism (6.2.2), where a; = j; +2(m — i)+ 1/2
(1 <i < m), whereas the algebra Z(gc) acts on the irreducible G-module
¥ = Rep(SO(4m — 1), ty.m—1(j, k)) by the scalars

V(r&) +p= (ala .- '7a’m7b17 s 7bm—1) € CZmil/W(BQTn—l)

via (6.2.1). Thus the affine map S; in Proposition 6.2.2 sends A(J) + pz to
v(9) + p for any 9 € Disc(G/H) such that 7(¢) = 7, and we conclude using
Proposition 4.13. O

6.2.2. The case that n = 2m s even.
Proposition 6.2.4 (Generators and relations). For

X =G/H =S0(4m +2)/U(2m + 1) ~ SO(4m + 1)/U(2m) = G/H
and K = SO(4m), we have

5 ] Pt u@Qr) = 22k d¢(Ry,) for all k € N ;
(1) { d(C) = 2d0(C) — dr(Cr):

Dg(X) = C[Py,..., Pul;

DK(F) = C[Ql,---,@m]%
(2) { Dg(X) = C[PL,..., P, t(Q1),...,1(Qm)]

= C[PL,..., Py, dr(Ry),...,dr(Ry)]
= Cl(Q1), ..., (Qm),dr(Ry),...,dr(Ry)].

In all the equalities of Proposition 6.2.4.(2), the right-hand side denotes
the polynomial ring generated by algebraically independent elements.
We identify

Hom(C—alg(Z(g(C)vC) = ]Z(k]/W(g(C) = (CQm/W(B2m)v

Homg 1 (Dg(X), C) aL/w C™ /W (BCy,)

by the standard bases. The set Disc(K/H) consists of the representa-
tions of K = SO(4m) of the form 7 = Rep(SO(4m), tmm(k,k)) for k =
(k1,...,km) € (N™)>. We set

12
12

b(k) = (k: b 2(m— i) +

e C™.
2>1§i§m

Proposition 6.2.5 (Transfer map). Let
X = G/H =S0(4m +2)/U(2m + 1) ~ SO(4m + 1)/U(2m) = G/H
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and K = SO(4m). For 7 = Rep(SO(4m), tm m(k,k)) € Disc(K/H) with
k= (ki,...,kn) € (N™)>, the affine map
S, ap~C" — c*m ~ %

A et (% b(k))

induces a transfer map
V('a T) : HomC—alg(Dé(X)> C) — Hom(C—alg(Z(g(C)a (C)
as in Theorem 4.9.

For the proof of Propositions 6.2.4 and 6.2.5, we use the following lemma
on finite-dimensional representations, again with the notation (6.2.3).

Lemma 6.2.6. (1) Discrete series for G/H, G/H, and F = K/H :
Disc(SO(4m +2)/U(2m + 1))

— [Rep(SO(4m + 2), trs1,n((:0), ) : § € (V)5 )
Disc(SO(4m + 1)/U(2m)) = {Rep(SO(4m + 1),w) : w € (N*™)s};
Disc(SO(4m)/U(2m)) = {Rep(SO(4m), ty m(k, k)) : k€ (N™)s}.
(2) Branching laws for SO(4m +2) | SO(dm + 1): For j € (N™)>,

Rep (SO(4m + 2), tm+1,m((4, 0), 7)) [so@m+1)

~ @ Rep (SO(4m + 1)ty m (4, k)).
ke(N™)>
tan,m (5.K) E(N?™) >

(3) Irreducible decomposition of the regqular representation of G:
For k e (N™)>,

L2 (SO(4m +1)/SO(4m), Rep (SO(4m), . (k, k:)))

~ 57 Rep(SO(m + 1), b (s ).
JE(N™)>
tm,m (5,k)€(N?")>
(4) The ring S(gc/bc) = S(so(4m+1,C)/gl(2m, C))YE™ js generated
by algebraically independent homogeneous elements of respective de-
grees 2,2,4,4,...,m,m.

The proof of Lemma 6.2.6 is similar to that of Lemma 6.2.3, and the proof
of Proposition 6.2.5 to that of Proposition 6.2.2, using the formula (6.2.6).
We omit these proofs. The proof of Proposition 6.2.4 is also similar to that
of Proposition 6.2.1; we now briefly indicate some minor changes.

Proof of Proposition 6.2.4. (1) We first prove that Py + 1(Q) = 22 d¢(Ry).
Let ¥ = Rep(SO(4m+1), ty m(J, k)), where j, k € N™ satisty j; > kg > --- >
Jm = km. By Lemma 6.2.6, the map ¥ — (m(9), 7(1)) of Proposition 4.1 is
given by

m(J9) = Rep(SO(4m + 2),tm+1,m((4,0),5)),
(6.2.6) {7(19) — Rep(SOUm). tom(h iy
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We conclude as in the proof of Proposition 6.2.1.(1), with a; =
Ji+2(m—i)+3/2and by = k; +2(m —i)+1/2 for 1 <i < m.

We now check the relation among Casimir operators. For any ¢ € N4 and
j €7t we set

l l
=D G+ (A—4it1);
=1 i=1
l l
and  hy(j) = jE+> (4 —4i+3)j
=1 i=1

The Casimir operators for é, G, and K act on the following irreducible
representations as the following scalars.

] Operator \ Representation \ Scalar ‘
Cq Rep(30(4m+1) ) RLAC )+h (k)
Ck Rep(SO(4m), tym,m(k, k)) 2 hp, (k)
This implies d/(C) = 2d¢(Cg) — dr(Ck).
(2) This is similar to the proof of Proposition 6.2.1.(2). O

6.3. The case (G, H,G) = (SU(2n+ 2),U(2n + 1),Sp(n + 1)). Here H =
Sp(n) x U(1), and the only maximal connected proper subgroup of G con-
taining H is K = Sp(n) x Sp(1); we have F' = K/H = S2.

Proposition 6.3.1 (Generators and relations). For
X =G/H =SU@2n+2)/U(2n + 1) ~ Sp(n +1)/(Sp(n) x U(1)) = G/H
and K = Sp(n) x Sp(1), we have
(1) 24(Cg) = 244(Ce) —dr(C);

(X) = Cld{(Cg)];
(2) § Dr(F)= Clar(Cro)l:
Dg(X) = Cldé(Cg), dr(Cr)] = Cldl(Cg), dl(Cg)] = Cldl(Cg), dr(Ck)]-

We identify
(6.3.1) Home aig(Z(8c), C) = j&/W(ge) = C"HH/W(Cppa),
(6.3.2) Home ag(Dg(X),C) ~ a/W =~ C/(Z/2Z)

by the standard bases. The set Disc(K/H) consists of the representations of
K = Sp(n) x Sp(1) of the form 7 = 1 X C?**! for ¢ € N. Here, for b € N
we denote by C° the (unique) irreducible b-dimensional representation of

Sp(1) = SU(2).
Proposition 6.3.2 (Transfer map). Let
X =G/H =SU(2n +2)/U(2n+ 1) = Sp(n+1)/(Sp(n) x U(1)) = G/H
and K = Sp(n) x Sp(1). For 7 = 1 X C?**! ¢ Disc(K/H) with a € N, the
affine map
Srrar~C — crtt ~ it

2

1
A — <*+a+§,
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induces a transfer map
v(-,7) : Homg.ag(Dg(X), C) — Home.ag(Z(gc), C)
as wn Theorem 4.9.

In order to prove Proposition 6.3.1, we use the following results on finite-
dimensional representations.

Lemma 6.3.3. (1) Discrete series for G/H, G/H, and F = K/H:
Disc(SU(2n +2)/U(2n + 1)) = {HM(C*2) . j e N};
Disc(Sp(n +1)/Sp(n) x U(1)) = {HPH"Y) : k¢ €N, k— ¢ € 2N};
Disc(Sp(n) x Sp(1)/Sp(n) x U(1)) = {1 RKC?***! . ¢ € N},
(2) Branching laws for SU(2n+2) | Sp(n+1): For j € N,

2j
Hj’j (C2n+2) ’Sp(n—f—l) ~ @ Hk’2j_k(Hn+1).
k=j
(8) Irreducible decomposition of the reqular representation of G: For a€N,

L? (Sp(n +1)/Sp(n) x Sp(1),1 K (C2“+1) ~ ZEB HItaIme ([,
JEN
jza
(4) The ring S(gc/bc)™ = S(sp(n + 1,C)/(C @ sp(n, €))%V s
generated by two algebraically independent homogeneous elements of
degree 2.

Here, for k& > ¢ > 0 we denote by H®*(H"*!) the irreducible finite-
dimensional representation of Sp(n + 1) with highest weight (k, ¢,0,...,0).

Proof of Lemma 6.5.5. Since é/ﬁ and K/H are symmetric spaces, the first
and third formulas of (1) follow from the Cartan-Helgason theorem (Fact 2.5),
see also [HT] for the spherical harmonics on CV. For the second formula
of (1), see |Kr2|. The branching law in (2) and the decomposition in (3)
are classical. They can be derived from [HT, Prop.5.1] and the Frobenius
reciprocity; they are also a special case of the general results of [Ko2] on the
branching laws of unitary representations.

We now prove (4). Recall that C,,, for m € Z, denotes the one-dimensional
representation U(1) — GL(1,C) given by z — 2. For m # 0, the graded
ring S(C,, EB(C_m)U(l) is generated by one homogeneous element of degree 2.
As H-modules, we have

g(c/h(c ~ (1 X Cg) D (1 X (C_Q) S¥ (C2n X (Cl) @ (C2n X (C_l),
hence the isomorphism of U(1)-modules

S(gC/bC)Sp(n)X{l} ~ S((CQ D (C_2) ® S((CZn ® (c2n)Sp(n)><{1}.
Since S(C?") decomposes into a multiplicity-free sum

S(C™) ~ @ si(c?)
JEN

of self-dual irreducible representations of Sp(n), we see that the dimension
of SN(C? @C?)SP(M) is 0 if N is odd and 1 if N is even. In particular, Sp(1)
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acts trivially on S(C? X C27)SP(m)x{1} — §(C?" @ C?")5P(™) and so does its
subgroup U(1). Therefore,

S(gc/he) PV ~ §(Cy @ C_o)VW @ §(C2 @ C2)Se,

We conclude using the fact that both factors in the tensor product are poly-
nomial rings generated by a single homogeneous element of degree 2. O

Proof of Proposition 6.53.1. (1) By Lemma 6.3.3, the map 9 — (7(9), 7(19))
of Proposition 4.1 is given by
Bt ke

(633)  HME) s (W (O, 1m ),

The Casimir operators for 6’, G, and K act on these representations as the
following scalars.

] Operator \ Representation \ Scalar ‘
Cr | H () | Lk +0)(k+(+4n+2)
Cq HEAMED) k2 + 2 +2(k + O)n + 2k
Ck 1 X CFHT (k=0)(k—(+2)

This, together with the identity
(k+0)(k+0+4n+2) =2k + 2+ 2(k + O)n +2k) — (k— 0)(k — £+ 2),
implies 2d/(Cz) = 2d¢(Cq) — dr(Ck).

(2) Since G/H and F = K/H are symmetric spaces, we obtain Dg(X) and
Dg (F) using the Harish-Chandra isomorphism. We now focus on Dg(X).
We only need to prove the first equality, since the other ones follow from
the relations between the generators. For this, using Lemmas 4.12.(3) and
6.3.3.(4), it suffices to show that the two differential operators d/(Cz) and
dr(Ck) on X are algebraically independent. Let f be a polynomial in two
variables such that f(d¢(Cgz),dr(Ck)) = 0in Dg(X). By letting this differ-
ential operator act on the G-isotypic component ¥ = H5¢(H" 1) in C>(X),
we obtain

1
f(g(k+€)(k+£+4n+2),(k—ﬁ)(k—ﬁ—i—Q)) ~0
for all k,¢ € N with k — £ € 2N, hence f is the zero polynomial. O

Proof of Proposition 6.3.2. We use Proposition 4.13 and the formula (6.3.3)
for the map ¥ +— (7(9),7(9)) of Proposition 4.1. Let 7 = 1 X C?*+! ¢
Disc(K/H) with a € N. If ¥ € Disc(G/H) satisfies 7(9) = 7, then ¢ is of
the form
¥ = HITBITHL) ~ Rep(Sp(n+1),(j +a,j — a,0,...,0))
for some j € N with j > a, by (6.3.3). The algebra D5(X) acts on the
irreducible G-submodule
(1) = HPI (C*2) ~ Rep(U(2n + 2), (4,0,...,0,—3))
by the scalars
AO)+ps=2(j+n+1/2) € C/(Z)2Z)
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via the Harish-Chandra isomorphism (6.3.2), whereas the algebra Z(gc) acts
on the irreducible G-module ¥ = HITI=¢(H" 1) by the scalars

v)+p=mn+1+j+ant+j—an—1,...,1)€C"/W(Chi1)

via (6.3.1). Thus the affine map S; in Proposition 6.3.2 sends A(J) + p; to
v(9) + p for any 9 € Disc(G/H) such that 7(¢) = 7, and we conclude using
Proposition 4.13. U

6.4. The case (G, H,G) = (SU(2n+2),Sp(n + 1), U(2n +1)). To simplify

the computations, we use a central extension of G by U(1) and work with
(G,H,G) = (U(2n +2),Sp(n +1),U(2n + 1)).

This increases the dimension of X = G / H by one. By using block matrices
of sizes 2n 4+ 1 and 1, the group G = U(2n + 1) embeds into SU(2n + 2) as
g+ (g,det g~1) and into U(2n+2) as g — (g, 1). Consequently, H = HNG is
isomorphic to Sp(n) x U(1) in the original setting, and to Sp(n) in the present
setting where G= U(2n+2). The only maximal connected proper subgroup
of G containing H is K = U(2n) x U(1). The space X¢ = G¢/He =
GL(2n 4+ 1,C)/Sp(n, C) is G¢-spherical but is not a symmetric space.

Since X = G/H and F = K/H are classical symmetric spaces, the
structure of the rings D (X) and Dg (F') is well understood by the Harish-
Chandra isomorphism (2.8). Further, Ds(X) = dé(Z(gc)) and Dg(F) =
drp(Z(tc)) by Fact 2.4. On the other hand, G/H ~ X is not a symmetric
space. We now give explicit generators of the ring D¢ (X)) by using the fibra-
tion X G/K. We refer to Section 2.4 for the notation Xf, Xff, and x&
for the Harish-Chandra isomorphisms.

The rank of the symmetric space X = G / His n+1, and the restricted root
system X(gc, ac) is of type A,,. We take the standard basis {h1,..., hyi1}
of af and choose a positive system such that

St@c,ac) ={hj —hp:1<j<k<n+1}.
Then the Harish-Chandra isomorphism (4.9) amounts to
(6.4.1) Home ag(Dg(X),C) =~ a&/W ~ C"" /&,y
Using these coordinates, for k € Ny we define P, € D5(X) by

n+1
XA (P) =Y A
j=1

for X = (A1,..., Anq1) € G5/W(An) ~ C*"1/S,41. Then Dy(X) is a
polynomial algebra generated by Py, ..., Py11.

We observe that the fiber ' = K/H is isomorphic to the direct product
U(2n)/Sp(n) x U(1); the first component is the same as G/H with n + 1
replaced by n. Thus the restricted root system 3(€c, (ap)c) is of type A,—1,
and we define similarly @ € Dg (F) and Qi € Di(F) for k € N1 by

Xh(@Q) =p and  xF(Qk) =D pf
=1
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for po = (p1,- ., pns o) € (ap)&/(W(An—1) x {1}). Then
Dg(F) =~ Dy (U(2n)/Sp(1)) @ Dy()(U(1))
~ ClQ1,...,Qu] ®C[Q).

Finally, take a Cartan subalgebra jc of gc = gl(2n+1, C) and the standard
basis {f1,..., fant1} of j¢ such that the root system A(gc,jc) is given as

{(£(fi—fr):1<j<k<2n+1}
The Harish-Chandra isomorphism (2.10) amounts to
(6.4.2) Hom(c_a]g(Z(gc),(C) ~ ]E;/W(g@) ~ C2n+1/62n+1.

For k € N, we define Ry, € Z(gc) by
2n+1

X5 (Ri) = ZV

for v = (Vl, ey I/2n+1) S ]&/W(Azn) =~ (C2n+1/62n+1. Note that Pk, L(Qk),
and dr(Ry) are all differential operator of order 2k on X.

The group K = U(2n) x U(1) is not simple; for ¢ € {1,2}, we denote by
Cﬁ? € Z(%c) the Casimir element of the i-th factor of K. With this notation,
here is our description of D¢ (X).

Proposition 6.4.1 (Generators and relations). For
X =G/H=U@2n+2)/Sp(n +1) =~ U(2n +1)/Sp(n) = G/H
and K =U(2n) x U(1), we have
) { Py +1(Qp) =28 de(Ry,) for all k € N_;

Al(Cg) = 2dU(Cg) — dr(CY));
]D)é(X) = (C[Ph o 'aPnJrl};
Dk (F) = C[Q7Q1,---,Qn]
(2) DG(X) - C[Ph 'rl-l—la (Ql) s L(Qn)]
= C[ (Ql) ( (R1)7 ( n+1)]
= C[P17--' n+1ad£( l)a ( )]
= C[Py,..., Py, dl(Ry), .. ( 1))

In all the equalities of Proposition 6.4.1.(2), the right—hand side denotes
the polynomial ring generated by algebraically independent elements.

The set Disc(K/H) consists of the representations of K = U(2n) x U(1)
of the form 7 = Rep(U(2n), t,(k, k)) XRep(U(1),a) for k € (Z™)> and a € Z
(see Lemma 6.4.3.(1) below). For k = (k1,...,ky) € Z", we set

b(k) = (ki+n—2i+1),_,_ €C"
Proposition 6.4.2 (Transfer map). Let
X =G/H=U@2n+2)/Sp(n+1)~U(2n+1)/Sp(n) = G/H
and K = U(2n) x U(1). For 7 = Rep(U(2n),t,(k,k)) ®¥ Rep(U(1),a) €
Disc(K/H) with k € (Z")> and a € Z, the affine map
Sr:ar~C" — crl o~

A tnﬂ,n(%, b(k))
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induces a transfer map
I/(‘, 7') : Homc_alg(Dé(X), (C) — Hom(c_alg(Z(g(C), C)
as in Theorem 4.9.

Here we use the notation ¢, ., (j, k) from (6.2.3). To avoid confusion, we
write Rep(U(1), a) for the one-dimensional representation of U(1) given by
z+ z% and not C, as in Sections 6.1 and 6.3.

Propositions 6.4.1 and 6.4.2 are consequences of the following results on
finite-dimensional representations.

Lemma 6.4.3. (1) Discrete series for G/H, G/H, and F = K/H :
Disc(U(2n +2)/Sp(n + 1))
= {Rep(U(2n + 2), tns1,041(5,7)) : J € (Z")3
Disc(U(2n +1)/Sp(n)) = {Rep(U(2n + 1),w) : w € (Z*"T1)s}

Disc(U(2n) x U(1)/Sp(n))
= {Rep(U(2n), tnn(k, k) X Rep(U(1),a) : k € (Z")>, a € Z}.

(2) Branching laws for U(2n +2) | U(2n +1): For j € (Z"™1)s,
Rep(U(2n +2), tn 1,41 (7, J)) ‘U (2n+1)

~ @ Rep(U(2n + 1), tn+1,0(j, k))-
kez™
tnt1,n(jk)E(ZP 1) >
(8) Irreducible decomposition of the regular representation of G: For
a€Z andk € (Z™)>,

L*(U(2n + 1)/(U(2n) x U(1)), Rep(U(2n), ty, 1 (k, k)) X Rep(U(1),a))
~ S7 Rep(U@n + 1), tur1a(5i k).

jezn+l
tn+l n(]’k)e(z2n+1)2
Z:LJrll Ji—2i ki=a

(4) The ring S(gc/bc)? = S(gl(2n + 1,C)/sp(n, C))SPC) s generated
by algebraically independent homogeneous elements of respective de-
grees 1,1,2,2, ... n,n,n—+ 1.

Proof of Lemma 6.4.5. (1) Since G/H and K/H are symmetric spaces, the
descriptions of Disc(G/H) and Disc(K/H) follow from the Cartan-Helgason
theorem (Fact 2.5). For the description of Disc(G/H) for the nonsymmetric
spherical homogeneous space G/H, see [Kr2|; the argument below using
branching laws and (4.2) gives an alternative proof.

One immediately deduces (2) and (3) from the classical branching laws
for Ul +1) L U¥) x U(1), see e.g. [GW, Th.8.1.1].

We now prove (4). The quotient module gl(2n + 1, C)/sp(n, C) is isomor-
phic to C @ sl(2n + 1,C)/sp(n,C), and the second summand splits into a
direct sum of four irreducible representations of sp(n, C):

2Rep(sp(n), (1,0,...,0)) ® Rep(sp(n), (1,1,0,...,0)) ® C.
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We use the observation that this sp(n,C)-module is isomorphic to the re-
striction of the following irreducible gl(2n, C)-module:

CQn D (CZTL)\/ D A2(C2n)
By the Cartan—Helgason theorem (Fact 2.5), the highest weights of irre-

ducible representations of gl(2n,C) having nonzero sp(n,C)-fixed vectors
are of the form

(643) (/\1, AL, A2, A2,y An, )\n) with ()\1, cey >\n) S (Zn)z

Then, for any N € N, the dimension of SV (s((2n+1, C) /sp(n, C))P(»C) coin-
cides with the multiplicity of such irreducible gl(2n,C)-modules occurring in
SN((C2n@((C2n)V@A2((C2n)) ~ @ Sl(Czn)@JSJ(((CQ”)V)@Sk(Az((C%)),

,5,k€EN
i+j+h=N

because sp(n, C)-fixed vectors in irreducible gl(2n, C)-modules are unique up
to a multiplicative scalar (Fact 2.5). The gl(2n, C)-module S*(A%(C?")) has
a multiplicity-free decomposition

B  Rep(gi(2n,C), (b1,b1,b2,ba, .. by, b))
blZ"'anZO

By Pieri’s law [GW, Cor. 9.2.4], the tensor product representation S*(C?")®
S*(A2(C?™)) is decomposed as

@ Rep(g[(Qna (C)a (ala bla az, b27 <o Qp, bn))a
where the sum is taken over (aq,...,a,), (b1,...,b,) € Z" satisfying

ap >2by>ax>by > >a,>b, 20,
bt et by = k.
(al—bl)+(a2—b2)+'--+(an—bn):i.

By using Pieri’s law again, we see that irreducible representations of gl(2n, C)
with highest weights of the form (6.4.3) occur in

S7((C*)Y) ® Rep(gl(2n,C), (a1, b1, as, b, ..., an, by))
if and only if
{ e = by V1 < /¢ < n,
(a1 = A1)+ (ag = A2) + -+ 4 (an = An) = J.
Therefore, dim SN (sl(2n + 1,C) /sp(n, C))P(C) is equal to

(6.4.4) #{(al,bl,...,an,bn)G(N%)Z : 2Za5—2b@:z\/}.
/=1 /=1

For any 1 < j < n, we set
{ 02];1 = aj—bj,

C2j = by — a4,

with the convention that ag,4+1 = 0. Then (6.4.4) amounts to

o - 33501+ S =),

Jj=1 Jj=1
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which is the dimension of the space of homogeneous polynomials of degree N

in Clay,23,..., 2%y, y3,...,y" "] for algebraically independent elements
TlyeeesTpyYly---5Yn. We conclude using Lemma 4.12. O

Proof of Proposition 6.4.1. (1) We first prove that P + ¢(Qg) = 2F d¢(Ry).

By Lemma 6.4.3, the map ¥ — (7 (9), 7(J)) of Proposition 4.1 is given by
Rep(U(2n + 1), tny1,n(J, k)

(6.45) > (Rep(UCn +2),tns1011());

Rep(U(2n), tnn(k, k) B Rep(U(1), S04 ji = S0, ki)
for j € N™*! and k € N* with j; > k; > -+ > j, > kp > jng1. For
1<i<n+1 we set

a; == Jji+n—21+4 2.

Then
n+1 n+1

QZthZ + pz = QZaihi.
=1 =1

Since the embedding af — TE is given by 2j + t,41.n+1(J, 7) via the standard
bases of ai: and j¢, the map T : ai./W — j&./W(gc) (see (2.11)) satisfies

A, 1 1 1 1N~
T(Qz;aihi) = (al + 57611 T -y Qpt1 + §7an+1 - 5) €ijc/Wgc),
1=

which is the Z(gc)-infinitesimal character W, gy of 7(1J), and by Lemma 2.3.(1)
the operator Py acts on the representation space of 7(¢) as the scalar

n+1
(6.4.6) X(3as,2amen) (Pe) = 2 af.
=1
For 1 <17 <n we set
bi = k,+n—21+17

n+1 n

vy = Z]Z_Zkl
i=1 i=1

Then 7(9)" has Z(f¢)-infinitesimal character
1 1 1 N
Vo = _<V0>b1 + 5751 g y b + iabn - 5) € (Je)o/W (tc),
and by Lemma 2.3.(2) the operator ¢(Qf) acts on the representation space
of 7(19) as the scalar

n
F . N
X(aby ... 20 ) (Qk) = 25D 0.
i=1
On the other hand, ¥ itself has Z(gc)-infinitesimal character
Uy = (a1,b1,...,an,bn,ant1) €ic/W(Agy,) ~ C2n+1/62n+1’
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and so d¢(Ry) acts on the representation space of 9 as the scalar
n+1 n

Uy(Ry) = Zaf + Z bf.
i=1 i=1

Thus Py + ¢(Qg) = 2% d¢(R;) by Proposition 4.6.
We now check the relation among Casimir operators for G, G, and K.
These act on the following irreducible representations as the following scalars.

] Operator \ Representation \ Scalar ‘
Ca Rep(U(2n + 2), tyg1,n41(7,5)) | 2 S G2+ 2(n + 2 — 20)j)
Cq Rep(U(2n + 1), tni1.2(3 k) | iy (57 + 2(n + 2 — 2i)j;)
+ 50 (k2 +2(n+ 1 — 20)k;)
c(V Rep(U(2n), t..(k, k)) 257 (k2 +2(n+1— 20)ki)
2 n . n n . n
C}() RGP(U(D? Ziif Ji — Zi:l kz) (Zi:—i_ll Ji — zi:l k’z)

This implies d£(Cz) = 2d¢(Cq) — dr(CY)).

(2) We have already given descriptions of D (X ) and D (F). The descrip-
tion of D (X) can be deduced from Proposition 6.4.1.(1) and Lemma 6.4.3.(4),
similarly to the proof of Proposition 6.2.1.(2). O

Proof of Proposition 6.4.2. We use Proposition 4.13 and the formula (6.4.5)
for the map 9 — (mw (), 7(¥)) of Proposition 4.1. Let

7 = Rep(U(2n), t,(k, k)) K Rep(U(1),a) € Disc(K/H)
with k € (Z™)> and a € Z. If ¥ € Disc(G/ H ) satisfies 7()) =7, then ¥ is of the
form ¥ = Rep(U(2n + 1), tnt1.0(j, k)) for some j € N**! with j; > ky > ...
> jn > kn > juy1 and 30 G = a+3°0, ki, by (6.4.5). The algebra D (X)
acts on the irreducible G-submodule 7(¢) = Rep(U(2n + 2), th+1,n+107, 7))
by the scalars

AW) + pg = (2a1,.. ., 2an41) € C" /Sy

via the Harish-Chandra isomorphism (6.4.2), where a; = j; + n — 2i + 2
(1 <i<mn+1), whereas the algebra Z(gc) acts on the irreducible G-module
¥ =Rep(U(2n + 1), tnt1n(J, k)) by the scalars

v(0)+p=(a1,...,ans1,b1,...,b,) € C" /Sy, 14

via (6.4.1), where b; = k; +n —2i+ 1 as in the proof of Proposition 6.4.1.(1).
Thus the affine map S- in Proposition 6.4.2 sends \(9)+ pg to v(9)+p for any
¥ € Disc(G/H) such that 7(J) = 7, and we conclude using Proposition 4.13.

(]

Remark 6.4.4. (1) One can deduce analogous results in the original setting
where G = SU(2n + 2) from the corresponding ones for G = U(2n + 2)
which we have just discussed, such as Propositions 6.4.1 and 6.4.2. If G =
SU(2n + 2), then af, is isomorphic to C", rather than af, for G=U(@2n+2).

(2) Let K’ := Sp(n)xU(1)xU(1),sothat H C K’ C K C G = SU(2n+2).
Then K'/H ~ S!, hence the C-algebra dr(Z(€)) is generated by a single
vector field (the Euler homogeneity differential operator). It follows from

Proposition 6.4.1 that neither condition (A) nor condition (B) of Section 1.4
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holds if we replace K with K’. In particular, Theorem 1.3.(1) and (2) fail if
we replace K with the nonmaximal subgroup K.

6.5. The case (G, H,G) = (SO(4n+4),S0(4n+3),Sp(n+1)-Sp(1)). Here
H = Sp(n)-Diag(Sp(1)), and the only maximal connected proper subgroup of
G containing H is K = (Sp(n) x Sp(1))-Sp(1). The groups G and K are not

simple. For i € {1,2} we denote by Cg) € Z(gc) the Casimir element of the
i-th factor of G, and for j € {1,2,3} by C%) € Z(tc) the Casimir element of
the j-th factor of K. Then dr(C'¢) = 0, and dr(C'2) = dr(C¥)) € Da(X);
we denote this last element by dr(Ck).
Proposition 6.5.1 (Generators and relations). For

X =G/H = SO(4n+4)/SO(4n + 3)
(Sp(n +1) - Sp(1))/(Sp(n) - Diag(Sp(1))) = G/H
and K = (Sp(n) x Sp(1)) - Sp(1), we have

oy DY _ dr(Co:
) { degg%g = 2d((CY .) dr(Cr);

12

de(Cy)) = dr(Cx);
D&(X) = Cld(Cgz)];
(2) { Dr(F) = Cldr(Cx));
Da(X) = Cldl(Cg), dr(Ck)] = ClAU(Cg), d(CS))] = Clae(C)), dr(Ck)).

Remark 6.5.2. Let G’ := Sp(n+1) C G and H' := Sp(n) C H. Then X
is isomorphic to G'/H’ as a G'-space, and K’ := Sp(n) x Sp(1) C K is a
maximal connected proper subgroup of G’ containing H’'. However, X¢ is not

c-spherical, and none of the assertions in Theorem 1.3 holds if we replace
(G,H, K) with (G', H', K'). In fact, the subalgebra of D¢/ (X) generated by
Dg(X), dr(Z(¥:)), and d¢(Z(gg)) is contained in the commutative algebra
D¢ (X), whereas Dgr (X)) is noncommutative by Fact 2.2.

We identify
(6.5.1)  Homcag(Z(gc),C) ~ jt/W(ge) ~ (C"™ @ C)/W(Cpy1 x C1),
(6.5.2) Home ay(Dg(X),C) ~ ax/W C/(Z)27)

by the standard bases. The set Disc(K/H) consists of the representations of
K = (Sp(n) x Sp(1)) - Sp(1) of the form 7 =1 X C* X C® for a € Ny.

1

Proposition 6.5.3 (Transfer map). Let
X =G/H = SO(4n+4)/SO(4n + 3)
~ (Sp(n+1)-Sp(1))/(Sp(n) - Diag(Sp(1))) = G/H
and K = (Sp(n) x Sp(1)) - Sp(1). For 7 = 1 K C* K C* € Disc(K/H) with
a € Ny, the affine map
S,:ap~C — clgcC ~ %

Ada A—a
, n—1, —2,...,1),)
(( 2 g TR “

A

induces a transfer map

v(-,7) : Homg_ag (D5 (X), C) — Home_aig(Z(gc), C)
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as in Theorem 4.9.

In order to prove Propositions 6.5.1 and 6.5.3, we use the following results
on finite-dimensional representations.

Lemma 6.5.4. (1) Discrete series for G/H, G/H, and F = K/H:
Disc(SO(4n + 4)/SO(4n + 3)) = {H/ (R*™) . j € N};
Disc((Sp(n + 1) - Sp(1))/(Sp(n) - Diag(Sp(1))))

— {er:,é(Hn-‘rl) X (Ck—€+1 -k > / > 0};
Disc(((Sp(n) x Sp(1)) - Sp(1))/(Sp(n) - Diag(Sp(1))))
— [1KC'KC®: ae N}
(2) Branching laws for SO(4n +4) | Sp(n+1) - Sp(1): For j € N,

Hj(R4n+4)|sp(n+1).sp(1) ~ @ fHk’,j—k(Hn-&—l)gCQk—j—H.

keN
2<k<

(8) Irreducible decomposition of the reqular representation of G: Fora € N,
L*((Sp(n +1) - Sp(1))/((Sp(n) x Sp(1)) - Sp(1)), 1 K C* K C*)

~ Z@ Hk,k+1—a(Hn+1) X Ce.

keN
k>a—1

(4) The ring S(gc/bc)™ is generated by two algebraically independent
homogeneous elements of degree 2.

Here, for m > 1 we denote by HF* (H™) the irreducible representation
of Sp(m) whose highest weight is (k, k¥, 0,...,0) in the standard coordinates.
For a € N, we denote by C® the unique a-dimensional Sp(1)-module.

Proof of Lemma 6.5.4. Statements (1), (2), (3) follow from [HT, Prop.5.1]
and the Frobenius reciprocity. To see (4), we note that there is an isomor-
phism of H-modules

gc/be =~ gc/tc D Ec/he ~ (C*"RC?*) @ (CRC?).

The action of H = Sp(n) - Diag(Sp(1)) on gc/bhc thus comes from an action
of Sp(n) x Sp(1), and we have S(gc/bc)™ = S(gc/bc)SPM*SP(D) | Note that

S(g(C/[](C)Sp(n)X{l} ~ S((C2n ® CQn)Sp(n)X{l} ® S((CS)

as Sp(1)-modules. As in the proof of Lemma 6.3.3.(4), the group Sp(1) acts
trivially on S(C?" @ C€?7)SP()*{1}  Therefore,

S(gc/be)PM*SP) ~ g(C2 g €2)SP(M) g §(C3)SP(D)
is a polynomial ring generated by two homogeneous elements of degree 2
coming from S(C2" g C27)SP(n) and §(C3)SP(), 0
Proof of Proposition 6.5.1. (1) By Lemma 6.5.4, the map ¢ — (7(¢9), 7(19))
of Proposition 4.1 is given by

(6.5.3) HMEHMT)RCFH — (Hk+£(R4n+4)7 1R CFH+1 R (Ck;—£+1).
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The Casimir operators for G and for the factors of G and K act on these
representations as the following scalars.

] Operator \ Representation \ Scalar ‘
Cx HFFYRINTY) (k+0)(k+ 0+ 4n +2)
C(Gl) HELHH) R CR— | k2 4+ 02 4 2(k + O)n + 2k
c? I yMEYRCE ] (k= 0)(k—(+2)
Cx |1RCFHAFIRCFH] (k—0)(k—(+2)

This, together with the identity
(k+0(k+0+4n+2) =2(k* + 2+ 2(k + O)n +2k) — (k— 0)(k — 0+ 2),

implies d¢(Cg) = 2d0(CY)) — dr(Cr) and d¢(C) = dr(Ck).

(2) Since G/H and F = K/H are symmetric spaces, we obtain Dg(X) and
D (F) using the Harish-Chandra isomorphism. We now focus on D¢g(X).
We only need to prove the first equality, since the other ones follow from
the relations between the generators. For this, using Lemmas 4.12.(3) and
6.5.4.(4), it suffices to show that the two differential operators d/(Cz) and
dr(Ck) on X are algebraically independent. Let f be a polynomial in two
variables such that f(d¢(Cg),dr(Ck)) = 0 in Dg(X). By letting this differ-
ential operator act on the G-isotypic component 9 = H*¢(H"+1) 1 Ck—¢+1
in C*°(X), we obtain

F((k+0)(k+C+4n+2), (k— )k —£+2)) =0

for all k,¢ € N with k£ > ¢, hence f is the zero polynomial. O

Proof of Proposition 6.5.3. We use Proposition 4.13 and the formula (6.5.3)
for the map ¥ — (7(¥),7(¥)) of Proposition 4.1. Let 7 = 1K C* K C* €
Disc(K/H) with a € N4. If ¥ € Disc(G/H) satisfies 7(J) = 7, then 9 is of
the form
9 = HMHETHRC
~ Rep(Sp(n+1),(k,£,0,...,0)) X Rep(U(1),a)

for some k,¢ € N with k —£+1 = a, by (6.5.3). The algebra Dz(X) acts on
the irreducible G-submodule 7 () = H* (R4 +4) by the scalars

X)) +pzg=k+0+2n+1€C/(Z)27)

via the Harish-Chandra isomorphism (6.5.2), whereas the algebra Z(gc) acts
on the irreducible G-module ¥ = H*(H" 1) K CoHI+@I~2(H" 1) by the
scalars

v(9)+p = (k+n+1,0+n;n—1,...,—1;k—L+1) € (C"'@C)/W(Cpyi1 xCh)

via (6.5.1). Thus the affine map S; in Proposition 6.5.3 sends A(9) + pz to
v(9) + p for any ¥ € Disc(G/H) such that 7(¢) = 7, and we conclude using
Proposition 4.13. O
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This completes the proof of Theorems 1.3, 1.5, 1.11, and 4.9, as well as
Corollary 1.7, in the case (v) of Table 1.1. For the case (v)’ of Table 1.1, the
homogeneous spaces G/H and K/H change as follows:

G/H : (Sp(n+1) - Sp(1))/(Sp(n) - Diag(Sp(1)))
~ (Sp(n+1)-U(1))/(Sp(n) - Diag(U(1))),
K/H : ((Sp(n) x Sp(1)) - Sp(1))/(Sp(n) - Diag(Sp(1)))

~ ((Sp(n) x Sp(1)) - U(1))/(Sp(n) - Diag(U(1))).
The proof works similarly, and so we omit it.
6.6. The case (G, H,G) = (SO(16),SO(15), Spin(9)). Here H = Spin(7),

and the only maximal connected proper subgroup of G containing H is K =
Spin(8). The fibration F — X — Y is the fibration of spheres S — S!5 — S8,

Proposition 6.6.1 (Generators and relations). For
X = G/H = SO(16)/SO(15) ~ Spin(9)/Spin(7) = G/H
and K = Spin(S), we have

(1) dl( G) =4dl(Cq) —3dr(Ck);
(X) = Cldl(Cg)l;
(2) § Dx(F) = Cldr(Ck)];
Dg(X) = Cldl(Cg), dr(Ck)] = Cldl(Cg), dl(Cq)] = C[d(Cq), dr(Ck)].

We identify
(6.6.1)  Homcag(Z(ac),C) =~ jc/W(sc) = C'/W(By),
(6.62)  Homcae(Ds(X),C) ~ &x/W =~ C/(Z/2Z)

by the standard bases. The set Disc(K/H) consists of the representations of
K = Spin(8) of the form 7 = H*(R®) for k € N.

Proposition 6.6.2 (Transfer map). Let
X = G/H = SO(16)/SO(15) ~ Spin(9)/Spin(7) = G/H
and K = Spin(8). For 7 = H*(R®) € Disc(K/H) with k € N, the affine map
S, ah~C — ct ~

Ao FOuk45,k+3.k41)

N =

induces a transfer map
v(-,7) : Home_aig (D

as in Theorem 4.9.

é(X)v (C) — Hom(C—alg(Z(g(C)a (C)

In order to prove Propositions 6.6.1 and 6.6.2, we use the following results
on finite-dimensional representations.

Lemma 6.6.3. (1) Discrete series for G/H, G/H, and F = K/H:
Disc(SO(16)/SO(15)) = {H/(R'®) : j € N};

Disc(Spin(9)/Spin(7)) = {Rep<spin(9), %(j,k,k,k)) G keEN, j—ke 2N};

Disc(Spin(8)/Spin(7)) = {Rep<spin(8),%(k,k,k,k)> k eN}.
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(2) Branching laws for SO(16) | Spin(9): For j € N,

j 1
16 ~ . )
HI(RY)lspino) = % Rep(Spin(9), 5 ks k. k).
jfchEZN

(3) Irreducible decomposition of the reqular representation of G: Fork € N,
1
L2 <Spin(9) /Spin(8), Rep <Spin(8), 5 (ks s k)))

S Rep (Spin(9), %(j, Kk E)).
Jj—ke2N

(4) The ring S(gc/h@)H = S(C® @ CT)Sin(") s generated by two alge-
braically independent homogeneous elements of degree 2.
Proof of Lemma 6.6.3. (1) The description of Disc(SO(16)/SO(15)) and of
Disc(Spin(8)/Spin(7)) follows from the classical theory of spherical harmon-
ics (see e.g. |He2, Intro. Th.3.1]) or from the Cartan-Helgason theorem
(Fact 2.5), and the description of Disc(Spin(9)/Spin(7)) from [Kr2].
(2) Let Jf(c be a Cartan subalgebra of gc = s0(16,C) and let {f1,..., fs}
be the standard basis of J~(*C Fix a positive system

At(Gesic) ={fix f; 1 1<i<j<8}.
Let pc = {c + ¢ be the standard parabolic subalgebra of gc with
(6.6.3) A(fc,jc) = {fi+ f; 1 2<i<j <8},

12

and ﬁ@ the corresponding parabolic subgroup. By the Borel-Weil theorem,
we can realize the irreducible representation H7(R'®) = Rep(SO(16),jf1)

of G on the space O(Ge /ﬁ(g , L) of holomorphic sections of the Gc-
equivariant holomorphic line bundle £;f = G¢ X - Cjf,, where Py is the
C

opposite parabolic subgroup to ]5@
Let GL(4,C) be the double covering group of GL(4,C), given by

{(c, A) € C* x GL(4,C) : det(A) = c*}.

The natural embeddings GL(4, C) — SO(8,C) — SO(9, C) lift to GL(4,C) —
Spin(8,C) < Spin(9,C) = Gc.

We take the standard basis {e1, ez, e3,e4} of j, and a positive system
At(ge,ic) ={eitej 1 1<i<j<4}uU{e; : 1 <i<4}. We set

1
Wq = 5(61 +ea+e3+ey)

and define a maximal parabolic subgroup Pr = LcN¢ by the characteristic
element (1,1,1,1) € C* ~ jc. Then the Levi subgroup L¢ is isomorphic to
GL(4,C) and

(6.6.4) A(nc,jc) ={eit+ej : 1<i<j<4}U{e; : 1<i<A4}.
Given that the spin representation Rep(Spin(9),w, ) ~ C!6 has jc-weights

1 .
{§($1,9€2,$3,$4) SRS {il}} cC~ig,
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we may and do assume that j¢ is contained in T@ and that

(6.6.5)  ¢(1,1,1,1) =(2,1,1,1,1,0,0,0) €ic and *f; =w, €5,

where ¢ denotes the inclusion map j¢ — jc.

Let @(c be the standard parabolic subgroup of é@ given by the character-
istic element (2,1,1,1,1,0,0,0) € J?c. Then (6.6.5) shows that Qc is com-
patible with the reductive subgroup G¢ and Pc = @C N G¢. We now verify
that Pr = 13@ N Gc. Clearly, @c is a subgroup of ﬁc, hence Pc C ﬁ(c NGe.
We note that ]5@ N G is a proper subgroup of G¢, because G¢ = Spin(9, C)
cannot be a subgroup of the Levi subgroup SO(2, C) x SO(14, C) of Pe. Since
Pe is a maximal parabolic subgroup of G¢, we conclude that Pr = ﬁ@ NGc
with L¢e C EC and N¢ C ]V(c, and so 15(@ is also compatible with the reductive
subgroup Gc.

We claim that the Levi subgroup L¢ ~ é\i(él, C) acts on n¢/nc ~ C* by
Rep(évL(él, C),(1,1,1,0)). To see this, we observe from (6.6.3) that

A(fic,jc) = (Afc,ic))
= {(z1, 32,23, 24) : ; € {0,1}} ~{(0,0,0,0), (-1,-1,-1,-1)}.
Comparing this with (6.6.4), we find
A(ﬁ(@/l‘l@,j@) = {(17 1,1,0),(1,1,0,1), (17 0,1,1), (O, 1,1, 1)}

Applying Proposition 3.3 to the embedding G¢/Pz — Ge/ ﬁé , we obtain
the following upper estimate for possible irreducible Spin(9)-modules occur-
ring in the restriction of the SO(16)-module #/(R') ~ O(G¢ /P, Lf,):

“+oo

O(Ge/Pe L) |spme) © D O(Ge/Pe, Lo, @ S (g /ng)),
(=0

because ¢* fi = wy. The right-hand side is actually a finite sum because the
Borel-Weil theorem states that

O(Ge/Pg Lo, ® S' (R /ng))

N Rep(Spin(Q),jw+ + (0,—¢,—¢, —6)) if j > 20,
— 1 {0} otherwise.
Thus we have shown
; . 1 .
(6.6.6) HIR)|g 00 © D Rep(spm(g), 5(],k7k,k)>.
RO

Since the union of all irreducible Spin(9)-modules occurring in H7(R'6) for
some j coincides with Disc(Spin(9)/Spin(7)) by the comparison of (4.1) with
(4.2), the description of Disc(Spin(9)/Spin(7)) in (1) forces (6.6.6) to be an
equality. This completes the proof of (2).

(3) By the Frobenius reciprocity, this follows from the classical branching
law for o(N) | o(IN — 1), see e.g. [GW, Th.8.1.3], with N = 9.
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(4) This follows from the fact that there is no common nontrivial Spin(7)-
module in S(C¥) and S(CT), as is seen from the following irreducible decom-
positions:

8\ o . J 2
S(C*) = @Rep(Spin(7). 5(1.1.1)) @ Cr?)
JEN
(6.6.7) S(C) ~ EPRep(SO(7), (k,0,0)) & C[s7],
JjeN
where 72 denotes a Spin(7)-invariant quadratic form on C® and s% an SO(7)-

invariant quadratic form on C7. (]

Proof of Proposition 6.6.1. (1) By Lemma 6.6.3, the map 9 — (7(9), 7(19))
of Proposition 4.1 is given by
(6.6.8)

Rep(Spin(9). %(j, ko k) s (W (RY), Rep((Spin(8), %(/@, kR E)).

The Casimir operators for é, G, and K act on these representations as the
following scalars.

] Operator \ Representation \ Scalar ‘
Cx HI (R6) 32 + 14
Ca Rep(Spin(9), 5(5, k. k, k) | £ (2 + 145 + 3k? + 18k)
Ck | Rep(Spin(8), 5(k, k, k, k)) k* + 6k

This, together with the identity
G2+ 145 = (52 + 145 + 3k> + 18k) — 3 (k* + 6k),

implies d/(Cz) = 4dl(Cg) — 3dr(Ck).

(2) Since G/H and F = K/H are symmetric spaces, we obtain Dg(X) and
Dg (F') using the Harish-Chandra isomorphism. We now focus on Dg(X).
We only need to prove the first equality, since the others follow from the rela-
tions between the generators. For this, using Lemmas 4.12.(3) and 6.6.3.(4),
it suffices to show that the two differential operators d¢(C5) and dr(Ck)

G
on X are algebraically independent. Let f be a polynomial in two variables

such that f(d{(Cx),dr(Ck)) = 0 in Dg(X). By letting this differential op-
erator act on the G-isotypic component ¥ = Rep(Spin(Q), %(j,k,k,k:)) in
C*(X), we obtain

£(5% + 145, k> + 6k) = 0
for all 5,k € N with j — k € 2N, hence f is the zero polynomial. (|

Proof of Proposition 6.6.2. We use Proposition 4.13 and the formula (6.6.8)
for the map ¥ — (7(9),7(9)) of Proposition 4.1. Let 7 = HF[R®) ¢
Disc(K/H) with k € N. If 9 € Disc(G/H) satisfies 7() = 7, then ¥ is
of the form ¥ = Rep(Spin(9), 5(j, k, k, k)) for some j € N with j — k € 2N,
by (6.6.8). The algebra D5(X) acts on the irreducible G-submodule 7(9) =
H7(R'%) by the scalars

AW) + pz = j + 7 € C/(Z,/27)
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via the Harish-Chandra isomorphism (6.6.2), whereas the algebra Z(gc) acts
on the irreducible G-module ¥ = Rep(Spin(9), %(j, k,k,k)) by the scalars

1
v(W)+p =50+ 7 k+5k+3k+1) e CY/W (By)

via (6.6.1). Thus the affine map S, in Proposition 6.6.2 sends A(¢J) + pz to
v(9) + p for any 9 € Disc(G/H) such that 7(¢) = 7, and we conclude using
Proposition 4.13. O

Remark 6.6.4. The homogeneous space C* x Spin(9, C)/Spin(7,C) arises
as the wunique open orbit of the prehomogeneous vector space
(C* x Spin(9, C), C%) (see e.g. [I, HU|). Howe-Umeda [HU, §11.11] proved
that the C-algebra homomorphism d? : Z(gc) — Dg(X) is not surjective
and that the “abstract Capelli problem” has a negative answer for this pre-
homogeneous space. Proposition 6.6.1.(2) gives a refinement of their asser-
tion in this case. The novelty here is to introduce the operator dr(Ck) €
Da(X) ~\ d¢(Z(gc)) to describe the ring Dg(X).

6.7. The case (G,H,G) = (SO(8),Spin(7),S0(5) x SO(3)). Here H =
HNG is isomorphic to SO(4) ~ (SU(2) x SU(2)) /{£(I2, I2)}. The only max-
imal connected proper subgroup of G containing H is K = SO(4) x SO(3),
which is realized in G in the standard manner. The group H is the image
of the embedding v7 : SO(4) ~ (SU(2) x SU(2)) /{*(I2,I2)} — K induced
from the following diagram:

1 — {£Diag(l2)} x {£I2} — SU(2) x SU(2) x SU(2) — K — 1

U U U

1 — {£(l2, I, 1)} — SU(2) x Diag(SU(2)) — H — 1.
Thus F = K/H is diffeomorphic to the 3-dimensional projective space P3(R),
and the fibration ' — X — Y identifies with a variant of the quaternionic
Hopf fibration P3(R) — P7(R) — S*. The groups G' and K are not simple.

We denote by C’g) € Z(gc) the Casimir element of the i-th factor of G, for
i € {1,2}, and by C € Z(¢c) the Casimir element of the SO(4) factor of K.

Proposition 6.7.1 (Generators and relations). For
X = G/H = SO(8)/Spin(7) ~ (SO(5) x SO(3))/17(SO(4)) = G/H
and K = SO(4) x SO(3), we have
) { cw(cé)@): 1de(CD) — 1auc?)y;
2d0(C57) = dr(Ck);

D&(X) = Cldi(Cg)l;
(2) { Dg(F)=Cldr(C%)};
Dg(X) = CldU(Cg), dr(Cy)] = CldL(CY), de(cS].

We identify
(6.7.1)  Homcag(Z(gc),C) = j&/W(ge) =~ (C*® C)/W(By x Bi),

(6.7.2) Homcay(Ds(X),C) ~ /W ~ C/(Z/2Z)

by the standard bases. We note that G / H is not a symmetric space, but
the Lie algebras (g,h) = (s0(8),spin(7)) form a symmetric pair and the
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€3 — €4

€1 — €2 €2 — €3

€3+ €4

description of the algebra D5 (.X) is the same as that for symmetric spaces. In
order to be more precise, let us recall the triality of the Dynkin diagram Djy.

Triality. For gc = s0(8,C), the outer automorphism group Out(gc) =
Aut(gc)/Int(gc) is isomorphic to the symmetric group &3, corresponding
to the automorphism group of the Dynkin diagram D,. More precisely, let
T@ be a Cartan subalgebra of gc and {e1, e2, e3,e4} the standard basis ofi*f:.
Fix a positive system A+('gvc,ic) ={e;jte; : 1<i<j<4} and set

w4 = %(61 + e+ e3+ 64).

Then the automorphism group of the Dynkin diagram Dy is the permutation
group of the set {e1,wy,w_}. It gives rise to triality in s0(8). We denote by
¢ the outer automorphism of s0(8) of order three corresponding to the outer
automorphism of Dy as described in the figure below. With this choice,

(6.7.3) J*le1) =ws, F(wy)=w_, <" (w-)=ce¢.

The set Disc(K/H) consists of the representations of K = SO(4) x SO(3)
of the form 7 = Rep(SO(4), (k, k)) X Rep(SO(3), k) for k € N.

Proposition 6.7.2 (Transfer map). Let
X = G/H = SO(8)/Spin(7) ~ (SO(5) x SO(3))/17(SO(4)) = G/H

and K = SO(4) x SO(3). For 7 = Rep(SO(4), (k,k)) K Rep(SO(3),k) €
Disc(K/H) with k € N, the affine map

S;r:ap~C — C’gpC ~ j&

A o = (\2k+3,2k+1)

N | —

induces a transfer map
v(,T): Hom(c_alg(]D)é(X),(C) — Homc_ag(Z(gc), C)
as in Theorem 4.9.

In order to prove Propositions 6.7.1 and 6.7.2, we use the following results
on finite-dimensional representations.
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Lemma 6.7.3. (1) Discrete series for G/H, G/H, and F = K/H:
Disc(SO(8)/Spin(7)) = {Rep(SO(8), (4,4, 4,7)) : j € N};
Disc((SO(5) x SO(3))/t7(SO(4)))

= {Rep(SO(5), (4, k)) KW Rep(SO(3), k) : k,j €N, k <j};
Disc((SO(4) x SO(3))/t7(SO(4)))
= {Rep(SO(4), (k,k)) ®Rep(SO(3),k) : ke N}.
(2) Branching laws for SO(8) | SO(5) x SO(3): For j € N,

J
Rep (80(8)7 (Ja J>Js .7)) ‘SO(S)XSO(S) = @ Rep(SO(5), (]7 k))@Rep(SO(g)a k)
k=0

(3) Irreducible decomposition of the reqular representation of G: Fork € N,
L2((SO(5) x SO(3))/(SO(4) x SO(3)), Rep(SO(4), (k. k) B Rep(SO(3), k)

~ 3" Rep(SO(5), (j k)) ® Rep(SO(3), k).
jeN
>k
(4) The ring S(gc/bc)? = S(CT)7(SOW) 4s generated by two algebraically
independent homogeneous elements of degree 2.

Proof of Lemma 6.7.3. (1) We use the triality of so(8). The automorphism ¢
of 50(8) sends spin(7) to 50(7), and induces a double covering S7 — P7(R) by

SO(8)™/S0(7)™ = SO(8)™ /Spin(7) — SO(8)/Spin(7) = G/H,

where SO(N)™ denotes the double covering of SO(N) for N =7 or 8. Thus
Disc(G/H) is obtained by taking the even part of Disc(SO(8)/SO(7)) (see
Lemma 6.1.3.(1) with n = 3) via ¢, and the computation boils down to the
isomorphism

(6.74) Rep(SO(8), - (24,0,0,0)) = Rep(SO(8), (4,4, 4))-
(2) We use another expression of the double covering S” — P7(R), namely
(Sp(2) x Sp(1))/(Sp(1) x Diag(Sp(1))) — (SO(5) x SO(3))/17(SO(4))-
With the notation of Lemma 6.3.3, we have
Disc((Sp(2) x Sp(1))/Diag(Sp(1)))
= {HYMHE>)RC b . a>b>0, a,beZ}.
We conclude using the fact that the Sp(2)-module H*(H?) descends to
SO(5) if @ = b mod 2 and is isomorphic to Rep(SO(5), (%22, 25%)) as an
SO(5)-module.
(3) The branching law is a special case of Lemma 6.5.4 with n = 1 via the

triality automorphism ¢ and the covering Sp(2) x Sp(1) — SO(5) x SO(3).
(4) We have an irreducible decomposition as SO(4)-modules via ¢7:

gc/be =~ ge/tc @ Ec/he ~ (CP°RCH @ (1R CP).
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Then the ring S(C? X C2)SUR)*{1} is a polynomial ring generated by a sin-
gle homogeneous element of degree 2, on which {1} x SU(2) acts trivially.
Therefore, S(gc/bc)* is isomorphic to

S(CQ % CQ)SU(Z)X{l} ® S(l X (CS){l}xSO(?))’
and the statement follows. O
Proof of Proposition 6.7.1. (1) By Lemma 6.7.3, the map 9 — (7(9), 7(¢9))
of Proposition 4.1 is given by

Rep(SO(5), (7, k)) K Rep(SO(3), k)

BT (Rep(SO(8). (7,4, 7)), Rep(SO(4), (k, K)) & Rep(SO(3), k).

The Casimir operators for G and for the factors of G and K act on these
representations as the following scalars.

] Operator \ Representation \ Scalar ‘
C@ Rep(SO(S),(j,j,j,j)) 4(j2+3j)
G T o
R Repe(g(()(4§ , g}f, 23)) 2(1#1 7

This implies d¢(Cg) = 4d¢(CS)) — 4d¢(CY) and 2d6(CS)) = dr(Cy).

(2) The description of D5(X) from the classical result for the symmetric
space SO(8)/SO(7) ~ Spin(8)/Spin(7) (see Proposition 6.1.1.(2) with n = 3)
by the triality of Dy. The description of Dy (F') is reduced to the group
manifold case (‘\G x'G)/Diag(‘'G) with ‘G = SU(2) using the diagram just
before Proposition 6.7.1. We now focus on Dg(X). We only need to prove
the first equality, since the other one follows from the relations between
the generators. For this, using Lemmas 4.12.(3) and 6.7.3.(4), it suffices
to show that the two differential operators d¢(Cz) and dr(C%) on X are
algebraically independent. Let f be a polynomial in two variables such
that f(d¢(Cg),dr(CYk)) = 0 in Dg(X). By letting this differential operator
act on the G-isotypic component ¢ = Rep(SO(5), (j, k)) ® Rep(SO(3), k) in
C*(X), we obtain

FAG* +35),2(k* + k) =0

for all j,k € N with j > k, hence f is the zero polynomial. O
Proof of Proposition 6.7.2. We use Proposition 4.13 and the formula (6.7.5)
for the map ¥ +— (mw(9), 7(9)) of Proposition 4.1. Let 7 = Rep(SO(4), (k, k))X
Rep(SO(3),k) € Disc(K/H) with & € N. If ¥ € Disc(G/H) satisfies
T7(¥) = 7, then ¥ is of the form ¥ = Rep(SO(5),(j,%)) X Rep(SO(3), k)
for some j € N with j > k, by (6.7.5). The algebra D5(X) acts on the
irreducible G-submodule (1) = Rep(SO(8), (4, 7,7,7)) by the scalars

A(9) + pz = 2j + 3 € C/(Z/27)

via the Harish-Chandra isomorphism (6.7.2), whereas the algebra Z(gc) acts
on the irreducible G-module ¥ = Rep(SO(5), (4, k)) X Rep(SO(3), k) by the
scalars

1
() +p=5(2+3,2k + 12k +1) € (C2@ C)/W(By x By)
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via (6.7.1). Thus the affine map S; in Proposition 6.7.2 sends A(9) + pz to
v(9) + p for any ¥ € Disc(G/H) such that 7(¢) = 7, and we conclude using
Proposition 4.13. O

6.8. The case (G,H,G) = (SO(7), G(~14),50(5) x SO(2)). Here H =
HNG is isomorphic to U(2) ~ (SU(2) x SO(2))/{=(I2, I2)}. The only maxi-
mal connected proper subgroup of G containing H is K = SO(4) x SO(2),
which is realized in G in the standard manner. The group H is the image of
the embedding ts : U(2) ~ (SU(2) x SO(2))/{*(I2, 1)} = K induced from
the following diagram:

1 — {£Diag(l2)} x {£I2} — SU(2) x SU(2) x SO(2) — K — 1

U U U

1 — {£(I2, I, I2)} — SU(2) x Diag(SO(2)) — H — 1.
This case and case (ix) of Table 1.1 (see Section 6.9) are different from the
other cases in the sense that neither G/H nor K/H is a symmetric space.

The groups G and K are not simple. We denote by Cé,l ) (resp. Cé(l))

the Casimir element of the first factor of G = SO(5) x SO(2) (resp. K =
SO(4) x SO(2)), and by E¢ (resp. Ex) a generator of the abelian ideal s0(2)
of g (resp. £) such that the eigenvalues of ad(Eq) (resp. ad(Fk)) in gc are
0,+1.

Proposition 6.8.1 (Generators and relations). For
X = G/H = 80(7)/Gy_12) ~ (SO(5) x SO(2))/15(U(2)) = G/H
and K = SO(4) x SO(2), we have

(1) { dl(Eg) = dr(Ek);
2d0(Cy) = 6d€((](1)) 3dr(CY);
Ds(X) =

G
Dg(F) = [ (i dTEK)]
(2) { Da(X) = ClAU(Cg), dr(CY), dr(Ex)]
= Claf <c“> dr(Cy), dr(Ex)]

= Cla(Cg).d <“> dU(E)).

Identifying ji with C? @ C via the standard basis, the Harish-Chandra
homomorphism amounts to

(6.8.1) Homc.ag(Z(9c),C) ~ j&/W(gc) ~ (C*@C)/(W(Bs)x{1}).
On the other hand, X¢ = G¢/He = SO(7,C)/G4(C) is a nonsymmetric

spherical homogeneous space of rank one. We take af := C(1,1,1) viewed as
a subspace of j¢, and normalize the generalized Harish-Chandra isomorphism
of (2.4) as
(6.8.2) Homc s (Dg(X),C) ~ ag/W =~ C/(Z/2Z)

XA — A
so that Xf(dE(Cé)) = 3(A\%2 — 9/4). Then ¥ = Rep(SO(7),)) belongs to
Disc(G/H) if and only if X is of the form A = j(1,1,1) for some j € N (see
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Lemma 6.8.3.(1) below), and P € Dz(X) acts on ¢ by the scalar Xf@_pﬁ(P)
where we set

3

2 (1,1,1).

(6.8.3) PEi= g

With this normalization, the set Disc(K/H) consists of the representations
of K =S0(4) x SO(2) of the form 7 = Rep(SO(4), (k, k)) X C, for a,k € Z
and |a| < k, and the following holds.

Proposition 6.8.2 (Transfer map). Let
X = G/H = S0(7)/Gy(-14) = (SO(5) x SO(2)) /15(U(2)) = G/H

and K = SO(4) x SO(2). For 7 = Rep(SO(4), (k,k)) K C, € Disc(K/H)
with a, k € Z and |a| < k, the affine map

S;rap~C — C’eC ~ijk
1
Ao (ke 5)a)
induces a transfer map

v(-,7) : Homg ag (D5 (X), C) — Home_aig(Z(gc), C)
as in Theorem 4.9.

In order to prove Propositions 6.8.1 and 6.8.2, we use the following results
on finite-dimensional representations.

Lemma 6.8.3. (1) Discrete series for G/H, G/H, and F = K/H :
Disc(SO(7)/Gy(-14)) = {Rep(SO(7), (4,5,7)) : j € N}
Disc((SO(5) x 8O(2))/s(U(2 )))

= {Rep(SO(5), (j,k)) W Cq : |a| <k < j, a,j,k € Z};
Disc((SO(4) x SO(2))/(U(2 )))
= {Rep(SO(4), (k,k))XC, : |a| <k, a,k € Z}.
(2) Branching laws for SO(7) | SO( ) x SO(2): For j € N,
Rep(SO(7), (jajaj))‘SO(5)><SO(2) = @ Rep(SO(5), (.77 k)) X C,.

a,ke€Z
la|<k<j

(8) Irreducible decomposition of the regqular representation of G:
ForaeZ and k € N,

L*((SO(5) x SO(2))/(SO(4) x SO(2)),Rep(SO(4), (k, k)) K C,)
S Rep(S0(3), (7, 1)) % Car

JEN
Jzk

1

(4) The ring S(§c/be) = S(CT)C2 is generated by a single homogeneous
element of degree 2.

(5) The ring S(gc/be)™ = S(C* @ C3)SURIXSOQ) s generated by three
algebraically independent homogeneous elements of respective degrees
1,2,2.
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(6) The ring S(tc/bc) = S(C*)5OQ) is generated by two algebraically
independent homogeneous elements of respective degrees 1,2.

Proof of Lemma 6.8.5. (1) The description of Disc(SO(7)/Go(—14)) is given
by Krémer [Kr2|. The description of Disc((SO(4) x SO(2))/ts(U(2))) readily
follows from a computation for SU(2) using the diagram just before Proposi-
tion 6.8.1. The description of Disc((SO(5) x SO(2))/ts(U(2))) follows from
(2) via (4.1) or from (3) via (4.2).

(2) See [T].

(3) By the classical branching law for SO(N) | SO(N — 1), see e.g. [GW,
Th.8.1.3], with N =5, the assertion follows by the Frobenius reciprocity.

(4) See [S] or the proof of Lemma 7.7.(4) below.

(5) We have an isomorphism of (SU(2) x SO(2))-modules

gc/hc = C' @ C? =~ (C?R (C; @ C_1)) @ (1K (C2 @ Co @ C_y)).

The ring S(C? @ C2)SUR>{1} is a polynomial ring generated by one homo-
geneous element of degree 2, on which {1} x SO(2) acts trivially. Therefore,
S(C* @ €3)8U(A)*S0(?) 5 jsomorphic to

S(C*R (Cy & C_41))* "M g 5(C, 0 €)% & S(C),
and statement (5) follows.

(6) Via the double covering SU(2) x SO(2) — H ~ U(2), the group
SU(2) x SO(2) acts on g¢/he ~ C? as 1 X (Cy @ Co @ C_»3), and then the
ring S(kc/hc)* is isomorphic to

S(Co) ® S(C2 & C_y)50?),
and statement (6) follows. O

Proof of Proposition 6.8.1. (1) By Lemma 6.8.3, the map 9 — (7(9), 7(¢9))
of Proposition 4.1 is given by

Rep(S0(5), (4, k)) B C,q

(6.8.4) — (Rep(SO(7), (4,7, )), Rep(SO(4), (k, k)) K Cq

for a € Z and j,k € N with |a| < k < j. The Casimir operators for G and
for the factors of G and K act on these irreducible representations as the
following scalars.

’ Operator ‘ Representation ‘ Scalar ‘
C(@) Rep(SO(7), (4, 4, 5)) 3(5° +35)
cY . 2435+ k2 +k
o Rep(SO(5), (7,k)) X C, JTa
ciV 2(k? + k)
o7 Rep(SO(4), (k, k)) X C, JTa

This implies d¢(Eq) = dr(Ex) and 2d6(Cz) = 6d¢(CH)) — 3dr(CY).

(2) The description of Dg(X) follows from the fact that it is generated
by a single differential operator of degree 2, by Lemma 6.8.3.(4). Using the
diagram just before Proposition 6.8.1, we see that

F = K/H = (SU(2) x SO(2)/{£1})/Diag(S0(2)),
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hence D (F') is isomorphic to Dsy(2)xso(2) (SU(2)), which contains dE(C’;{l)) =

dr(Cg)) and dr(Efk); we conclude using Lemma 6.8.3.(6). We now focus
on Dg(X). We only need to prove the first equality, since the other ones
follow from the relations between the generators. For this, using Lemmas
4.12.(3) and 6.8.3.(5), it suffices to show that the three differential operators
dl(Cg), dr(C’g)), and dr(Ex) on X are algebraically independent. Let f be

a polynomial in three variables such that f(d¢(Cg), dr(C’g)), dr(Ex)) =0in
D¢ (X). By letting this differential operator act on the G-isotypic component
¥ = Rep(SO(5), (4,k)) KC, in C*°(X), we obtain

F(3(5% +35), 2(k* + k), —v/~1a) =0
for all a,j, k € Z with |a| < k < j, hence f is the zero polynomial. O

Proof of Proposition 6.8.2. We use Proposition 4.13 and the formula (6.8.4)
for the map ¥ +— (m(9), 7(9)) of Proposition 4.1. Let 7 = Rep(SO(4), (k, k))X
C, € Disc(K/H) with k > |a|. If ¥ € Disc(G/H) satisfies 7(9) = 7, then ¥ is
of the form ¥ = Rep(SO(5), (j, k)) KX C, for some j > k, by (6.8.4). The alge-
bra Dz(X) acts on the irreducible G-submodule 7(9) = Rep(SO(7), (4, 4, 4))
of C*°(X) by the scalars

%(Qj +3) € C/(2/27)

via the Harish-Chandra isomorphism (6.8.2), whereas the algebra Z(gc) acts
on the irreducible G-module ¥ = Rep(SO(5), (j, k)) X C, by the scalars

AW + pz =

v()+p= (j + %,k:%— %;a) € (C2@ C)/W(By) x {1}

via (6.8.1). Thus the affine map S; in Proposition 6.8.2 sends A(9) + pz to
v(9) + p for any ¥ € Disc(G/H) such that 7(¢) = 7, and we conclude using
Proposition 4.13. O

Remark 6.8.4. The group SO(5) already acts transitively on X = C~¥/}~I If,
instead of (SO(5) x SO(2),:5(U(2))), we take (G, H) = (SO(5),SU(2)), then
X = G/H is the same as in Proposition 6.8.1 and Lemma 6.8.3. However,
X is not Ge-spherical anymore and Theorem 1.3.(1)—(2) fail, as one can see
from Proposition 6.8.1.

6.9. The case (G,H,G) = (SO(7), Gy(~14),50(6)). Here H = SU(3), and
the only maximal connected proper subgroup of G containing H is K = U(3).
Neither G/H nor G/H is a symmetric space. Let Ex be a generator of the
center of £ = u(3) such that the eigenvalues of ad(Ek) in gc are 0,£1, £2.

Proposition 6.9.1 (Generators and relations). For
X = G/H =80(7)/Gy_14y ~ SO(6)/SU(3) = G/H
and K = U(3), we have

(1) 2d£( =) = 3d0(Cq) — 3dr(C);
(X) = C[d{(Cg)];
(2) § Dk(F) = Cldr(Ek)];
Dg(X) = Cldl(Cg),dr(Ek)] = C[dl(Cg),dr(Ek)].
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Thus the algebra Dg(X) is generated by Dz(X) and dr(Z(tc)), and also
by d¢(Z(gc)) and dr(Z(tc)), but not by Dz(X) and d¢(Z(gc)). The subal-
gebra generated by Dz(X) and d¢(Z(gc)), which is isomorphic to the poly-
nomial ring C[d/(C), dE(C )], has index two in Dg(X).

We now identify

(6.9.1) Homc aig(Z(gc),C) =~ j&/W(ge) ~ C°/W(Ds)

via the standard basis and use again the Harish-Chandra isomorphism (6.8.2)
for X = SO(7)/Gy(—14)- The set Disc(K/H) consists of the representations
of K =U(3) of the form 7 = yy, for k € Z.

Proposition 6.9.2 (Transfer map). Let

X = G/H = SO(7)/Gy_1a) = SO(6)/SU(3) = G/H
and K =U(3). For 7 = xi € Disc(K/H) with k € Z, the affine map

S;: d~C — CloC ~ jk
Ao (A+ )\—1 )

induces a transfer map

v(-,7) : Homc ag(Dg(X), C) — Homc ag(Z(gc), C)
as in Theorem 4.9.

In order to prove Propositions 6.9.1 and 6.9.2, we use the following results
on finite-dimensional representations.

Lemma 6.9.3. (1) Discrete series for G/H, G/H, and F = K/H:

Disc(SO(7)/Gy—14)) = {Rep(SO(7),(4,4,7)) : j € N}
Disc(SO(6)/SU(3)) = {Rep(SO(6),(5,4.k)) : [k| <, j.k € Z};
Disc(U(3)/SU(3)) = {x» : keZ},

where xx(g) = (det g)*.
(2) Branching laws for SO(?) 1 80(6): ForjeN,

keZ,
|k|<y

(3) Irreducible decomposition of the reqular representation of G: Fork € Z,
@ ..
L*(SO(6)/U(3),xk) =~ Y_ Rep(SO(6),(j,.k)).

jEN
J>1k|

(4) The ring S(gc/bc)? = S(C® @ C)SUG) is generated by two alge-
braically independent homogeneous elements of respective degrees 1
and 2.

Proof of Lemma 6.9.3. (1) For Disc(SO(7)/Gy(—14)), see Lemma 6.8.3.(1).
The equality for Disc(U(3)/SU(3)) is clear. The equality for Disc(SO(6)/SU(3))
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is given in |[Kr2|, but we now provide an alternative approach for later pur-
poses. The isomorphism of Lie groups U(4)/Diag(U(1)) ~ SO(6) induces a
bijection between the two sets

—

SO6) ~ {(z,y.2)€Z® : z>y> |z},
a>

(U(4)/Diag(U(1))) =~ {(a,b,c,d) €Z* : a>b>c>d}/Z(1,1,1,1),

via the map
(6.9.2) (r,y,2) — (x+y,z+ z,y + 2,0).

Now the description of Disc(SO(6)/SU(3)) follows from the classical branch-
ing law for SU(N) | SU(N —1), see e.g. [GW, Th.8.1.1], for N = 4 and from
the Frobenius reciprocity.

(2) This is a special case of the classical branching law for SO(N) |
SO(N — 1), see e.g. [GW, Th.8.1.3], for N = 7.

(3) By using (6.9.2), the proof is reduced to the classical branching law
for UN) L U(N —1) for N =4.

(4) This is immediate from the symmetric case SO(6)/U(3) because g¢/bc ~
(s0(6,C)/gl(3,C)) & C, and H acts trivially on the second component. [

Proof of Proposition 6.9.1. (1) By Lemma 6.9.3, the map 9 — (7(9), 7(¢9))
of Proposition 4.1 is given by

(6.9.3) Rep(SO(6), (7,4, k) — (Rep(SO(7), (4,4, 5)), Xk)

for k € Z and j € N with |k| < j. The Casimir operators for G, G, and K
act on these irreducible representations as the following scalars.

] Operator \ Representation \ Scalar ‘
Cq Rep(SO(6), (j,4, k) | 2(j* + 3j) + &
Ck k2

Ex Xk J1k

This implies 2d/(Cz) = 3d¢(Cq) — 3dr(Ck).

(2) For D5(X), see Proposition 6.8.1.(2). For Dg (F), the statement is ob-
vious since H is a normal subgroup of K and K/H is isomorphic to the toral
group S'. We now focus on Dg(X). We only need to prove the first equality,
since the other one follows from the relations between the generators. For
this, using Lemmas 4.12.(3) and 6.9.3.(4), it suffices to show that the two dif-
ferential operators d¢(Cz) and dr(Ek) on X are algebraically independent.
Let f be a polynomial in two variables such that f(d/(Cgx),dr(Ek)) =0 in
D¢ (X). By letting this differential operator act on the G-isotypic component
¥ = Rep(SO(6), (4,4, k)) in C>*(X), we obtain

F(3( +34), —V~1k) =0
for all 5,k € Z with |k| < j, hence f is the zero polynomial. O

Proof of Proposition 6.9.2. We use Proposition 4.13 and the formula (6.9.3)
for the map ¥ — (m(9), 7()) of Proposition 4.1. Let 7 = xi € Disc(K/H)
with k € Z. If 9 € Disc(G/H) satisfies 7(¥) = 7, then ¥ is of the form
¥ = Rep(SO(6), (4, J, k)) for some 5 € N with j > |k, by (6.9.3). The algebra
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Dg(X) acts on the irreducible G-submodule 7(¢) = Rep(SO(7), (4, 7,5)) by
the scalars

W) + ps = %(2;‘ +3) € C/(Z/22)

via the Harish-Chandra isomorphism (6.8.2), whereas the algebra Z(gc) acts
on the irreducible G-module ¥ = Rep(SO(6), (4,7, k)) by the scalars

v(¥)+p=(j+2,7+1,k)€C*/W(D3)

via (6.9.1). Thus the affine map S; in Proposition 6.9.2 sends A(¢) + p; to
v(9) + p for any ¥ € Disc(G/H) such that 7(¥) = 7, and we conclude using
Proposition 4.13. O

Remark 6.9.4. The only noncompact real form of é(c / ﬁ(c is Xp =
SO(4,3)0/Gy(2). There are exactly two real forms of G¢/Hc isomorphic
to Xg [Ko2, Ex.5.2]:

Xr ~ SO(3,3)0/SL(3,R) ~ SO(4,2),/SU(2,1).
Discrete series representations for X in both cases were classified in [Ko2]
via branching laws for G | G, in the same spirit as in the present paper. In
these cases the isotropy group is noncompact, which means that SO(3,3)g

and SO(4,2)y do not act properly on Xg. This explains why the case (ix)
of Table 1.1 does not appear in our application [KK2| to spectral analysis.

6.10. The case (G, H,G) = (SO(7),S0(6), Go(_14)). Here H = SU(3) is a
maximal connected proper subgroup of G, so that K = H and F' is a point.

Proposition 6.10.1 (Generators and relations). For
X = G/H =80(7)/S0(6) ~ Gy(_14)/SU(3) = G/H
and K = H = SU(3), we have

(1) dl(Cg) = dé(Cq);
(2) Dg(X) = Dg(X) = Cldl(Cg)] = C[de(Ca)]-

Let wy,ws be the fundamental weights with respect to the simple roots
a1, as of Go, respectively, labeled as follows: C==0. Then w; = 3a; + 2as
and wy = a1 + 2a. We identify ap Q2

(6101)  Homeay(Z(ac),C) = it/W(ge) = (Cur @ Cus)/W(Ga),
(6.10.2)  Homcag(Ds(X),C) ~ /W ~ C/(Z/2Z)
by the standard bases. In this case, Disc(K/H) is the singleton {1}.
Proposition 6.10.2 (Transfer map). Let

X = G/H =S0(7)/SO(6) ~ Gy_14)/SU(3) = G/H
and K = H =8SU(3). For 7 =1 € Disc(K/H), the affine map

S,:ai~C — C? ~ ik

l

A — wl—l—()\—g)wg

induces a transfer map
v(,T): Hom(c_alg(]D)é(X),(C) — Homc_ag(Z(gc), C)

as in Theorem 4.9.
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In order to prove Propositions 6.10.1 and 6.10.2, we use the following
results on finite-dimensional representations.

Lemma 6.10.3. (1) Discrete series for G/H and G/H:
Disc(SO(7)/S0(6)) = {H*(R") : ke N};
DISC(GQ(_14)/SU(3)> = {Rep(Gz(_14), kWQ) ke N}
(2) Branching laws for SO(T) | Gy(_14): For k € N,
Hk(Rm‘Gz(fm)

(3) The ring S(gc/be)? = S(C? @ (C3)V)SYO) is generated by a single
homogeneous element of degree 2.

~ Rep(Go(_14), kw2).

Proof of Lemma 6.10.3. In (1), the first equality follows from the Cartan—
Helgason theorem (Fact 2.5) and the second from [Kr2]. For (2), see for
instance [KQ]; the formula can also be obtained directly from the Borel-
Weil theorem, applied to the isomorphism

G(-14)/U(2) = O(7)/(SO(2) x O(5))
of generalized flag varieties. Statement (3) follows from the isomorphism
S(C o (C*)Y)~ P 5 (C*) » 5/ (C*)Y
1,7EN
and from the fact that the S?(C3), for i € N, are irreducible and mutually

nonisomorphic. O

Proof of Proposition 6.10.1. (1) Since the restriction H* (]R7)|(;2(714) remains

irreducible by Lemma 6.10.3.(2), the map ¥ — (7 (1), 7(¢)) of Proposition 4.1
reduces to

(6103) Rep(Gg(_M), kw2) — (Hk(R7)¢ 1)

We normalize C so that the short root of gs has length 1. Then the Casimir
operators for G and GG act on these irreducible representations as the follow-
ing scalars.

] Operator \ Representation \ Scalar ‘
Cx HFRT) k? + 5k
Cq Rep(Go(_14), kws) | k* + 5k
This implies d/(Cx) = d¢(Cg).

(2) This follows from the fact that D¢ (X) is generated by a single differ-
ential operator of degree 2, by Lemma 6.10.3.(3). O

Proof of Proposition 6.10.2. We use Proposition 4.13 and the formula (6.10.3)
for the map ¢ +— (7 (), 7(9)) of Proposition 4.1. Let 7 = 1 € Disc(K/H). If
Y € Disc(G/H) satisfies 7(J) = 7, then 1 is of the form © = Rep(Gy(_14), kw2)
for some k € N, by (6.10.3). The algebra D5(X) acts on the irreducible G-
submodule 7(¥) = H*(R") by the scalars

D) + ps = %(21@ +5) € C/(2/22)
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via the Harish-Chandra isomorphism (6.10.2), whereas the algebra Z(gc)
acts on the irreducible G-module ¥ = Rep(Gy(_14), kwa) by the scalars

v(9) 4+ p=kwr+p=wi + (k+ 1)wz € (Cwy + Cwsy)/W(G2)

via (6.10.1). Thus the affine map S; in Proposition 6.10.2 sends A(9) + pz to
v(9) + p for any 9 € Disc(G/H) such that 7(¢) = 7, and we conclude using
Proposition 4.13. U

6.11. The case (G, H,G) = (SO(8),Spin(7),SO(7)). Here H = Ga(—14) 18
a maximal connected proper subgroup of G, so that K = H and F' is a point.

Proposition 6.11.1 (Generators and relations). For
X = G/H = S0(8)/Spin(7) ~ SO(7)/Gy(_14) = G/H
and K = H = Gy(_14), we have

(1) 3d6(C) = 4d6(Ca);
(2) De(X) = Da(X) = C[d{(Cg)] = Clde(Cg)).

We identify D (X) with C/(Z/2Z) as in (6.7.2), and Z(gc) with C* /W (Bs)
as in (6.2.1) with m = 2. In this case, Disc(K/H) is the singleton {1}.

Proposition 6.11.2 (Transfer map). Let
X = G/H = SO(8)/Spin(7) ~ SO(7)/Gy(_14y = G/H
and K = H = Gy(_14). For 7 =1 € Disc(K/H), the affine map
S;: ap~C — c3 ~ i

A+ 2,0\ —2)

DO | =

A —

induces a transfer map
I/(‘, 7') : Homc_alg(Dé(X), (C) — Hom(c_alg(Z(g@), (C)
as in Theorem 4.9.

In order to prove Propositions 6.11.1 and 6.11.2, we use the following
results on finite-dimensional representations.

Lemma 6.11.3. (1) Discrete series for G/H and G/H :
Disc(SO(8)/Spin(7)) = {Rep(SO(8), (k,k,k,k)) : ke N},
Disc(SO(7)/Go—14y) = {Rep(SO(7),(k,k,k)) : k€ N}.

(2) Branching laws for SO(8) | SO(7): For k € N,
Rep(SO(8), (k, k, k, k))|so) =~ Rep(SO(7), (k, k. k)).

(3) The ring S(gc/bc)? = S(CT)C2 is generated by a single homogeneous
element of degree 2.

Proof of Lemma 6.11.3. (1) We consider the double covering Spin(8) /Spin(7) —
SO(8)/Spin(7) and apply the triality of Dy to the covering space, which
shows that

Disc(Spin(8)/Spin(7)) = {¢-HYR®) : £ € N}
~ {Rep(Spin(S),%(ﬂ,f,f,é}) 33
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The representations which contribute to Disc(SO(8)/Spin(7)) are those with
even parity, which yields the description of Disc(SO(8)/Spin(7)). For
Disc(SO(7)/Gy(-14)), see Lemma 6.8.3.(1).

(2) This is a special case of the classical branching law for SO(N) |
SO(N —1), see e.g. [GW, Th.8.1.2], for N = 8.

(3) By (6.6.7) and Lemma 6.10.3.(2), we have

S(CT) ~ €D Rep(Ga, jws) ® C[s7]
jeN
as graded Go-modules, where s? is an SO(7)-invariant quadratic form on C7

and Rep(Ga, jws) ® C- 1 is realized in $7(C7) for j € N. Therefore, S(CT)&>
is isomorphic to C[s?] as a graded algebra, proving Lemma 6.11.3.(3). O

Proof of Proposition 6.11.1. (1) Since the restriction H* (R™)|Gy(_ 14 remains
irreducible by Lemma 6.11.3.(2), the map 9 — (7(¢), 7(¢)) of Proposition 4.1
reduces to

(6.11.1) Rep(SO(7), (k, k, k)) — (Rep(SO(8), (k, k, k, k)), 1).

The Casimir operators for G and G act on these irreducible representations
as the following scalars.

] Operator \ Representation \ Scalar ‘
Ca Rep(SO(8), (k, k, k. k)) | 4(k* + 3k)
Ca Rep(SO(7), (k, k. k) | 3(k? + 3k)

This implies 3d¢(Cg) = 4d¢(Cg).

(2) The description of D5 (X) from the classical result for the symmetric
space SO(8)/SO(7) ~ Spin(8)/Spin(7) (see Proposition 6.1.1.(2) with n = 3)
by the triality of D4. The description of D¢ (X) follows from the fact that it is

generated by a single differential operator of degree 2, by Lemma 6.11.3.(3).
O

Proof of Proposition 6.11.2. We use Proposition 4.13 and the formula (6.11.1)
for the map ¥ — (w(¥), 7(9)) of Proposition 4.1. Let 7 = 1 € Disc(K/H).
If 9 € Disc(G/H) satisfies 7(¥) = 7, then ¥ is of the form ¥ =
Rep(SO(7), (k, k, k)) for some k € N, by (6.11.1). The algebra D(X) acts on
the irreducible G-submodule 7 () = Rep(SO(8), (k, k, k, k)) by the scalars

ANO)+pz =2k+3€C/(Z)2Z)
(see (6.7.4) for the triality of Dy4), whereas the algebra Z(gc) acts on the
irreducible G-module ¥ = Rep(SO(7), (k, k, k)) by the scalars
7N T S TN
v(@) +p = (k+ Skt Sk 5) e C3 /W (Bs).

Thus the affine map S; in Proposition 6.11.2 sends A\(9) + pz to v(9) + p
for any ¥ € Disc(G/H) such that 7(¢) = 7, and we conclude using Proposi-
tion 4.13. (]

6.12. Application of the triality of D,. The cases (xii), (xiii), (xiii)’,
(xiv) of Table 1.1 can all be reduced to cases discussed earlier by using the
triality of the Dynkin diagram D,, described in Section 6.7.
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6.12.1. The case (G, H,G) = (SO(8),S0(7), Spin(7)) (see (zii) in Table 1.1).

We realize H and G in such a way that H := HNG ~ G(~14)- Up to applying

an inner automorphlsm of gc = s0(8, (C) we may assume that jc N be = et

and jcNge = wﬁ; or wt, where for \ € f](c we set

.= {z ebe : Axz) =0}
Then the automorphism group of the Dynkin diagram D, switching e4 and
w4 or w_, induces an automorphism of gc = s0(8, C) switching so(7, C) and
spin(7,C). Thus this case reduces to the case (xi) of Table 1.1.

6.12.2. The case (G, fILG) = (SO(8), Spin(7),SO(6) x SO(2)) (see (ziii) in
Table 1.1). Here H = H N G is isomorphic to the double covering

U(3) ~ {(Z,5) € U3) x C* : det Z = s}

of U(3). The only maximal connected proper subgroup of G containing H
is K = U(3) x SO(2). The group H is the image of the embedding

—

us: U(3) — U(3) x SO(2)
e (2 () )

Up to applylng an inner automorphlsm of gc = 50(8,C), we may assuime
that jc N hc = w+ or wt and gc = Z3.(e1), where we identify j¢ W1th ](C
via the Killing form and write Z5_()) for the centralizer in gc of A € J(C ~

}C Then the automorphism group of the Dynkin diagram Dj, switching
er and wy or w,, induces an automorphism 7 of gc = 50(8 C) such that

7(he) Nic = ef and 7(gc) = Zg.(w+) or Zg (wi). Then 7(he) ~ 50(7,C)
and 7(gc) ~ gl(4,C), and 7 takes the triple (SO(S), Spin(7),SO(6) x SO(2))
o (SO(8), SO(?),U(4)). Thus this case reduces to the case (i) of Table 1.1
with n = 3.
Likewise, the case (xiii)’ reduces to the case (i)’ of Table 1.1 with n = 3.

6.12.3. The case (G, H,G) = (SO(8),S0(6) x SO(2), Spin(7)) (see (xw) in

Table 1.1). Here H = HN@ is again isomorphic to the double covering U( )
of U( ). The only maximal connected proper subgroup of G containing H is

= Spin(6). The embedding of H ~ 6?/) into H = SO(6) x SO(2) factors
through the embedding ¢;3 : U( ) — U(3) x SO(2) of Section 6.12.2. The au-
tomorphism 7 of gc = s0(8, C) that we just introduced in Section 6.12.2 takes
the triple (SO(8),SO(6) x SO(2), Spin(7)) to (SO(8),U(4),SO(7)). Thus this
case reduces to the case (ii) of Table 1.1 with n = 3.

7. EXPLICIT GENERATORS AND RELATIONS WHEN (G IS A PRODUCT

Let us recall that the basic setting 1.1 of this paper is a triple (G H , Q)
such that G is a connected compact Lie group, H and G are connected closed
subgroups, and G(c / H(C is G¢-spherical. Our main results have been proved
in this setting under an additional assumption, namely

e Gis simple,
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based on the classification of such triples (Table 1.1). In this section, we
consider the basic setting 1.1 with another assumption, namely

o Gis isomorphic to G x G where G is simple, and H = Hy x Hy where

Hy, Hs are subgroups of G.

In Section 7.1, we begin with a classification of such triples (é, H, G): Propo-
sition 7.2 states that, up to coverings and automorphisms, the triple (1.5),
which is described more precisely as Example 7.1 below, is essentially the
only one. Then, for the rest of the section, we examine to what extent
analogous results to our main theorems hold for this triple.

Example 7.1. Let ¢ be the lift to Spin(8) of the outer automorphism < of
order three of the Lie algebra s0(8) described in Section 6.7. We consider the
triple

(G, H, G) = (Spin(8) x Spin(8), Spin(7) x Spin(7), Spin(8)),
where H is embedded into G using the covering of the standard embedding
SO(7) < SO(8) in both components, and G is embedded into G by g —
(9:<(9))-
7.1. Classification of triples. In contrast with the classification of the

triples (é, H , G) for simple G in Table 1.1, the following proposition states
that there are very few triples (G, H, G) with G a product in the setting 1.1.

Proposition 7.2. In the setting 1.1, suppose that G is isomorphic to G x G
where G 1s simple, and that H = Hy X Hy where Hy, Hy are subgroups of G.
Then the triple (G, H,G) is isomorphic to

(7.1)  (Spin(8) x Spin(8), Spin(7) x Spin(7), (s*,<’)(Spin(8)))

for some 0 < i # j <2, up to coverings and (possibly outer) automorphisms
of G.

For (i,5) = (0,1), the triple (7.1) is the triple (1.5) described in Exam-
ple 7.1. Up to applying the outer automorphism (¢7%,¢77) of G = G x G,
the triple (7.1) is isomorphic to

(Spin(8) x Spin(8),s~*(Spin(7)) x s~/ (Spin(7)), Spin(8)),
where Spin(8) is embedded into Spin(8) x Spin(8) diagonally, by g — (g,9)-
Thus the proof of Proposition 7.2 reduces to the following lemma.
Lemma 7.3. Let G be a connected compact simple Lie group, and Hi1 and Ho
connected closed subgroups such that G = HyHs and that G /((Hy)cN(Hz2)c)
is Gg-spherical. Then the triple (G, Hy, Hy) is isomorphic to

(Spin(8). ¢*(Spin(7)), ¢’ (Spin(7)))

for some 0 < i £ 5 <2, up to coverings and conjugations.
Proof of Lemma 7.3. The triples (G, Hi, Hy) where G is a connected com-
pact simple Lie group, H; and Hy are connected closed subgroups, and
G = HyH,, were classified by Onis¢ik [O]. Among them, we find the triples
(G, Hy, Hy) such that G¢/((H1)cN(Hz2)c) is Ge-spherical by using Kramer’s

classification [Kr2| of spherical homogeneous spaces G¢/Hc with G¢ sim-
ple. O
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7.2. Differential operators and transfer map for the triple (1.5). For
the rest of the section, we examine the algebra D¢ (X) and its subalgebras
for the triple (1.5). In this case, since G/H ~ S7 x S7 is simply connected,
the transitive G-action on G/H via G < G, g — (g,5(g)), has connected
stabilizer H := H N G; it is isomorphic to Gg_14). The only maximal
connected proper subgroup of G containing H is K = Spin(7). Fori € {1,2},
we see the Casimir element of the i-th factor of G = Spin(8) x Spin(8) as an
element of Z(gc), and denote it by C’g). Clearly Cgz = C’g) + C’g).

Proposition 7.4 (Generators and relations). For
X = G/H = (Spin(8)xSpin(8))/(Spin(7) xSpin(7)) ~ Spin(8)/Ga(—14y= G/H
and K = Spin(7), we have
(1) 3dé(Cg) = 3(d€( )+ de(Cx
D~(X) = C[de( g ), de(CE
]

—~

2))) = 6d6(Cq) — 4dr(Ck);
)
);

Rl

Bl

G
(2) { Dk (F) = Cldr(Ck)};

De(X) = C[al(CY),ae(CD), dr(Ck)] = Cae(Cy)), dc), ae(C)].
Proposition 7.4.(2) states that
D¢ (X) = (Dg(X), de(Z(gc))) = (Da(X), dr(Z(Ec)))-

In particular, condition (B) of Section 1.4 holds. However, unlike in the
previous cases where G¢ is simple, here the subalgebra

(7.2) R = (dl(Z(gc)), dr(Z(tc)))

is strictly contained in D¢g(X), namely condition (K) fails. More precisely,
the following holds.

Proposition 7.5. For
X = G/H = (Spin(8)xSpin(8))/(Spin(7) xSpin(7)) ~ Spin(8)/Ga—14y= G/H
and K = Spin(7), and for any i € {1,2}, we have

(1) d(CY) ¢ R;

(2) Dg(X) =R+ Rdé(C’g)) as R-modules.

We identify

(7.3) Homc aig(Z(gc), C) =~ j&/W(ge) ~ C'/W(Dy),
(7.4) Home g (Dg(X),C) =~ a5/W =~ C?/(2/22)

by the standard bases. More precisely, let jo be a Cartan subalgebra of
gc = 50(8,C) and {eq, ez, €3, €4} the standard basis of ji-. For later purposes,
we fix a positive system AT (gc,jc) = {eitej : 1 <i < j <4}. Let s be
the outer automorphism of order three of s0(8) leaving jc invariant and

1
¢*(e;) =wy = 2(1,1,1,1)7

as in (6.7.3). We view G = Spin(8) as a subgroup of G' = Spin(8) x Spin(8)
via id X g.
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The set Disc(K/H) consists of the representations of K = Spin(7) of the
form 7 = Rep(Spin(?), %(a, a, a)) for a € N. In this case, G is not a simple
Lie group, but Theorem 4.9.(4) still holds as follows.

Proposition 7.6 (Transfer map). Let
X = G/H = (Spin(8)xSpin(8))/(Spin(7) xSpin(7)) ~ Spin(8)/Go(—14y= G/H

and K = Spin(7). For 7 = Rep(Spin(7), 3(a,a,a)) € Disc(K/H) with
a € N, the affine map
(7.5) S,: ap~ C* — ct ~ it

1

AWN) — - (A+a+3 N+ N -1, —a—-3)

O |

induces a transfer map
v(,T): Hom(c_alg(]D)é(X),(C) — Homc_ag(Z(gc), C)
as in Theorem 4.9.

Proposition 7.6 will be proved in Section 7.6.

7.3. Representation theory for Spin(8)/Gy(_14) With overgroup Spin(8)x
Spin(8). In order to prove Propositions 7.4 and 7.6, we use the following re-
sults on finite-dimensional representations.

Lemma 7.7. (1) Discrete series for G/H, G/H, and F = K/H:

Disc(Spin(8) x Spin(8)/Spin(7) x Spin(7)) = {H/(R®) R H’ (R®) : 4,5 € N};

Disc(Spin(8)/Gy(-14)) = {Rep (Spm(8), sU+aja- J)) :
j—il<a<j+i, j+j’—ae2N};

Disc(Spin(7)/Ga(—14)) = {Rep(Spin(?), %(a,a,a)) Da€ N}.

2) Branching laws for Spin(8)xSpin(8) | (idx<)(Spin(8)): Forj,j' € N,
(2) g laws f (8) (8) 4 (idx<)(Spin(8)): Forj, j

; 4 . L. g ,
(W RORH B [spimy = @D Rep(Spin(8), 5 (+a,5',5",a—5) )-
li—3'1<a<j+j"
a=j+j’ mod 2

(8) Irreducible decomposition of the reqular representation of G: Fora € N,
1
L? (Spin(S)/Spin(?), Rep (Spin(?), 5 (a,a, a)) )

o . 1. g .
~ > Rep(Spln(Ei), 5(] +a,5,j,a *]))-
j.j €N
j+j —a€2N
(4) The ring S(gc/bc)? = S(spin(8,C)/gac)®? is generated by three
algebraically independent homogeneous elements of degree 2.

Proof of Lemma 7.7. (1) The description of Disc(G/H) follows from the clas-
sical theory of spherical harmonics as in Spin(8)/Spin(7) ~ SO(8)/SO(7).
The description of Disc(G/H) and Disc(K/H) is given by Kramer [Kr2|.
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(2) Let ¢*H7(R®) be the irreducible representation of Spin(8) obtained
by precomposing H’(R®) by ¢ : Spin(8) — Spin(8). We first observe the
following isomorphisms of Spin(8)-modules:

H/(R®) =~ Rep(Spin(8), jer),
S*H/(R®) =~ Rep(Spin(8), jws),
because ¢*(e1) = wy. Let Pc and Q¢ be the parabolic subgroups of G¢ =
Spin(8,C) given by the characteristic elements (1,0,0,0) and (1,1,1,1) €
C* ~ jc, respectively. The nilradicals nc and uc of the parabolic subalgebras
pc and qc have the following weights:
A(n(Caj(C) = {81 + €; 2 < ] < 4}7
Auc,ic) = {eit+e; + 1 <i<j<A4y),
and so
Anc Nuc,jc) ={e1+e; + 2< 5 <4}
The Levi subgroup of the standard parabolic subgroup Pc N Q¢ is a (con-
nected) double covering of GL(1,C) x GL(3,C), and its Lie algebra acts
on nc Nuc ~ C3 by Rep(gl(1,C) + gl(3,C), (1,1,0,0)), hence on the ¢-th
symmetric tensor S¢(n¢ Nuc) by

Rep(gl(1,C) + gl(3,C), (£,4,0,0)).

Applying Proposition 3.4, we obtain an upper estimate for the possible irre-
ducible summands of the tensor product representation H/(R®) ® HI'(R®)
by

+oo
P o(Ge/(Pz NQg), S (ng Nug) ® Ljey 4y, )-
=0

By the Borel-Weil theorem, we have an isomorphism of Spin(8)-modules:

O(Ge/(Pz NQg), S (ng Nug) @ Lijey4jrwy )
[ Rep(Spin(8), 5(2j + 4" —2¢,5',5',5' — 2¢)) if 0 < ¢ < min(j,j'),
- {0} otherwise.

Via the change of variables a = j + j' — 2¢, the condition 0 < ¢ < min(j, j)
on £ € N amounts to the following conditions on a € Z:

lj—j|<a<j+j and a=j+; mod?2.

Thus we have

(7.6) H(R)@H R (P Rep(Spin(é%),%<j+a,j’,j’,a—j>).
i—3'|<a<j+s’
a=j+j’ mod 2
By comparing (4.1) with (4.2), we see that the set of all irreducible Spin(8)-
modules occurring in H7(R®) ® ¢*HI'(R®) for some j,;j' coincides with
Disc(Spin(8)/Go(—14)), counting multiplicities. Therefore the description of
Disc(Spin(8)/Ga(—14)) in (1) forces (7.6) to be an equality. This completes
the proof of (2).
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(3) By the classical branching law for the standard embedding so(7) C
50(8), see e.g. [GW, Th.8.1.2], we have

Homg,(7) (Rep (50(7), %(a, a, a)) ,Rep(s0(8), (z1, x2, 23, 74)) |50(7)) = {0}

if and only if (z1,22,23,24) = £(j + j',a,a,j — j') for some j,j/ € Z with
li—71<a<j+j and j+j —a € 2Z. Using (6.7.3), we have
1, . 1 . g .
S 1(5(9 +75',a,a, —J’)) =5 +ajjha=j)

We conclude using the Frobenius reciprocity.

(4) There is a unique 7-dimensional irreducible representation of G, and
we have an isomorphism of Go-modules

spin(8,C)/gac ~ CT o C”.

Let Q € S%(C") be the quadratic form defining SO(7,C). Then we have a
decomposition as SO(7, C)-graded modules:

S(C) ~ PH(C) @ Cla],
jEN
where SO(7,C) acts trivially on the second factor. The self-dual representa-
tions H7(C7) of SO(7,C) remain irreducible when restricted to G, and they
are pairwise inequivalent. Therefore (H*(C") ® H7(C7))%2 # {0} if and only
if 4 = j, and in this case its dimension is one. Hence the graded C-algebra
of Go-invariants

S(spin(8,C)/g2c)? ~ (S(C7) @ S(CT))%
~ P H(C)eH ()" eCQ] e Q]
1,JEN
is isomorphic to a polynomial ring generated by three homogeneous elements

of degree 2. O

7.4. Generators and relations: proof. In this section we give a proof of
Proposition 7.4. For this we observe from Lemma 7.7 that the map ¥ —
(m(9), 7(9)) of Proposition 4.1 is given by

Rep <Spin(8), %(] +a,j, 5 a— J))

(7.7) . (Hj (R8) I (R®), Rep (Spin(7), %(a, o a)))

for j,j',a e Nwith |[j —j | <a<j+j and j+j —a € 2N.
Proof of Proposition 7.4. (1) The first equality follows from the identity Cz =

d¢ (C(él)) +de (Cg)). For the second equality, we use the fact that the Casimir

operators for C~}, G, and K act on these irreducible representations as the
following scalars.

’ Operator ‘ Representation ‘ Scalar

Cz H(R®) KA (R®) 2457 +6(+5)

Cc | Rep(Spin(8), 3(j +a,j',5',a—4)) | 3G%+57 +6( +5) +ala +6))

Ck Rep(spln(7)7 %(CL, a, (I)) % (L((I + 6)
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This, together with the identity

3(72+ 5% +6(j+3") =302+ 57 +6(j +4) +ala+6)) - 3a(a +6),
implies 3d/(Cz) = 6dl(Cq) — 4dr(Ck).

(2) The description of Dg(X) follows from the fact that Spin(8)/Spin(7)
is a symmetric space of rank one, see also Proposition 6.1.1.(2) with n = 3.
For the fiber F' = K/H = Spin(7)/Gy(_14), the description of Dx (F) was
given in Proposition 6.8.1.(2). We now focus on Dg(X). We only need to
prove the first equality, since the second one follows from the linear relations
between the generators in (1). For this, using Lemmas 4.12.(3) and 7.7.(4),

it suffices to show that the three differential operators dE(Cg)), dﬁ(C’g) )s
and dr(Ck) on X are algebraically independent. Let f be a polynomial
in three variables such that f(dE(Cg)),daC’g)),dr(C’K)) = 0 in Dg(X).
By letting this differential operator act on the G-isotypic component 9 =
Rep(Spin(S), %(] +a,j’, 7 a— ])) in C*°(X), we obtain

3
f(j2 467, + 6§, Sa(a+ 6)) —0

for all j,j',a € Nwith [j —j'| <a<j+j and j+ j —a € 2N, hence f is
the zero polynomial. O
7.5. The subalgebra R = (dr(Z(tc)),d¢(Z(gc))). Unlike Theorem 1.3.(2)
for simple G, here Dg(X) is strictly larger than the subalgebra R generated
by dr(Z(tc)) and d¢(Z(gc)). In this section, we give a proof of Proposi-

tion 7.5 on the subalgebra R. For this, we describe Dg(X) as a function on
Disc(G/H), as in Proposition 4.4. Recall from Lemma 7.7.(1) that

Disc(G/H)
~ . 1 . ) o A s . o
—{Rep(Spln(S),2(3+aJ,J,a ])) ca>j—34'l, j+7 aE?N}'

Setting z := (j + 3)? and y := (5’ + 3)? and z := (a + 3)%, we may regard
the polynomial ring C[z,y, z] as a subalgebra of Map(Disc(G/H ), C).

Lemma 7.8. The map z/; of Proposition 4.4 gives an algebra isomorphism
DG(X) — (C[JJ, Y, Z]

Proof. We take generators Ry, ..., R4 of Z(gc) as follows. Recall from Sec-
tion 2.4 the notation x& : Z(gc) — C for the infinitesimal character. There
exist unique elements Ry,..., Ry € Z(gc) such that

{ XS (Ry) = 2271 (vfk 03k 4+ 3k 4+ 2F) for 1 <k <3,
XE(R4) = 24 V1V9V314
for v = (v1,v0,v3,1v4) € ji/W(Dy) ~ C*/&4 x (Z/2Z)? via the standard
basis of the Cartan subalgebra jc of gc = $0(8,C). Then Z(gc) is the
polynomial algebra C[Ry, Ra, R, Ry4].

Let us set
T = 1/:1(d€(Rk)) for 1 <k <4,
¢ = ().
pi = o) for1<i<2.
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By Proposition 4.4.(2), these are maps from Disc(G/H) to C sending any
¥ = Rep(Spin(8), 3 (j + a,4",j’,a — j)) € Disc(G/H) to (3, dl(Ry)) (for
1<k <4),9y@,dr(Ck)), and ¥ (9, dﬁ(C’g))), which are the scalars by which
Ry € Z(gc) actson ¥ and C € Z(¥c) acts on 7(d) = Rep(Spin(7), 3 (a, a,a))
and Cg) € Z(gc) acts on m(0) = HI(R®) @ H'(R), respectively, by (7.7).

These scalars are given as follows:

rn = z+y+z+1,
Ty = 9:2—|—6z:c+22—|—y2—|—6y+1,
rg = a® 4+ 15222 + 1522 + 2% + y3 + 15y + 15y + 1,
rg = (z-1)(y—2),
qa = %(2_9)7
pro= x—9,
P2 = y—9.

Therefore, the algebra homomorphism ) : Dg(X) — Map(Disc(G/H),C)
takes values in C[z,y, z]. The image is exactly C[z,y, 2] since p1,p2,q gen-
erate it. 0O

From now on, we identify D¢g(X') with the polynomial ring C[x, y, z]. Since
the algebra dr(Z(tc)) is generated by dr(Ck) and d¢(Z(gc)) is generated
by the d¢(Ry) for 1 < k < 4, we may view R in (7.2) as the subalgebra of
Clx,y, z] generated by q,r1,72,7r3,74.

Lemma 7.9. In this setting,

(1) z,x +y,xz+y,zy € R;
(2) 2", y" € R+ Rx for all n € N.

Proof. (1) We have z € Cq+C, hence z € R. Similarly, z+y € Cq+Cry+C,
hence x + y € R. The inclusions xz + y, xy € R follow from the equalities

Urz+y) = ro+2rs — (x+y)° — (2 +1)%,
zy = ry+ (xz+y) + 2.

(2) Let us prove 2" € R+ Rx by induction on n. The cases n = 0,1 are
clear, and we have 22 = —zy + (z+y)r € R+ Rx by (1). Assuming 2" € R,
we have 27! = 22" € x(R + Rx) = Rz + Ra?, hence 2"™! € R+ Rz by
the case n = 2. The assertion for y" is clear from y = (z +y) — x. O

Proof of Proposition 7.5. We again identify D¢ (X) with the polynomial ring
Clz,y, 2] as in Lemma 7.8. Since z +y € R, it is sufficient to show:

(1) z ¢ R;

(2) Cl[z,y,z] = R+ Rx as R-modules,
where R is again the subalgebra of C|x,y, z| generated by q,r1,72,7r3,74.

(1) Suppose by contradiction that there is a polynomial f in five variables
such that

(78> f(r177'2, T37T47 q) = .

Taking z = 1 in the identity (7.8) of polynomials in z,y, z, we see that the
left-hand side is symmetric in « and y, whereas the right-hand side is not,
yielding a contradiction.
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(2) Since 2y, z € R by Lemma 7.9.(1), any monomial of the form z‘y™2"
with £,m,n € N belongs to "R if £ > m, and to y" ‘R if £ < m. In
both cases we see, using Lemma 7.9.(2), that z‘y™2" € R + Rx. Therefore
R+ Rz = Clz,y, 2]. O

7.6. Transfer map: proof of Proposition 7.6. As we have seen in the
previous section, in our setting the algebra R = (d¢(Z(gc)), dr(Z(tc))) does
not contain Dé(X ), and an analogous statement to Proposition 1.10 does
not hold for all maximal ideals Z of Z(€c). Nevertheless, the following holds
for certain specific maximal ideals Z, which include all ideals we need to
define transfer maps. We denote by Z, be the annihilator of the irreducible
K-module 7V (~ 1) in Z(¢c), and gz, : Dg(X) — Dg(X)z, = Da(X)/(Z;)
the quotient map as in Section 1.3.

Proposition 7.10. For any T € Disc(K/H), the map qz. induces algebra
1somorphisms

and

Z(gc)/Ker(gz, o dl) — Da(X)z, .
These isomorphisms combine into an algebra isomorphism
¢1, : Z(gc)/Ker(qz, o dl) — Dg(X),
which induces a natural map
0T Hom@_alg(Dé(X),(C) AN Homc a1g (Z(gc)/Ker(qIT ) dé),(C)
C Homc_alg(Z(gc),C)

Proposition 7.10 implies Theorem 4.9.(1)—(3) in our setting, see Section 4.6.
Proof of Proposition 7.10. We identify D¢ (X) with the polynomial ring
Clz,y, 2] via ¥ using Lemma 7.8. Write 7 = Rep(Spin(?), %(a,a,a)). Un-
der the isomorphism Dg(X) ~ Clz,y, 2], the ideal (Z;) is generated by
z—(a+3)?, and the map ¢z, identifies with the evaluation ¢, at z = (a+3)?,
sending f(z,y,2) € Clz,y,2] to f(z,y,(a+ 3)?) € Cz,y]. This induces an

algebra isomorphism D¢ (X )z, ~ C[z,y], and we obtain the following com-
mutative diagram for each 7 = Rep(Spin(?), %(a, a, a)).

De(X) ; Clz,y, 2]
Dg(X)z, — Clz, y]

We now examine the restriction of ¢, to the subalgebras Dz(X) and
dé(Z(gc)) of Dg(X). The restriction of g, to D(X) = C[p1, p2] = Clz,y] is
clearly an isomorphism. On the other hand, a simple computation shows

Ga(r) = z+y+(a+3)>+1,
gg(—ri+ro+2rs) = 2((a+3)*—1)(z —y).
Since (a + 3)? # 1, we conclude that g,(d¢(Z(gc))) = C[z,y], hence the
second isomorphism. O
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Proof of Proposition 7.6. We use Proposition 4.13 and the formula (7.7) for
the map ¥ — (m(9), 7(1)) of Proposition 4.1. Let 7 = Rep(Spin(7), (a, a, a))
€ Disc(K/H) with a € N. If ¢ € Disc(G/H) satisfies 7(¢) = 7, then ¥ is
of the form ¥ = Rep(Spin(8), % (j+a,j,5,a—j)) for some j,j € N with
lj—j'l<a<j+j" and j+j —2a €N, by (7.6). The algebra Dz(X) acts
on the irreducible G-submodule 7(9) = HI (R8) K HI' (R®) of C°°(X) by the
scalars
AW) + pz = (j + 3,5’ +3) € C*/(Z/2Z)?

via the Harish-Chandra isomorphism (7.4), whereas the algebra Z(gc) acts
on the irreducible G-module ¥ = Rep(Spin(S), %(j +a,j,j,a— ])) by the
scalars

1
1/(19)+p:§(A+a+3,)\'—|—1,>\’—1,)\—a—3) e C*/W(Dy)

via (7.3). Thus the affine map S in Proposition 7.6 sends A(J) + p; to
v(09) + p for any 9 € Disc(G/H) such that 7(¢) = 7, and we conclude using

Proposition 4.13. U
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