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Chapter 1

Introduction

We study visible actions on complex algebraic varieties, and the main result is a classifica-
tion of visible actions on generalized flag varieties.

Definition 1.0.1 (Kobayashi [Ko2]). We say a holomorphic action of a Lie group G on a
complex manifold X is strongly visible if the following two conditions are satisfied:

1. There exists a real submanifold S (called a “slice”) such that

X' := (@G-S isan open subset of X.

2. There exists an anti-holomorphic diffeomorphism o of X’ such that

0|5 = ids,
o(G-z) = G-zforanyze X'

In the above setting, we say the action of G on X is S-visible. This terminology will
be used also if S is just a subset of X.

Definition 1.0.2 (Kobayashi [Ko2]). We say a holomorphic action of a Lie group G on a
complex manifold X is previsible if the condition (1) of Definition 1.0.1 is satisfied for a
totally real submanifold S of X.

The notion of visible actions on complex manifolds was introduced by T. Kobayashi
[Ko2] with the aim of uniform treatment of multiplicity-free representations of Lie groups.

Definition 1.0.3. We say a unitary representation V' of a locally compact group G is
multiplicity-free if the ring Endg (V') of intertwining operators on V' is commutative.

There are various kinds of multiplicity-free representations (c.f. [BR, HU, Ka, VK]), and
for the proof of the multiplicity-freeness property of representations, typical approaches are
the following: verifying the existence of an open orbit of a Borel subgroup; using a combi-
natorial method (computing or estimating coefficients of the character of a representation).
These two approaches work very well for (the direct sum of) finite dimensional represen-
tations, but it would be hard to apply them to the infinite dimensional representations
with continuous spectra. A new approach has been introduced by Kobayashi, namely, the
propagation theorem of the multiplicity-freeness property under visible actions:



Fact 1.0.4 (Kobayashi [Ko3]). Let G be a Lie group and W a G-equivariant Hermi-
tian holomorphic vector bundle on a connected complex manifold X. Let V be a unitary
representation of G. If the following conditions from (0) to (3) are satisfied, then V is
multiplicity-free as a representation of G.

(0) There exists a continuous and injective G-intertwining operator from V' to the space
O(X, W) of holomorphic sections of W.

(1) The action of G on X is S-visible. That is, there ezist a subset S C X and an anti-
holomorphic diffeomorphism o of X' satisfying the conditions given in Definition
1.0.1. Further, there exists an automorphism & of G such that o(g - x) = 6(g) - o(x)
for any g € G and x € X'.

(2) Foranyx € S, the fiber W, at x decomposes as the multiplicity-free sum of irreducible
unitary representations of the isotropy subgroup G,. Let W, = @ ngi) denote
1<i<n(z)
the irreducible decomposition of W,.

(3) o lifts to an anti-holomorphic automorphism & of W and satisfies &(Wg(f)) =Wl
for each z € S (1 <i<n(x)).

The advantage of this new approach is that not only finite dimensional cases but also
infinite dimensional (both discrete and continuous spectra) cases can be applied by this
method. Indeed, we can see in the statement of the above theorem that we do not need to
assume

G is compact, reductive,
V' is of finite-dimensional, discretely decomposable, or

X is compact.

In the following, we quote a few examples of applications of Fact 1.0.4 from [Ko2]. The first
example is an infinite dimensional unitary representation with only continuous spectrum.

Example 1.0.5. Let G be a semisimple Lie group and K a maximal compact subgroup
of G. Then it is well-known that the space L?(G/K) of square integrable functions on the
Riemannian symmetric space G/K is multiplicity-free (see [Wo| for example). We can also
prove the multiplicity-freeness property by combining Fact 1.0.4 with the following facts.

e The G-action on the complexification G¢/Kg is strongly visible by Kobayashi [Ko2].

e Let U be the complex crown of G/ K, which was introduced by Akhiezer and Gindikin
[AG]. Then there exists a G-embedding L*(G/K) < O(U) by Krotz and Stanton
[KS].

Next, we give an example of a multiplicity-free representation arising from a visible
action of a semisimple Lie group on a Hermitian symmetric space.

Example 1.0.6. Let G be a simple Lie group of Hermitian type, K a maximal compact
subgroup and H a symmetric subgroup of G, i.e., H is an open subgroup of the 7-fixed
points subgroup G” for an involution 7 of G. Let 7 be a unitary highest weight represen-
tation of the scalar type of G. Then the restriction of 7 to H is multiplicity-free [Ko5] by
Fact 1.0.4 combined with the following facts.



e 7 can be realized in the space O(G/K, L) of holomorphic sections of a G-equivariant
holomorphic line bundle £ on the Hermitian symmetric space G/ K.

e The H-action on G/ K is strongly visible by Kobayashi [Ko5] by the Cartan decompo-
sition G = HAK in the symmetric setting (see Flensted-Jensen [F11], Hoogenboom
[Ho| and Matsuki [Ma2, Ma3|).
As the last example, we show a multiplicity-free representation of a non-reductive Lie
group.
Example 1.0.7. Let G, K and 7 as in Example 1.0.6. Let N be a maximal unipotent
subgroup of G. Then the restriction of 7 to IV is multiplicity-free by Fact 1.0.4 combined
with the facts that m can be realized in O(G/K, L) for a G-equivariant holomorphic line
bundle £ on G/ K, and that the action of N on G/K is strongly visible by Kobayashi [Ko2]
by the Iwasawa decomposition G = NAK.

As these examples show, we can obtain multiplicity-free representations from a visible
action of a Lie group. Therefore it would be natural to try to find, or even classify, visible
actions. In the following, we exhibit preceding results on a classification problem of visible
actions. We firstly state a result on visible actions on symmetric spaces.

Fact 1.0.8 (Kobayashi [Ko5]). Let (G, K) be a Hermitian symmetric pair and (G, H) a
symmetric pair. Then H acts on the Hermitian symmetric space G /K strongly visibly.

The next result concerns the visibility of linear actions. Let G¢ be a connected complex
reductive algebraic group and V' a finite-dimensional representation of G¢.

Definition 1.0.9. We say V is a linear multiplicity-free space of G¢ if the space C[V] of
polynomials on V' is multiplicity-free as a representation of Gc.

Fact 1.0.10 (Sasaki [Sal, Sad]). Let V be a linear multiplicity-free space of Ge. Then a
compact real form U of G¢ acts on' V' strongly visibly.

Remark 1.0.11. We note that if U acts on a representation V' of G¢ strongly visibly, then
V' is a linear multiplicity-free space of G¢ by Fact 1.0.4.

A linear multiplicity-free space is a special case of smooth affine spherical varieties.
Let G¢ be a connected complex reductive algebraic group and X a connected complex
algebraic G-variety.

Definition 1.0.12. We say X is a spherical variety of G if a Borel subgroup B of G¢ has
an open orbit on X.

A typical example of spherical varieties is a complex symmetric space (e.g. G¢ =
GL(n,C) and X = GL(n,C)/(GL(m,C) x GL(n — m,C))). The third result deals with

visible actions on affine homogeneous spherical varieties.

Fact 1.0.13 (Sasaki [Sa2, Sa3, Sab]). Let G¢/Hc be one of the following affine homoge-
neous spherical varieties:

SL(m + n,C)/(SL(m,C) x SL(n,C)) (m # n),

Spin(4n +2,C)/SL(2n + 1,C),

SL(2n + 1,C)/Sp(n, C),

E¢(C)/Spin(10,C),

SO(8,C)/G2(C).



Then the action of a compact real form U of G¢c on Ge/Hc is strongly visible.

Lastly we state a classification result on visible actions on generalized flag varieties of
type A, which is the prototype of the main result of this paper. Let G = U(n) and L, H
Levi subgroups of GG. Kobayashi [Ko4] classified the triple (G, H, L) such that the following
actions are strongly visible (we denote by A(G) the diagonal subgroup of G x G).

L~G/H, H~G/L, A(G) ~ (GxG)/(H x L).

In fact, all the above three actions are strongly visible if and only if at least one of those is
strongly visible [Ko2]. The visibility of the three actions on generalized flag varieties was
proved by giving a generalized Cartan decomposition:

Definition 1.0.14. Let G be a connected compact Lie group, T a maximal torus and H, L
Levi subgroups of GG, which contain 7. We take a Chevalley—Weyl involution ¢ of G with
respect to T'. If the multiplication mapping

LxBxH-—=d

is surjective for a subset B of the o-fixed points subgroup G?, then we say the decomposition
G = LBH is a generalized Cartan decomposition.

Definition 1.0.15. An involution ¢ of a compact Lie group G is said to be a Chevalley—
Weyl involution if there exists a maximal torus 7' of G such that o(¢t) =t~ for any ¢t € T'.

The definition of a generalized Cartan decomposition comes from that of a visible action.
Let us explain. We retain the setting of Definition 1.0.14. Suppose that G = LBH holds
for some B C G7. Since o acts on generalized flag varieties

G/H, G/L, (GxG)/(HxL)
as anti-holomorphic diffeomorphisms, we can obtain three strongly visible actions.
L~G/H, H~NG/L, AG)~(GxG)/(HXxL).
Furthermore, we can obtain three multiplicity-free theorems by using Fact 1.0.4.
ind% xulr, nd¥ xrlg, ind$ xm ®ind¢ y..

Here indg xu and indg xr denote the holomorphically induced representations from uni-
tary characters yg and yp of H and L, respectively. As we saw, one generalized Cartan
decomposition leads us to three strongly visible actions, and three multiplicity-free theo-
rems (Kobayashi’s triunity principle [Kol]).

As the name indicates, the decomposition G = LBH can be regarded as a generalization
of the Cartan decomposition. Under the assumption that both (G, H) and (G, L) are
symmetric pairs, the decomposition theorem of the form G = LBH or its variants has
been well-established: G = KAK with K compact by E. Cartan, G = KAH with G, H
non-compact and K compact by Flensted-Jensen [Fl1], G = KAH with G compact by
Hoogenboom [Hol, and the double coset decomposition L\G/H by Matsuki [Ma2, Ma3].
We note that in our setting the subgroups L and H of G are not necessarily symmetric.
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1.1 Main result 1: Classification of visible triples

The theorem below gives a classification of generalized Cartan decompositions (Definition
1.0.14).

Theorem 1.1.1 ([Ta2, Ta3, Ta4, Tab]). Let G be a connected compact simple Lie group, T
a mazimal torus, 11 a simple system and L1, Lo Levi subgroups of G, whose simple systems
are given by proper subsets 111,11y of II. Let o be a Chevalley—Weyl involution of G with
respect to T'. Then the triples (G, Ly, Ls) listed below exhaust all the triples such that the
multiplication mapping

Lix BxLy— G

1s surjective for a subset B of G°.

Remark 1.1.2. For the type A simple Lie groups (or G = U(n)), this theorem was proved
by Kobayashi [Ko4].

In the following, we specify only the types of simple Lie groups G since our classification
is independent of coverings, and list pairs (II;, II,) of proper subsets of II instead of pairs
(L1, Ly) of Levi subgroups of G. Also, we put (I;)¢ :=1I\ 1, (j = 1,2).

Classification for type A, [Ko4]

O——O0——O0— —0——0—0
Qp Q Q3 Qp—20n—1 Qpn
Hermitian type:

1. (Hl)c = {O[Z‘}, (Hg)c = {Oéj}.
Non-Hermitian type:
L ()" = {o, 05}, (2)° = {au}, min{p,n+1—pp=Tori=j+1
p=i,j
0. (IL))¢ = {as, o}, (1) ={aw}, min{k,n+1 -k} =2.
. (I)¢ = {au}, II,: arbitrary, [ =1 or n.

Here i, 5, k satisfy 1 <14, 7,k < n.

Classification for type B,

aq ) QQ Qg QOp_2Qnp_1 Oy
Hermitian type:

L (I)¢ = {1}, ()¢ = {au}.

Non-Hermitian type:

L (L) = {an}, (TI)° = {an}.
II. (Hl)c = {Oél}, (Hg)c = {Ozi}, 2 S 1 S n.

11



Classification for type C,
OO0 e —O0——0&—0

(071 ) QQ Qa3 Qp_20n_1 Qp
Hermitian type:

L (IL)* = {an}, () = {an}.

Non-Hermitian type:

1. (Hl)c = {Oél}, (Hg)c = {Oéi}, 1 S 1 S n.

Classification for type D,

oy

aq (6% Qp—30p_2 00n—1
Hermitian type:

L. (Hl)c = {O[i}, (Hg)c = {O[j}, Z,j S {].,TL - ].,’I’L}

Non-Hermitian type:

L (L) ={aa}, (M) ={ey}, j#Ln—1Ln
L (IL) = {ai}, ()" ={a;}, i € {n — L,n}, j € {2,3}.
ML (T)° = {ai}, (T)® = {ay,an}, i € {n—1,n}, jk € {L,n—1,n}.
IV. (IL)° = {ai}, (Il2)° = {1, az}, i € {n — 1, n}.
V. (Th) = {ar}, () = {a;, ap}, j or k € {n — 1,n}
VL (IL)° = {au}, (TL)° = fas, a;}, n = 4, (i,5) = (3,4) or (4,3).

Classification for type Ejg
(D)

)
O O J O o)

ap a3 Qg 05 O
Hermitian type:

L ()* = {as}, (2)° = {ay}, 4,5 € {1,6}.
Non-Hermitian type:

L (IL))* = {a}, (II2)¢ = {a1, a6}, i =1 or 6.

0. (IL)° = {as}, () ={e;},i=1o0r6, j#1,4,6.

12



Classification for type E;
Q2

O
O O J O O o)

(075] 3 g (673 (073 (074
Hermitian type:

L (IL)¢ = {azr}, () = {ar}.

Non-Hermitian type:

I (I1))¢ = {az}, (Ily)° = {ay}, i =1 or 2.

Classification for type Eg, Fy, Gy
There is no pair (I3, ITy) of proper subsets of Il such that G = L;G? L, holds.

For the proof of sufficiency of Theorem 1.1.1, we use the herringbone stitch method
introduced by Kobayashi [Ko4], which reduces unknown decompositions to the known
decomposition in the symmetric case. This method enables us to obtain a generalized
Cartan decomposition G = LyBLy with B C G? (Definition 1.0.14). For the proof of
necessity in the classical case, we prove that G # L1G? Ly for any pair (I1y, II5) which is
not in the list in Theorem 1.1.1 by using invariant theory for quivers associated to Levi
subgroups. For the proof in the exceptional case, we use Fact 1.0.4 and Stembridge’s
classification of multiplicity-free tensor product representations ([St2]). See Chapters 2-5
for the details.

1.2 Main result 2: Classification of visible actions on
generalized flag varieties

As we explained before, one generalized Cartan decomposition (Definition 1.0.14) leads us
to three strongly visible actions. The following corollary shows that the converse is also
true in our setting. Therefore we can obtain a classification of visible actions on generalized
flag varieties from Theorem 1.1.1.

Corollary 1.2.1 ([Tal]). We retain the setting of Theorem 1.1.1. We denote by G¢ and
(Lj)c the complezifications of G and Lj, respectively (j = 1,2). We let P; be a parabolic
subgroup of G with Levi subgroup (L;)c, and put P; = Gc/P; (j = 1,2). Then the
following eleven conditions are equivalent.

(i) The multiplication mapping Ly X G° X Ly — G is surjective.
(ii) The natural action Ly ™~ Py is strongly visible.
(11i) The natural action Ly ™~ Py is strongly visible.

() The diagonal action A(G) ~ Py x Py is strongly visible.

13



(v) Any irreducible representation of G, which belongs to Po-series is multiplicity-free
when restricted to L.

(vi) Any irreducible representation of G, which belongs to Pi-series is multiplicity-free
when restricted to Lo.

(vii) The tensor product of arbitrary two irreducible representations m and o of G, which
belong to Py and Py-series, respectively, is multiplicity-free.

(viii) Py is a spherical variety of (Ly)c.
(iz) Py is a spherical variety of (La)c.
() Py X Py is a spherical variety of A(Gc).

(i) The pair (I1;,115) is one of the entries listed in Theorem 1.1.1 up to switch of the
factors.

Here an irreducible representation of G' is in Pj-series if it is a holomorphically induced
representation from a unitary character of the Levi subgroup L; (j = 1,2).

Proof. * We prove that Theorem 1.1.1 implies this corollary. The strategy of the proof is
summarized in the below diagram.

(vii) «-ee-- multiplicity-free
i
(xi)-e--- classification of (Lq, L)
¢
(i) ------ Cartan decomposition
Z N
(i)  (v) (i) .- visible action
S
(v) & (vil) & (vi)- - multiplicity-free
r ¢ ¢
(viii)  (x)  (ix)------ spherical action.

The implication (vii) = (xi) can be verified by comparing Stembridge’s classification
[St2] with Theorem 1.1.1. The converse implication (xi) = (vii) follows from Fact 1.0.4.
The equivalence (xi) < (i) is Theorem 1.1.1. The implications (i) = (ii), (i) = (iii) and
(i) = (iv) are the triunity of visibility ([Kol]). Each of the three implications (i) = (v),
(iii) = (vi) and (iv) = (vii) is followed by Fact 1.0.4. As in the proof of [Ko2, Corollary
15], we see that a result of Vinberg and Kimel'fel’d [VK, Corollary 1] implies the three
equivalences (v) < (viii), (vi) & (ix) and (vii) < (x). The equivalence (v) < (vii) < (vi)
on the multiplicity-freeness property of representations follows from a result of Stembridge
[St2, Corollary 2.5]. This completes the proof of the corollary. ]

Remark 1.2.2. For the type A simple Lie groups (or G = U(n)), this corollary was proved
by Kobayashi [Ko2].

*This proof for Corollary 1.2.1 is quoted from [Tal].
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Remark 1.2.3. Littelmann [Li] classified for any simple algebraic group G over any al-
gebraically closed field of characteristic zero, all the pairs of maximal parabolic subgroups
P, and P, corresponding to fundamental weights w and w’, respectively, such that the
tensor product representation V,,, ® V,,,.» decomposes multiplicity-freely for arbitrary non-
negative integers n and m. Moreover, he found the branching rules of V,,, ® V,,.» and the
restriction of V,,, to the maximal Levi subgroup L, of P, for any pair (w,w’) that admits
a A(G)-spherical action on G/P, x G/P,,.

Remark 1.2.4. Stembridge [St2] gave a complete list of a pair (u,v) of highest weights
such that the corresponding tensor product representation V,, ® V,, is multiplicity-free for
any complex simple Lie algebra g. His method was combinatorial and not based on the
Borel-Weil realization of irreducible representations. He also classified all the pairs (u, [)
of highest weights ;o and Levi subalgebras [ of g with the restrictions V|, multiplicity-free.

1.3 Main result 3: Seeds and visible actions for the
orthogonal group

As we mentioned in Remark 1.2.4, finite dimensional multiplicity-free tensor product rep-
resentations were classified by Stembridge [St2]. By using the notion of visible actions
on complex manifolds, we would be able to, and indeed can in the types A, B and D
cases, understand his classification more deeply. By Fact 1.0.4, we can reduce complicated
multiplicity-free theorems to a pair of data:

visible actions on complex manifolds, and

much simpler multiplicity-free representations (seeds of multiplicity-free representa-
tions).

For the type A simple Lie groups, Kobayashi found the following seeds of multiplicity-free
representations that combined with visible actions can produce all the cases of the pair of
two representations (Vi, V3) of U(n) such that Vi ® V4 is multiplicity-free [Kol].

e One-dimensional representations.

*

°

e (U(n) ) U(ny) x U(na) x U(ng)) The restriction of an irreducible representation Va,,
(n =mny +ny + ns).

U(n) | T") The restriction of an alternating tensor product representation A*(C").
(

U(n) | T™) The restriction of a symmetric tensor product representation S*(C™).

Here V), denotes an irreducible representation of U(n) with highest weight A and {wy }1<x<n—1
is the set of fundamental weights of U(n). On the other hand, he classified in [Ko4] visible
actions on generalized flag varieties of type A as listed in Theorem 1.1.1. By combining
the above seeds of multiplicity-free representations with the visible actions and using his
triunity principle, Kobayashi constructed all the multiplicity-free tensor product represen-
tations of U(n) [Kol]. In this paper we construct all the multiplicity-free tensor product
representations for SO(NV) and its covering group Spin(/N) by following Kobayashi’s argu-
ment for U(n). In our case, visible actions come from triples (G, Ly, Ly) for G = Spin(N)
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listed in Theorem 1.1.1 as in the case of the type A groups. On the other hand, seeds
of multiplicity-free tensor product representations arise only from one-dimensional repre-
sentations, alternating tensor product representations and spin representations. These are
exhibited in Proposition 1.3.1. We can see how to combine those visible actions and seeds
to obtain multiplicity-free tensor product representations in Theorem 1.3.2.

We denote by IT = {a;}1<i<n/2) (see Theorem 1.1.1 for the labeling of the Dynkin
diagrams) a simple system of the root system of G = Spin(/N) with respect to its maximal
torus T, and by {H;}1<,<|n/9 the dual basis of II. We define a subgroup M of Spin(2n +1)
as follows.

M := {exp (\/—_1m7rH1)}1§m§4 - Spin(2n — 1), (1.3.1)

where exp denotes the exponential mapping, and the simple system of Spin(2n —1) is given
by {ap € II:2 <k <n}.

Proposition 1.3.1. We denote by 1, CV and Spiny for the one-dimensional trivial repre-
sentation, the natural representation and the spin representation of Spin(N), respectively.

Then the following hold.
(1) One-dimensional representations are multiplicity-free.

(2) 1, CN and Spiny are multiplicity-free as representations of a mazimal torus T of

Spin(N).

(3) AY(CYN) is multiplicity-free as a representation of a mazimal Levi subgroup U(j) x
SO(N — 2j) of SO(N) (when N is even and i = N/2, we replace AN/?(CN) by
its SO(N)-irreducible constituent whose highest weight is 2wna—1 or 2wyy2) if the
following condition (3-1) or (3-2) is satisfied (1 < i,5 < [N/2]).

(3-1) N is odd.
(3-2) N is even, and i, j satisfy i +j < N/2, j = N/2 or i = N/2.

(4) Spiny is multiplicity-free as a representation of M, where N is odd and M as in
(1.3.1).

The theorem below gives a geometric construction of all the multiplicity-free tensor
product representations for the orthogonal group. For a realization of irreducible repre-
sentations of a compact Lie group, we use the Borel-Weil theory. Namely, we realize an
irreducible representation of a compact Lie group G as the space O(G/L, W) of holomor-
phic sections of a vector bundle W on a generalized flag variety G /L, which is associated
to an irreducible representation W of a Levi subgroup L of G.

Theorem 1.3.2. We let G = Spin(N). For any two irreducible representations Vy, and
Vi, of G such that V\, @ V., is multiplicity-free, there exists a pair of

o a generalized flag variety (G x G)/(Ly x Lo) with a strongly visible A(G)-action, and

e irreducible representations (a seed given in Proposition 1.3.1) Wy and Wy of Ly and
Lo, respectively,
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such that Vy, ~ O(G /Ly, Wy) as G-modules (k = 1,2).

The correspondence between the data (L, Wy) of wvisible actions and seeds, and the
highest weights A\, of Vi, (k = 1,2) is given as in Tables 1.3.1-1.3.4 below. In the tables,
C,\ denotes a one-dimensional representation with weight X\, T a mazimal torus of G and
Ly a Levi subgroup of G, whose simple system is given by {ay € I : (A, ¢y) = 0} where &
is the coroot of oy (1 <1 <[N/2]).

Table 1.3.1: Line bundle type

Ly Ly W, Wy N A1 A2
L)\l L)\Q C)\l C)\Q 2n +1 SWq tw]‘
Sy, twy,
2n Swy twj + uwp—s

SWp—s Tws, twy + uws, twi + Uw,_s
or twy,—1 + uw,
8 SWs—e  two 4 UWate

1<j<n,s,t,bueN,§d=0o0rl,d =0o0r1ande=1or 2.

Table 1.3.2: Weight multiplicity-free type

Ly Ly Wi W, N A Ao
G T Vy Cy 2n+1 0,w orw, arbitrary
2n 0, wy, wp_1 Or w, arbitrary

Table 1.3.3: Alternating tensor product type

L, Ly W, Wy N A Ao Condition
G Ly, Vi Cy 2n+1 wjor2w, tw;
2n w; tw; 1+7<n
W twn—s
2Wp_s tw;

1<i,j<n,teNandd=0or 1.

Table 1.3.4: Spin type
Ll L2 Wl W2 N )\1 )\2
Ly, ij (CM C(1/2+t)wj X SpinN72j 2n+1 swi w,+ tw;

1<j<n-—1ands,teN.

See Chapter 6 for the proof of Theorem 1.3.2. By virtue of Fact 1.0.4 and the triunity
principle [Kol], we obtain the following corollary. This corollary was proved by Stembridge
[St2] by a combinatorial method.

Corollary 1.3.3. We retain the notation of Theorem 1.3.2. For the data (Ly, Ls, N,
A1, Ao) of each row in Tables 1.3.1-1.3.4, the representations Vy, and V,, of G decompose
multiplicity-freely when restricted to the subgroups Lo and Ly of G, respectively.
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So far we have considered visible actions of Levi subgroups on generalized flag varieties.
For a general spherical variety, we have the following result on the visibility of actions of
compact Lie groups. Let U be a compact real form of a connected complex reductive
algebraic group G¢, and X a Ge-spherical variety. We denote by 6 the Cartan involution
of Gi¢, which corresponds to U, and by v a Chevalley~Weyl involution of G¢ (i.e., v is an
involution of G¢, which satisfies v(t) =t~ for any element ¢ € T for some maximal torus
Tt), which preserves U. We put ¢ = 0o v.

Theorem 1.3.4. Assume that there exists a real structure p on a Ge-spherical variety X
compatible with v and that the u-fived points subset X* is non-empty. Then a compact real
form U acts on X strongly visibly.

Here by a real structure on a complex manifold Z we mean an anti-holomorphic invo-
lution n : Z — Z [Ak, AC]. Also for a real structure n on a complex manifold Z with an
action of a group K, we say n is compatible with an automorphism ¢ of K if 7 satisfies
n(kz) = ¢(k)n(z) for any k € K and z € Z. Combining Theorem 1.3.4 with Akhiezer’s
result [Ak] on the existence of compatible real structures on Stein manifolds, we obtain

Corollary 1.3.5. Let (G¢, V) be a linear multiplicity-free space. Then a compact real form
U acts on V' strongly visibly.

Corollary 1.3.6. Let X be a smooth affine G¢c-spherical variety. Then a compact real
form U acts on X strongly visibly.

Here a typical example of smooth affine spherical varieties is a complex symmetric
space. On the other hand, we have the principal affine space G¢/N (N is a maximal
unipotent subgroup) as an example of non-affine smooth spherical varieties. We remark
that Corollary 1.3.5 was earlier proved by Sasaki (Fact 1.0.10) by constructing slices ex-
plicitly. By combining Theorem 1.3.4 with Akhiezer and Cupit-Foutou’s result [AC], we
also have

Corollary 1.3.7. Let X be a Ge-wonderful variety. Then a compact real form U acts on
X strongly visibly.

Definition 1.3.8. A G¢-variety X is said to be wonderful if
e X is smooth and projective,

e G has an open orbit on X, whose complement is a union of finitely many smooth
prime divisors X; (i € I) with normal crossings, and

e the closure of any Ge-orbit on X is given as a partial intersection of X; (i € I).

To prove the visibility of actions of non-compact reductive groups on complex manifolds,
we use the following extension of a result of Matsuki [Ma2, Ma3]. Let L and H be reductive
subgroups of a connected real semisimple algebraic group G such that both G¢/L¢ and
Gc/Hc are Ge-spherical varieties.

Theorem 1.3.9. There exist finitely many abelian subspaces j; of g and elements x; of
G (i=1,...,m) such that \J;, LC;H contains an open dense subset of G, where C; =

exp(j;)x;.
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We use this decomposition to show the previsibility of actions of non-compact reductive
groups.

Theorem 1.3.10. Let X be a G¢e-spherical variety and G a real form of inner type of Gc.
Then G acts on X previsibly.

Here a real reductive Lie group is said to be of inner type if its Lie algebra has a compact
Cartan subalgebra.

See Chapter 7 for the proofs of Theorems 1.3.4 and 1.3.10, and Corollaries 1.3.5-1.3.7.
The proof of Theorem 1.3.9 is given in Chapter 9.
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Organization of this thesis

Each of the following chapters could be read independently of the other chapters. We give
a classification of generalized Cartan decompositions for compact Lie groups (Definition
1.0.14) of the types B, C, D and of the exceptional type in Chapters 2, 3, 4 and 5, respec-
tively. Those classification results combined with [Ko4]| show Theorem 1.1.1. In Chapter
6, we deal with seeds for multiplicity-free representations of the types B and D groups, and
prove Theorem 1.3.2. In Chapter 7, we prove the visibility of actions of reductive groups
on spherical varieties. In Chapter 8, we give another proof for the existence of generalized
Cartan decompositions for compact Lie groups (Definition 1.0.14), which is useful for an
explicit calculation. A K AK-decomposition for Gelfand pairs is also given there. In Chap-
ter 9, we deal with a double coset decomposition of a real reductive group with respect to
reductive spherical subgroups and prove Theorem 1.3.9.
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Chapter 2

Visible actions on flag varieties of
type B and a generalization of the
Cartan decomposition

2.1 Introduction for Chapter 2

Let G be a connected compact simple Lie group of type B and o a Chevalley-Weyl invo-
lution of G. The aim of this section is to classify all the pairs (L, H) of Levi subgroups of
G such that G = LG? H holds. The motivation for considering this kind of decomposition
comes from the theory of wisible actions on complex manifolds introduced by T. Kobayashi
([Ko2]), and G = LG? H can be interpreted as a generalization of the Cartan decomposi-
tion to the non-symmetric setting. (We refer the reader to [Hel], [Ho], [Ma2] and [Ko4]
and references therein for some aspects of the Cartan decomposition from geometric and
group theoretic viewpoints.)

A generalization of the Cartan decomposition for symmetric pairs has been used in
various contexts including analysis on symmetric spaces, however, there was no analogous
result for non-symmetric cases before Kobayashi’s paper [Ko4|. Motivated by visible actions
on complex manifolds ([Kol], [Ko2]), he completely determined the pairs of Levi subgroups

(L,H) = (U(nq) x - x U(ng), U(my) x -+ x U(my))

of the unitary group G' = U(n) such that the multiplication mapping L x O(n) x H — G is
surjective. Furthermore he developed a method to find a suitable subset B of O(n) which
gives the following decomposition (a generalized Cartan decomposition, see [Ko4]):

G = LBH.

On the other hand, A. Sasaki studied recently visible actions in the setting where (G, H) is a
pair of complex reductive Lie groups, and gave a generalization of the Cartan decomposition
G = LBH ([Sa2], [Sa3]).

Back to the decomposition theory [Ko4], we consider the following problems:

The contents of this section are taken from [Ta2].
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Let G be a connected compact Lie group, t a Cartan subalgebra, and ¢ a Chevalley—
Weyl involution of G with respect to t. (Here, we recall that an involutive automorphism
w1 of a connected compact Lie group K is said to be a Chevalley—Weyl involution if there is
a maximal torus T of K such that u(t) = ¢! for every ¢ € T. For instance, an involution
0(g) = g defines a Chevalley-Weyl involution of G = U(n) with the standard maximal
torus, and G = {g € U(n) : g = g} ~ O(n).)

1) Classify all the pairs of Levi subgroups L and H with respect to t such that the
multiplication mapping ¢ : L x G x H — @ is surjective.

2) Find a “good” representative B C G such that G = LBH in the case 1) is surjective.

We call such a decomposition G = LBH a generalized Cartan decomposition. Here we
note that the role of the subgroups H and L is symmetric.

In the present chapter, we solve the above problems for connected compact simple Lie
groups G of type B. In order to state the results, we label the Dynkin diagram of type
B,, as follows. For a subset II' of the set II of simple roots, we denote by Ly the Levi

OO —————@—————— e . o ——0—>0
Q. Qp O3 Op_o Op_ 1 O,

Figure 2.1.1: Dynkin diagram of type B,

subgroup whose root system is generated by IT'. For example, Ly is a maximal torus of G
and Ly, = U(p) x SO(2(n —p) +1) for G = SO(2n+1) (1 < p < n). Here (II')¢ denotes
the complement IT\ IT'.

Theorem 2.1.1. Let G be a connected compact simple Lie group of type B,,, 0 a Chevalley—
Weyl involution, II', II” proper subsets of the simple system 11, and Ly, Ly~ the corre-
sponding Levi subgroups. Then the following two conditions on {II', 11"} are equivalent.
(1) G = LH/ G° LH//.

(ii). One of the following conditions holds up to switch of the factors II' and 11" :

Case . (II')° ={an}, (II")° = {an}.
Case II. (II')*={e}, (II")*={a;}, 1<j<n.

We note that the pair (G, L) forms a symmetric pair if and only if (II')* = {ay }, and
that G/ Ly = G/ Ly is a (non-symmetric) spherical variety in Case I (c.f. [Kr]).

Theorem 2.1.1 implies that G = LG H holds if and only if (G, L, H) satisfies one of
the following two conditions: Case I both H and L are maximal and of type A, or Case II
(G, H) is symmetric and L comes from a maximal parabolic subgroup up to switch of H
and L. In each case, we give a generalized Cartan decomposition G = LBH explicitly with
dim B = rank G in Case I and dim B = 2 or 3 in Case II. This is stated in Propositions
2.3.2 and 2.3.3.
Application to representation theory. A generalized Cartan decomposition G = LBH
implies that the subgroup L acts on G/H in a (strongly) visible fashion, and likewise H on
G/L,and G on (G x G)/(L x H). Then Kobayashi’s theory leads us to three multiplicity-
free theorems (triunity a la [Kol]):

Restriction G | L : Ind%(Cy)|z,
Restriction G | H : Ind$(C))|n,
Tensor product : Ind%(Cy) ® Ind¥(C,).
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Here Ind$(C,) denotes a holomorphically induced representation of G from a character
C, of H by the Borel-Weil theorem. See [Kol], [Ko2], [Ko3]| for the general theory on the
application of visible actions (including the vector bundle setting), and Corollaries 2.5.4
and 2.5.5 for type B groups.

Organization. Chapter 2 is organized as follows. In Section 2.2, we give a matrix re-
alization of the orthogonal group G = SO(2n + 1) and its subgroups which are used in
Sections 2.3 and 2.4. In Section 2.3, we prove that (ii) implies (i). Furthermore, we find
explicitly a slice B that gives a generalized Cartan decomposition G = Ly B Ly». The
converse implication on (ii) = (i) is proved in Section 2.4 by using the invariant theory for
quivers. An application to multiplicity-free representations is discussed in Section 2.5.

2.2 Matrix realization

The surjectivity of ¢ : L x G x H — G is independent of the coverings and the choice of
Cartan subalgebras and Chevalley—Weyl involutions. Thus, we may and do work with the
orthogonal group SO(2n+1) and a fixed pair of a Cartan subalgebra and a Chevalley—Weyl
involution in Sections 2.2, 2.3 and 2.4.

Throughout this chapter, we realize G = SO(2n + 1) as a matrix group as follows.

G :={ge€ SL2n+1,C) :'9J2n419 = Jan+1, ‘99 = Lons1}, (2.2.1)
where g denotes the transpose of g, and .J,, is defined by

1

O

T = ) € GL(m,R).

0,

1
Then, the corresponding Lie algebra g = so0(2n + 1) of G forms
g:={X€sl(2n+1,C) : X Jppy1 + Jon1 X = O, 'X + X = O}. (2.2.2)
We take a Cartan subalgebra t and a involution o of G as follows.

t:= P RV-1H, (2.2.3)

1<i<n

c:G—G, g—g, (2.2.4)

where H; := E;; — Eopt2-i2n4+2-i, and g denotes the complex conjugation of g € G. The
differential of ¢ is denoted by the same letter. Then, ¢ is a Chevalley—Weyl involution of
G with respect to t.

We let {&;}1<i<n C (t ®r C)* be the dual basis of {H;}1<i<,. Then we define a simple
system IT := {aq, ..., . } by

Q1 =€ — €2, ..., Op_1 = Ep—1—Ep, Opn = Ep.
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Let n = n; + - - - + ng be a partition of n with nq,...,ny_1 > 0 and n; > 0. We put

8; = an (1<i<k-1),

1<p<i

=T\ {as, €ell:1<i<k-1},

and denote by Ly the Levi subgroup whose root system is generated by II'. In the matrix
realization, Ly takes the form:

r A, \
A AZGU(TLZ) (1§Z§k’—1>,
LH/ = B . (225)
o Asa B € SO(2n; +1)
\ JnlA_IJnl J

~ U(ng) x -+ x U(ng_1) x SO(2n; + 1).

Here, we note that the pair (G, L) forms a symmetric pair if and only if (II')¢ = IT\ II' =
{a1}, and that G/ L{q, - is a weakly symmetric space in the sense of Selberg. For a later
purpose, we give explicitly an involution 7; and an automorphism g satisfying u* = id of
which the connected component of fixed point subgroups are Li,,1c and Ly,,}- respectively.

L{al}c = (Gﬁ)o, 7:G =G, g+ ]1,2(n71)+1,1g[1,2(n71)+1,1a (2-2-6)
Lia,y = G*, p:G—G, g 1,91/, (2.2.7)

where K denotes the connected component of K containing the identity element for a Lie
group K, and I 3(n—1)+1,1, I,/=1 are defined by

2(n—1)+1
) ——
[1,2(n71)+1,1 = dlag(—l, ]_, ey 1, —1),

I = diag(V—1,...,V/=1,1,—v=1,...,—/-1).

To obtain a generalized Cartan decomposition by the herringbone stitch method, we will
use an involutive automorphism 7, of G (1 < p < n) given by

G =G, 9 = Ly 2(n—p)+1,091p,2(n—p)+1,p; (2.2.8)
P 2(n—p)+1 p
where I, on—p)1,p = diag(—=1,...,=1,1,...,1,=1,...,=1). Then (G™), is given by
SO(2p) x SO(2n —2p+1) = (2.2.9)
A B A B
S ; € SO(2p), S €SO(2n —2p+1)
G 5 C D
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2.3 Generalized Cartan decomposition

In this section, we give a proof of the implication (ii) = (i) in Theorem 2.1.1. The idea
is to use the herringbone stitch method that reduces unknown decompositions for non-
symmetric pairs to the known Cartan decomposition for symmetric pairs.

2.3.1 Cartan decomposition for symmetric pairs.

In this subsection we recall a well-known fact on the Cartan decomposition for the sym-
metric case ([Ho, Theorem 6.10], [Ma3, Theorem 1]).

Fact 2.3.1. Let K be a connected compact Lie group with Lie algebra € and two involutions
7, 7 (12 = (7")? =id). Let H and L be subgroups of K such that

(KYoCLCK™ and (K")yC HC K™.
We take a maximal abelian subspace b in
e = {X et r(X)=7(X) =X},

and write B for the connected abelian subgroup with Lie algebra b. Suppose that 77’ is
semisimple on the center 3 of €. Then,

K =LBH.

2.3.2 Decomposition for Case I
This subsection is devoted to showing the following proposition.

Proposition 2.3.2 (generalized Cartan decomposition for Case I). Let G = SO(2n + 1)
and (II')¢ = (II")¢ = {a,, }. Then we have G = Ly exp(a® q) Ly where a and q are defined
by

(3]

a = @ R(Egi—12n-2i+2 — E9i2n—2i+3 — Eon—2it2,2i-1 + Ean_2i+3.2:), (2.3.1)
i=1
(25

9= @ R(E2i1n+1— Ent12043-2i — Eng12i1 + Eongzoiny1)- (2.3.2)
i=1

Proof. Since an automorphism  of g is an involution of g#* (see (2.2.7) for the definition
of p) and a is a maximal abelian subspace of g~*, we have

g=g"® ( U Ad(g)u> ®g. (2.3.3)

geGH

Let Zyu(a) denote the centralizer of a in g*. Then M := exp(Zy(a)) is given by

v {SU(Q)m (n = 2m), (234
SU@2)™ x U(1) (n=2m+1).
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By using this block diagonal matrix group M, we rewrite the third factor g‘“g of the
decomposition (2.3.3) as follows.

g = J Ad(g)a. (2.3.5)

We omit details since this can be verified by a simple matrix computation. The equation
(2.3.5) leads us to the following.

( U Ad(g)a) Dy = U Ad(g)(a @ q). (2.3.6)

geGH geEGH

Let us verify (2.3.6). It is clear that the left-hand-side contains the right-hand-side. We
show the converse inclusive relation. From (2.3.5), for any [ € G*, X € a and Z € g *’
there exist h € M and Y € q satisfying

Ad(h)Y = Ad(l)*lZ.
Then we have

Ad)X +7Z = Ad()(Ad(h)X) + Ad(Ih)(Y)
= Ad(IR)(X +Y).

Thus Ad(1)X + Z belongs to J,cqn Ad(g)(a @ q), and we have shown (2.3.6).
We are ready to give a generalized Cartan decomposition for Case I. We continue the
decomposition (2.3.3) as follows.

g=g"® ( U Ad(g)a> &g

geGH

=g'® ( U Ad(g)(a e q)) by (2.3.6).

geGH

Hence we can find that the exponential mapping

exp : U Ad(g)(a®q) —» G/G*

geGH
is surjective ([Hel]). Consequently we have

G = exp ( U Ad(g)(a @ q)> G*

geGH
= G"exp(a @ q)G"
= LH/ exp(a D q) LH// .
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2.3.3 Decomposition for Case I

The aim of this subsection is to show the following proposition.

Proposition 2.3.3 (generalized Cartan decomposition for Case II). Let G = SO(2n + 1),
(I')¢ = {a1} and (1I")* = {a;} (1 < j < n). We define abelian subspaces by and by of g
by

b1 :=R(E1 ;41— E2n—ji1.2041 — Ejr11 + Eans1,20-j41) (2.3.7)
+ R(E12n—j+1 — Ejs12n41 — BEon—jr1,1 + Eang1j41)s
by := R(E1 20— j12 = Ejont1 — Banjio1 + Eonyi ) (2.3.8)

Then we have G = Ly exp(by) exp(by) L.

Proof. We put L = Ly, H = Ly for simplicity. Let us take a symmetric subgroup
G'G" = (G™)y containing H where G’ and G” are given by G’ := SO(2j) x Is,_2;41 and
G" = 15; x SO(2n —2j +1). In light that by is a maximal abelian subspace of g=™ 77, we
can see from Fact 2.3.1 that

G = Lexp(by)G'G". (2.3.9)

We take a symmetric subgroup (G')* = U(j) X la,—2;41 of G'. We again use Fact 2.3.1 as
follows.

G = (G exp(ba)(G")H. (2.3.10)
Further, the equality (2.3.10) can be rewritten as

G = (G') exp(bs)(G)", (2.3.11)

Ss

where (G')7L denotes the analytic subgroup of (G')™ with Lie algebra the semisimple part
of the Lie algebra of (G')™. Then we continue the decomposition (2.3.9) as follows.

G = Lexp(b,)G'G" by (2.3.9)
— Lexp(b)((G)7: exp(b2)(G'))G” by (23.11)
= L(G")3 exp(by) exp(b2) (G)*G” by (G')5s C Zg(b1)
= Lexp(by) exp(by) H by (G'"*G" = H.

Here is a herringbone stitch which we have used for L\G/H in Case II.

(G’)%\
G/\_)G/I
ek (eal
C
L

Figure 2.3.1: Herringbone stitch for Case 11
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2.4 Application of invariant theory of quivers

This section aims for proving the implication (i) = (ii) in Theorem 2.1.1. We shall use
invariants of quivers for the proof as in [Ko4|. This section could be read independently of
Section 2.3 which gives a proof on the opposite implication (ii) = (i) in Theorem 2.1.1.

2.4.1 Invariants of quivers

In the sequel, the proofs of Lemmas 2.4.1, 2.4.2 and 2.4.3 are essentially the same as
[Ko4, Lemmas 6.1, 6.2 and 6.3] respectively. So, we give necessary changes and precise
statements, but omit the proof.

Let o : M(N,C) — M(NV, C) be the complex conjugation with respect to M(NV,R).

Lemma 2.4.1. (c. {. [Ko4, Lemma 6.1]) Let G C GL(N,C) be a o-stable subgroup, R €
M(N,R), and L a subgroup of G. If there exists g € G such that

Ad(L)(Ad(g)R) " M(N,R) = &, (2.4.1)
then G # LG°Gr. Here Gg:={h € G : hRh™! = R}.

We return to the case G = SO(2n+1). We fix a partition n = ny +- - - +ng with n; > 0
(1<i<n-—1),n, >0, and a positive integer r > 2. We consider the following loop:

io—> i1 = =i, ds €{1,.. 2k — 1}, Qg =iy, Gs1 Fis (1 <5< 7).
Correspondingly to this loop, we define a non-linear mapping

M 7 7C 0 = .7» k y
Aipi s M@0+ 1,C) — 4 L0, C) lio =i 7 k)

M(©2n;, +1,C)  (ip =i, = k),
as follows: let P € M(2n,C), and we write P as (F;;)1<ij<2k—1 in the block matrix form
corresponding to the partition 2n+1=mny +---+ng_1 + (2ng + 1) + ng_y + - - - +ny such
that

M(”Zvn]’ ) (Z .] 7& k)

P, e M(2n; +1,n;;C) (i = k,]- # k), (2.4.2)
M(n;, 2n, + 1;C) (1 £ k,j = k),
M(2n; + 1,C) (i=j=k),

where ngy_; :=n; (1 <i < k). Then we define (p)1§¢,j§2k—1 and A;,..;, (P) by

P (i +j < 2k),
p.— JntPop—jon—iJn, (147 >2k, 0,5 #k),
? Jong1Pok—jpdn, (i =1Fk,j>k),
JntProk—iJon,+1 (1 >k, j=k),

and

AiO'“ir (P> = Pioilf)ilig e Pir,lir-
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The point here is that for any [ = (I, ..., lx—1,lx) € L := U(ny)x---xU(ng_1) xSO(2n,+1)
(see (2.2.5) in Section 2.2 for the realization as a matrix), the following equality holds.

—_——

(Ad(l>P)ij = lipz‘jlj_l- (2.4.3)

We omit details since (2.4.3) can be verified by a simple matrix computation. This equality
leads us to the following lemma (c. f. [Ko4, Lemma 6.2]):

Lemma 2.4.2. If there exists a loop ig — 11 — -+ — 1, such that at least one of the
coefficients of the characteristic polynomial det(A,, — Ajy...i,(P)) is not real, then

Ad(L)P N M(2n,R) = @.

Combining Lemma 2.4.1 with Lemma 2.4.2, we obtain the next lemma (c. f. [Ko4,
Lemma 6.3]):

Lemma 2.4.3. Letn = ny+---+ny be a partition withn; >0 (1 <i<n-—1), n >0, and
L =U(ny) x -+ x U(ng_y1) x SO(2ny + 1) the corresponding Levi subgroup of SO(2n + 1).
Let us suppose that R is a block diagonal matriz

Ry
R,
Rop—1

where R, Rop—s € M(ns,R) (1 <s<k—-1), R, € M(2ny + 1,R).
If there exist X € s0(2n+ 1) and a loop ig — - -+ — i, such that

det (M, — Aig.i, ([X, R])) ¢ R[A],
then the multiplication map L x G X Gr — G is not surjective. Here, [X, R] :== XR— RX.

We shall use Lemma 2.4.3 in each of the subsequent Propositions 2.4.4, 2.4.5 and 2.4.6.

2.4.2 Necessary conditions for G = LG°H
Throughout this subsection, we set G = SO(2n + 1) and (L, H) =
(U(ny)x -+ x U(ng—1) x SO(2ng + 1), U(my) x -+ x U(my_1) x SO(2m; + 1)),

wheren =ny+---+np,=my+---+m withn;,m; >0 (1<i<k—-1,1<j5<1-1),
and ng,m; > 0. We give necessary conditions on (L, H) under which G = LG H holds.
We divide the proof into three cases (Propositions 2.4.4-2.4.6).

Proposition 2.4.4. G # LG°H if k=3, 1=2, m; = 1.
Proposition 2.4.5. G # LG°H if k =1=2, ny,m; > 2, ny,mg # 0.
Proposition 2.4.6. G # LG°H if k=1=2, ny > 2, ng #0, my = 0.

In the following proofs of Propositions 2.4.4, 2.4.5 and 2.4.6, all entries in the blank
space are zero in any matrix.
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Proof of Proposition 2.4.4. Let 1 -3 — 5 — 2 — 1 be a loop, and R a diagonal matrix
R = diag(1,0,...,0,—1) of size (2n 4+ 1) x (2n + 1). Then, G coincides with H. Let us
fix u € C and define X = (X;;)1<;j<5 € 50(2n+ 1) in the block matrix form corresponding
to the partition 2n + 1 =ny + ny + (2n3 + 1) + ne + ny as (2.4.2):

1
X13 = El,n3+1 = O O S M(nl, 2”3 + 1, C),
0

u
X41 = Eng,l = (1 O) s X21 = UEl,l = ( O) € M(n27n1;(c)'

We define the block entries X1, Xi5, Xoa, Xoz, Xoa, Xso, Xs3, Xsa, Xao, Xug, Xua, X1
and X55 to be zero matrices. The remaining block entries are automatically determined
by the definition (2.2.2) of s0(2n + 1). Then @ := [X, R] has the following block entries:

Q13 = = E1,n3+1, Q41 = Eng,h Q21 = UE1,1-

By a simple matrix computation, we have (here we recall k = 3)

A13521(Q) = Q13Jony 41Q13In, Jn Qa1 Jn, Q21 = u By € M(ny, C).
Therefore we obtain
det( A, — A13521(Q)) = X" —uX" "t ¢ R[N ifu ¢ R.
By Lemma 2.4.3, we have shown G # LG H. m

Proof of Proposition 2.4.5. We may and do assume my > n; > 2 without loss of generality.
Let 1 -2 — 3 — 1 be aloop, and R € M(2n + 1,R) a diagonal matrix with the following
entries:
mi 2mo—+1 m1
=N N ———
R :=diag(1,...,1,2,...,2,—1,...,—1).

Then, Gr = H. We fix u € C and define X = (X;;)1<; j<3 € 50(2n+ 1) in the block matrix
form corresponding to the partition 2n + 1 = ny + (2ny + 1) + ny as (2.4.2):

X2 =Ein, TuE 01 +Epy g1 + By ot

O 14v00

= O € M(nq,2ns + 1;C),
O o110
Xg1:=—Ei1+E,
—1
= O € M(n,,C).
1
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We define the block entries X1, X9 and X33 to be zero matrices. The remaining block
entries of X are determined automatically by (2.2.2). Then @ := [X, R] has the following
block entries.

Qi2 =E1p, Y0 E1 p1 +Eny o1 F Enyngro, @31 = —2E11 +2E,, ,, .

A simple matrix computation shows (here we recall k = 2)

A1231 (Q) = Q12J2n2+1tQ12Jn1Q31
=201+ u)E11 +2u’Eyp, —2En, 1 +2(1 + ) B,y 0y, € M(ny, C).

Consequently we obtain
det(M,, — A1231(Q)) = X" — 4(1 4+ 2u)A™ 2 ¢ R[] if u ¢ R.
By using Lemma 2.4.3, we have G # LG H. O

Proof of Proposition 2.4.6. We consider the loop1 -2 — 1 — 3 — 2 — 1, and a diagonal
matrix R € M(2n + 1, R) with the following entries:

n—1 n—1
PV PR
R :=diag(1,...,1,—-1,0,1,—1,...,—1).

Then G is conjugate to H by an element of G?. We fix u € C and define X = (X;;)1<; <3 €
$0(2n+1) in the block matrix form corresponding to the partition 2n+1 = n;+(2ny+1)+n4
as (2.4.2):

Xi2:=Ein, T Ei o1 — Enynot1

O 1100

= O € M(nq,2ny + 1;C),

O 0-10 O

X13 L= UE].,]. —u Enl,nl

= O € M(nq,C).

We define the block entries Xi;, X9o and X33 to be zero matrices. The remaining block
entries are automatically determined by (2.2.2). Then, @ := [X, R] has the following block
entries.

Ql? = _2 El,HQ - E17n2+1 + En1,n2+17 Q13 = _2u E].,]. +2U En1,n17
Qo= —2E,,1 —En,p11+Enpqin, -

By a simple matrix computation, we have (here we recall k = 2)
A121321<Q) = Q12Q21Q13Jn1tQ21J2n2+1Q21 =8uk1; —8uk,, € M(”l; (C),
and thus
det(\ 1, — A121321(Q)) = A" — 8u\" "1 ¢ R[\] if u ¢ R.
By Lemma 2.4.3, we have shown G # LG’ H. O
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2.4.3 Completion of the proof of Theorem 2.1.1

We complete the proof of the implication (i) = (ii) in Theorem 2.1.1 (Proposition 2.4.7)
by using Propositions 2.4.4-2.4.6. We recall that for a given partition n = n; + --- 4+ ny
with ny,...,n,_1 > 0 and ng > 0, we have the corresponding Levi subgroup Ly = U(n;) X
- X U(ng—1) x SO(2ny + 1) of SO(2n + 1), which is associated to the subset

J
H’::H\{aieﬂ:i:Zns, 1§j§k—1}

s=1
of the simple system II (see Diagram 2.1.1 for the label of the Dynkin diagram).

Proposition 2.4.7. Let G be the special orthogonal group SO(2n+1), o a Chevalley —Weyl
involution, I, 11" subsets of 11, and Ly, Ly the corresponding Levi subgroups. Then we
have

G # Ly G° Ly, (2.4.4)
if one of the following conditions up to switch of II' and 11" is satisfied (1 < i,j,k <n):

(I).  Either (IT')¢ or (I1")¢ contains more than one element.
(ID. (1) ={e}, (") = {a;} and i,j ¢ {1,n}.
(). (1) =4}, (I1")° ={a,} and i ¢ {1,n}.

P?“OOf. Let (LH/,LHN) =
(U(nq)x -+ x U(ng—1) x SO(2n; + 1), U(my) x --- x U(my—1) x SO(2m,; + 1)).

First, let us show the condition (I) implies (2.4.4). Without loss of generality, we may and
do assume that ny > -+ > ng_q, my > -+ > my_; and that (II')¢ contains more than one
element since the role of II" and II” is symmetric.

Case (I-1): my; = 1. Since L and H are contained in U(ny) x U(ny) x SO(2(ng + - - +
ng) + 1) and U(1) x SO(2(mqa + - - -+ my) + 1) respectively, we can see that (2.4.4) holds
by Proposition 2.4.4.

Case (I-2): my > 2, ny # 0. Since L and H are contained in U(ny + ng2) x SO(2(n3 +
-4+ mny)+1) and U(my) x SO(2(mg+ - - - +my) + 1) with my > 2 respectively, we can find
that (2.4.4) holds by using Propositions 2.4.5 and 2.4.6.

Case (I-3): my > 2, ny = 0. In this case n; is greater than one, and thus (2.4.4)
follows from Propositions 2.4.5 and 2.4.6. Here, we note that L and H are contained in
U(ny) x SO(2(ng + - -+ + ng) + 1) with ng # 0 and U(m;) x SO(2(mg + -+ +my) + 1)
respectively.

Next, let us treat the conditions (IT) and (IIT). Then, we can immediately find that
each of the conditions (II) and (III) implies (2.4.4) by using Propositions 2.4.5 and 2.4.6
respectively.

Therefore we have finished the proof. m

By Propositions 2.3.2, 2.3.3 and 2.4.7, we have finished the proof of Theorem 2.1.1.
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2.5 Application of visible actions to representation
theory

As an application of Theorem 2.1.1, we obtain some multiplicity-free theorems by using
Kobayashi’s theory of visible actions. Here we recall the definition ([Ko2]).

Definition 2.5.1. We say a biholomorphic action of a Lie group G on a complex manifold
D is strongly visible if the following two conditions are satisfied:

1. There exists a real submanifold S such that (we call S a “slice”)

D’ := G - S is an open subset of D.

2. There exists an antiholomorphic diffeomorphism o of D" such that

U|S:id5,
o(G-2)=G-x foranyx € S.

Definition 2.5.2. In the above setting, we say the action of G on D is S-visible. This
terminology will be used also if S is just a subset of D.

Let G be a compact Lie group and L, H its Levi subgroups. Then G/L, G/H and
(G x G)/(L x H) are complex manifolds. If the triple (G, L, H) satisfies G = LG° H, the
following three group-actions are all strongly visible:

L ~G/H,
H ~GJ/L,
A(G) ~ (GxG)/(Lx H).

Here, A(G) is defined by A(G) := {(z,y) € G x G : x = y}. The following fact ([Ko3,
Theorem 4.3]) constructs a family of multiplicity-free representations from visible actions.

Fact 2.5.3. Let G be a Lie group and V a G-equivariant Hermitian holomorphic vector
bundle on a connected complex manifold D. If the following three conditions from (1) to
(3) are satisfied, then any unitary representation that can be embedded in the vector space
O(D,V) of holomorphic sections of V decomposes multiplicity-freely:

1. The action of G on D 1is S-visible. That is, there exists a subset S C D satisfying
the conditions given in Definition 2.5.1. Further, there exists an automorphism & of
G such that o(g-xz) = d(g) - o(x) for any g € G and x € D’.

2. For any x € S, the fiber V, at x decomposes as the multiplicity free sum of irreducible

unitary representations of the isotropy subgroup G,. Let V, = @ Vii) denote the
1<i<n(z)
irreducible decomposition of V.

3. o lifts to an antiholomorphic automorphism & of V and satisfies 5(%{«“) =YY (1<
i <n(x)) for each x € S.
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We return to the case where G = SO(2n + 1). The fundamental weights wy, ..., w, with
respect to the simple roots aj, ..., v, are given as follows (see Diagram 2.1.1 for the label
of the Dynkin diagram).

wi=ay+ 2+ + (i = Dagg +i(os + aipr + -+ a1 + sa,) (1<i<n).

By using the Borel-Weil theory together with Fact 2.5.3 and our generalized Cartan de-
compositions, we obtain the following two corollaries of Theorem 2.1.1.

Corollary 2.5.4. If the pair (L, \) is an entry in the Table 2.5.1, then the restriction 7|y,
of the irreducible representation wy of SO(2n + 1) with highest weight A to L decomposes
multiplicity-freely. Here, 1 < i <n and a is an arbitrary non-negative integer.

Table 2.5.1: Restriction

Levi subgroup L highest weight A
U(n) awy,
U(1) x SO(2n — 1) aw;
U(i) x SO(2n — 2i + 1) aw,

Corollary 2.5.5. The tensor product representation m,, @y, decomposes as a multiplicity-
free sum of irreducible representations of SO(2n + 1) for 1 < i < n and arbitrary non-
negative integers a,b. Likewise, the tensor product T, @ Ty, S also multiplicity-free for
any a,b € N.

Remark 2.5.6. The above representations have been known to be multiplicity-free by P.
Littelmann ([Li2]) by checking the sphericity of the product of flag varieties associated
to maximal parabolic subgroups and J. R. Stembridge ([St2]) by a combinatorial method
using the Weyl character to analyze the tensor product multiplicities. Our approach is
different from these two methods, and uses the notion of visible actions.

We have listed an application of Fact 2.5.3 only for the line bundle case. Let us give a
simple example of that in the vector bundle setting. Let G be the spin group Spin(2n + 1)
and T" a maximal torus of G. We let 7, denote any irreducible representation of G with
highest weight A and 7, as above. Since 7, is weight multiplicity-free, i.e. 7, decomposes
multiplicity-freely as a representation of T', we can apply Fact 2.5.3 to the tensor product
representation of my and 7, by setting V := G xr (C\®m,,,), D :=G/T, S := {o}, and
then conclude that 7 ® 7, is multiplicity-free as a representation of G (the irreducible
decomposition may be thought of a Pierri rule for a type B group). Here, we note that
V, and G, for z = o are given by C, ® 7w, and T respectively in this setting. Further
applications of Theorem 2.1.1 and Fact 2.5.3 to representation theory are discussed in
Chapter 6.
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Chapter 3

Visible actions on flag varieties of
type C and a generalization of the
Cartan decomposition

3.1 Introduction for Chapter 3

In this chapter, we classify all the pairs of Levi subgroups (L, H) of a connected compact
simple Lie group G of type C such that G = LG?H holds, where o is a Chevalley-Weyl
involution of (G. The motivation for considering this kind of decomposition is the theory
of wisible actions on complex manifolds introduced by Kobayashi [Ko2], and G = LG°H
can be interpreted as a generalization of the Cartan decomposition to the non-symmetric
setting. (We refer the reader to [Hel|, [Ho|, [Ma2] and [Kod4] and references therein for
some aspects of the Cartan decomposition from geometric and group theoretic viewpoints.)

A generalization of the Cartan decomposition for symmetric pairs has been used in
various contexts including analysis on symmetric spaces. However, there was no analogous
result for non-symmetric cases before Kobayashi’s paper [Ko4|. Motivated by visible actions
on complex manifolds [Kol], [Ko2], he completely determined the pairs of Levi subgroups

(L,H) = (U(ny) x -+ x U(ng),U(my) x - x U(my))

of the unitary group G = U(n) such that the multiplication mapping L x O(n) x H — G is
surjective. Furthermore, he developed a method to find a suitable subset B of O(n) which
gives the following decomposition (a generalized Cartan decomposition, see [Ko4]):

G =LBH.

On the other hand, Sasaki has been studying recently visible actions on a homogeneous

space G/H in the setting where both G and H are complez reductive Lie groups, and in

his papers [Sa2|, [Sa3], he gave a generalization of the Cartan decomposition G = LBH.
Back to the decomposition theory [Ko4], we consider the following problems:

Let G be a connected compact Lie group, 7" a maximal torus, and ¢ a Chevalley—Weyl

The contents of this section are taken from [Ta3].
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involution of G with respect to T'. Here, we recall that an involutive automorphism u of a
connected compact Lie group K is said to be a Chevalley-Weyl involution if there exists a
maximal torus T of K such that p(t) =t~ for every ¢t € T. For example, o(g) = g defines
a Chevalley—Weyl involution of G = U(n) with respect to the maximal torus consisting of
diagonal matrices, and the fixed point subgroup G is given by G = O(n).

1) Classify all the pairs of Levi subgroups L and H with respect to t such that the
multiplication mapping ¢ : L x G? x H — ( is surjective.

2) Find a “good” representative B C G such that G = LBH in the case 1) is surjective.
We call such a decomposition G = LBH a generalized Cartan decomposition. Here we note
that the roles of the subgroups H and L are symmetric.

We solve the problems for type C groups. In order to state the results, we label the
Dynkin diagram of type C,, as follows: For a subset IT' of the set II of simple roots, we

06— 06— : ——eoi—9
o %) a3 Ap—2 Qp_1 Oy

Figure 3.1.1: Dynkin diagram of type C,,

denote by Ly the Levi subgroup whose root system is generated by II'. For example, Ly
is a maximal torus of G and Ly, 3 = U(p) x Sp(n — p) for G = Sp(n) (1 < p < n). Here,
we set Sp(0) := {1} for the convenience, and (II') denotes the complement IT \ TI".

Theorem 3.1.1. Let G be a connected compact simple Lie group of type C,,, o a Chevalley—
Weyl involution, 1I', 11" two proper subsets of 11, and Ly, Ly~ the corresponding Levi
subgroups. Then the following two conditions on {II', 11"} are equivalent.

(1) G = LH/ G° LH//.

(ii). One of the following conditions holds up to switch of the factors II' and 11" :

Case . (II')° ={a,}, (II")*={an,}.
CaseIl. (Il ={a}, (II")°*={ay}, 1<i<n.

In the case where G is simply connected, i.e., G = Sp(n), Theorem 3.1.1 means that
the pairs (L, L) satisfying (i) are classified as follows:

Casel. (Ly,Lp) = (U(n),U(n)).
Case II. (L, L) = (U(1) x Sp(n —1),U(3) x Sp(n —1i)), 1<i<n.

In each of the two cases in Theorem 3.1.1, we give a generalized Cartan decomposition
G = LBH explicitly with B C G°. In Case I, B is an abelian subgroup of dimension n,
and in Case I, Bisgiven by B=T-T'-T" ={zyz € G; v € T,y € T,z € T"} or
B=T -T"={yz€ G; ye T,z €T}, where T, T" and T" denote one-dimensional
abelian subgroups. This is stated in Propositions 3.3.2 and 3.3.3. Here, we note that B is
no longer a subgroup in Case II.

A generalized Cartan decomposition G = LBH implies that the subgroup L acts on
G/H in a (strongly) visible fashion, and likewise H on G/L, and G on (G x G)/(L x H).
Then Kobayashi’s theory leads us to three multiplicity-free theorems (triunity in [Kol]):

Restriction G | L Indf]((C,\NL7
Restriction G | H Indg(C,\)|H,
Tensor product : Ind%(Cy) ® Ind%(C,).
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Here Ind%(C,) denotes a holomorphically induced representation of G from a character C
of H by the Borel-Weil theorem. See [Kol], [Ko2] and [Ko3]| for the general theory on the
application of visible actions (including the vector bundle setting), and Corollaries 3.5.5
and 3.5.6 in this section for type C groups.

Organization. In Section 3.2, we give a matrix realization of the symplectic group G =
Sp(n) and its subgroups which are used in Sections 3.3 and 3.4. In Section 3.3, we prove
that (ii) implies (i). Furthermore, we find explicitly a slice B that gives a generalized
Cartan decomposition G = Ly BLps. The converse implication (ii) = (i) is proved in
Section 3.4 by using the invariant theory for quivers. An application to multiplicity-free
representations is discussed in Section 3.5.

3.2 Matrix realization

The surjectivity of ¢ : L x G x H — G depends on neither the coverings of the group G
nor the choice of Cartan subalgebras and Chevalley—Weyl involutions. Thus, we may and
do work with the symplectic group Sp(n), and a fixed pair of a Cartan subalgebra and a
Chevalley—Weyl involution as below.

Throughout this chapter, we realize G = Sp(n) as the matrix group

G :={g € SL(2n,C) ; 'gJug = Jn, 'Gg = Ion}, (3.2.1)

where g denotes the transpose of ¢, and J, is defined by

>3

n
A

O

I 1= € GL(2n,R).

-1

Then, the corresponding Lie algebra g of G is given by
g:={X€sl(2n,C);'XJ, + J,X =0, 'X + X = O}.

We take a Cartan subalgebra t of g and a involution o as

t= P RV-1H, (3.2.2)

1<i<n

o:G—G, g—g, (3.2.3)

where H; := E;; — Egopt1-i2n+1-i, and g denotes the complex conjugation of g € G. The
differential of ¢ is denoted by the same letter. Then, o is a Chevalley—Weyl involution of
G with respect to t. We let {€;}1<i<n C (t®r C)* be the dual basis of { H;}1<;<,. Then we
define a set of simple roots I := {aq, ..., a,} by

a1 1= €1 — €2, ..., Q1= Ep_1 — Ep, Qp = 26,.
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Let n =ny + - - -+ ng be a partition of n with nq,...,n,_; > 0 and n, > 0. We put

S; 1= Z n, (1<i<k-1),
1<p<i
I:=0T\{a, €ll; 1 <i<k—1},
and denote by Ly the Levi subgroup whose root system is generated by II'. In the matrix
realization, Ly takes the form:

( Al 3\
Ay AeUm) 1<i<k-1),
Ly = . : (3.2.4)
S Arad, B & Sp(ny)
\ J’:L1A_1J’:L1 W

~U(ny) x -+ x U(ng—1) x Sp(ny).
Here, all entries in the blank space are zero, and J/, is defined by

1

O

e GL(m,R).

O

We note that the pair (G, L) forms a symmetric pair if and only if (II')* = {«,}. For a
later purpose, we give an explicit involution p of G of which the fixed point subgroup is
Lia,ye. We set

1

Lia,y = G", w:G— G, 9= Innglyn, (3.2.5)
where I, ,, is defined by 1,,,, := diag(1,...,1,—1,...,—1).
—— —— ——

To obtain a generalized Cartan decomposition by the herringbone stitch method [Ko4],
we will use the following symmetric subgroup (1 <1i < n).

Sp(i) x Sp(n — i) =

A B

S ; (é g) € Sp(i), S € Sp(n —1)
C D

(3.2.6)

3.3 (Generalized Cartan decomposition

The aim of this section is to prove the implication (ii) = (i) in Theorem 3.1.1. The main
tool for our proof is the herringbone stitch method that reduces unknown decompositions
for non-symmetric pairs to the known Cartan decomposition for symmetric pairs.
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3.3.1 Symmetric case (Decomposition for Case I)

In this subsection we recall a well-known fact on the Cartan decomposition for the sym-
metric case [Ho, Theorem 6.10], [Ma3, Theorem 1], and give a generalized Cartan decom-
position for Case I.

Fact 3.3.1. Let K be a connected compact Lie group with Lie algebra € and two involutions
7,7 (1?2 = (7")? =id). Let H and L be subgroups of K such that

(KYoCLCK™ and (K")yC HCK™.

Here Fy denotes the connected component of ' containing the identity element for a Lie
group F'. We take a maximal abelian subspace b in

T =X et; 7(X)=7(X) = -X}

and write B for the connected abelian subgroup with Lie algebra b.
Suppose that 77" is semisimple on the center 3 of €. Then we have

K =LBH.
We shall apply Fact 3.3.1 to Case 1. Let us set
G = Sp(n), (1) = {a,}. (3.3.1)

(See Diagram 3.1.1 for the label of the Dynkin diagram.) Then, (G, Ljy) is a symmetric
pair with p the corresponding involution (see (3.2.5) for the definition of p). We take a
maximal abelian subspace b of g7 as

b= @ R<Ei,2n+l—i_E2n+l—i,i)- (3.3.2)

1<i<n

We note that b is fixed by the Chevalley-Weyl involution ¢. Using Fact 3.3.1, we obtain
the following proposition.

Proposition 3.3.2 (Generalized Cartan decomposition for Case I). Let G, L be as in
(3.3.1) and B := exp(b) for b as in (3.3.2). Then we have

G:LH/BLH/.

3.3.2 Decomposition for Case II
This subsection is devoted to showing the following proposition.

Proposition 3.3.3 (Generalized Cartan decomposition for Case II). Let G be the sym-
plectic group Sp(n), and (II') = {a1}, (II")* = {a;} (1 < i < n). We define an abelian
subgroup B’ and a subset B" by

B exp(R(E1i11 — Eon—ion — Eit11 + Eop2n—i)) (1 <i<n), (3.3.3)
[271 (Z = n)a
B" := exp(RX) exp(RY) (3.3.4)

fO’f’ X = E1,2n+17i +Ei,2n — E2n+17i,1 — E2n,i and Y = E1,2n — E2n,1~ Then we have G =
Ly B'B" L.

42



We put L := Liy,}e, H := Ly,,)c for simplicity. To prove Proposition 3.3.3, we shall
show three lemmas. First, we consider the double coset decomposition of G by L and a
symmetric subgroup G'G” = Sp(i) x Sp(n — i) containing H, where G’ and G” are given
by G’ := Sp(i) X Iop_o; and G” := Iy; x Sp(n — 1) (see (3.2.6) for the realization of G'G").

Lemma 3.3.4. The equality G = LB'G'G" holds.

Proof. 1f i = n, both (G, L) and (G, G'G") are symmetric and thus the lemma is followed by
Fact 3.3.1. Let us suppose i # n. We identify G/L with CP?**~! in the natural way (which
is induced from the natural action of G on C**). For any z € CP?"!, since S*~1 and
Sin=4i=1 admit transitive actions of G’ and G”, respectively, there exist g = ¢'¢” € G'G"
and 6 € R such that

it1
g-x=1[cosf@:0:---:0:sinf:0:---:0] € B - e,
where €y :=[1:0:---:0] € CP?"'. Thus we obtain G = LB'G'G". O

Next, we consider the double coset decomposition of G’ by (G')* and L N G'.

Lemma 3.3.5. The equality G' = (G')*(B") Y (LN G") holds, where (B")™! is defined by
(B")"t:={b"'; be B"}.

Proof. Let us identify G'/(L N G’) with CP?~! in the natural way by taking I, »; away
from G’ = Sp(i) X Iy, 9. For any z € CP*~! we write z = [2/ : 2”] where both 2’ and
2" have i entries. Since (G')* ~ U(i) acts on S*~! transitively, there exists g € (G’)* such

that
i-1

——
g-z=1Z]:0:-:0:w]
for some w with ¢ entries, where || - || denotes the usual Euclidean norm. We write w =

[w' : 7eV=] where 7,0 € R, and w' has (i — 1) entries. Then there is ¢ € ((L N G')ss)"
satisfying
i-1 i—2
—— ——
g (g2)=[1Z]:0::0: Juw'):0:-:0:reV™
since ((L N G')gs)" =~ U(i — 1) acts on S*~3 transitively. Here, (L N G')ss denotes the

analytic subgroup of L N G’ whose Lie algebra is the semisimple part of the Lie algebra of
LNG. Let us set

1—2 i—2

t .= diag(eV=1/2,0,...,0,e V12 V02 G 0, e V) e (G

We then obtain

Egg2) = (1712 0 e 0 T2 101 0 eV
=00l :0:---:0:7] € (Bll)fl-e_p
where &7 =[1:0: ---: 0]. Therefore we have G/ = (G')*(B") YL N G"). .
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Noting that the centralizer of B" in L NG’ is the subgroup (L N G’)ss =~ Sp(i — 1) of
codimension 1, we introduce the subgroup, which also centralizes B’, by

L=A-(LNGy(={a-2€G;acA ze(LNG)}),

where A is defined by A = exp(Rv/—1(E11+Eit141 — Ean—i2n—i — Eon2,)). By using
Lemma 3.3.5, we obtain a decomposition of G'G” by L and H.

Lemma 3.3.6. The equality G'G” = LB"H holds.
Proof. By Lemma 3.3.5, we have

G/GII — ((L m G/)B//(G/)M>G//
= (LNG"B"H by H = (G")*G". (3.3.5)

Further, (L N G')B"H coincides with LB"H:
(LNG"B"H = LB"H. (3.3.6)

Let us verify the equality (3.3.6). We define A" = exp(Rv/—1(E;41:41 — Eon—ion—i)) an
abelian subgroup of H. Since A’ centralizes both B” and L N G’, and since any element

of A can be written in terms of elements of the center of L NG’ and A’, the equality
(LNG)B"H = (LNG")B"(A'H) = A(LNG")B"H shows that (L N G')B"H contains
LB"H. Conversely, since AA’ contains the analytic subgroup of L NG’, which corresponds
to the center of the Lie algebra of L N G’, the equality LB"H = A(L N G'),B"(A'H) =
AA(LNG)4B"H shows LB"H > (LN G')B"H. Therefore we have the equality (3.3.6).

By the two equalities (3.3.6) and (3.3.5), the lemma follows. O

We are ready to give a proof of a generalized Cartan decomposition by using the her-
ringbone stitch method [Ko4].

PrROOF OF PROPOSITION 3.3.3. By using Lemmas 3.3.4 and 3.3.6, we have

G = LB'G'G" by Lemma, 3.3.4
— LB'(LB"H) by Lemma 3.3.6
= LB'B"H.
This completes the proof of the proposition. m

Here is a herringbone stitch which we have used for L\G/H in Case II. Now we have

LNnG
OG/_G//
OIRN)
GH
G e)
L

Figure 3.3.1: Herringbone stitch for Case 11

finished the proof of the implication (ii) = (i) in Theorem 3.1.1 since the abelian group B
in Proposition 3.3.2 and subsets B’, B” in Proposition 3.3.3 are contained in G°.
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3.4 Application of invariant theory for quivers

The aim of this section is to prove that (i) implies (ii) in Theorem 3.1.1. For the proof, we
use invariants of quivers as in [Ko4]. This section could be read independently of Section
3.3 which gives a proof on the opposite implication (ii) = (i).

3.4.1 Invariants of quivers

In the following, Lemmas 3.4.1, 3.4.2 and 3.4.3 are parallel to [Ko4, Lemmas 6.1, 6.2 and
6.3] respectively, and their proofs are essentially the same as that in [Kod]. So, we give

necessary changes and precise statements, but omit the proof.
Let o : M(N,C) — M(NV, C) be the complex conjugation with respect to M(NV,R).

Lemma 3.4.1. (c.f. [Ko4, Lemma 6.1]) Let G C GL(N,C) be a o-stable subgroup, R €
M(N,R) and L a subgroup of G. If there exists g € G such that

Ad(L)(Ad(¢g)R) " M(NV,R) = &, (3.4.1)
then G # LG°Ggr. Here Gg:={h € G ; hRh™' = R}.

We return to the case G = Sp(n). We fix a partition n = ny + -+ 4+ ny with n; > 0
(1<i<k—1),n, >0 and a positive integer r > 2. We consider the following loop:

io —> i1 = o =i, i €{1,.. 2k — 1}, Qg =iy, G501 Fis (1 <5< 7).
Correspondingly to this loop, we define a non-linear mapping

M(nio, C) (ZO = ’ir 7£ k’),

Aigip, - M(2n,C . .
, M@0, €) = {M(mo,(c:) (i = ir = k)

as follows: Let P € M(2n,C), and we write P as (P;;)1<ij<2k—1 in the block matrix form
corresponding to the partition 2n = ny +-- - +ng_1 + 2ng +ng_1 + - - - +nq of 2n such that

M(n;, nj; C) (4,7 # k),
M(an,nj;(:) (Z - ka] 7é k))

P € M(ns, 2n;C) - (i # k,j = k), 342
M(2n;, C) (i=j=k),

where Nop—; - — N, (1 S 1 S ]{3) Then we define (-ﬁ)ij)lgi,jSQk—l and Aiomi (P) by

T

P (i47 <2k),
B ) I Pugnidy, (04> 2k, 0,5 # k),
YU Py, =k > k),
Jflfpk,gk,iJnk (1>k,j=k),
and o i
Aio-~-ir(P) = Pigiy Piyiy  Pip_yi-
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Forany ¢ € L :=U(ny)x---xU(ng_1)xSp(nk) (see (3.2.4) in Section 3.2 for the realization
as a matrix), a direct computation shows

e~

(Ad(O)P),; = 6: Pyt (1<, j <2k — 1), (3.4.3)

J73

where /; (1 < s < 2k — 1) denotes the (s, s)-th block entry of /. The equality (3.4.3) leads
us to the following lemma (cf. [Ko4, Lemma 6.2]).

Lemma 3.4.2. If there exists a loop ig — 11 — -+ — 1, such that at least one of the
coefficients of the characteristic polynomial det(A,, — Ajy...i,(P)) is not real, then

Ad(L)PNM(2n,R) = @.
By Lemmas 3.4.1 and 3.4.2, we can obtain the next lemma (cf. [Ko4, Lemma 6.3]).

Lemma 3.4.3. Letn = ny+---+ny be a partition and L := U(ny) X - - x U(ng_1) x Sp(ng)
a Levi subgroup of Sp(n). We define a block diagonal matriz R by

Ry
Ry
Rog—1

where Ry, Rop—s € M(ng,R) (1 < s <k —1), R, € M(2ng, R) (the last condition makes
sense when ny # 0). If there exist X € sp(n) and a loop ig — - -+ — i, such that

det(Mn,, — Aiys (IX, R) & RIN,
then the multiplication map L x G x Ggr — G is not surjective Here, [ X, R] == XR— RX.

We shall repeatedly use this lemma in the next subsection.

3.4.2 Necessary conditions for G = LG°H
Throughout this subsection, we set
(G,L,H) = (Sp(n),U(n1) x - x Ulng—1) X Sp(ng), U(mq) x -+ x U(my_1) x Sp(my)),

where n =ny+---+np=my +---+m withn;,m; >0 (1 <i<k-1,1<j5<I1-1)
and ng, m; > 0. We give necessary conditions on (L, H) under which G = LG?H holds.
We divide the proof into three cases (Propositions 3.4.4 through 3.4.6).

Proposition 3.4.4. G # LG°H if k=3, =2, m; = 1.
Proposition 3.4.5. G # LG°H if k=1=2, ny,my > 2, ny,my # 0.

Proposition 3.4.6. G # LG°H if k=1=2, ny > 2, ny #0, my = 0.
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PROOF OF PROPOSITION 3.4.4. Let 1 - 5 — 2 — 1 be a loop. We define a
diagonal matrix R by R := diag(1,0,...,0,—1) € M(2n,R). Then, the centralizer Gg
coincides with H. We fix u € C and define X = (X;;)1<ij<s € sp(n) in the block matrix
form corresponding to the partition 2n = ny + ny + 2n3 + ny + ny as (3.4.2):

X15 = UELTM - M(nl,(C), X41 = En271 - M(?’Lg,nl; (C), X21 = E171 € M(Tll,ng; C)

We define the block entries Xlla X13, XQQ, X23, X24, Xgl, X32, X33, X34, X35, X42, X43,
Xy, Xs3 and X555 to be zero matrices. The remaining block entries are automatically
determined by the definition (3.2.1) of G = Sp(n). Then, @ := [X, R| has the following
block entries:

Q15 = —2uE;,, € M(n1,C), Qu = E,, 1 € M(n2,n1;C), Qa1 = E11 € M(ng,n;C).
By a simple matrix computation, we have (here, we recall k = 3)
A521(Q) = Q15J;1tQ41J;L2Q21 = —2uE;; € M(n,,C).
Hence we obtain
det(A\,, — A1501(Q)) = ™ + 2uA™ 1 ¢ R[A] if u ¢ R.
By Lemma 3.4.3, we have shown G # LG’ H. [

PROOF OF PROPOSITION 3.4.5. We may and do assume my > ny; without loss of
generality since the roles of L and H are symmetric. Let 1 — 2 — 3 — 1 be a loop, and
R = diag(ry,...,79,) € M(2n,R) a diagonal matrix with the following entries:

. my 2mso m1
R :=diag(1,...,1,2,...,2,—1,...,—1).

Then, we have G = H. We fix u € C and define X = (X;;)1<i <3 € sp(n) in the block
matrix form corresponding to the partition 2n = ny + 2ny + ny as (3.4.2):

X2 = Ein, + Eny o1 € M(n4,2n9;C), X3y := —Eqi,,, +uE, 1 € M(n,C).

We define the block entries X771, X9 and X33 to be zero matrices. The remaining block
entries of X are determined automatically by (3.2.1). Then the block entries of @ := [X, R]
are given by

Q12 = E1y + Eny o1 € M(n4,2n9;C), Q31 = —2E;,,, +2uE,, 1 € M(n,C).
A simple matrix computation shows (here, we recall k = 2)
A1231(Q) = Qr2J5, Q127 Q31 = —2E1,, —2uE,, ;1 € M(ny,C),
and thus we have
det(M,, — A1231(Q)) = ™ — 4ud™ 2 ¢ R[] if u ¢ R.

By using Lemma 3.4.3, we obtain G # LG H. O
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PROOF OF PROPOSITION 3.4.6. Let 1 -2 — 3 — 1 be aloop, and R a diagonal

matrix
ni—1 no—1 no—1 ni—1
A\ A\

— — ~ - ~
R:=diag,...,1,-1,-1,1,...,1,%1,...,=1,1,1,%1,.. ., —1).

) Y Y

Then, Gr is conjugate to H by an element of G°. We fix u € C and define X =
(Xij)1<ij<s € sp(n) in the block matrix form corresponding to the partition 2n = n; +
2ns +ny as (3.4.2):

X2 = uE11+Ep, o0, € M(n4,2n9;C), X351 := —Eq,, —E,, 1 € M(nq,C).

We define the block entries X771, X9 and X33 to be zero matrices. The remaining block
entries of X are determined automatically by (3.2.1). Then @ := [X, R] has the block
entries

Q2 = —2uE11 +2Ep, 90, € M(n1,2n2;C), Q31 = 2E;,, —2E,, 1 € M(ny,C).
By a simple matrix computation, we have (here, we recall k = 2)

A1231(Q) = Q120 Q127 Q31 = —8uEy,,, —8uE,, 1 € M(ny, C).

Consequently we obtain
det()\Im — A1231(Q)) = \" — 64’&2)\”1_2 g R[/\] if u2 ¢ R.

From Lemma 3.4.3, we have G # LG H. O

3.4.3 Completion of the proof of Theorem 3.1.1

We complete the proof of the implication (i) = (ii) in Theorem 3.1.1 (Proposition 3.4.7)
by using Propositions 3.4.4 through 3.4.6. We recall that for a given partition n = n; +
<o- 4+ ny with nqy,...,n_1 > 0 and n, > 0, we have the corresponding Levi subgroup
Ly =U(ny) X -+ x U(ng_1) X Sp(ng) of Sp(n), which is associated to the subset

J
H’::H\{aieﬂ; i=> n, 1§j§k—1}
s=1
of the set of simple roots II (see Diagram 3.1.1 for the label of the Dynkin diagram).

Proposition 3.4.7. Let G be the symplectic group Sp(n), o a Chevalley—Weyl involution,
IT' 11" subsets of the set of simple roots 11, and Ly, Ly~ the corresponding Levi subgroups.
Then we have

G # Ly G° Ly (3.4.4)
if one of the following conditions up to switch of I and 11" is satisfied (1 < 1,5,k < n) :

(I)  Either (I')¢ or (I1")¢ contains more than one element.
() () = {eu}, (") = {a;} and i, j ¢ {1,n}.
(I) () = {eu}, (") = {on} and i & {1,n}.
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Proof. Let
(Liy, L) = (U(nq) X -+« X U(ng—1) x Sp(ng), U(my) x -+ x U(my_1) x Sp(my)).

First, let us show the condition (I) implies (3.4.4). Without loss of generality, we may and
do assume that n; > -+ > ng_q and my > --- > my_q, and that (II')° contains more than
one element, that is, £ > 3 since the roles of II' and I1” are symmetric.

Case (I-1): my = 1. Since Ly and Ly» are contained in U(ny) x U (ng) x Sp(ng+- - -+ny,)
and U(1) x Sp(mg + - -+ 4+ my), respectively, we can see that (3.4.4) holds by Proposition
3.4.4.

Case (I-2): my > 2, ny # 0. Since Ly and Ly~ are contained in U(ny + ng) X Sp(ns +
-+ mng) and U(my) X Sp(mg + - -+ + my), respectively with ny + ng > 2 and m; > 2, we
can find that (3.4.4) holds by using Propositions 3.4.6 and 3.4.5.

Case (I-3): my; > 2, np = 0. In this case ny > 2 and thus (3.4.4) follows from
Propositions 3.4.6 and 3.4.5. Here, we note that Ly and Ly~ are contained in U(n;) X
Sp(ng + -+ 4+ ng) and U(my) x Sp(mg + - - - + my), respectively with ny # 0.

Next, let us treat the conditions (II) and (III). Then, we can immediately find that each
of the conditions (II) and (III) implies (3.4.4) by Propositions 3.4.5 and 3.4.6, respectively.

Therefore we have finished the proof of the proposition. [

3.5 Application of visible actions to representation
theory

As an application of Theorem 3.1.1, we obtain some multiplicity-free theorems by using

Kobayashi’s theory of visible actions. Here we recall the definition [Ko3, Definition 4.1].

Definition 3.5.1. We say a biholomorphic action of a Lie group G on a complex manifold
D is strongly wisible if the following two conditions are satisfied:

1. There exists a real submanifold S such that (we call S a “slice”)

D’ := G - S is an open subset of D.

2. There exists an antiholomorphic diffeomorphism o of D’ such that

O’|5:id5,
o(G-2)=G-z foranyze€ D"

Definition 3.5.2. In the above setting, we say the action of G on D is S-visible. This
terminology will be used also if S is just a subset of D.

Let G be a compact Lie group and L, H its Levi subgroups. Then G/L, G/H and
(G x G)/(L x H) are complex manifolds. If the triple (G, L, H) satisfies G = LG’ H, the
following three group-actions are all strongly visible:

L ~G/H,
H ~GJ/L,
A(G) ~(GxG)/(Lx H).
Here, A(G) is defined by A(G) = {(z,y) € G x G ; x = y}. The following fact [Ko3,
Theorem 4.3] constructs a family of multiplicity-free representations from visible actions.
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Fact 3.5.3. Let G be a Lie group and V a G-equivariant Hermitian holomorphic vector
bundle on a connected complex manifold D. If the following three conditions from (1) to
(3) are satisfied, then any unitary representation that can be embedded in the vector space
O(D,V) of holomorphic sections of V decomposes multiplicity-freely.

1. The action of G on D s S-visible. That is, there exist a subset S C D and an anti-
holomorphic diffeomorphism o of D' satisfying the conditions given in Definition
3.5.1. Further, there exists an automorphism ¢ of G such that o(g-x) = 6(g) - o(x)
for any g € G and x € D’.

2. Foranyx € S, the fiber V, at x decomposes as the multiplicity free sum of irreducible
unitary representations of the isotropy subgroup G,. Let V, = @ Va(f) denote the
1<i<n(z)
irreducible decomposition of V.

3. o lifts to an antiholomorphic automorphism & of V and satisfies & ( ()) 2 (1<
i <n(x)) for each x € S.

We return to the case where G = Sp(n). The fundamental weights wy, ..., w, with
respect to the simple roots ay, ..., a, are given as follows (see Diagram 3.1.1 for the label
of the Dynkin diagram).

. . 1 .
wl-:a1+2a2+---+(2—1)ozi_1+z(oz,;—i—ozi+1+--~+an_1+§an) (1<i<n).
In the sequel, we denote by 7, an irreducible representation of Sp(n) with highest weight
A= >0 cw; with ¢1,...,¢, € N. By using the Borel-Weil theory together with Fact
3.5.3 and our generalized Cartan decompositions, we can give a geometric proof of the
multiplicity-freeness property of some representations.

Example 3.5.4. The tensor product 7, @y, +ew, 1S multiplicity-free for any ¢ (1 <i < n)
and for arbitrary non-negative integers a, b € N, and ¢ = 0 or 1.

To see this example, we apply Fact 3.5.3 t0 Ty, ® Tpw, 1w, DY setting V := (Sp(n) x
Sp(n)) X wmxv@m) (Cu, ® A'), D = (Sp(n) x Sp(n))/(U(n) x U(n)), S := B -0 x {o}
and G := A(Sp( )) where A’ is the representation of U(n) on the i-th alternating tensor
product of C", B is as in Proposition 3.3.2 and o denotes the identity coset. In this
situation, G, contains M := {diag(ei,...,e,) € U(n);e; = £1 (1 < j < n)}, and V,
is given by C,, ® A’ for any z € S. Since A’ is multiplicity-free as a representation of
the subgroup M of U(n), we find that gy, ® 7y, +e0;, decomposes multiplicity-freely as a
representation of Sp(n) by Fact 3.5.3. On the other hand, it follows from Stembridge [St2]
that T, @ Thw,+eaw; 1S Dot multiplicity-free if ¢ is greater than one.

In the following, we confine ourselves to the line bundle case and give applications of
Theorem 3.1.1 and Fact 3.5.3.

Corollary 3.5.5. If the pair (L,\) is an entry in the Table 3.5.1, then the restriction
x|z of the irreducible representation my of Sp(n) with highest weight X to L decomposes
multiplicity-freely. Here, 1 <1 <n and a is an arbitrary non-negative integer.

Corollary 3.5.6. The tensor product representation Ta,, & Ty, decomposes multiplic-
ity freely for any non-negative integers a,b. Likewise, the tensor product T, & Ty, S
multiplicity-free for any a,b € N.
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Table 3.5.1: Restriction

Levi subgroup L | highest weight A
U(n) awy,

U(1) x Sp(n —1) aw;

U(i) x Sp(n — 1) awi

The above representations have been known to be multiplicity-free by Littelmann [Li2]
by checking the sphericity and Stembridge [St2] by a combinatorial method using character
formulas. Our approach uses visible actions and is different from these two methods. We

hope that further applications of Theorem 3.1.1 and Fact 3.5.3 to representation theory
will be discussed in a future paper.
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Chapter 4

Visible actions on flag varieties of
type D and a generalization of the
Cartan decomposition

4.1 Introduction for Chapter 4

The aim of this chapter is to classify all the pairs of Levi subgroups (L, H) of connected
compact simple Lie groups of type D with the following property: G = LG?H where o is
a Chevalley—Weyl involution of G (Definition 4.2.1). The motivation for considering this
kind of decomposition is the theory of visible actions on complex manifolds introduced by
T. Kobayashi ([Ko2]), and the decomposition G = LG H serves as a basis to generalize the
Cartan decomposition to the non-symmetric setting. (We refer to [Hel], [Ho], [Ma2] and
[Ko4] and references therein for some aspects of the Cartan decomposition from geometric
and group theoretic viewpoints.)

A generalization of the Cartan decomposition for symmetric pairs has been used in
various contexts including analysis on symmetric spaces, however, there were no analogous
results for non-symmetric cases before Kobayashi’s paper [Kod]. Motivated by visible
actions on complex manifolds ([Kol], [Ko2]), he completely determined the pairs of Levi
subgroups

(L,H) = (U(ny) x -+- x Ulng), U(my) x -+ x U(my))

of the unitary group G = U(n) such that the multiplication mapping L x O(n) x H - G
is surjective. Further he developed a method to find a suitable subset B of O(n) which
gives the following decomposition (a generalized Cartan decomposition, see [Ko4]):

G = LBH.

In view of this decomposition theory, we consider the following problems: Let G be a
connected compact Lie group, t a Cartan subalgebra, and ¢ a Chevalley—Weyl involution
of G with respect to t.

The contents of this section are taken from [Tad].
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1) Classify all the pairs of Levi subgroups L and H with respect to t such that the
multiplication map ¢ : L x G x H — ( is surjective.

2) Find a “good” representative B C G such that G = LBH in the case 1) is surjective.

We call such a decomposition G = LBH a generalized Cartan decomposition. Here we
note that the role of the subgroups H and L is symmetric.

The surjectivity of ¢ implies that the subgroup L acts on the flag variety G/H in a
(strongly) visible fashion (see Definition 4.5.1). At the same time the H-action on G/L,
and the diagonal G-action on (G x G)/(L x H) are strongly visible. Then Kobayashi’s
theory leads us to three multiplicity-free theorems (triunity a la [Kol]):

Restriction G | L Indfl(C,\ﬂL,
Restriction G | H Indf(@,\)\H,
Tensor product : Ind$(C,) ® Ind%(C,.).

Here Ind$(C,) denotes a holomorphically induced representation of G from a character
C, of H by the Borel-Weil theorem. See [Kol], [Ko2], [Ko3] for the general theory on the
application of visible actions (including the vector bundle setting), and also Section 4.5 for
the compact simple Lie groups of type D.

We solve the aforementioned problems for connected compact simple Lie groups G of
type D. That is, we give a complete list of the pairs of Levi subgroups that admit generalized
Cartan decompositions, by using the herringbone stitch method that Kobayashi introduced
in [Ko4].

In order to state the results, we label the Dynkin diagram of type D,, as follows: For

o,

/

v o o Q3 Qp >N

o p_1

Figure 4.1.1: Dynkin diagram of type D,

a subset II' of the set II of simple roots, we denote by L the Levi subgroup whose
root system is generated by II'. For example, Ly is a maximal torus of GG and Ly,,3c =

U(p) x SO(2(n — p)) for G =SO(2n) (1 < p <n —2). Here (I")¢ denotes IT \ II".

Theorem 4.1.1. Let G be a connected compact simple Lie group of type D,, (n >4), 0 a
Chevalley—Weyl involution, I, TI” two proper subsets of 11, and Ly, Ly~ the corresponding
Levi subgroups. Then the following two conditions on {II', 11"} are equivalent.

(1) G = LH/ G° LH//.

(ii). One of the conditions below holds up to switch of the factors 1" and 11" :

L (Il ={a}, (II")°={q}, ie{n—1,n}, j€{1,2,3,n—1,n},
0. (Il =A{«a;}, (II")*C{aj,an}, t€{n—1,n}, jke{l,n—1n},
M. (I ={a}, I1")°C{ej,ar}, 1€ {n—-1,n}, 5,k e {1,2},

V. (Il ={a1}, (II")° C{eyj, o}, eitherj ork e {n—1n},

V. (') ={a;}, (") C{az, 5}, n=4, (i,7) = (3,4) or (4,3).

Here G? := {g € G : ¢(g) = g} for an automorphism ¢ of G. We did not intend to
make the above cases I-V be exclusive, that is, there is a small overlap among Cases I, I
and III.
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As a corollary, we obtain three multiplicity-free theorems for type D groups (see Corol-

lary 4.5.4 for the restriction to Levi subgroups and Corollary 4.5.5 for the tensor product
representations).
Organization. In Section 4.2, we see that Theorem 4.1.1 is reduced to the standard Levi
subgroups of a matrix group G = SO(2n) without any loss of generality. In Section 4.3, we
prove that (ii) implies (i). Furthermore, we find explicitly a slice B that gives a generalized
Cartan decomposition G = Ly B Lyiv. The converse implication on (ii) = (i) is proved in
Section 4.4 by using the invariant theory for quivers. An application to multiplicity-free
representations is discussed in Section 4.5.

4.2 Reduction and Matrix realization

4.2.1 Reduction

In this subsection, we show that the surjectivity of ¢ : L x G x H — G depends on neither
the coverings of the group G nor the choice of Cartan subalgebras and Chevalley—Weyl
involutions. This consideration reduces a proof of Theorem 4.1.1 to the case G = SO(2n).

We firstly recall the definition of a Chevalley—Weyl involution of a connected compact
Lie group, and then we show the independence of the coverings.

Definition 4.2.1. Let GG be a connected compact Lie group and ¢ an involution of G.
We call o a Chevalley-Weyl involution if there exists a maximal torus 7" of G such that
o(t)=1t"" forevery t € T.

Proposition 4.2.2. Let G be a connected compact semisimple Lie group, G its universal
covering group, ¢ : G — G the covering homomorphism, and o (resp. 5) a Chevalley—
Weyl involution with respect to a mazimal torus T (resp. T) of G (resp. G) such that the
following diagram commutes.

G 2= G

I

G 2= G
Then for any subsets II', 11" of the set of simple roots 11 of the Lie algebra g of G, G =
L G Ly holds if and only if G = I:¢*H/G5I:¢*H// does. Here, ¢* denotes the natural
induced map from ¢, Ly (resp. L) the Levi subgroup of G whose root system is generated

by I (resp. T"), and Lyt (resp. L) the Levi subgroup of G whose root system is
generated by ¢*11" (resp. ¢*11").

Proof. Let Zz denote the center of G. Assume G = Ly G° Ly. Since G7 C (T - G%),
we have~gz§(L¢*H/G L¢*n~) Ly G° Lyr = G. Then we obtain G =Zg - (ﬂ¢*HrG&ﬁ¢*H,,):
L¢*H/G&L¢*HN ~ _ . .

Conversely, assume G = Ly G?Lgsr. Then we have G = Ly ¢(G7) Ly because ¢ is
surjective. Since ¢(G?) C G, we obtain G = Ly G” L. O]

Further, we can see that Theorem 4.1.1 is independent of the choice of Cartan subal-
gebras and Chevalley—Weyl involutions because any two Cartan subalgebras are conjugate
to each other by an inner automorphism, and any two Chevalley-Weyl involutions of the
same Cartan subalgebra t are conjugate to each other by the adjoint action of exp(t) (see
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[Wo]). For these reasons, we may and do work with the matrix group SO(2n), and fix a
Cartan subalgebra and a Chevalley-Weyl involution as in the next subsection.

4.2.2 Matrix realization

Throughout this chapter, we realize G = SO(2n) as a matrix group as follows:
G = {g € SL(an C) :than - J2na tgg = [2n}7 (4-2-1)

where J,, is defined by

O

I 1= . € GL(m,R).

O

1
Then, the corresponding Lie algebra of G' forms
g:={X €5l(2n,C) :'X Jy, + Jo, X =0, "X + X = O}
We take a Cartan subalgebra t of g as diagonal matrices:

t= P RV-1H,

1<i<n

where H; := E“ - E2n+17i,2n+17i-
We define

c:G—G, g—g, (4.2.2)

where g denotes the complex conjugate of g € GG. The differential of ¢ is denoted by the
same letter. This involutive automorphism o is a Chevalley-Weyl involution with respect
to t.

We let {€;}1<i<n C (t®g C)* be the dual basis of {H,}i1<;<,. Then we define a set of
simple roots II := {ay, ..., a,,} by

a =g —gi1 (1<i<n—1), ap:=¢,_1+¢p.

Let n =n; + - - - + ng be a partition of n with nq,...,np_1 > 0 and ny > 0. We put

S 1= an (1<i<k-1),

1<p<i

=T\ {a, €l:1<i<k—1},

and denote by Ly the Levi subgroup whose root system is generated by II'. In the matrix
realization, Ly takes the form:

LH/ = U(nl) X X U(nk,1> X SO(2nk) = (423)
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Apa
B . Az S U(nl),B S SO(an)
JnkaAk-lJn_kl,l
\ JnlA_l‘]?;f )

Here, we note that the pair (G, Liy) forms a symmetric pair if and only if IT\ II" = {ay },
{a,} or {a,_1}. For a later purpose, we give explicit involutions 7,  and u¢ of G of which
the connected component of fixed point subgroups are Lyq,}e, Lia,}c and Ly, 3e.

Liarye = (G™)o, n:G =G, g Tiotm-1)19112(n-1),15 (4.2.4)
L{an}c = GM’ e G — G, g — [n,ng[n,na (4'2'5)
Lio, e =G, jf=¢opot:G—=G  (see (4.2.7)), (4.2.6)
where K denotes the connected component of K containing the identity element for a
Lie group K, and I 3(,—1)1 and I,,,, are defined by Iy 5,—1)1 := diag(1,—1,...,—1,1) and
I, = diag(l,...,1,—1,...,—1).
—_—— —— ——

n n
The Dynkin diagram of type D,, has an outer automorphism of order two, which switches
a,—1 and a,,. This outer automorphism is induced from the following involution of G.

£:G— G, x— ggxggl, (4.2.7)
n n+l
. S
1
where g == g (1)
1
1

Note that for any II' C II, £(Lyv) coincides with Ly~ where I1” is obtained from II' by
replacing «,, 1 with a,,. We also note that £ preserves G°.

To obtain a generalized Cartan decomposition by the herringbone stitch method ([Ko4]),
we will use an involutive automorphism 7, of G (1 < p < n — 1) given by

G =G, 9= Ip2n—p).p9Lp2n-p).g (4.2.8)
where I, 5(n—p)p := diag(l,...,1,=1,...,=1,1,...,1). Then the connected component of
—— h(\,)—/ ——
p 2(n—p p
the fixed point subgroup G™ is given by
SO(2p) x SO(2(n — p)) := (4.2.9)
A B
A B
S ; € SO(2p), S € SO(2(n —p))
c o) C D
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4.3 Generalized Cartan decomposition

In this section, we give a proof of the implication (ii) = (i) in Theorem 4.1.1. The idea
is to use the herringbone stitch method that reduces unknown decompositions for non-
symmetric pairs to the known Cartan decomposition for symmetric pairs. For this, we
divide the proof to six cases.

4.3.1 Decomposition for the symmetric case (Case [ — 1)

In this subsection we recall a well-known fact on the Cartan decomposition for the symmet-
ric case ([Ho, Theorem 6.10], [Ma3, Theorem 1]) and deal with Case I with i,j € {n—1,n}.

Fact 4.3.1. Let K be a connected compact Lie group with Lie algebra £ and two involutions
7,7 (1?2 = (7")? =id). Let H and H' be subgroups of K such that

(KYoCHCK™ and (K")yC H C K™.
We take a maximal abelian subspace b in
T =X et T(X) =7(X) = - X}

and write B for the connected abelian subgroup with Lie algebra b.
Suppose that 77" is semisimple on the center 3 of €. Then we have

K = HBH'.
We shall apply Fact 4.3.1 to Case I with i,7 € {n — 1,n} in Theorem 4.1.1. Let
(H/)C =11 \ I’ = {an}’ (H//)c =11 \ "’ = {an—l}' (431)

(See Diagram 4.1.1 for the label of the Dynkin diagram.) Then, both (G, L) and (G, L)
are symmetric pairs with ¢ and ué = € o 1 o € the corresponding involutions respectively
(see (4.2.5) and (4.2.7) for the definitions of u and &). We take maximal abelian subspaces
bcg*and b C g as follows:

b= @ R(E2i71,2n72i+1 — Boion—2iyo — Bon_2it1,2i-1 + E2n72’i+2,2i)7 (4.3.2)

1<i<[2]

b’ := b N&(b).

We note that both b and b’ are contained in g” where o is the complex conjugation (4.2.2).
Using Fact 4.3.1, we obtain the following proposition.

Proposition 4.3.2. (Generalized Cartan decomposition.) Let G = SO(2n) and Ly, L be
as in (4.3.1), and define B := exp(b), B’ := exp(b’) for b, b’ as in (4.3.2). Then we have
the following three decompositions of G.

G = LH’ B LH’
= LH// €(B) LH//
- LH/ B/ LH” .
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4.3.2 Decomposition for Case I — 2

In this subsection, we deal with the following case:
(1) = fai}, () = {ag} (i =n— 1 or n).

Since ¢ switches the role of n — 1 and n, G = Ly G? Li» holds for ¢ = n if and only if so
does for i =n — 1 (see (4.2.7) for the definition of £). Thus, we may and do assume i =n
without loss of generality, and put

L:= L{an}c(: U(n)), (433)
H : = L{a,c(= U(3) x SO(2n - 6)),
for simplicity. We also note that the equality G = LG? H follows for n = 4 from Case II in
Theorem 4.1.1. (See Subsection 4.3.3.)
First, let us take a symmetric subgroup G'G” = (G™)q containing H where G’ :=

SO(6) x Iy,—¢ and G" := Is x SO(2n — 6)(C H) (see (4.2.8) for the definition of 75). We

define a maximal abelian subspace b’ of g~ ~* by

D R(Ejnss = Enviy = Enrijonsi—y + Eonsijniig) (0 >6),
b= { SIS (4.3.4)
D REjnes —Ensis —Eusijonii— + Bontijniay) (n=5).
1<5<2
Then we give a decomposition of G' by using Fact 4.3.1 as follows.

G = Lexp(b')(G'G"). (4.3.5)

Second, we consider the centralizer of b’. We define an abelian subgroup 7" by T" :=
exp(t’) where

EB RV—-1(E;; — Eont1-i2nt+1-i — Ent1—im+1—i + Engingi)  (n>6),

" 1<i<3
to= @ RV —-1(E;; — Evi—i11- — E¢—i6—i + Estisti)

1<i<2 ® RV—1(Es3 — Egg) | )

A simple matrix computation shows that b’ commutes with t”.
Lemma 4.3.3. Z5(b') D T".

Third, we consider the double coset decomposition of G’ by (G')* and a maximal torus
T" := G' Nexp(t) of G', which consists of diagonal matrices. For this, we decompose the
Lie algebra g’ of G’ as follows.

It is easy to see that (g')# is rewritten as

(@)= Ad(g) (@) "

geT’
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Then we can find that the exponential mapping

exp: | Ad(g)(g™) = G'/(G")"

geT’

is surjective. Thus we have
G =T exp(g™™7)(G")". (4.3.6)

We are ready to give a proof of a generalized Cartan decomposition for Case I with (7, j) =
(n,3).

Proposition 4.3.4. (Generalized Cartan decomposition.) Let G = SO(2n) and L, H be as
in (4.3.3). We set B := exp(b’) exp(g~"7) (see (4.3.4) for the definition of b'). Then we

have
G = LBH.

Proof. In the following proof, we use the herringbone stitch method introduced by Kobayashi
([Kod]).

G = Lexp(b')(G'G") by (4.3.5)
= Lexp(b")T" exp(g™"7)(G)*G" by (4.3.6)
= Lexp(b')T" exp(g™"7)H by (G')'G" = H. (4.3.7)

Since T" and T" satisfy T" exp(g=*?)H = T" exp(g~*?)H, we can continue the decompo-
sition (4.3.7) as follows.

(4.3.7) = Lexp(b")T" exp(g™"7)H
= LT" exp(b') exp(g™)H by Lemma 4.3.3
— Lexp(t') exp(g ™) H
= LBH.

]

Here is a herringbone stitch which we have used for L\G/H in Case [ with i =n, j = 3.

T/
CG/ el
2
GO @)
L

Figure 4.3.1: Herringbone stitch for Case I with i =n,j =3
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4.3.3 Decomposition for Case II

In this subsection we deal with the following case:
(H/)c = {ai}’ (H”)c = {Oéj,Oék} ( S {n - 1,71}, ] 7é k and j7 ke {Ln - 1,71})

Since & (see (4.2.7) for the definition of §) switches the role of n — 1 and n, and L4, o, is
conjugate to Lia, ,,}c by an element of G” where ¢ is the complex conjugation (4.2.2),
G = Ly G° Ly» holds for (7, j, k) = (n, 1,n) if and only if so does for each of the other triples
(1,7,k). Thus, we may and do assume (i,7,k) = (n,1,n) without any loss of generality,
and put
L .= L{an}c(: U(n)), (438)
H:= L{ahan}C(: U(l) X U(n — 1)),

for simplicity. The goal of this subsection is to prove
G = Lexp(b')DH, (4.3.9)

where the subspace b’ and the subset D are defined by

b= @ R(E2ifl,2nf2i+1 — Boion—2ir2 — Bon—oit1,2i—1 + E2n72i+2,2i)7 (4-3-10)
1<i<([2]
D = DIDQ"'D[anl] (4311)

for D; := exp(R(Egj_12j+1 — Eaji1, 201 — Eon—2j9n-2j42 + Bon_aji22n-2)) (1 < j < [257]).
This subspace b’ is a maximal abelian subspace of g—*.
As the first step to the goal, we use Proposition 4.3.2 and then obtain

G = Lexp(b')L. (4.3.12)

Second, we consider the centralizer of b’. We omit details of the proof of the following
lemma since it follows from a simple matrix computation.

(SU(2))™ (n=2m),
(SU@)™ x U(L) (n=2m+1).

Here, we realize the subgroup K as block diagonal matrices in G.

Lemma 4.3.5. Z5(b') D K :=

Third, we consider the double coset decomposition of L by K and H.
Lemma 4.3.6. L = KDH.

Proof. The following proof is due to [Sa3]. Let us identify L/H with CP™ in the natural
way. Here, we note that D - H/H is identified with a subset

{[le---:Zn]ECP":zkER(lgkgn)andezZO <1§l§[g]>}

of CP". We shall show the equality K - D - H/H = L/H for two cases n = 2m and
n = 2m + 1 separately.
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e Case 1: n = 2m. Since the SU(2)-action on S? is transitive, for any [z; : -+ : 29,,] €
CP™, there exists g = (g1, ..., 9m) € K such that

9'[213"'122m] :[91'(21322)1"'3gm'(22m—1322m)]
=[(V121]? + 2222 0) s - (V]zama? + [z2m[? 2 0)]
€eD-H/H.

Thus, we obtain K - D-H/H =L/H.

e Case 2: n = 2m + 1. As similar to the case n = 2m, for any [z1 : -+ : 29
Zom+1] € CP™, we can find an element h = (hy,. .., hy,,) of the commutator subgroup
K = [K, K] satisfying

holzr o zom] =[(V]2)2 + 1222 :0) - 0 (V| 22m1]? + | 22m|? : 0)].
We then put 6 := arg(zams1) and g := (h,e"V=1) € K, and obtain

gz zom t Zom] =
(V1212 + |22 1 0) - 0 (V]zama 2+ [22mf? 1 0) ¢ |22mpa]] € D - H/H.

Hence we have K - D-H/H = L/H.

We are ready to give a proof of a generalized Cartan decomposition (4.3.9).

Proposition 4.3.7. (Generalized Cartan decomposition.) Let G = SO(2n) and L, H be as
in (4.3.8). We put B := exp(b’)D (see (4.3.10) and (4.3.11) for the definitions of b’ and
D). Then we have G = LBH.

Proof.
G = Lexp(b')L by (4.3.12)
= Lexp(b')KDH by Lemma 4.3.6
= LK exp(b')DH by Lemma 4.3.5
= LBH.

]

Here is a herringbone stitch which we have used for L\G/H in Case I with (i, j, k) =
(n,1,n).

Figure 4.3.2: Herringbone stitch for Case II with (7, j,k) = (n,1,n)
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4.3.4 Decomposition for Case III

In this subsection we deal with the following case:
(I = {a,}, (I")° = {aq,as} (i =n—1or n).

As in the beginning of Subsection 4.3.2, we may and do assume ¢ = n without loss of
generality, and put

L: = Lig,(= Un)), (4.3.13)
H : = Lig,.e(= U(1) x U(1) x SO(2n — 4)),

for simplicity. This subsection aims for showing
G = Lexp(b') exp(b”)H, (4.3.14)

where the subspaces b’ and b” are defined by

b’ = @ R (Ein+i — Entii — Enti—ion+1—i + Eonti—int1-4), (4.3.15)
i=1,2
6" :=R(E12—E21 — Eon120 + Eanon-1) (4.3.16)

D R(E120-1 —Eon—11 — E20,, + Ea,,2).

First, we take a symmetric subgroup (G™ )y = G'G” containing H where G’ := SO(4) x
I,y and G” := I, x SO(2n — 4)(C H). In light that b’ is a maximal abelian subspace of
g ™ # we see from Fact 4.3.1 that

G = Lexp(b')(G'G"). (4.3.17)

Next we consider the double coset decomposition of G' by a symmetric subgroup 7" defined
by 7" := (G'){'. The point here is that 7" satisfies 7'G” = H. Applying Fact 4.3.1 to
(G',71|gr, T1|cr), we have

G' =T exp(b")T". (4.3.18)

We are ready to give a proof of a generalized Cartan decomposition (4.3.14) by using the
herringbone stitch method.

Proposition 4.3.8. (Generalized Cartan decomposition.) Let G = SO(2n) and L, H be as
in (4.3.13). We put B := exp(b’) exp(b”) (see (4.3.15) and (4.3.16) for the definitions of b’
and b"). Then we have G = LBH.

Proof.
G = Lexp(b')(G'G") by (4.3.17)
= Lexp(b')(T" exp(b”)T")G" by (4.3.18)
= Lexp(b")T" exp(b”)H by T'G" = H. (4.3.19)
We define

T" := exp (EB Rv—=1((Es;i — Egnt1-i2n+1-i) — (Bng1—int1-i — En+zn+z))> :

i=1,2
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Then T" and T” satisfy the following equality:
T exp(b”)H = T" exp(b”)H,
and T"” centralizes b’. From this, we can continue the decomposition as follows.

(4.3.19) = Lexp(b')T" exp(b”)H
= LT" exp(b’) exp(b”)H
= LBH.

Here is a herringbone stitch which we have used for L\G/H in Case Il with i = n.

T/
OG/ el
G’ A
¢
L

Figure 4.3.3: Herringbone stitch for Case III with i =n

4.3.5 Decomposition for Case IV

In this subsection we deal with the following case:
(I ={an}, (I")°={aj,a} (1 <j<nand k=n—1orn).

As in the beginning of Subsection 4.3.2, we may and do assume k& = n without loss of
generality, and put

L: = Lya,ye(= U(1) x SO(2n — 2)), (4.3.20)
H: =L, a,):(=U() x U(n - j)),

for simplicity. The goal of this subsection is to prove
G = Lexp(b') exp(b”)H, (4.3.21)

where the subspaces b’ and b” are defined by

b’ = @ R(E1nti-1 — Entic21 — Entoion + Eanngo—i), (4.3.22)
i=1,2
6" ;= R(E1 20+1-j — E2n+1-j1 — Ejon + Eonj) (4.3.23)

S R(Ej11n+1 — Ent1j41 —Enon—j + Eon_jn)-

Then b’ and b” are maximal abelian subspaces of g=™~7 and (g™ )~ ("7-1):—# respectively.
We apply Fact 4.3.1 to (G, 71, 7;), and then obtain

G = Lexp(b')(G™),. (4.3.24)
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Next we consider the double coset decomposition of (G7)y by H and a subgroup L' of
G" N L given by

L':=1,xS0(2j —2) x SO2(n — j) —2) x I,

( 1 0 )

A B
A B :

E F (O D) € S0(25 — 2),

O =
i)

E F
G H € SO(2(n — j) — 2)
c H (G H) J
0 1

\ J

The point here is that L' centralizes b’. Applying Fact 4.3.1 to ((G™)o, T1Tn—1, 1), We get
(G™)o = (GTP™0)g exp(B") G (4.3.25)

Further, it is easy to see (G7("™-1));exp(b”)G™* = L/ exp(b”) GT5*. Thus we have
(G7)o = L'exp(b")G™*. (4.3.26)

We are ready to give a proof of a generalized Cartan decomposition (4.3.21) by using the
herringbone stitch method.

Proposition 4.3.9. (Generalized Cartan decomposition.) Let G = SO(2n) and L, H be as
in (4.3.20), and put B := exp(b') exp(b”) (see (4.3.22) and (4.3.23) for the definitions of b’
and b"). Then we have G = LBH.

Proof.
G = Lexp(b')(G7)y by (4.3.24)
= Lexp(b')(L exp(b”)G™H) by (4.3.26)
= Lexp(b')(L exp(b”)H) by G7" = H
= LL exp(b") exp(b”)H by L' C Zg(b')
= LBH.

O

Here is a herringbone stitch which we have used for L\G/H in Case IV with k = n.

Figure 4.3.4: Herringbone stitch for Case IV with k =n
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4.3.6 Decomposition for Case V

In this subsection, we deal with the following case for G = SO(8):

(1) = {ai}, (") = {az, a;} ((4,5) = (3,4) or (4,3)).

We may assume (i, j) = (4,3) without any loss of generality since {(L{a,}¢) = Liqa,}e and
§(L{as,as}e) = Lias,aste- For simplicity, we put

L = Liayye(= U()), (43.27)
H : = Lo ae(= £(U(2) x U(2)).

The goal of this subsection is to prove

G = Lexp(a)é§(B"B")H, (4.3.28)
where the subspace a and the subgroups B’, B” are defined by
a::= R(Elj — Egjg — E771 + Eg,g), (4329)
B = GXP(R(EIA —E41—Esg+ Ess) ®R(Ea3 —Eso —Eg 7+ E?,G))7 (4.3.30)
B// = exp(R(El,g - E371 - Eﬁ}g + Egﬁ)). (4331)

Then a is a maximal abelian subspace of g’“”“s.
First, we decompose G by using Proposition 4.3.2 as follows.

G = Lexp(a)é(L). (4.3.32)

Next, we recall a generalized Cartan decomposition for type A group ([Ko4, Theorem 3.1]).
We set H' := SU(2) x U(1) x U(1) C L which is realized as block diagonal matrices and

V=16
T := {(6 5 1y @—‘/%6]4) eL:0e ]R}. Then we have

Lemma 4.3.10. ([Ko4, Theorem 3.1)) L = (H'T)B"B'¢(H).
Further, we can see that L = (H'T)B"B'((H) = H'B"B'{(H) since T is the center of

L, and thus we have the following decomposition of {(L).
&(L)=H'¢(B"B)H. (4.3.33)
Here, we note {(H') = H'.
We are ready to give a proof of a generalized Cartan decomposition (4.3.28).

Proposition 4.3.11. (Generalized Cartan decomposition.) Let G = SO(8) and L, H be as
n (4.3.27). Put B := exp(a){(B"B’) (see (4.3.29), (4.3.30) and (4.3.31) for the definitions
of a, B" and B"). Then we have G = LBH.

Proof.
G = Lexp(a)é(L) by (4.3.32)
= Lexp(a)(H'((B"B')H) by (4.3.33)
= LH' exp(a)é(B"B)H by H C Zg(a)

= LBH.

Here is a herringbone stitch which we have used for L\G/H in Case V.
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Figure 4.3.5: Herringbone stitch for Case V

4.4 Application of invariant theory

In this section, we prove that (i) implies (ii) in Theorem 4.1.1. The idea of the proof
is to use invariants of quivers. Although Lemmas 4.4.1, 4.4.2 and 4.4.3 are parallel to
[Ko4, Lemmas 6.1, 6.2 and 6.3] respectively, we give proofs of these lemmas for the sake of
completeness. This section could be read independently of Section 4.3 which gives a proof
on the opposite implication of (ii) = (i) in Theorem 4.1.1.

4.4.1 Invariants of quivers
Let o : M(N,C) — M(N, C) be the complex conjugation with respect to M(NV, R).
Lemma 4.4.1. (c.f. [Ko4, Lemma 6.1]) Let G C GL(N,C) be a o-stable subgroup, R €
M(N,R), and L a subgroup of G. If there exists g € G such that

Ad(L)(Ad(g)R) " M(NV,R) = &, (4.4.1)
then G # LG°Ggr. Here Gg :={h € G : hRh™' = R}.

Proof. Let us observe that Ad(G°Gr)R = Ad(G?)R C M(N,R). Then, the condition
(4.4.1) implies Ad(Lg)RNAd(G°GRr)R = @, and thus LgNG°Gr = @. Therefore we have
g ¢ LGUGR. O

We return to the case G = SO(2n). Let k,r > 2 be integers. We fix a partition
n =ny + --- 4+ ng of a positive integer n with ny,...,nx_1 > 0 and ny > 0, and consider a
loop i9g — 21 — - -+ — 4, such that

co 21 (ng # 0),
U1, k—1k41,...,2k—1} (n, =0),

and ig = i,, is_1 # is (1 < s < r). Correspondingly to this loop, we define a non-linear
mapping

M(nio, (C) (20 = i’r 7é k?)

oeir - M(2n, ) {M(an,(C) (ig = iy = k)

as follows: Let P € M(2n,C), and we write P as (P;;)1<ij<2k—1 in the block matrix form
corresponding to the partition 2n =ny+---+ng_1 +2np +ng_1 + - - - +ny of 2n such that

P, e M(2ng, nj; C) (z = k,]: # k), (4.4.2)
M(ni, 2ng; C) (i # k,j = k),
M(2ny, C) (i=7=k),



where ng,_; :=n; (1 <i < k). We define Pij and A;,..;, (P) by

Pi .

t
- JmPZkfj,QkfiJn]

(i+j < 2k),
Pij = ' (
(
(

i+j>2k i, #k),
i=k,j>k),
i>k,j=k).

t
J2nk PQ]C*],]{! Jnj
t
Jnipk,ﬂc—i Jan

Alozr(P) = Pioi1Pi1i2 - B

Tp—10p*

Then for any | = (Iy,...,l_1,lx) € L :=U(ng) x --- x U(ng_1) x SO(2n;) (see (4.2.3) in
Section 4.2 for the realization as matrices), a direct computation shows

= ;P17 ! (4.4.3)

J

(Ad(1)P),

ij

where I; € U(ns)(1 < s < k—1), I € SO(2ng). The equation (4.4.3) leads us to the
following lemma (c.f. [Ko4, Lemma 6.2]):

Lemma 4.4.2. If there exists a loop ig — i, — -+ — 1, such that at least one of the
coefficients of the characteristic polynomial det(A,, — Ayy...i,(P)) is not real, then

Ad(L)P N M(2n,R) = 2.

Proof. From (4.4.3), we can see that the characteristic polynomial of A;,..;, (P) is invariant
under the conjugation by L. Therefore if there exists [ € L such that Ad(l)P € M(2n,R)
and thus the characteristic polynomial of A;,..;.(Ad(l)P) is real, then that of A;,..; (P) is
also a real polynomial. By contraposition, our lemma holds. O]

By using Lemmas 4.4.1 and 4.4.2, we obtain the next lemma (c.f. [Ko4, Lemma 6.3]):
Lemma 4.4.3. Letn = ny+- - -+ny be a partition and L = U(ny) x- - - x U(ng_1) X SO(2ny,)
the corresponding Levi subgroup of SO(2n). Let us suppose that R is a block diagonal matriz

Ry
Ry

Rog—1
where R, Rop—s € M(ng,R) (1 < s < k—1), and Ry € M(2ng,R) (the last condition
makes sense when ny # 0).
If there exist X € so0(2n) and a loop iy — - -+ — i, such that

det(Al,, — Aip.i, ([X, B])) ¢ RIA],

then the multiplication map L x G° X Gr — G is not surjective. Here, [X, R] .= XR— RX.
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Proof. Let us set P(e) := Ad(exp(eX))R. It suffices to show
det(My, — Ay i, (P(E))) & RIN

for some ¢ > 0. We set @) := [X, R]. The matrix P(¢) depends real analytically on ¢, and
we have

P(e) = R+£Q + O(&?),

as ¢ tends to 0. In particular, if ¢ # j then the (¢, j)-block of matrix P;;(e) € M(n;, n;;C)
satisfies

Pij(e) = Qi + O(g?) as € tends to 0.

Then, we have

det()‘lnio - Aio---ir (P( ))) det( rQloll ’ 'Qir—lir + O(€r+1>)
= det()\ ni, €TAZ'0...Z‘T(Q) + O(€T+1))

- Z APio 55T, (&), (4.4.4)
s=0

where hy(e) (0 < s <mn;,) are real analytic functions of ¢ such that

TLiO

det(AL,, — Apeai (Q)) = Y N0 °hy(0).

s=0

From our assumption, this polynomial has complex coefficients, namely, there exists s such
that hy(0) ¢ R. It follows from (4.4.4) that det(Al,, — Ai,....(P(€))) ¢ R[] for any
sufficiently small €. Hence, we have shown the lemma. ]

4.4.2 Necessary conditions for G = LG°H

Throughout this subsection, we set (G, L, H) =

(SO(2n), U(ny) x -+ x U(ng_1) x SO(2ng), U(my) x ---U(my_1) x SO(2my)), where
n=mn+--+n,=m+---+mwithn,m; >01<i<k-1 1<j<I[l-1)
and ng,m; > 0. We give necessary conditions on (L, H) (resp. (L,&{(H))) under which
G = LG°H (resp. G = LG°&(H)) holds. We divide the proof into six cases (Propositions
44.4-449).

Proposition 4.4.4. G # LG H if one of the following two conditions is satisfied.

k’24, m1:1.
k>3 n,#0, m =1.

Proposition 4.4.5. G # LG°H if ng,,m; # 0, ny,my > 2.
Proposition 4.4.6. G # LG°H if k=2, ny >4, ny > 2, m;=0.
Proposition 4.4.7. G # LG°H if k = 3, max{ni,ns} > 2, nzg # 0, m; = 0.
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Proposition 4.4.8. G # LG°H if k=3, ny,ny > 2, ng=m; = 0.
Proposition 4.4.9. G # LG°¢(H) if n > 5, k=3, ny,ng > 2, ny =my = 0.

Proof of Proposition 4.4.4. We note that the following two inclusive relations reduce a
proof of Proposition 4.4.4 to the case k =3, | =2, ng # 0 and my; = 1:

U(ny) x U(ng + -+ 4+ ng—1) x SO(2ng) (k > 3,n; #0),
H C U(l) X SO(Q(mz + -+ ml))

I C {U(nl) X U(TLQ + -+ le_g) X SO(Q(nk_l + nk)) (k) Z 4),

We shall show that G # LG°H if k =3, | =2, n3 # 0 and m; = 1. Under this condition,
(G, L, H) takes the form:

(G, L, H) = (SO(2n), U(ny) x U(ns) x SO(n3), U(1) x SO(2n — 2)).

Let 1 -2 — 5 — 3 — 1 bealoop and define a diagonal matrix R by R := diag(1,0,...,0,—1).
Then, G coincides with H. We fix u € C and define X = (Xj;)1<;j<5 € $0(2n) in the
block matrix form corresponding to the partition 2n = ny + ng + 2n3 + ny + ny as (4.4.2):

Xip 1= (O _“) € M(n1,19;C), X4 := (

1
X31 = O S M(an,nl,(C)
1

We define the block entries X1y, Xi5, Xoo, Xog, Xos, Xa2, X33, X34, Xu2, Xuz, Xug, X1
and X55 to be zero matrices. The remaining block entries are automatically determined by
the definition (4.2.1) of G = SO(2n). Then, @ := [X, R] has the following block entries.

O) € M(ny,ny; C),

Qu = <O “) € M(ny, n9:C), Qus = (1 O) € M(ny, ny: C),

1
@31 = O | € M(2ns,ny;C).
1

By a simple matrix computation, we have

2u
A12531(Q) = Q120 Q14T 0, I Q31 00, Q31 = ( O) ;

and thus the characteristic polynomial det(Al,,, — Aj2531(Q)) = A\ —2uA™~! is not defined
over R if u is not real. By using Lemma 4.4.3, we obtain G # LG’ H. m

Proof of Proposition 4.4.5. We can reduce a proof of Proposition 4.4.5 to the case k =1 =
2, my > ny > 2 and ny, mo # 0 because the following two inclusive relations hold:
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e U(ny) x -+ x U(ng_1) x SO(2n4) is contained in
U(m + ng) X SO(Q(ng + -+ nk)) (k,’ Z 4),
U(ny) x SO(2(ng + - - - 4+ ng)) (ng # 0, nq > 2),
o U(my) x -+ x U(my—1) x SO(2my) C U(my) x SO(2(mg + - - - +my)).

We shall show G # LGH in the case k =1 = 2, m; > ny > 2 and ny, my # 0. Let
1 —2— 3 —1be aloop and define a diagonal matrix R by
ny—2 mi1—ni ml,:nl n14:2

— —N— - N | -
R:=diag(-1,1,...,1,-1,1,...,1,0,...,0,21,...,—1,1,=1,.. ., =1, 1).

Then, Gr is conjugate to H by an element of G°. We fix u € C and define X =
(Xij)i<ij<s € s0(2n) in the block matrix form corresponding to the partition 2n =
ny + 2ny + ny as (4.4.2):

u0 1
X12 = O O € M(n1,2n2; C), X31 = O € M(nl,(C)
01

—1

We define the block entries Xi1, X9 and X33 to be zero matrices. The remaining block
entries of X are determined automatically by (4.2.1). Then @ := [X, R] has the following
block entries.

u 0 —2
Q12 = O O , Q31 = O
01 2
A simple matrix computation shows
—2u
A1231<Q) = Q12J2n2tQ12Jn1Q31 = O )
2u

and we find that det(\,, — A1231(Q)) = \™ —4u? ™2 ¢ R[\] if u? ¢ R. By Lemma 4.4.3,
we have proved G # LG H. O

Proof of Proposition 4.4.6. Clearly H is contained in U(n) under the condition of Propo-
sition 4.4.6. Hence, it is enough to prove the following:

G 7é LG°H if k=1[1= 2, nq 2 4, o Z 27 mo = 0. (447)

Let 1 -2 — 3 — 1 be a loop and define a diagonal matrix R as follows.

. ni—2 ng—2 no—2 ny—2
R:=diag(1,...,1,-1,-1,-1,-1,1,...,1,=1,...,=1,1,1,1,1,=1, ..., =1).

Then Gg is conjugate to H by an element of G°. Let us fix u € C and define X =
(Xij)1<ij<s € 50(2n) in the block matrix form corresponding to the partition 2n = ny +
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2ny +ny as (4.4.2):

where X5 € M(nq,2n9;C), X3 € M(ny,C). We define the block entries X1, X0 and X33
to be zero matrices. The remaining block entries of X are automatically determined by
(4.2.1). Then @ := [X, R] has the following block entries:

—2u 2
-9 -2

Qu = @, Q= O

By a simple matrix computation, we have

A1231(Q) = Q12J2n2tQ12JmQ31 =38 O )
1

—U

and thus det(A,, — A123:1(Q)) = N *(A\? + 64u)? ¢ R[A] if u ¢ R. From Lemma 4.4.3,
we obtain G # LG H. O

Proof of Proposition 4.4.7. For Proposition 4.4.7, it is enough to show that
G#LG°H if k=3,1=2 ny>2 n3#0, my=0. (4.4.8)
Under this condition, (G, L, H) takes the form:
(G,L,H) = (SO(2n),U(ny) x U(ny) x SO(2n3),U(n)) (ny > 2).

Let 1 -2 —3 —4 — 1 be aloop and define a diagonal matrix R as follows.

ni+ns—1 nz—1 nzy—1 nit+ng—1
. /-,H /-,Hr % N 7 -\ .
R:=diag(T,.. . 1,-1,-1,T,...1,°L,....—1,1,1,71,....—1).

We note that Gg is conjugate to H by an element of G?. Let us fix u € C and de-
fine X = (Xij)i<ij<s € 50(2n) in the block matrix form corresponding to the partition
2n = ny + ng + 2ng + ny +ny as (4.4.2):
1 " 0,
Xig 1= (O ) € M(n1,n2; C), X3 := @, € M(na, 2n3;C), Xa1 1= <_1 >
1

m

M(nQ,nl;(C).
We define the block entries X117 X13, X157 XQQ, X24, X317 X33, X35, X42, X44, X51, X53 and
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X55 to be zero matrices. The remaining block entries of X are automatically determined
by 4.2.1. Then, @ := [X, R] has the following block entries:

0 ) (L)

—2u

A simple matrix computation shows

A1y (Q) = Q15QssTon Qs T, Ot — (_16“ O) ,

and thus we obtain det(Al,, — A12341(Q)) = A" + 16uA™~! ¢ R[\] if u ¢ R. From
Lemma 4.4.3, we have proved G # LG’ H. m

Proof of Proposition 4.4.8. Under the condition of Proposition 4.4.8, H is contained in
U(n). Hence it is enough to show the following:

G#LGaHlfk’:g, l:2, Tll,TLQZQ, n3:m2:O.

Let 1 -4 —2—5—1be aloop and define R by

————
R :=diag(1,...,1,—1,...,—1).
Then, Ggr = H. Let us fix u € C and define X = (Xj;)1<ij<5 € 50(2n) in the block matrix
form corresponding to the partition 2n = ny + ny + 2n3 + ny + ny as (4.4.2):

—u -1 —1
X4 = O € M(nl,nQ; C), Xyo = O € M(’ng,(C),
1 1 1
-1
X51 = O € M(nl,C)
1

We define XH, Xlg, X217 XQQ, X44, X45, X54 and X55 to be zero matrices. The remaining
block entries of X are automatically determined by (4.2.1). Here we note that none of
the block entries Xi3, Xo3, X31, X33, X34, X35, Xy3 and X3 exists since n3 = 0. Then
@ := [X, R] has the following block entries:

2u 2 -2 -2

Qu = O | en-= O | @ = O

2 2 2 2
A simple matrix computation shows
16(u —1)

Ar251(Q) = QuuQu T/ Quan, Q51 = @, ,
16(u — 1)

and thus, det(Al,,, — A1495:1(Q)) = X 2(\ — 16(u — 1))* ¢ R[\] if u ¢ R. From Lemma
4.4.3, we get G # LG°H. O
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Proof of Proposition 4.4.9. We may assume ny > ny. It suffices to show that G # LG7&(H)
ifk=3,1=2,n>2 n>3andng=my=0.Let 1 -4 —2—5—1 be aloop and

n—1 n—1
—N— Y N
define R by R := diag(1,...,1,—1,1,—1,...,—1). Then, Ggr = £(H). Let us fix u € C and
define X = (Xj;)1<;ij<5 € 50(2n) in the block matrix form corresponding to the partition
2n = ny +ng + 2ng + ny +ny as (4.4.2):

0 —u —1
X14 = O € M(nlan%C)a
0 —1 —1
0 00 i
—1 00
X42 = O S M(HQ,C), X51 = O c M(nl,(C)
0 10 L

The remaining block entries of X are defined in the same way as in the proof of Proposition
4.4.8. Then @ := [X, R] has the following block entries.

0 00

0 2u 2 —2
-2 00
Qu = O ; Quo = O , Q51 = O
02 2 2
0 20
By a simple matrix computation, we have
16(u — 1)
A14251(Q> = Q14Q42Jm2tQ14Jm1Q51 = O )

16(u — 1)

and find that det(Al,, — A1495:1(Q)) = N 2(X — 16(u — 1))? ¢ R[\] if u ¢ R. From
Lemma 4.4.3, we have proved G # LG7¢(H). O

4.4.3 Completion of the proof of Theorem 4.1.1

We complete the proof of the implication (i) = (ii) in Theorem 4.1.1 (Proposition 4.4.10) by
using Propositions 4.4.4-4.4.9. For a given partition n = ny +---+ng with ny, ...,ng_1 >0
and ny > 0, we have a Levi subgroup Liy = U(ny) X - -+ X U(ng_1) x SO(2n;) of SO(2n),
which is associated to the subset

J
H’::H\{aieﬂzi:Zns, 1§j§kz—1}
s=1
of the set of simple roots Il (see Diagram 4.1.1 for the label of the Dynkin diagram).

Proposition 4.4.10. Let G be the special orthogonal group SO(2n) (n > 4), o a Chevalley-
Weyl involution, II', 11" subsets of the set of simple roots I1, and Ly, L~ the corresponding
Levi subgroups. Then we have

G # Ly G° Ly (4.4.9)
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if one of the following conditions up to switch of I and 11" is satisfied (1 < 1,5,k <n) :
(H”) contains more than two elements.
Both (II')¢ and (I1I")¢ contain two elements.
Both (II')¢ and (I1")¢ contain some simple root other than oy, ay,_1, 0.
#(I)e =2, (II")° ={w;},and i ¢ {1,n — 1,n}.
#(I")e =2, (I1")° = {1}, and (II')°contains neither a,_1 nor .
(I = {a,}, (I")° ={a;}, i ¢ {1,2,3,n—1,n}, j € {n—1,n}
(n=>95) () = {a, a5}, (") ={ew}, 1 #j, k€ {n—1n},

and (i,7) # (1,2), (1,n — 1), (1,n),(n — 1,n).
(VIO (n = 4) (I')* = {a;, az}, (I1")* = {ai}, i € {3,4}.

Proof. We note the following:

—
N—r

FEither (IT')¢ o

HZ2

=

> Y N e N NN
~— ~—

E

5

1. The role of L and Ly is symmetric.
2. G # Ly G Ly holds if and only if G # £(Ly)G7¢(Ly) does.

First, we can see that (I) implies (4.4.9) by combining (4.4.5) of Proposition 4.4.4 with
Propositions 4.4.5 and 4.4.7. Second, Proposition 4.4.5 implies that (4.4.9) holds under
each of the conditions (I), (IIl) and (IV). Third, we can see the condition (V) implies (4.4.9)
by using (4.4.6) of Proposition 4.4.4. Fourth, we can also see that the condition (VI) implies
(4.4.9) by Proposition 4.4.6. Fifth, by combining Proposition 4.4.7 with Propositions 4.4.8
and 4.4.9, we can see that (4.4.9) holds under the condition (VII). Finally, it follows from
Proposition 4.4.8 that the condition (VII) implies (4.4.9). O

4.5 Application to representation theory

In this section, we shall see our generalized Cartan decomposition leads to three multiplicity-
free representations by using the framework of visible actions (“triunity” a la [Kol]). The
concept of (strongly) visible actions on complex manifolds was introduced by T. Kobayashi.
Let us recall the definition ([Ko2]).

Definition 4.5.1. We say a biholomorphic action of a Lie group G on a complex manifold
D is strongly visible if the following two conditions are satisfied:

1. There exists a real submanifold S such that (we call S a “slice”)

= (G - S is an open subset of D.

2. There exists an antiholomorphic diffeomorphism o of D’ such that

ols = ids,
o(G-x) =Gz forany z € D'

Definition 4.5.2. In the above setting, we say the action of G on D is S-visible. This
terminology will be used also if S is just a subset of D.
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Let G be a compact Lie group and L, H its Levi subgroups. Then G/L, G/H and
(G x G)/(L x H) are complex manifolds. If the triple (G, L, H) satisfies G = LG’ H, the
following three group-actions are all strongly visible:

L~G/H
H~G/L
diag(G) ~ (G x G)/(L x H)

The following theorem ([Ko3]) leads us to multiplicity-free representations:

Theorem 4.5.3. Let G be a Lie group andV a G-equivalent Hermitian holomorphic vector
bundle on a connected complex manifold D. If the following three conditions from (1) to
(3) are satisfied, then any unitary representation that can be embedded in the vector space
O(D,V) of holomorphic sections of V decomposes multiplicity-freely:

1. The action of G on D 1is S-uvisible. That is, there exists a subset S C D satisfying
the conditions given in Definition 4.5.1. Further, there exists an automorphism & of
G such that o(g-xz) = d(g) - o(x) for any g € G and x € D’.

2. For anyx € S, the fiber V, at x decomposes as the multiplicity free sum of irreducible
unitary representations of the isotropy subgroup G,. Let V, = @ VS) denote the
1<i<n(z)
irreducible decomposition of V.
3. o lifts to an antiholomorphic automorphism & of V and satisfies 6(V§i)) =V (1<
i <n(x)) for each x € S.

Although our application is limited to finite dimensional representations, it is notewor-
thy that this theorem works for both compact and non-compact complex manifolds, for
both finite and infinite dimensional representations, and for both discrete and continuous
spectra. See, for example, [Kol] and [Ko6]. [Kol] deals with finite dimensional represen-
tations whereas the latter deals with infinite dimensional representations (not necessarily
highest weight modules).

Now we return to the case where GG is a connected compact Lie group of type D,,. The
fundamental weights wy, ..., w, with respect to the set of simple roots ay, ..., a,, are given
as follows (see Diagram 1.1 for the label of the Dynkin diagram).

wi=ay+ 20+ + (i = Doy +i(os + i + -+ aga),

1
+ 5ilan1+an) (1<i<n—1),

1 1 1
Wp—1 = 5(&1 + 20&2 + -+ (n — 2)0&,1,2 + §n@n,1 —+ 5(71 — 2)&71)7

1 1 1
Wp = §(a1 + 200 + -+ (n—2)a, 2 + 5(” —2)an-1 + 5”0%)-

By using the Borel-Weil theory together with Theorem 4.5.3 and our generalized Cartan
decompositions, we obtain the following Corollaries 4.5.4 and 4.5.5.

Corollary 4.5.4. (Corollary of Theorem 4.1.1.) If the pair (L, \) is an entry in the Table
4.5.1 or 4.5.2, then the restriction 7y|, of the irreducible representation 7y of G with highest
weight X to L decomposes multiplicity-freely.
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Table 4.5.1: Multiplicity-free restriction

Levi subgroup L | highest weight A Levi subgroup L | highest weight A
Liaye awn, Lianye, awy + bwy,
aws, Lia,_ 13 awy + bws,
aws, awyp—2 + bw
AWp_9, Liaye aw; + bw;
awp L{al’OQ}c, aw)
L{al}c aw; L{al’an}c,
L{a2}c, awp L{a17a7kl}c,
L{ag)e Loy r.an)e
L{aj}c aw1 L{aj,an}ca aw1
Liaj.an 1}

Table 4.5.2: Multiplicity-free restriction with n =4

L A
Liaye | aws + bw;
Liag,ai}e aw;

Here, I =n — 1 or n and 4, j,a, b are integers satisfying 1 < 4,5 < n and 0 < a,b. The
following Table 4.5.2 is only for n =4 ((i,7) = (3,4) or (4,3)) :

Corollary 4.5.5. (Corollary of Theorem 4.1.1.) The tensor product representation my @,
of any two irreducible representations my, m, of G with highest weights (X, ) listed in the
below Table 4.5.5 decomposes as a multiplicity-free sum of irreducible representations of G.

Table 4.5.3: Multiplicity-free tensor product

pair of highest weights (A, u) n pair of highest weights (A, p)
(awy, bwi), n>4 (awy, bw,_2 + cwy),
(awy, bws), (awg, bwi + cwy),
(awg, bws), (awy, bwi + cws),
(awy, bw,_2), (awy, bw; + cwy)
(awy, bwy), n=4 (awy, bws + cws),
(awl, bwz) (awg, bCUQ + cw4)

Here, k,l € {n — 1,n}, 1 < i < n and a,b, ¢ are arbitrary non-negative integers. We
note that the condition (2) of Theorem 4.5.3 is automatically satisfied since the fiber of a
holomorphic vector bundle is one-dimensional in the setting of the Borel-Weil Theory. We
also note that we can take the complex conjugation as ¢ in Theorem 4.5.3.

Remark 4.5.6. P. Littelmann ([Li2]) classified all the pairs of maximal parabolic sub-
groups (P, P./) of any simple Lie group G over any algebraically closed field such that the
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corresponding tensor products nw ® mw’ (n and m are arbitrary non-negative integers) de-
composes multiplicity-freely where w and w’ are fundamental weights. Moreover, he found
the branching rules of nw ® mw’ and the restriction of nw to the maximal Levi subgroup
L. of P,, for any pair (w,w’) that admits a G-spherical action on G/P, x G/P,, by using
the generalized Littlewood-Richardson rule ([Lil]).

Remark 4.5.7. J. R. Stembridge ([St2]) gave a complete list of pairs of highest weights
with the corresponding tensor product representation multiplicity-free. His method is
combinatorial. He also classified multiplicity-free restrictions to Levi subalgebras for all
complex simple Lie algebras. Our approach has given a geometric proof of a part of his
work based on generalized Cartan decompositions.

We have listed an application of Theorem 4.5.3 only for the line bundle case. See
Chapter 6 for an application to the vector bundle case.
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Chapter 5

Visible actions on flag varieties of
exceptional groups and a
generalization of the Cartan
decomposition

5.1 Introduction for Chapter 5

We give a classification of a pair of Levi subgroups (L, H) of any connected compact
exceptional Lie group G such that G = LG? H holds where o is a Chevalley—Weyl involution
of G. This can be interpreted as a generalization of the Cartan decomposition to the
non-symmetric setting. (We refer the reader to [F12, Hel, Ho, Ko4, Ma3] and references
therein for some aspects of the Cartan decomposition from geometric and group theoretic
viewpoints.) The motivation for considering such kind of decomposition comes from the
notion of wisible action on complex manifolds, which was introduced by T. Kobayashi. It
is a geometric condition for the propagation theorem of the multiplicity-freeness property,
and classification theory of (strongly) visible action has been recently made in the linear
case [Sal], symmetric case [Ko5] and some other non-symmetric cases [Sa2].

A generalization of the Cartan decomposition for symmetric pairs has been used in
various contexts including analysis on symmetric spaces, however, there was no analogous
result for non-symmetric cases before Kobayashi’s paper [Ko4|. Motivated by visible actions
on flag varieties of type A, he introduced a generalization of the Cartan decomposition for
the unitary group U(n) taking the form:

G = LBH,

where B is a subset of the orthogonal group O(n). He completely classified a pair of Levi
subgroups (L, H) satistying U(n) = L O(n)H, and gave a slice B explicitly for each of such
pairs (L, H) by the herringbone stitch method [Ko4].

More generally, we consider the following problem: Let G be a connected compact Lie
group, T" a maximal torus, and ¢ a Chevalley—Weyl involution of G with respect to T'. (We

The contents of this section are taken from [Ta5].
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recall that an involutive automorphism ¢ of a connected compact Lie group G is said to be
a Chevalley-Weyl involution if there exists a maximal torus T of G such that o(t) = ¢!
for any t € T [Wo.)

1) Classify all the pairs of Levi subgroups L and H with respect to t such that the
multiplication map v : L x G? x H — G is surjective.

2) Find a “good” representative B C G such that G = LBH in the case 1) is surjective.

Here G = {g € G : 0(g) = g}. We call such a decomposition G = LBH a generalized
Cartan decomposition. We note that the role of H and L is symmetric. The surjectivity of
¢ implies that the subgroup L acts on G/H in a (strongly) visible fashion (see Definition
5.6.1). At the same time the H-action on G/L, and the diagonal G-action on (G x G)/(L x
H) are strongly visible. Then the propagation theorem of multiplicity-freeness property
([Ko3, Theorem 4.3]) leads us to three multiplicity-free theorems (triunity a la [Kol]):

Restriction G | L Indg(cx)h,
Restriction G | H : Indf((C,\)|H,
Tensor product : Ind%(Cy) ® Ind%(C,).

Here Ind%(C,) denotes a holomorphically induced representation of G from a unitary
character C, of H by the Borel-Weil theorem. See [Kol, Ko2, Ko3, Ko5, Ko6| for the
general theory on the application of visible actions (including the vector bundle setting),
and also Section 5.6 for an application of our results to the exceptional groups.

In this chapter we deal with exceptional Lie groups. In order to state the results, we
label the Dynkin diagrams of type Eg and type E; following Bourbaki [Bo| (see Figures
5.3.2 and 5.3.3). For a subset IT’ of a simple system II, we denote by Ly the Levi subgroup
whose root system is generated by II',; and by (II')¢ for the complement of IT’ in II.

Theorem 5.1.1. Let G be a connected compact Lie group with an exceptional simple Lie
algebra g, 11 a simple system of the root system A(gc, tc) with respect to a Cartan subalgebra
t of g, and o a Chevalley—Weyl involution of G with respect to t. Take proper subsets 11’
and 11" of II. Then the following two conditions are equivalent.

(1) G = Ly G° L .
(ii) Up to switch of II" and 11", one of the below conditions is satisfied.

I. g=c¢ (I ={a}, (") = {ay, ag}y i=1 or6.
I g=c¢s (II')°={}, (I1")° = {ay}, i=1o0r6, j+#4.
M. g=ce¢7; (II'={ar}, (") = {a}, i=1,2o0rT.

In particular, there are no such pair (II', 11") for g = es, f4 or go.

Cases I, II and Il amount to
I g=c¢, lpr=2s50(10)dR, I =s0(8)dR>.
I g=¢, I=s50(10)BR, I =s50(10) DR, su(6) R or
su(2) @ su(b) e R.
1. g =¢7, [H’ = €4 ) R, [H” = 50(12) b R, 5u(7) ) R or (4] e, R.
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As a corollary of Theorem 5.1.1, we obtain three kinds of multiplicity-free theorems for
representations of exceptional Lie groups (see Corollary 5.6.4 for the restrictions to Levi
subgroups and Corollary 5.6.5 for the tensor products). In the course of the proof, we
find explicitly a slice B that gives a generalized Cartan decomposition G = Ly B Lyp» (see
Propositions 5.3.2, 5.3.3, 5.3.5, 5.3.6, 5.3.8 and 5.3.10.) by using the herringbone stitch
method [Ko4]. The ‘slice’ B plays an important role in dealing with more delicate cases
(vector bundle cases) in the application to representation theory, which is not discussed in
this section.

Special feature of exceptional Lie groups. Here we mention some new features in
dealing with exceptional groups, which arise both in the proof and in the results:

e (In the proof.) In order to find explicit generalized Cartan decompositions in the
exceptional case, our argument relies on the root systems rather than matrix com-
putations that were effectively used in the classical case.

e (In the main results.) For all classical compact groups G, there exist pairs of proper
Levi subgroups Ly and Ly such that the multiplication mapping Ly xG° xLr — G
is surjective [Kod, Tal]. However, none of the exceptional compact Lie groups G,
F4 or Eg admits such a pair of proper Levi subgroups. This corresponds to the
representation theoretic fact (c.f. [Li2, St2] and Section 5.6) that #MF (G, L) is finite
for any Levi subgroup L of G if and only if G is of type Eg, Fy or Go, where MF (G, L)
is the set of equivalence classes of finite dimensional irreducible representations m of
G such that the restrictions 7|, to L are multiplicity-free.

Organization. This chapter is organized as follows. In Section 5.2 we discuss a slice
for symmetric pairs. In Section 5.3, we give a proof of the implication (ii) = (i) together
with a generalized Cartan decomposition G = Ly B Lyp» by postponing the proofs of some
technical lemmas to Section 5.4. In Section 5.4, we deal with double coset decompositions
of classical Lie groups, and complete the proof for the implication (ii) = (i). The converse
implication (i) = (ii) is proved in Section 5.5 by using the fact that a strongly visible action
gives rise to multiplicity-free representations, and classifications of multiplicity-free tensor
product representations by P. Littelmann [Li2] for the maximal parabolic case and J. R.
Stembridge [St2] for the general case. An application to multiplicity-free representations
is discussed in Section 5.6.

In the following, we denote Lie groups by capital Latin letters and their Lie algebras
by corresponding small German letters. Also, for a given real Lie algebra g, we denote its
complexification by gc.

5.2 Construction of a slice for the symmetric case

Let g be a compact Lie algebra and 7 an involution of g. Then we take a 7-stable Cartan
subalgebra § of g, and write h = t & a where t = 7 and a = h~7. Here, h™7 is defined by
h=" :={X € h: 7(X) = —X}. In this section, we shall see how to construct a maximal
abelian subspace of g~7, which is fixed by 0. We begin by the following proposition.

Proposition 5.2.1. Let us suppose that there exists an automorphism o of g, which pre-
serves a and acts on t as the multiplication by (—1), and that the Cartan subalgebra
t © v—1a of the non-compact dual g~ & /—1g~" is not maximally non-compact. Then
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for any root vector Xz € gc of any tmaginary non-compact root [, there exists Z € t suib
that Ad(exp(Z))(Xs + X3) is fized by 0. Here we extend o to gc holomorphically, and X
denotes the conjugate element with respect to g for any X € gc.

Proof. Since both X5 and o(X3) belong to the root subspace g_s of —f, o(X3) = eV~ X,
for some 0 € R. Then we take Z € t satisfying 5(Z) = —v/—160/2. (Here we note that /3
is imaginary.) For this Z € t, we have

o(Ad(exp(2))(Xs + X)) = o€ 7 X+ 77 Xp)

\/?9 (e\/jleX_ﬁ) + e@

V=To—_ V=16
=€ 2 Xg—l—e_ 2 X/B

— Ad(exp(2))(X5 + X5).

=€

(eV1Xp)

]

By using Proposition 5.2.1, we can give a simpler proof of the following result, which
was originally proved in [Ko5| by Berger’s classification of semisimple symmetric pairs.

Corollary 5.2.2. Let us suppose that (g,9") is a Hermitian symmetric pair and that
a = {0}, i.e., h = t. Let o be a Chevalley—Weyl involution of g with respect to t. Then
there exists a mazximal abelian subspace of g~ , which is fixed by o.

Proof. Consider the non-compact dual g” @ /—1g~" of g with respect to 7. Since we
can construct a maximally non-compact Cartan subalgebra by a succession of the Cayley
transforms from t, the corollary follows from Proposition 5.2.1. Here we note that we can
choose strongly orthogonal roots in a succession of the Cayley transforms if (g, g7) is a
Hermitian symmetric pair. 0

Remark 5.2.3. From the proofs of Proposition 5.2.1 and Corollary 5.2.2, we can see the
following: Retain the setting of the proof of Corollary 5.2.2. We let {1, ..., 5.} be a set of
imaginary non-compact roots (with respect to t® C), which may be used in a succession of
the Cayley transforms for obtaining a o-fixed maximal abelian subspace a of g=". If some
roots (with respect to t® C) aq, ..., a, are strongly orthogonal to §5; for any i (1 <i <7r),
then a semisimple subalgebra whose set of simple roots is given by {a1, ..., a5} centralizes
a.

Remark 5.2.3 may help us to determine a set of simple roots of the centralizer of a in
the next section.

5.3 Generalized Cartan Decomposition

The aim of this section is to prove that (ii) implies (i) in Theorem 5.1.1 (by postponing
some technical lemmas to the next section). The idea is to use the herringbone stitch
method [Ko4] that reduces unknown decompositions for non-symmetric pairs to the known
Cartan decomposition for symmetric pairs (Fact 5.3.1). We divide the proof to four parts
(Subsections 5.3.1-5.3.4).

In the following, €., denotes the semisimple part of € and K, the analytic subgroup
of K with Lie algebra &, for a compact Lie group K. Also, we write G; ~ G, if two Lie
groups (7 and Gy are locally isomorphic.
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5.3.1 Decompositions for the symmetric case

In this subsection, we recall a well-known fact ([Ho, Theorem 6.10], [Ma3, Theorem 1]) on
the Cartan decomposition for the symmetric case, and deal with Case Il with j = 1 or 6
and Case Il with ¢ =7 in Theorem 5.1.1.

Fact 5.3.1. Let K be a connected compact Lie group with Lie algebra €, and 7 and 7" two
involutions of K. Let H and L be subgroups of K such that

(K )oCLCK™ and (K")yCc HC K™

Here Fy denotes the connected component of F' containing the identity element for a Lie
group F'.
We take a mazimal abelian subspace a in

e = {X et r(X)=7(X) =X}
Suppose that 77" is semisimple on the center 3 of €. Then we have
K = Lexp(a)H.

By combining this fact with Corollary 5.2.2, we immediately obtain the following (cf.
[Ko5)).

Proposition 5.3.2 (Case I with j =1 or 6 and Case Ill with i = 7). Let G be a connected
compact Lie group, t a Cartan subalgebra of g, o a Chevalley—Weyl involution of G with
respect to t and L, H Levi subgroups of G with respect to a simple system of the root system
A(gc, tc). Suppose that both L and H are Hermitian symmetric subgroups of G. Then we
have

G = Lexp(a)H

where a is an abelian subspace of g°.

Since the surjectivity of the multiplication mapping Ly X G? X Lii» — G depends on nei-
ther the coverings of the group G nor the choice of Cartan subalgebras and Chevalley—Weyl
involutions, we may and do work with connected simply connected compact exceptional
Lie groups, and fix a Cartan subalgebra and a Chevalley—Weyl involution in each of the
subsections below.

5.3.2 Decompositions for the type Eg (non-maximal parabolic
type)
In this subsection, we deal with Case I in Theorem 5.1.1.

Proposition 5.3.3 (Case I). Let G be the connected simply connected compact simple Lie
group of type Eg, t a Cartan subalgebra of g and o a Chevalley—Weyl involution of G with
respect to t. Take two subsets II' and 11" of a simple system 11 as (I')¢ = {cy} (i =1 or 6)
and (11" = {ay, as}. (We label the Dynkin diagram following Bourbaki [Bo]. See Figure
5.3.2 in Subsection 5.3.3.) Then we have

G - LHI B LH//

for a subset B C G°.
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Proof. Let us explicitly write the root system A and the simple system II of type Eg as
follows (see Plate V of [Bo]):

A= A(QC: t(C)

5 5
1
:{:I:gi +¢j, 5(58 — &7 —¢c¢+ Z(—l)”’“gk) 1<i<ji< 5,Zl/k is even} ,
k=1

k=1
II={a;:1<i<6},

1 1
where o = 5(51 +58) — 5(82 +ée3+e4+ €5+ €5 —|-€7), Qg = €1 + €2,

3 =¢E9 — €1, Oy =E3 — €2, O = &4 —E3, Qg = Ep — &4.

We may and do assume that ¢ = 6 since Ly, }e is conjugate to Ly, under the action of
the Weyl group, and hence that of G ([Kna, Theorem 6.57]). Let 7 denote the involution
of GG, which corresponds to Ly. By using two non-compact imaginary roots €5 — 4 and
g5 + &4 for the Cayley transforms of the compact Cartan subalgebra t of the non-compact
dual g” @ v/—1g~7 of g, we obtain a maximal abelian subspace a of g~7, which is fixed by
o (Corollary 5.2.2). We apply Fact 5.3.1 to (G, 7,7) as follows.

G = G exp(a)GT. (5.3.1)

Since the pair (g, g”) is Hermitian of non-tube type, there exists X € g7, such that R(Z+X)
is the center of Zy-(a) where Z is a non-zero element of the center of g”. Then we have the
following lemma on a representative of the double coset decomposition of GZ (~ SO(10)) by
exp(RX) - Mg and GT,N L (= U(1) x SO(8)), where M (=~ U(4)) is the analytic subgroup
of G™ with Lie algebra Z;-(a).

Lemma 5.3.4. There exists a subset B" of G? such that the multiplication mapping
(exp(]RX)MSS) x B' x (G;—s N LH”) — G;—s

18 surjective.

We postpone the proof of this lemma to Lemma 5.4.1 in Section 5.4. The above sur-
jection implies that G7, = (exp(RX)M,,)B'(G7, N Ly~), and thus we obtain

G™ = MB' Ly . (5.3.2)
Then we put B = exp(a)B’, and substitute (5.3.2) to (5.3.1) as follows.

G = GT eXp(a) (MB/ LH//)
= GTM eXp(a)B/ LH”
= LH/ B LH// .

This completes the proof since B = exp(a)B’ is contained in G°. ]
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M

(/G \> LH”
Ly

Figure 5.3.1: Herringbone stitch used for Ly \G/ Ly in Case 1.

5.3.3 Decompositions for type Es (maximal parabolic type)

In this subsection, we discuss Case Il with j = 2,3 or 5 in Theorem 5.1.1. Let GG denote the
connected simply connected compact simple Lie group of type Eg, t a Cartan subalgebra of
g and o a Chevalley—Weyl involution of G with respect to t. We take a simple system II of
the root system A(gc, tc), and two commuting involutions 7 and 7" of g¢, which preserve
g and correspond to the below Vogan diagrams of type E III and type E II respectively
(see Appendix C of [Kna]).

o (N9 o (o
aq (6% Qy (071 (074 (6%} (0% iy (071 Qg

Figure 5.3.2: Vogan diagrams of type E III and type E II.

Then the fixed part of the involution 77/ is given by g™ = R @ s0(10). Since the root
system A(gF, tc) of g™ is contained in A(ge, tc), there exists v € A(ge, tc) such that
{as, oy, a5, o, 7} gives rise to a simple system of g7 . We may and do assume that v
is connected to ay. We take a maximal abelian subspace a of g~ as follows: Let us
explicitly write the simple system I1(gZ", tc) and the root system A(gF , tc) of g7 (see
Plate IV of [Bo)).

(g7 te) = {au, v :3 <i <6},
Ag te) = {£fi £ f;: 1<i<j <5},
where as =fy — f5, au = fs— fa, as = fo— f3, ag = f1 — fo, Y= fa + [5.
Using two non-compact imaginary roots fo + f3 and f; + f5 for the Cayley transforms of
the compact Cartan subalgebra t of the non-compact dual g™ @ /—1g~™"" of "™, we

obtain a maximal abelian subspace a of g~™~" , which is fixed by ¢ (Corollary 5.2.2). Then
we consider the centralizer Z_,..(a) of a in g™ . For simplicity, we put m = Z_, ./(a). We

grT

note the following decomposition of g™
gTT/ — gT,’T/ D g—T,—T'
=RK; & ((QTT/)SSY D 977’7%
—REK, ®RE, @ (g7 )es @ g ™7,

where K is a non-zero element of the center of g7, and K, that of the center of ((§7™ )ss)7 =

u(5). Since the pair ((g7 )ss, ((§77 )ss)7) = (s0(10),u(5)) is Hermitian of non-tube type,
there exists K3 € (g”’)ss Nt such that R(Ks 4+ K3) @ mg, gives rise to the centralizer of a
in (g7 )ss)7. Hence we obtain

m =RK, ® R(K, 4+ K3) ® m,,. (5.3.3)
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The subalgebra g7 has two simple factors su(2) and su(6). So, we write g~ = g’ ®g” where
g = su(2) and g’ = su(6). Then we decompose g7 as follows.

gT/ — g7'I,T @ ng,—T
=@ e@)eg
=RZi®(g") @g "
—RZ,ORZ & (g7 )y B g™ "

Here Z; is a non-zero element of (g')7, and Z, that of the center of (g”)” = u(5). Then we
give generalized Cartan decompositions for Case [ with j = 2 and 7 = 3 or 5 separately.

Case II with j =2

Proposition 5.3.5 (Case Il with j =2). Let G, g, t, o, I, 7 and 7’ be as in the beginning
of this subsection. Take two subsets II' and 11" of the simple system 11 of the root system
A(ge, tc) as (1) ={a;} and (I1")¢ = {as} where i =1 or 6. Then we have

G = LH/ B LHH
for a subset B C G°.

Proof. Let G' and G” be the analytic subgroups of G™ with Lie algebras g’ = su(2) and
g” = su(6) respectively. We apply Fact 5.3.1 to (G, 1, 7'):
G = G exp(a)G™
= G exp(a)G'G". (5.3.4)

Here a is the maximal abelian subspace of g~"~"', which is constructed in the above. Since
(¢/,RZ;) is also a symmetric pair, we can again use Fact 5.3.1 as follows.

G’ = exp(RZ;) exp(a’) exp(RZ), (5.3.5)

where a' is the o-fixed one dimensional subspace of g’. Since the vector space RZ; & RZ,
coincides with RK; @ RK,, there are real numbers a and b such that Z; = aK; + bKs.
Then we have the following equality.

(exp(RZ;) exp(a’) exp(RZ))G"
= (exp(R(aK; + b(Ks + K3))) exp(a’) exp(RZ;))G". (5.3.6)

Put B = exp(a) exp(a’). By combining (5.3.5) and (5.3.6) with (5.3.4), we obtain
0)G'G" by (5.3.4)
a)(exp(RZ1) exp(a) exp(RZ1))G" by (5.3.5)

)

))) exp(a’) exp(RZ1))G" by (5.3.6)
(a) exp(a’) exp(RZ1)G" by (5.3.3)

(

exp(

= GT exp(

= G" exp(a)(exp(R(aK; + b(Ks + K3

= G (exp(R(aK; + b(Ks + K3))) exp
= G"Bexp(RZ,)G".

Since exp(RZ;)G” coincides with Ly» and G7 is conjugate to Ly under the Weyl group
and hence under G? ([Kna, Theorem 6.57]), we have shown the proposition. O
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Case II with j =3 or 5

Proposition 5.3.6 (Case II with j = 3 or 5). Let G, g, t, o, II, 7 and 7’ be as in the
beginning of this subsection. Take two subsets II' and 11" of the simple system II of the root

system A(gc, tc) as (I')° = {a;} and (I1")° = {a;} where (4,5) = (1,3), (1,5), (6,3) or
(6,5). Then we have

G - LHI B LH”
for a subset B C G°.

Proof. Retain the notations G',G",a, Z1, Zy, K1, K5,a and b in the proof of Proposition
5.3.5. We have the following lemma on a representative of the double coset of G”(~ SU(6))
by exp(RZg)M (~ U(1) x SU(2)?) and (G")j(= U(5)), where M is the analytic subgroup
of G™ with Lie algebra m = Zgrr (@)

Lemma 5.3.7. There exists a subset B' of G° such that the multiplication mapping
(exp(RZy) M) x B' x (G")§ — G”

18 surjective.

We postpone the proof of this lemma to Lemma 5.4.2 in Section 5.4. As in the proof
of Proposition 5.3.5, there are real numbers ¢ and d such that Zy = ¢K; + dK>. Hence we
have

G'G" = G (exp(R(cK; + dK5)) M B'(G")f) by lemma 5.3.7
= exp(R(cK; + dK»))G' M, B'(G")]
d
= exXp (R (CKl + ng — ng)) G/MSSB/<G/I>6 by Z1 S g/
= eXp(RKl)G’MssB (G”) by Zl = CLKl + bKQ (537)

Here, we note that a direct computation shows b # 0. Put B = exp(a)B’. Substituting
(5.3.7) to (5.3.4), we obtain

G = G exp(a)G'G" by (5.3.4)
= G7 exp(a) (exp(RK7)G' M B (G")) by (5.3.7)
= G7 exp(RK;) M exp(a) B'G'(G"){ by RK;, mgs C Zy(a)
_ "BG(G");.

~— —

This completes the proof since G™ and G'(G")] are conjugate to Ly and Ly~ respectively
by elements of G°. O

5.3.4 Decompositions for type E;

In this subsection we discuss Case Ill with @ = 1 or 2 in Theorem 5.1.1. Let GG denote the
connected simply connected compact simple Lie group of type E7, t a Cartan subalgebra
of g, and o a Chevalley-Weyl involution of G with respect to t. We fix a simple system
IT of the root system A(gc, tc). (For the labeling of the Dynkin diagram, see Figure 5.3.3
below.) We give the proofs for Case Ill with i = 1 and with i = 2 separately.
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Case Il with 7 =2

Proposition 5.3.8 (Case Il with i = 2). Let G, Il and o be as in the beginning of this
subsection. Take two subsets II' and 11" of 11 as (II')¢ = {az} and (I1")° = {as}. Then we
have

G - LH/ B LH//
for a subset B C G°.

Proof. We take two commuting involutions 7 and 7" of g¢, which preserve g and correspond
to the below Vogan diagrams of type E VII and type E V respectively (see Appendix C of
[Knal).

(%) (%)

o [ ]
O O J O o O O J O O o)

(03] 3 g (0731 (673 (074 aq Qa3 iy (673 (673 (0%4

Figure 5.3.3: Vogan diagrams of type E VII and type E V.

Then the fixed part of the involution 77/ is given by g™ = su(2) ®s0(12). Let & denote
the smallest root of g = e7, and 3 that of g7 = su(8). Since the root system A(gZ"", tc) of
g™ is contained in A(gc, tc), there exists v € A(gc, te) such that {ay, as, ay, as, ag, 5,7}
gives rise to a simple system of g””. We note that v is connected to az or as. We may
and do assume that v is connected to a;. Then we take a maximal abelian subspace a of
g " as follows: Let us explicitly write the simple system H(gg', tc) and the root system
A(giT  tc) of gi7' (see Plate I and Plate IV of [Bo]).

(g tc) = {8} Uf{ai, v: 1< i #2 <6},
At te) = {0} U{Ee £ ¢;: 1< i< j <6},
where oy =e1 — €9, i3 =9 — €3, 4 = €3 — €4, Q5 = €4 — €5, Qg = €5 — Eg,
Y =€5 + €s.
By using three non-compact imaginary roots €1 + €9,e3 + €4 and €5 + €4 for the Cayley
transforms of the compact Cartan subalgebra t of the non-compact dual g™ @+/—1g """

of g"™', we obtain a maximal abelian subspace a of g~ , which is fixed by o (Corollary
5.2.2). We apply Fact 5.3.1 to (G, 7,7'):

G = G exp(a)GT . (5.3.8)

We define a subgroup M (=~ SU(2)*) to be the analytic subgroup of G with Lie algebra

Z - (a), the centralizer of a in g™™'. Then we have the following lemma on the double

coset of G™ (= SU(8)) by M(~ SU(2)*) and Ly (~ U(7)).
Lemma 5.3.9. There exists a subset B’ of G7 such that the multiplication mapping

M x B x Ly — G™

18 surjective.
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We postpone the proof of this lemma to Lemma 5.4.3 in Section 5.4. Put B = exp(a)B’.
Combining Lemma 5.3.9 with (5.3.8), we obtain

G = GT eXp(a) (MB/ LH//)

= GTM(eXp(a)B,) LH”
=G'B LHN .
This completes the proof since G = Lyy. m

Case Il with i =1

Proposition 5.3.10 (Case Il with i = 1). Let G, Il and o be as in the beginning of
this subsection. Take two subsets II' and 11" of the simple system Il as (II')¢ = {ay} and
(I1")¢ = {a1}. Then we have

G - LH/ B LH//
for a subset B C G°.

Proof. We take two commuting involutions 7 and 7" of g¢, which preserve g and correspond
to the below Vogan diagrams of type E VII and type E VI respectively (see Appendix C
of [Knal).

(8% (&%)

o @)
e e} J e} e} Py Y o) J o) e} o

(05} (6% Qy (0734 Qg (0%4 (6%} (0% iy (0731 Qg [07%4

Figure 5.3.4: Vogan diagrams of type E VII and type E VI.

Then the fixed part of the involution 77’ is given by g77 = R @ ¢5. Let us take a
maximal abelian subspace a of g=7~ ", which is fixed by ¢ as in the proof of Proposition
5.3.3. We also take the o-fixed one dimensional subspace a’ of the normal subalgebra su(2)
of g”'. Put B = exp(a)exp(a’). By the same argument as in the proof of Proposition 5.3.5
(we note that ((g7 )ss, (677 )ss)7) = (¢, R @ s0(10)) is Hermitian of non-tube type), we
obtain a generalized Cartan decomposition for Case Il with i = 1:

G = LH/ BLH// .

5.4 Completion of the proofs in Section 5.3

We have postponed the proofs of double coset decompositions for some subgroups of the
exceptional compact simple Lie groups Eg and E;, which were used in the herringbone
stitch method in the previous section. This section gives the proofs of Lemmas 5.3.4, 5.3.7
and 5.3.9.

All of the compact Lie groups which appear in this section are of classical type. Thus we
work on (non-symmetric) generalized Cartan decompositions in the classical case. However,
we have to be careful how they are embedded in exceptional Lie groups.
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5.4.1 Proof of Lemma 5.3.4

Retain the setting in the proof of Proposition 5.3.3. We note that simple systems of (g7)ss,
(97)ss N Iy and Zg-(a)s, are given by {oq, g, ag, g, a5}, {2, a3, au, a5} and {ag, as, au}
respectively (Remark 5.2.3), and that X € (g7),s centralizes Zy-(a)s. Let {H;}?_, C
tc denotes the dual basis of {a;}¢_, with respect to the Killing form. Then a direct
computation shows that /—1H; has a non-zero coefficient in X = D oi<ics a;v/—1H;, i.e.,
a; # 0. Now we find that Lemma 5.3.4 follows from the lemma below.

Lemma 5.4.1. Let L be a connected compact simple Lie group of type Ds, t a Cartan
subalgebra of | and o a Chevalley—Weyl involution of L with respect to t. We label the
Dynkin diagram of type D5 as follows:

°[s
0707C<
B B2 B B4
Figure 5.4.1: Dynkin diagram of type Ds.

We take two subsets ® and " of the simple system ® = {5; : 1 < i < 5} of [ as
(@) = {B1} and (D")¢ = {B1, B5}, and define a one dimensional abelian subgroup U by
U = exp(R(3_, agv/—1H;)) with ay # 0 where {H;}2_, denotes the dual basis of {5},
with respect to the Killing form. Then we have

L — U(Lq)”)ssB/ L<I>’7
or a subset B" of L°.
f

Proof. 1t suffices to consider the case where L = SO(10). We give a matrix realization of
L as follows:

L= SO(lO) = {g € SL(lO,C) :tgjlog = JlOa tgg = [10},

where I,,, denotes the identity matrix and J,, is defined by a bilinear form given by

C"xC™—C, (z,y)—='vJ,y:= Za:iymﬂ,i.

i=1

Here x; and y; denote the i-th entries in x and y respectively. We take a Cartan subalgebra

t of [ as diagonal matrices:
t: @ R\/ —1A“

1<i<5

where Az = Em' - Ell—i,ll—i-
We define an involutive automorphism o of L by

o:L—L, g—g, (5.4.1)

where g denotes the complex conjugate of g € L. Then o is a Chevalley-Weyl involution
of L with respect to t. Note that Lemma 5.4.1 is independent of the choice of a Chevalley—
Weyl involution since Lg/ contains exp(t), and both U and (Lgr)ss are stable under the
conjugation by any element of exp(t).
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We let {e;}1<i<s C (t®r C)* be the dual basis of {A;}1<i<s. Then we define a set of
simple roots ® := {f, ..., 5} by

ﬁi =& — &1 (1 S 1 S 4), 55 = &4 + €5.

Since the sets of the simple roots of Lg» and Lgs are given by { s, 83, 64} and {3, B3, B4, 5}
respectively, Lgr and Lgs take the forms:

e\/fw

Lon = — €S50(10): 0 e R, A€ U4) ,,

Lo = A € S50(10) : 0 e R, A € SO(8)
o V10

Here, all the entries in the blank space are zero. We give a proof of the lemma by the
herringbone stitch method [Ko4]. First, we show that L = L~ B’ Lg for a subset B’ of
L?. Next, we prove that L B’ Lgs coincides with U« (Lgr)ss B’ Lgs. Then we can see that
L=U- (L@//)SSB/ Lq;./ holds.

Let us show the first assertion that the group L can be written as Lgr B’ Lg with
B’ C L?. We define an abelian subgroup B; by

B :=exp (@ R(E1a4i — Eavin — Er—ii0 + E10,7—z‘)) :
i=1,2
Then we have the following decomposition of L by Fact 5.3.1.
L =Lg By Ly . (5.4.2)
We define a symmetric subgroup K of (Lg/)ss and an abelian subgroup Bs by

K == SO(6) x SO(2)

4 1 () )
A B A B
VT ((J D) € 50(6),
== e*\/jla & SO(10> . 5
C D fecR
L \0 1 )

By := exp(R(Ey — Egz — Esg + Eys)).
Then we obtain the following decomposition of Ly by using Fact 5.3.1.
Lo = Lov Bo K.
It is easy to see that K and K, satisfy Ler Bo K = Lgr Bo K. Thus we have

Lo = Lov By K. (5.4.3)
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Let us set B’ := By B;. The following is a proof of the first assertion.

L = Lg By Le by (5.4.2)
= (Lg» ByK ) By Lo by (5.4.3)
= Lo» BoB1 K Lo by Kgs C Z1(By)
= Lg» B' Ly .

Then we give a proof of the second assertion, that is, we shall prove that Lg» B’ Lgs coincides
with U - (Lg»)ss B’ Lg. We define one dimensional abelian subgroup 7; by

T, := exp(RvV —1(E33 — Fgg)) C Lo .

Since T centralizes B', U - (Lo )ssB' Lo is equal to U - ((Lgr)ss - T1) B’ Ler, and hence to
U - ((Lgr)ss N Lgr) B’ Lgr. Further, U - ((Lgr)ss N Lo ) is equal to Lgr because a; # 0 (we
recall that U = exp(R 3.7_, a;/—1H;)). Consequently we have

U(Le#)ssB' Lo = U - (L) ss N L) B Ley = Lon B Ly = L.

We have finished the proof. n

5.4.2 Proof of Lemma 5.3.7

Retain the setting of subsection 5.3.3. We note that simple systems of g”, (¢")” and Z .../ (a)
are given by {aq, as, ay, as, ag}, {as, aq, as, ag} and {as, a5} respectively (Remark 5.2.3),
and that RZ; is the center of (g”)”. Now we can see that Lemma 5.3.7 follows from the
lemma below.

Lemma 5.4.2. Let L be a connected compact simple Lie group of type As. We take a
Cartan subalgebra t of | and label the Dynkin diagram of  as follows:

O O O O O
b B Ps Br P
Figure 5.4.2: Dynkin diagram of type As.

Let £ be a Levi subalgebra whose root system is generated by {2, fs, Ba, B5}. We also
define a reductive subalgebra m by m := R @ su(2) @ su(2) where a simple system of m is
given by {Bs, B4} and the center of m coincides with that of €. Denote by K and M the
analytic subgroups of L with Lie algebras € and m respectively. Then we have

L=MBK
for a subset B’ of L° where o is a Chevalley—Weyl involution of L with respect to t.

Proof. Tt suffices to consider the case where L is simply connected. We realize L = SU(6)
as a matrix group:

L ={g€SL(6,C) : g% = Iy}.

Let us take the diagonal matrices consisting of purely imaginary numbers as a Cartan
subalgebra t, and the complex conjugation as a Chevalley—Weyl involution ¢ of L. Here
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we note that both K and M are stable under the conjugation by any element of the
maximal torus exp(t) (independence of the choice of a Chevalley-Weyl involution). We
define a simple system ® of L by & := {g; —g;11 : 1 < i < 5} where ¢; are given by
g; : diag(ay,...,as) — a;. The Levi subgroup K and the closed subgroup M take the

forms:
K {(det(A)_l A) cL-Ac U(5)},

CL_5
aA
M = uB € L:acU(1), A, B eSU(2)

a

Then we define a subset B’ of L? by B’ := By ByBs where
By == exp(R(E12 — Ea31)),
By :=exp(R(E14 — E41)),
Bs :=exp(R(E16 — Es1)).

We identify L/K with CP? in the natural way. Through the identification, B’ - K/K is
identified with

{ler:22:0:23:0:24] €CP° 2, e R (1< i <4)}.

For any z = [z; : -+ : z6] € L/K, we may and do assume that arg z; + 5arg z6 = 0. Then
there exists g € M such that

g-z=[lz1] V] + 22 0 V]zP + 2201 |z]] € B - K/K.
Thus we obtain

M-B'-K/K =L/K.

5.4.3 Proof of Lemma 5.3.9

Retain the setting in the proof of Proposition 5.3.8. Since the set of simple roots of M is
given by {1, a4, ag, f} (Remark 5.2.3) and that of Ly by {as}¢, we can see that Lemma
5.3.9 is followed by the lemma below.

Lemma 5.4.3. Let L be a connected compact simple Lie group of type Az, t a Cartan
subalgebra of | and o a Chevalley—Weyl involution of L with respect to t. We label the
extended Dynkin diagram of | as follows (see Plate T of [Bo)).

Define a semisimple subalgebra m by m := su(2)* whose simple system is given by
{52,54,56,5’}, and a Levi subalgebra € by € := R @ su(7) whose simple system is given
by {61}¢. Let M and K denote the analytic subgroups of L with Lie algebras m and ¢
respectively. Then we have

L=MBK

for a subset B’ of L°.
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B B2 B3 Bs Bs Be  Dr
Figure 5.4.3: Extended Dynkin diagram of type A;.

Proof. 1t suffices to consider the case where L is simply connected. We realize L = SU(8)
as a matrix group as follows.

L={geSL(8,C):gg=1Is}

Let us take the diagonal matrices consisting of purely imaginary numbers as a Cartan
subalgebra t, and the complex conjugation as a Chevalley-Weyl involution ¢ of L. Then
we realize K = S(U(1) x U(7)) as follows:

K= {(det<A>1 A) cL:Ac U(7)}.

We define a subgroup M’ by

D,
D,

I
M = Ds

Dy
and a subset B’ of L? by B’ := BBy B3 where

By :=exp(R(E1 3 — E31)),
By :=exp(R(E15 — Es51)),
B; :=exp(R(E17 — E71)).

We identify L/K with CP7 in the natural way. Since SU(2) acts on S? transitively, for
any z = [z : -+ : 23] € L/K there exists m € M’ such that

m-z=
|21]% + |22]% : 00 /|23]% + |24]? 2 0 - /|25)% + |26]% - 0 /|27]% + |28]% : O]

€eB-K/K.
Thus we obtain
M -B-K/K=L/K.
Since M’ is conjugate to M by an element of L7 = SO(8), the lemma follows. m

Lemmas 5.4.1-5.4.3 complete the proofs in Section 5.3, and therefore we have finished
the proof of the implication (ii) = (i).
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5.5 Proof of the implication (i) = (ii) of Theorem
5.1.1

In this section, we prove that the list in Theorem 5.1.1 (ii) exhausts all the triple (g, liy, )
satisfying the condition (i) in Theorem 5.1.1, and thus complete the proof of the remaining
implication (i) = (ii) of Theorem 5.1.1.

In the classical case (see [Ko4] for type A), invariant theory for quivers was used in the
proof for the classification of G = L G? Liy», however, it is not obvious if the method is
applicable to exceptional groups. Instead we use the general theory that strongly visible
actions give rise to multiplicity-free representations [Ko3|, and then apply the classification
theorems of multiplicity-free tensor product representations by Littelmann [Li2] for the
maximal parabolic case and Stembridge [St2] for the general case.

Proof of the implication (i) = (ii) of Theorem 5.1.1. Let G be a connected simply con-
nected compact simple Lie group, and G¢ its complexification. We fix a Cartan subalgebra
and a simple system II of g, and denote by B the corresponding Borel subgroup of G¢. For
a given subset II" of II, we write Py D B for a parabolic subgroup whose reductive part
is given by the complexification of a Levi subgroup Ly of G (we recall that II' is a simple
system of Lyy). Also, we denote by w; a fundamental weight of G, which corresponds to
a simple root «; (we label the Dynkin diagrams of type Eg and type E; following Bour-
baki [Bo| as in Section 5.3), and by 7 a finite dimensional irreducible representation with
highest weight .

We let A\ be a unitary character of Ly, and extend it to a holomorphic character of Py .
By the Borel-Weil theory, we can realize the contragradient representation 7} of 7 as the
space of holomorphic sections O(Gc¢/ P, £_») of the line bundle £_, on G¢/Py.

Let us suppose that the condition (i) holds. Then the diagonal action of G on G¢ /Py X
G/ Py is strongly visible, and thus by Fact 5.6.3 below and the Borel-Weil theory,

the tensor product representation 7y ® 7, is multiplicity-free ------ &

where \ and p are any unitary characters of Ly and Ly respectively.

On the other hand, we can extract the following results from the classification theorems
[Li2] and [St2] on when 7y ® 7, is multiplicity-free for the maximal parabolic case and for
the general case, respectively.

Fact 5.5.1. Let gc be a complex simple Lie algebra of type Eg. Let I and J be non-empty
subsets of {1,2,3,4,5,6}. Then the tensor product of p = .., mw; and v = Zje] n;jw;
is multiplicity-free for arbitrary non-negative integers m; (i € I) and n; (j € J) if and only
if one of the following conditions holds up to switch of the factors I and J.

(i) I={1}or {6}, J={j} with j # 4.
(i1) I={1}or {6}, J={1,6}.

Fact 5.5.2. Let gc be a complex simple Lie algebra of type E7. Let I and J be non-empty
subsets of {1,2,3,4,5,6,7}. Then the tensor product of p =, miw; and v = ZJEJ njw;
is multiplicity-free for arbitrary non-negative integers m; (i € I) and n; (5 € J) if and only
if the following condition holds up to switch of the factors I and J.

(1) 1=A7}, J={j}withj=1,20rT.
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Fact 5.5.3. Let gc be a complex simple Lie algebra of type Eg, ¥y or Go. Then there
is no pair of non-empty subsets I and J of {1,...,r} with r = rankg, which satisfies the
following:
The tensor product of p =), ; miw; and v = Z]EJ n;w; s multiplicity-free for arbitrary
non-negative integers m; (i € I) and n; (j € J).
By the comparison of < with Facts 5.5.1, 5.5.2 and 5.5.3, the triple (g, I, I[I”) must be
in the list given in Theorem 5.1.1 (ii). Therefore the implication (i) = (ii) holds. O

5.6 Application to representation theory

In this section, we shall see a generalized Cartan decomposition leads to three kinds of
multiplicity-free representations by using the framework of visible actions (“triunity” a la
[Kol]). The notion of (strongly) visible actions on complex manifolds was introduced by
T. Kobayashi. Let us recall the definition [Ko2]

Definition 5.6.1. We say a biholomorphic action of a Lie group G on a complex manifold
D is strongly visible if the following two conditions are satisfied:

1. There exists a real submanifold S such that (we call S a “slice”)

D’ :== G - S is an open subset of D.

2. There exists an antiholomorphic diffeomorphism o of D’ such that

O'|S:ids,
o(G-z)=G-x forany z € S.

Definition 5.6.2. In the above setting, we say the action of G on D is S-visible. This
terminology will be used also if S is just a subset of D.

Let G be a connected compact Lie group and L, H its Levi subgroups. Then G/L, G/H

and (G x G)/(L x H) are complex manifolds. If the triple (G, L, H) satisfies G = LG°H,
the following three group-actions are all strongly visible:

L ~ G/H,
H ~GJ/L,
AG) ~(GxG)/(Lx H).

Here A(G) is defined by A(G) = {(z,y) € G x G : x = y}. The following fact ([Ko3,
Theorem 4.3]) leads us to multiplicity-free representations:

Fact 5.6.3. Let G be a Lie group and V a G-equivariant Hermitian holomorphic vector
bundle on a connected complex manifold D. If the following three conditions from (1) to
(3) are satisfied, then any unitary representation that can be embedded in the vector space
O(D,V) of holomorphic sections of V decomposes multiplicity-freely:
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1. The action of G on D is S-visible. That is, there exist a subset S C D and an anti-
holomorphic diffeomorphism o of D' satisfying the conditions given in Definition
5.6.1. Further, there exists an automorphism ¢ of G such that o(g-x) = 6(g) - o(x)
for any g € G and x € D’.

2. Foranyx € S, the fiber V, at x decomposes as the multiplicity free sum of irreducible
unitary representations of the isotropy subgroup G,. Let V, = @ Va(f) denote the
1<i<n(z)
wrreducible decomposition of V.

3. o lifts to an antiholomorphic automorphism ¢ of V and satisfies 6(%@) _— for
any i (1 <1< n(x)) for each x € S.

By using the Borel-Weil theory together with Fact 5.6.3 and our generalized Cartan
decompositions, we obtain the following two corollaries of Theorem 5.1.1. Let G be a
connected compact exceptional simple Lie group and w; (1 < ¢ < rankg) its fundamental
weights (we label the Dynkin diagrams following Bourbaki [Bo| as in Section 5.3).

Corollary 5.6.4. If the triple (G, L, \) is an entry in Tables 5.6.1 or 5.6.2, then the restric-
tion my|r, of the irreducible representation wy of G with highest weight X to L decomposes
multiplicity-freely.  Here, a and b are arbitrary non-negative integers.

Table 5.6.1: Maximal parabolic type.

G L A Conditions.

Ee | Liajye | aw; | i=1or6, j#4.
1#4,7=1or6.
E7 | Ligye |aw; |i=7,7=1,2,0r 7.
1=1,20r7,5=T1.

Table 5.6.2: Non-maximal parabolic type.

G L A Conditions.
Es | Liai,a6)e aw; 1 =1 or 6.
E¢ | Liaye | awi +bws | i=1or6.

Corollary 5.6.5. The tensor product representation mwy @ m, of any two irreducible repre-
sentations my and 7, of G' with highest weights X\ and p listed in the below Tables 5.6.3 or
5.6.4 decomposes as a multiplicity-free sum of irreducible representations of G.

Here, a, b and c are arbitrary non-negative integers.

We note that the condition (2) of Fact 5.6.3 is automatically satisfied since the fiber of
a holomorphic vector bundle is one-dimensional in the setting of the Borel-Weil Theory.
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Table 5.6.3: Maximal parabolic type.

G (A, ) Conditions.
Es | (aw;,bw;) | i=1or6, j#4.
E; | (aw;,bw;j) | i=7,7=1,2,0r 7.

Table 5.6.4: Non-maximal parabolic type.

G | (A, 1) | Conditions.
Eg ‘ (awy + bwg, cw;) ‘ 1 =1 or 6.

Remark 5.6.6. Littelmann [Li2| classified for any simple algebraic group G over any
algebraically closed field of characteristic zero, all the pairs of maximal parabolic subgroups
P, and P, corresponding to fundamental weights w and w’ respectively such that the tensor
product representation 7, @ ,,.» decomposes multiplicity-freely for arbitrary non-negative
integers n and m. (His classification is exactly Table 5.6.3 and does not include Table 5.6.4
in the exceptional case.) Moreover, he found the branching rules of m,, ® 7. and the
restriction of m,, to the maximal Levi subgroup L,, of P, for any pair (w,w’) that admits
a G-spherical action on G/P, x G/P,,.

Remark 5.6.7. Stembridge [St2] gave a complete list of a pair (i, v) of highest weights
such that the corresponding tensor product representation m, ® 7, is multiplicity-free for
any complex simple Lie algebra. His method is combinatorial. He also classified all the pairs
(p, 1) of highest weights and Levi subalgebras with the restrictions 7|, to Levi subalgebras
multiplicity-free. Our approach has given a geometric proof of a part of his work based on
generalized Cartan decompositions.

We hope that further applications of Theorem 5.1.1 and Fact 5.6.3 to representation
theory will be discussed in a future paper.
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Chapter 6

Visible actions and seeds for the
orthogonal group

6.1 Introduction for Chapter 6

Let G be a connected compact Lie group, T a maximal torus, L; Levi subgroups containing
T (j = 1,2) and o a Chevalley-Weyl involution of G with respect to 7. We state Corollary
1.2.1 again.

Corollary 6.1.1 (Corollary 1.2.1). We denote by G¢ and (L;)c the complezifications of G
and L;, respectively (j = 1,2). We let P; be a parabolic subgroup of G¢ with Levi subgroup
(Lj)c, and put P; = Ge/P; (j = 1,2). Then the following eleven conditions are equivalent.

(i) The multiplication mapping L1 X G° X Ly — G is surjective.
(ii) The natural action Ly ~ Py is strongly visible.
(#i) The natural action Ly ~ Py is strongly visible.
(iv) The diagonal action A(G) ~ Py x Py is strongly visible.

(v) Any irreducible representation of G, which belongs to Po-series is multiplicity-free
when restricted to L.

(vi) Any irreducible representation of G, which belongs to Pi-series is multiplicity-free
when restricted to Lo.

(vii) The tensor product of arbitrary two irreducible representations m and s of G, which
belong to Py and Py-series, respectively, is multiplicity-free.

(viii) Po is a spherical variety of (Ly)c.
(ix) Py is a spherical variety of (Ls)c.
() Py X Py is a spherical variety of A(Gc).

(i) The pair (I1;,115) is one of the entries listed in Theorem 1.1.1 up to switch of the
factors.
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Here an irreducible representation of G' is in Pj-series if it is a holomorphically induced
representation from a unitary character of the Levi subgroup L; (j = 1,2).

We also show again the definition of a visible action for the sake of the convenience.

Definition 6.1.2 (Definition 1.0.1). We say a holomorphic action of a Lie group G on a
complex manifold X is strongly visible if the following two conditions are satisfied:

1. There exists a real submanifold S (called a “slice”) such that

X' := (@G-S isan open subset of X.

2. There exists an anti-holomorphic diffeomorphism o of X’ such that

U‘S = idSa
o(G-z) = G-zforanyze X'

In the above setting, we say the action of G on X is S-visible. This terminology will
be used also if S is just a subset of X.

The above corollary says that for a triple (G, Ly, L), if the tensor product representa-
tion indg1 X1 ® indf2 X2 of holomorphically induced representations indg1 x1 and indg2 X2
is multiplicity-free for any unitary characters y; and xs of Ly and Lo, respectively, then
we have a visible action of G on a generalized flag variety (G x G)/(Ly X Lg). However, in
general the multiplicity-freeness property of indf1 X1 (X)indg2 Y2 depends on the choice of y;
and ys. To understand such representations whose multiplicity-freeness property depends
on the choice of characters from the view point of visible actions, we recall Kobayashi’s
theory on the propagation of the multiplicity-freeness property under visible actions (Fact
1.0.4). According to Fact 1.0.4 that we state again as Fact 6.3.1 below for the convenience,
we can reduce complicated multiplicity-free theorems to a pair of data:

e visible actions on complex manifolds, and
e much simpler multiplicity-free representations (seeds of multiplicity-free representa-

tions introduced by Kobayashi).

“Small” multiplicity-free representation
W Multiplicity-free representation
T

OX, W)

Propagation theorem
G X

Visible action
With this picture in mind, we consider the following problem:

Let G be a Lie group and V' a multiplicity-free representation of G. Then find
a visible action of G on a connected complex manifold X and a seed W, as
the isotropy representation (at a generic point x of X) on the fiber of a G-
equivariant Hermitian holomorphic vector bundle W on X such that V' can be
G-equivariantly embedded into the space O(X, W) of holomorphic sections of
the vector bundle W.
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In this chapter, we consider this problem in a special setting. Namely, we deal with
multiplicity-free tensor product representations of compact Lie groups. As mentioned in
Chapter 1, Kobayashi gave an answer for the unitary group [Kol]. Following his argument,
we treat the case of the orthogonal group, and Theorem 1.3.2 (Theorem 6.3.2 in this
chapter) gives an answer for this case. Below, the proof for Theorem 1.3.2 is given after
some computations of seeds that are exhibited in Proposition 1.3.1 (Proposition 6.2.1 in
this chapter).

We fix some notations. We denote by II = {a;}1<i<|n/9 a simple system of the root
system A(gc,tc) of G = Spin(N) with respect to its maximal torus 7. We denote by
{H;}1<i<n/2) the dual basis of II. We define a subgroup M of Spin(2n + 1) as follows.

M := {exp (\/—_1m7rH1)}1§m§4 - Spin(2n — 1), (6.1.1)

where exp denotes the exponential mapping, and the simple system of Spin(2n—1) is given
by {ap € I1:2 < k <n}.

e O O . O——O0——>0
aq (&%) (0%} Op—2 Qp—1  Qp

Figure 6.1.1: Dynkin diagram of type B,,

oQy,

/

P 6—o0
v o o Q3 Qp >\

o Op—1

Figure 6.1.2: Dynkin diagram of type D,

6.2 Proof for Proposition 1.3.1 (computation of seeds)

In this section we give a proof of the following multiplicity-free results.

Proposition 6.2.1 (Proposition 1.3.1). We denote by 1, CV and Spiny for the one-
dimensional trivial representation, the natural representation and the spin representation
of Spin(N), respectively. Then the following hold.

(1) One-dimensional representations are multiplicity-free.

(2) 1, CN and Spiny are multiplicity-free as representations of a mazimal torus T of

Spin(N).

(3) AYCN) is multiplicity-free as a representation of a mazimal Levi subgroup U(j) x
SO(N — 2j) of SO(N) (when N is even and i = N/2, we replace AN/?(CN) by
its SO(N)-irreducible constituent whose highest weight is 2wn/2—1 or 2wyy2) if the
following condition (3-1) or (3-2) is satisfied (1 < i,5 < [N/2]).

(3-1) N is odd.
(3-2) N is even and i, ] satisfy
(3-2-1) i+j < NJ2,
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(3-2-2) j=N/2 or
(3-2-3) i = N/2.

(4) Spiny is multiplicity-free as a representation of M, where N is odd and M as in
(6.1.1).

We note that the multiplicity-freeness property in the case (1) is trivial. Also, the case
(2) is clear since the one-dimensional trivial representation, the natural representation and
the spin representation are known to be weight multiplicity-free. In the case (4), we can
see that the restriction of the spin representation Spiny of Spin(/N) to M decomposes
multiplicity-freely as follows.

Spiny |ar = x W Spiny_, ®x' X Spiny_, . (6.2.1)

Here we denote by x and x’ two non-equivalent faithful one-dimensional representations
of the cyclic group {exp (\/—1m7TH1)}1§mS4 ~ 7./4Z. We note that the group M is the
quotient of the direct product group

M = {exp (\/—_1me1)}1ng4 x Spin(N — 2) (6.2.2)

by the subgroup diag(Z/2Z) ~ {(1,1), (=1, —1)} of its center Z/AZX 727 ~ {41, ++/—1}x
{#£1}. Hence we regard representations of M as those descended from representations of
M. In the rest of this section, we prove the case (3). More strongly, we give the branching
law for the restriction of the alternating tensor product representation A*(CY) of GL(N, C)
to the subgroup GL(j,C) x SO(N —25,C) (1 <i,j < [N/2]). It is well-known that the
restriction of AY(CY) from GL(N,C) to O(N,C) is irreducible, and that from GL(N,C)
to GL(24,C) x GL(N — 24,C) is not irreducible but multiplicity-free. Below we find that
AY(CY) (or its irreducible constituents if N is even and ¢ = N/2) is still multiplicity-free
when it is further restricted to GL(j,C) x SO(N — 2j,C) by using the branching law for
AY(CY) under the assumption that 7,7 and N satisfy at least one of the conditions in

Proposition 6.2.1 (3).
GL(N)

We fix some notations. We denote by V7 the finite-dimensional irreducible repre-
a b
— ———
sentation of GL(NV,C) with highest weight (1,---,1,0,---,0,—1,--- ,=1) (a + b < N).

In particular, VQ%L(N) is the a-th alternating tensor product representation A(CY), and
VOC;L(N) is the dual representation (Ab((CN >)v of A*(CNM).

Lemma 6.2.2. (1) For the symmetric subgroup GL(M,C)xGL(N,C) of GL(M+N, C),
we have (0 <1< M+ N)

V17G0L(M+N)|GL(M,C)><GL(N,C) ~ EB VfoL(M) X VL%L(N)~ (6.2.3)
a g“’]’\/[b, bzgl’N
(2) We embed GL(N,C) into GL(2N,C) by the homomorphism defined by g — (g,tg™1),
which factors GL(N,C) x GL(N,C) (here 'g denotes the transpose of g). Then we
have (0 <1 < 2N)

vlfgL(?N) lGLv.g) = & VCS}(N). (6.2.4)

a+ b < min(l,2N — 1),
a-+b=1mod?2

101



(3) For the natural inclusions SO(N,C) C O(N,C) C GL(N,C) of classical groups, we
have the following (0 < [,I' < N).
o VZEL(N)\O(N’C) is irreducible.
° VI%L(N)|SO(N7@) is irreducible if N # 2l, and decomposes into the sum of two
] ) ) GL(N) even GL(N) odd )
irreducible representations (Vﬂ 0 > and (Vﬂ 0 > of SO(N,C) if N =
21, : 2
GL(N) ‘ . ,
o Vl 0 ~ Vo as representations of SO(N,C) if I +1'= N.

Proof. Both (1) and (3) are well-known. We give a proof for (2). By (6.2.3), we have

G
Vi oL 20 |GL (N,C)xGL(N,C) EB VfoL(N) X Vb%L(N)- (6.2.5)

a+b=1,
a,b< N

Using the Littlewood—Richardson rule, we further restrict (6.2.5) to GL(NV, C) that is em-
bedded into GL(2N,C) by the homomorphism defined by g +— (g,'g™!), which factors
GL(N,C) x GL(N, C).

\%
(6.25) e =~ @ V(SOL(N)@) (Vb%L(N)>

a+b=1,
a,b< N
- GL(N) GL(N)
- Va70 ® %,b
a+b=1,
a,b< N

12

P v,

a+ b < min(l,2N — 1),
a+b=1mod 2

]

Proposition 6.2.3. We embed GL(j,C) x SO(N — 24, C) into GL(2j,C) x GL(N —25,C)
by the map (g, h) — ((9,,g71), h), which factors (GL(j,C) x GL(j,C)) x GL(N — 25, C).
N
2

(1) Suppose that N is odd. Then we have (1 <1i,j < [5])

GL(N
Vio |GL C)xSO(N-2j,C) = (6.2.6)
GL(j) GL(N-2j)
@ @ Va,b X V;fz,o |SO(N72j,<C)'
max(i+25—N,0)<I<min(¢,2j) a+b < min(l,2j — 1),
a+b=10mod?2

Suppose that N is even and i+ j < ¥ (1 <i,7 < &). Then we have
2 2

GL(N)
Vzo !GL (7,C)xSO(N—2;,C) = (6.2.7)
GL(j) g 17 GL(N-27)
D . Vi TRV sov-250)-
0<I<min(i,2j) a+b < min(l,2j — 1),

a—+b=1mod?2
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(3) Suppose that N is even. Then we have (1 <1 < %)

GL(N GL(%)
Vio ( )|GL(§,<C) ~ @ wb (6.2.8)
a+b< i,
a-+b=1imod2
(4) Suppose that N is even. Then we have (1 < j < 5 —1)
~ (6.2.9)

GL(N
Vg,o( )|GL(j,C)><SO(N—2j,<C) o~

GL(j) GL(N—-2j
2% @ @ Vir VR VN/2(72j+g,)O|SO(N*2j7‘C)

max(2j— 5 ,0)<I<j—1 a +ab+;bz§mlc;d 2

. N\ even A\ odd
GL()) GL(N—25) GL(N—25)
@ @ Vip 7 B <(VN/2—J',0 ’ > @ (VN/2—J‘,0 ’ ) ) ‘
a +ab+£b jgmjc;d 2

Here by 2 XV we mean that a representation V' appears twice, that is, the multiplicity
of V' is two.

Proof. Using the fact that the embedding of GL(j,C) x SO(N — 2j,C) into GL(N,C)
factors the symmetric subgroup GL(2j,C) x GL(N — 2j,C), we have

GL(N)
Vio o langoyxsov—2jc)
(6.2.3) . N
~ . V™ ango BV sov—20)
max(i+2j—N,0)<I<min(z,2j)
(6.2.4) . L
~ D P vV RVE P sow-nicy  (6:2.10)

max(i+2j—N,0)<I<min(i,2j) a+b < min(l,2j — 1),
a+b=10mod?2

This proves (1). We shall prove (2), (3) and (4) separately by using (6.2.10).

(2) If N is even and i+ j < &, then we can rewrite (6.2.10) as follows.

62100 = P D vV RVES P lsow-zi0)-

0<I<min(i,2j) a+b < min(i,2j — 1),
a+b=1mod 2

(3) By (6.2.10) for the case j = %, we have

oz

GL(N GL(5)
V;,o( )|GL(%,<C) = @ Vap 27

a+b<d,
a+b=1mod 2
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(4) By (6.2.10) and Lemma 6.2.2 (3), we have

GL(N
V%,o( )|GL(j,(C)><SO(N—2j,(C)

GL(j GL(N-2j5
= EB EB Viw VR VN/Q(—Z,O ])|SO(N—2J)C)

max(2j— % 0)<i<j—1 a +ab+zbzsml$d 2

o B Vo RVE T sow 0

a+b <3,
a+b=jmod?2
GL(j GL(N—2j
S5 @ @ Va,b V' VN/2(7Z,0 J)’SO(N*QJ}C)

j+1§l§min(%72‘j) (?-:—bbzgfgn;dlé

N GL(j) GL(N—27)
~ 8% D Ve BV elsoer 2o
max(2j— 4 ,0)<I<j—1 o +ab+;bz§xnl(;d 2

. N\ even \ odd
@ @ Va(j)L(J) X <<V]\(];/I;(_J\](I)2J)> ® <VJ\C,;/I;(_]\;;]23)) >

a+b<j,
a+b=jmod?2
GL() g 1,CL(N-2))
b @ GB Va,b X VN/272j+l/,o‘SO(Nf2j,<C)
N I a+b<l,
maX(zj 2 70)§l S] ! a+b=1 mod?2
_ GL(j) GL(N—2j)
= 2x @ @ Va,b X VN/2—2j+l,0|SO(N*2j7(C)

max(2j—%,0)§l§j—l " +ab+zbl§ml(;d )

. N\ even ~\ odd
@ @ VaiL(J) % <<V]§/Ig(_1\;52j)> ® <VJ\([}/Ié(_]\;I)2J)) > .

a+b<j,
a+b=jmod?2

On the right hand side of the second isomorphism, we have used Lemma 6.2.2 (3),
namely, the isomorphism V]\?/LZ(_]\;B% )|SO(N_2j7C) ~ ]\(,;/];(_]\;;i§7)0|50(]\;_2j7@) for the first

sum, and the irreducible decomposition Vﬁ/ggBQj)\SO(N_Qjﬁc) = (V]\%I;ggzj )) &5

.\ odd
<V]\(,;/15(j\;;)2])> for the second sum. Also, we put I’ = 25 — [ in the third sum.
U

Proposition 6.2.4. We embed GL(j,C) into GL(j,C) x GL(j,C) by g — (g,'g™ ") as in
Lemma 6.2.2 (2). Then we have the inclusions of classical groups (the natural inclusions

except for the inclusion GL(j,C) C GL(j,C) x GL(5,C))

GL(N,C) > GL(2j,C) x GL(N — 24,C)

5 (GL(j,C) x GL(j,C)) x GL(N — 2j,C)
5 GL(j,C) x GL(N — 2,C)

5 GL(j,C) x SO(N — 2j,C).

We obtain the following multiplicity-free representations for the bottom group GL(j,C) x
SO(N —25,C).
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(1) SUppOS@ that N is odd. Then the restriction
V;%L |GL G.C)xSO(N—2j,c) is multiplicity-free (1 < 1,5 < [§]).

(2) Suppose that N is even and i + j < ¥ (1 < i,j < ). Then the restriction

Vi%L(N) laL(0)xsov—2j,c) s multiplicity-free.

(3) Suppose that N is even. Then the restriction V;%L(N)|GL(%’C) is multiplicity-free (1 <
i< i)

(4) Suppose that N is even. The restrictions
odd

<V§7LO( )> laLG,c)xso(v—2jc) and (Vggw)) laL(j,c)xso(v—2j,c) are multiplicity-
free (1 < j < % —1). Here we regard GL(j,C) x SO(N — 2j,C) as a Levi subgroup
of SO(N,C) by an inner automorphism of GL(N, C).

Proof. (2) and (3) are clear from Proposition 6.2.3 (2) and (3). Suppose N is odd. In

(6.2.6), if two representations VGL (N=27) and VzG%,(N %) are isomorphic as representations

of SO(N—27, C) for some different | and U, then I+1" = 1 mod 2 since (i—1)+(i—l') = N—2j.
This implies that for such [ and /', VGL( and V, b,] ) are not isomorphic as representations
of GL(j,C)ifa+b=land o' + 0 = l’ mod 2. This shows (1). Then let us prove (4). By
(6.2.9), it is enough to show that the sub-representation

GL(N—2j)
@ @ V &VN/Q 2y+?0|SO(N 24,C)

max(2j—4,0)<I<j~1 RALELIR

odd

GL(N
™) |GL(,C)xSO(N—2;,C)-

is contained in both (VGLO(N)> |aL(C)xso(N—2j,c) and (VN 0

This follows from the fact that the direct summand Va b LU g Vz\(/; /I;(A;Jig 0|so N—2;,c) is invari-
ant under the action of the outer automorphism & that induces the switching of the two
simple roots an/o—1 and ayye in the Dynkin diagram of type Dy/s for any [ < j —1 as a

representation of GL(j,C) x SO(N — 2j,C). Here we note that & switches (VE%(M)

2

odd
and (VEL(N)> in VGL(N). O

N0 0

By Weyl’s unitary trick, Proposition 6.2.4 completes the proof for Proposition 6.2.1

(Proposition 1.3.1). The example below gives a counter example for the multiplicity-
freeness property of the restriction Vi%L(N) |GL(,C)xSO(N—2/,0)-

Example 6.2.5. Let N = 6,7 =2 and j = 2 so that i # %, Jj# % and 147 > —. Then we
can see from (6.2.10) that the restriction of the irreducible representation VGL(6 of SO(6,C)

to GL(2,C) x SO(2,C) contains two copies of the trivial representation IGL 2,0) X 1so(2,0)
of GL(2,C) x SO(2,C). Hence this restriction is not multiplicity-free.

Remark 6.2.6. The explicit branching law of A’(C") as a representation of GL(j, C) x
SO(N—27, C) (Proposition 6.2.3) also would follow from Koike-Terada’s character formulas
[KT2] and Okada’s branching formulas [OKk].
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6.3 Proof for Theorem 1.3.2 (realization of multiplicity-
free representations from the view point of visible
actions)

We use Fact 1.0.4 for the construction of multiplicity-free representations in Theorem 1.3.2.
Here we recall Fact 1.0.4 and Theorem 1.3.2.

Fact 6.3.1 (Fact 1.0.4). Let G be a Lie group and W a G-equivariant Hermitian holomor-
phic vector bundle on a connected complex manifold X. Let V be a unitary representation
of G. If the following conditions from (0) to (3) are satisfied, then V is multiplicity-free as
a representation of G.

(0) There exists a continuous and injective G-intertwining operator from V' to the space
O(X, W) of holomorphic sections of W.

(1) The action of G on X is S-visible. That is, there exist a subset S C X and an anti-
holomorphic diffeomorphism o of X' satisfying the conditions given in Definition
6.1.2. Further, there exists an automorphism & of G such that o(g - x) = 6(g) - o(x)
for any g € G and x € X'.

(2) Foranyx € S, the fiber W, at x decomposes as the multiplicity-free sum of irreducible
unitary representations of the isotropy subgroup G,. Let W, = EB Wa(f) denote

1<i<n(z)
the 1rreducible decomposition of W,.

(3) o lifts to an anti-holomorphic automorphism & of W and satisfies &(Wg(f)) = w
for each x € S (1 <i < n(x)).

Theorem 6.3.2 (Theorem 1.3.2). We let G = Spin(N). For any two irreducible repre-
sentations Vy, and Vy, of G such that V), ® V), is multiplicity-free, there exists a pair

of
e a generalized flag variety (G x G)/(Ly X L) with a strongly visible A(G)-action, and

e irreducible representations (a seed given in Proposition 6.2.1) Wy and Wy of Ly and
Lo, respectively,

such that Vy, ~ O(G /Ly, Wy) as G-modules (k = 1,2).

The correspondence between the data (Ly, Wy) of visible actions and seeds, and the
highest weights A\, of Vi, (k = 1,2) is given as in Tables 6.3.1-6.3.4 below. In the tables,
C, denotes a one-dimensional representation with weight A\, T a maximal torus of G and
Ly a Levi subgroup of G, whose simple system is given by {a; € I : (A, &) = 0} where &
is the coroot of ay (1 <1 <[N/2)).

We take a Chevalley-Weyl involution ¢ of G = Spin(N) with respect to T, that is,
o(t) =t~ for any t € T (we note that o is called a Weyl involution in [Wo]). We prove
the multiplicity-freeness property of tensor product representations of G by verifying the
conditions from (0) to (3) of Fact 6.3.1. Here, we note the following:

e Since (G is compact, any finite-dimensional representation of G is unitary.
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Table 6.3.1: Line bundle type

Ly Ly Wiy W, N A1 Ao
L/\l L/\2 (C)\l C)\2 2n +1 SWq tw]‘
Swy, tw,

2n Swq tw; + uwy,_s

Swp—s tws, twy + uws, twy + Uwp—g
or tw,—1 + uw,
8 SWs_e  two 4+ UWage

1<j<n,s,t,uée NJd=0or1l,=0o0r1lande=1or 2.

Table 6.3.2: Weight multiplicity-free type

Ly Ly Wi Wy, N A1 Ao
G T Vy Cy 2n+1 0,worw, arbitrary
2n 0, wy, wy_1 Or w, arbitrary

Table 6.3.3: Alternating tensor product type

L, Ly W, W, N M Ao Condition
G Ly, Vi, C, 2041 w;or2w, tw;
2n w; tw; 1+7<n
W tWy_s
2Wp_s tw;

1<i,j<n,teNandéd=0or 1.

Table 6.3.4: Spin type
L1 L2 W1 WQ N )\1 )\2
Ly, ij Cy, C(1/2+t)wj X SpinN,Qj 2n+1 sw wy+tw;

1<j<n-—1ands,teN.

e The condition (0) is automatically satisfied by the Borel-Weil theory.

e The condition (3) is satisfied by virtue of the properties of a Chevalley—Weyl involu-
tion (see the argument in Subsection 6.3 of [Ko3], and the conditions 5.2.4 (a), (b)
in loc. cit).

Therefore we only need to check the visibility of the base space (the condition (1)) and
the multiplicity-freeness property of the fiber (the condition (2)). Below, we see that the
former follows from a classification of visible actions given in Theorem 1.1.1 (Table 6.3.5
in this chapter) and the latter from Proposition 6.2.1. The proof is divided into four cases.

For the convenience, we quote a classification of visible actions for the orthogonal group
as Table 6.3.5 from Theorem 1.1.1. In Table 6.3.5, £ is an outer automorphism of type D
groups, which induces the switching of the two simple roots «,,_; and «,, in the Dynkin
diagram of type D,,.
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Table 6.3.5: Classification of visible actions for types B and D

g 1 11y
so(N) I arbitrary subset of IT

{aa}s oy}

o}t {amya)e
so(2n) {ar}®  {aj,0n-6}°

{an—é}c {a3}c> {041’ a2}cv {a2}07 {041’ an—é’}ca {an—1> an}c or {an—l}c
50(8)  {as—}®  {as, o94c}°

1 <j<min(n,[N/2]),0 =0o0r 1, =0o0r1ande=1or2.

6.3.1 Line bundle type

Let G = Spin(N) and (Ly, Lo, W1, Wy, N, A1, A2) be a member of Table 6.3.1. By the Borel-
Weil theory, V, is G-isomorphic to O(G/ Ly, Wy) (k = 1,2). Since (G, Ly, Ls) is given as
in Table 6.3.1, the diagonal action of G on the base space (G x G)/(L; X Ls) is strongly
visible by [Ta2, Tad4] (Theorem 1.1.1 or Table 6.3.5 in this paper). On the other hand, the
multiplicity-freeness property of the fiber is clear since it is of one-dimension (Proposition
6.2.1 (1). Therefore V), ® V), is multiplicity-free by Fact 6.3.1. Furthermore, the proof
implies that seeds in this case are one-dimensional representations.

6.3.2 Weight multiplicity-free type

Let G = Spin(N) and (L, La, Wi, Wa, N, A1, A\2) be a member of Table 6.3.2. By the Borel-
Weil theory, V), is G-isomorphic to O(G/Lg, W) (k = 1,2). In this setting, the visibility
of the base space (G x G)/(Ly x Lg) with respect to the diagonal action of G is clear since
the action is transitive. Also, the fiber W X W, is multiplicity-free as a representation of
the isotropy subgroup Lo = T by Proposition 6.2.1 (2). We note that L; = G. Therefore
Vi, ® V), is multiplicity-free. Seeds in this case are the trivial representation, the natural
representation and the (half) spin representation restricted to a maximal torus.

6.3.3 Alternating tensor product type

Let G = Spin(N) and (Lq, Lo, Wi, W5, N, A1, A2) be a member of Table 6.3.3. By the
Borel-Weil theory, V), is G-isomorphic to O(G/Lg, W) (k = 1,2). In this setting, the
visibility of the base space (G x G)/(Ly x Ls) with respect to the diagonal action of G
is clear since the action is transitive. Also, the fiber W; X W, is multiplicity-free as a
representation of the isotropy subgroup Lo by Proposition 6.2.1 (3). We note that L; = G.
Therefore V), ® V), is multiplicity-free. Seeds in this case are alternating tensor product
representations (or their G-irreducible constituents) restricted to maximal Levi subgroups.

6.3.4 Spin type

Let G = Spin(N) and (Ly, Ly, W1, Wa, N, A1, A2) be a member of Table 6.3.4. Then V), is
G-isomorphic to O(G/Lg, W) (k = 1,2) by the Borel-Weil theory. The visibility of the
base space (G x G)/(Ly x Lg) with respect to the diagonal action of G follows from [Ta2]
(Theorem 1.1.1 or Table 6.3.5 in this paper). We recall from [Ta2, Proposition 3.3] that
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the corresponding “slice” S of the visible action is given by (B x {e}) - o, where o denotes
the identity coset of (G x G)/(Ly x Lg), and B := By - By for the two abelian subgroups
By and B, defined by

By = exp <]RZ ;.

+RZ( j
k k

1o =1 ak+222:j+1 ak)) ’

Here we put Z, = X, + 0X,, where X, is a non-zero root vector of gc, which corresponds
to a root @ € A(gc, tc), and denote by 6 the Cartan involution of gc with g =Lie(G) its
fixed points set. We note that the centralizer of B in the intersection Ly N Ly = Ly, N Ly,
contains the group M; defined by

M; = {exp(vV/—1mnH;.1) }r<m<s - Spin(2(n — j) — 1), (6.3.1)

where the connected component of M, is isomorphic to Spin(2(n—j)—1) whose root system
is spanned by {a; € I : j +2 < i < n}. By Lemma 6.3.3 below, the multiplicity-freeness
property of the fiber W; KXW, as a representation of A follows from Proposition 6.2.1 (4).
Therefore we can find that the tensor product representation Vy, ® V), is multiplicity-free.
The proof implies that seeds in this case are spin representations (twisted by characters)
restricted to twisted products of spinor groups and cyclic groups.

6.3.5 “Seeds” for the spin type in Theorem 6.3.2

We put a := exp(v/—1mnH;) and denote by (x) the group generated by z. Let x, be a
character of (a) such that the representation x, X Spiny,,_; ., of (a) X Spin(2(n — j) + 1)
descends to the subgroup M;_; (6.3.1) of L.

Lemma 6.3.3. The representation xoXSping(,—j41 s multiplicity-free as a representation
of M; (1 <j<n-—1) (see (6.3.1) for the definition of M;).

Proof. We put b := exp(v/—1n(H;4, — H;)). Since the group M; is the quotient of the
direct product group (ab) x Spin(2(n — j) — 1) by a subgroup of its center, it suffices to
show that the representation x, X Spiny,_;; of (a) X Spin(2(n — j) + 1) decomposes
multiplicity-freely as a representation of (ab) x Spin(2(n — j) —1).

By Proposition 6.2.1 (4), Spiny,_;,; is multiplicity-free as a representation of (b) x
Spin(2(n—j)—1). This implies that x,XSpiny,,_;,; is multiplicity-free as a representation
of 1 x ({b) x Spin(2(n — j) — 1)), and thus as that of (ab) x Spin(2(n — j) —1). This shows
the lemma. [

According to Stembridge’s classification results [St2] for types B and D cases given
below, the above four types stated in Sections 6.3.1, 6.3.2, 6.3.3 and 6.3.4 (which cor-
respond to (i) and (i), (ii) and (ii)’, (iii) and (iii)’, and (iv) in Facts 6.3.4 and 6.3.5,
respectively) exhaust all the multiplicity-free tensor product representations for the spinor
group. Therefore we have completed the proof for Theorem 6.3.2.

Fact 6.3.4 ([St2]). Let Ay and Ay be the highest weights of irreducible representations Vy,
and V), of Spin(2n + 1), respectively. Then the tensor product representation Vy, @ V, is
multiplicity-free if and only if one of the following four conditions (i), (ii), (iii) and (iv)
is satisfied up to switch of the factors Ay and Ay (see Figure 6.1.1 for the labeling of the
Dynkin diagram):
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(1) (A1, A2) = (swi,tw;) or (Swy,twy,) with 1 < j <mn and s,t € N.
(il) A1 =0, wy or wy; Ay is arbitrary.
(i) A1 = w; or 2wy; Ay =tw; with 1 <i,5 <n andt e N.
(iv) A\ = swi; Ao =wy, +tw; with 1 <j <mn and s,t € N.

Fact 6.3.5 ([St2]). Let Ay and Ay be the highest weights of irreducible representations Vj,
and Vy, of Spin(2n), respectively. Then the tensor product representation Vy, ® Vi, is
multiplicity-free if and only if one of the following three conditions (i), (i) and (iii)" is
satisfied up to switch of the factors A\i and Ay (see Figure 6.1.2 for the labeling of the
Dynkin diagram):

(1) (A1, A2) = (swr, tw; + uwn_1) or (swy,tw; + uwy,) with 1 < j <n and s,t,u € N,
Al = SWp_1 OT SWy; Ao = tws, twy + uws, twy + uw,_1, twi + uw, or tw,_1 + uw, with
s,t,u e N, or
Al = SWs_¢; A9 = twy + uway e withn =4 and e =1 or 2.

(i) A\ =0, w1, W1 Or wy; A2 is arbitrary.

(iii)" A\ = kwi; A2 = tw;, where t € N and k.1, j satisfy one of the following three condi-
tions.
(ii-1) k=1 andi+j <n.
(ii-2) k=1,1<i<nandj=n-—1orn.
(ili-3) k=2, i=n—1o0ornand1<j<n.
Remark 6.3.6. The pair (V),,V),) corresponding to the spherical double cone associ-

ated with a pair of maximal parabolic subgroups of any simple algebraic group over any
algebraically closed field of characteristic zero was classified by Littelmann [Li2].
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Chapter 7

Visible actions on spherical varieties

7.1 Introduction for Chapter 7

Let X be a connected complex algebraic variety with an action of a connected complex
reductive algebraic group G.

Definition 7.1.1. X is said to be spherical if a Borel subgroup of GG has an open orbit on
X.

We want to prove the visibility of the action of a real form Gr of G on X. Here we say
GR is a real form of GG if Gy is a subgroup of GG and the complexification of the Lie algebra
of Gr coincides with that of G. For the convenience, we recall the definition of a visible
action.

Definition 7.1.2 (Kobayashi [Ko2]). We say a holomorphic action of a Lie group G on a
complex manifold X is strongly visible if the following two conditions are satisfied:

1. There exists a real submanifold S (called a “slice”) such that

X' := (G -Sisan open subset of X.

2. There exists an anti-holomorphic diffeomorphism o of X’ such that

U|S = ids,
o(G-z) = G-zforanyze X'

In the above setting, we say the action of G on X is S-visible. This terminology will
be used also if S is just a subset of X.

Since the visibility is a local condition, we may replace X with a unique open G-orbit
on X. We denote by ¢ an anti-holomorphic involution of GG, which corresponds to Gg, and
by H a stabilizer of the open orbit of G on X. In the following, we say a subgroup L of a
complex reductive algebraic group G is a spherical subgroup of G if G/L is a G-spherical
variety.
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7.2 Reduction to the affine homogeneous case

A real reductive Lie group is said to be of inner type if its Lie algebra has a compact Cartan
subalgebra. The following is a list of real simple Lie algebras of inner type.

sl(2,R), su(p, q),s0(r,s) (with r or s even), s0™(2n), sp(2n,R), sp(p, q),
EIL, EIII, EV, EVI, EVII, EVIIL, EIX, FI, FII, G.

Lemma 7.2.1. Assume that G is compact or of inner type. Then there exists a o-stable
Levi subgroup G' of G such that the subset (Ad(z)Gr)(Ad(z)G")H contains a non-empty

open subset of G for an element x of G, and (Ad(x)G'NH) is a reductive spherical subgroup
of Ad(x)G".

Proof. Since G/H is a G-spherical variety, there exists a Borel subgroup B of G such that
the subset BH is open in G. Assume that H is not reductive. Then the unipotent radical
Rad,(H) of H is non-trivial, and there exists a proper parabolic subgroup P’ of G such
that P O H and Rad,(P’') D Rad,(H) by Borel and Tits [BT]. Let B’ be a Borel subgroup
of G, contained in P’. By taking a conjugate of G if necessary, we may assume that the
subset GrB’ is open in G. We take a maximal torus 7" of B’ such that the intersection
T' N Gy is a compact maximal torus of Gg. Then we put B’ = o(B’) and P’ = o(P').
By the Bruhat decomposition, we can write B = Ad(p'w/b')B’ for p' € P', ¥/ € B’ and
w; € {w] = e, w), ..., w.} = asubset of Ng(T"), which gives a complete representatives of
the double coset P'\G/B’. Then we have

Ad(p'wib)b' + b = g.
Since P’ contains H, the subset BP’ is also open in GG. This implies that
Ad(pwit)o' +p' = g.
Therefore -
Ad(w)b' +p' = g.

This equality implies that we can take w; as w; = e since there is only one open B'-orbit on
P'\G. Let us write b’ = u’+ by for a Borel subalgebra by of the Levi subalgebra I' = p’ Ny’
and the nilpotent radical v’ of p’. We have

Ad(p')w + Ad(p)by +h =g,
Ad(p W +p' =g.

Since Ad(p')by + b C p’ and dim(Ad(p')by + ) > dim g — dim Ad(p')w’ = dim p’, we have
p’ = Ad(p')by + bh. From this we obtain Ad(p/)l' = Ad(p/)by + b N Ad(p')l'. We put
Gy = Ad(p)(L))° and H, = (GyN H)?, and find that G;/H, is an G;-spherical variety. We
succeed this procedure to construct a sequence of pairs of a complex reductive algebraic
group and a spherical subgroup (Go, Hy) = (G, H), (G, Hy), (G2, H3), ..., (G, Hy) =
(G', H'") where G'/H’ is affine, that is, the stabilizer H’ is reductive. ]

The above argument shows that our construction of visible actions of a real form (com-
pact or of inner type) of G on G/H is reduced to the affine homogeneous case by the
locality of the visible action.
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7.3 Affine homogeneous case

Proposition 7.3.1. Let Gr be a real form of G and H a reductive spherical subgroup of
G. There ezist finitely many abelian subspaces j; of =7 and elements x; and y; of G (i € I)

such that | J,c; GRCiH contains an open dense subset of G, where C; = x; exp(j; )y;.

Proof. We use the induction on the dimension of G. By classification results by Brion
[Br], Kramer [Kr|, Mikityuk [Mi] and Yakimova [Ya], there exists a complex symmetric
subgroup G7 of G, which contains H except for the two cases that we discuss later if
(G, H) is irreducible. Then by Matsuki [Ma2, Ma3|, we have Gy, = ;. GrC;G" for
a real form Gg of G with the corresponding anti-holomorphic involution o. Here, the
set K, of semisimple elements of a Lie group K with (not necessarily commutative) two
involutions ¢ and 7 is defined by ([Ma2, Ma3])

Ky ={g9€ K;or,=0Ad(g)T Ad(g)~! is semisimple},

and C] = exp(a;) exp(t;)t; are the representatives of standard Cartan subsets with a C a; C
p, 4, CtCt7NE 7 for a maximal abelian subspace tof €7 NE¢" and a; +t; Cg 7 Ng ™
with ¢; € exp(t). We note that a; + t; is a maximal abelian subspace of g=7 N g~ ™ and
that ¢; is not necessarily an element of exp(t;). We put L; = Zg(t;) if ; # 0 otherwise
L; = Zg(Ad(t; ")a;). Then the subset |, t; Ad(t; ')GrL;H contains an open dense subset
of G. Here we note that G™ = (L; N GT)H. We use the induction hypothesis for each L;:

JL and y]L of L; (j € Jr,), an open dense

subset of L; is contained in U (Ad(t; HGr N Li)C’]-Li(Li N H) with C’jLi = x]L’ exp(jf")iji.

J€JL,

For abelian subspaces ]JL of [ 7 and elements z

Thus the following subset contains an open dense subset of G.
UtAd(t)Gr( | Ad@Grn L)CF (LN H)H = | | Get:0/H.
iel’ jEJLi icl’ jEJLi

We deal with the two cases mentioned in the above. In the following, we only deal with
non-compact real forms Gg. For the case where Gg is compact, see Theorem 7.4.4.

e (G, H) = (Spin(7,C), Ca).

— G = Spin,(3,4).
We use the isomorphism Spin(7,C)/ Gac ~ Spin(8, C)/Spin(7,C). By [Ma2,
Ma3], we have

Spin(8, C),s = Spin,(4,4)T" Spin(7, C) U Spin, (4, 4) A' Spin(7, C)
U Spin, (4,4)A't Spin(7, C)

for a one-dimensional torus 7" and a one-dimensional split real torus A! with ¢
an element of 7. Since Spin,(4,4) = Spin,(3,4) SL(4,R) = Spin,(3,4) SU(2, 2),
we obtain
Spin(8, C),s = Spin,(3,4)T" Spin(7, C) U Spin, (3, 4) A* Spin(7, C)
U Spin,(3,4)A't Spin(7, C).
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- GR = Spine(Z, 5)
By [Ma2, Ma3|, we have

Spin(8, C),s = Spin,(2,6)T" Spin(7, C) U Spin, (2, 6)A' Spin(7, C)
U Spin, (2, 6) At Spin(7, C)

for a one-dimensional torus 7! and a one-dimensional split real torus A! with ¢
an element of T". Since Spin,(2,6) = Spin,(2,5) SU(1, 3) = Spin,(2,5) SU(2, 2),
we obtain

Spin(8, C),s = Spin,(2,5)T" Spin(7, C) U Spin, (2, 5)A' Spin(7, C)
U Spin, (2, 5) At Spin(7, C).

— Gg = Spin,(1,6).
In the same way as above, we have

Spin(8, C),, = Spin, (2, 6)T" Spin(7, C)U Spin,(2,6)A* Spin(7, C)
U Spin, (2, 6)A't Spin(7, C)

for a one-dimensional torus 7' and a one-dimensional split real torus A' with ¢
an element of T?. Since Spin,(2,6) = Spin,(1,6) SU(1,3) = Spin,(1,6) SU(2, 2),

we obtain

Spin(8, C),s = Spin,(1,6)T" Spin(7, C)U Spin,(1,6)A* Spin(7, C)
U Spin,(1,6)A't Spin(7, C).

o (G,H) = (Gac,SL(3,C)).
We use the isomorphism Go ¢ /SL(3,C) ~ SO(7,C)/SO(6,C). By [Ma2, Ma3], we
have

SO(7,C)ss = SO.(3,4)T" SO(6,C) U SO.(3,4)A* SO(6,C) U SO, (3,4)A't SO(6, C)

for a one-dimensional torus 7" and a one-dimensional split real torus A' with ¢ an
element of 7. Since SO.(3,4) = Ga) SO.(2,3) = Ga2) SOL(3,2), we obtain

80(7, (C)SS = Gg(g) Tt 80(6, C) U Gg(z) Al SO(G, (C) U Gg(g) Alt SO(G, (C)

]

Here, we note the following: To apply Matsuki’s decomposition [Ma2, Ma3|, we actually
need to put some assumptions on the connected components of G, the semisimplicity
of the action of o7 on g and the existence of a “good” Cartan involution [Ma2, Ma3].
Those assumptions are satisfied if for example G is connected and semisimple after taking
a conjugate of 7 (or o) if necessary. Let us see how to reduce a general case to the
connected semisimple case. Let G be a (not necessarily connected) complex reductive
algebraic group, Gr a real form of G and H a reductive spherical subgroup of G. We
write G = J, Ggr with {gy} a finite subset of G, where G stands for the identity
component of G. Suppose that [J,(G° N Gg)C;, (G° N Ad(gx)H) contains an open dense
subset of G°. Then [, U,;(G° N Gr)Ci, gr(G° N H) contains an open dense subset of G
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since |J;, (G° N Gr)Cigr(G° N H) = U, (G° N Ggr)Ci, (G° N Ad(ge)H)gr = (U, (G" N
Gr)C;, (G° N Ad(gr)H))gr contains an open dense subset of G'¢gy,. Hence we may assume
that G is connected. Let Gg and H be as before. Let 7 : G — G/ exp(3) be the projection
mapping, where 3 is the center of g. Then w(H) is a spherical subgroup of 7(G). Suppose
that (J, 7(Gr)m(z;)m(exp(j;))m(y;)m(H) contains an open dense subset of 7(G). We put

C; = exp(j;) exp(3). Then we find that | J, GrC;H contains an open dense subset of G.

7.4 Generalized Cartan decomposition involving max-
imal compact subgroup

If a real form is compact, we obtain a simple description of the double coset decomposition.

Definition 7.4.1. Let G be a locally compact group and H a compact subgroup of G.
We say the pair (G, H) is a Gelfand pair if L?(G/H) is multiplicity-free as a unitary
representation of G.

Let G be a connected complex algebraic group and H a complex reductive subgroup of
G. Let (G, Hg) be a pair of real forms of (G, H), that is, Gg and Hg are real forms of G
and H, respectively, and Hp is a subgroup of Gg. It is known that (Ggr, Hg) is a Gelfand
pair if and only if Hg is compact and G/H is a G-spherical variety (see [Wo] for example).

Lemma 7.4.2. Let j = t @ a be a Cartan subalgebra of gr. We suppose that j is not
maximally non-compact and that v acts as the multiplication by —1 on j. Then for any
root vector Xz € g of any imaginary non-compact root (3, there exists Z € t such that
Ad(exp(2))(Xs+ Xp) is fired by v. Here we extend v to g holomorphically, and X denotes
the conjugate element with respect to gr for any X € g.

Proof. Since both X and v(X3) belong to the root subspace g_s of —f, v(X35) = eV~19X,

for some ¢ € R. Then we take Z € t satisfying 5(Z) = —w. (Here we note that [
is imaginary.) For this Z € t, we have

v(Ad(exp(2))(Xs + X3)) = v(e 5 2 X5+ 5 X)

— _ V=1(¢+m) = V=1I(¢tm)
V 17r6 5 X5—|—€ iV 17r6 5 5

=€

= — Ad(exp(2))(Xp + X5).
L]

Definition 7.4.3. Let GG be a real reductive Lie group and v an involution of G. v is said
to be a Chevalley—Weyl involution if there exists a Cartan subalgebra a such that v acts
on a as the scalar-multiplication by (—1).

Theorem 7.4.4. Let Gg be a connected compact Lie group, (Gg, Hg) a Gelfand pair and
v a Chevalley—Weyl involution of Ggr, which preserves Hg. We write 8 for the Cartan
wwvolution of the complezification H, which corresponds to Hg, and extend it to the com-
plezification G of Gg. Then there exists an abelian subgroup A of the complexification G of
Gr such that G = GgRAH holds and both 0 and v act on A as the inverse mapping, where
we extend v holomorphically to G.
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Proof. We may assume that G is semisimple. For the proof, we use the induction on the
dimension of G. We firstly assume that there exists a compact symmetric subgroup K of
Gr, which contains Hg. We claim that v preserves K.

Indeed, let v/ be a Chevalley—Weyl involution of Hr and extend v/ to K and to G. We
take an element g of G such that v9 = /. Then we see that v/v is an inner automorphism
by the element gv(g~!) of Gr and that v/v preserves Hg. This means that gr(g~!) is an
element of Ng,(Hg). We claim that Ng,(Hg) is contained in K. For the simplicity, we
put Gk = Ng, (Hg). It suffices to show that the €t-part of gf is the zero vector space by
the K P-decomposition for Riemannian symmetric pairs. Assume that €+ N gf is non-zero.
Then we take a maximal abelian subspace a of €& N gi. By the fact that (Gg, Hg) is a
Gelfand pair, a is contained in the center of gi. Furthermore we have K = Hg-(Zg, (a)NK).
Then we obtain K C Zg,(a). This contradicts to the fact that gg is semisimple. Thus
&L N gg; is the zero vector space, and G’ = Ng, (Hg) is contained in K. Then /v coincides
with Ad(k) for some element k of K as an automorphism of gg. This implies that v also
preserves K.

Then we have the Flensted-Jensen decomposition G = Ggr Ay K¢ for an abelian subgroup
Ap on which both 6 and v act as the inverse mapping (Lemma 7.4.2). We apply the
induction hypothesis to the pair (My, MyNHg) and obtain My ¢ = (GrNMo c) Ay (MocNH)
for an abelian subgroup A,;. Thus we have G = GrAgAy H.

By a classification of reductive spherical subgroups [Br, Mi, Kr, Ya|, we have the fol-
lowing two cases where we can not take K as above and (Gg, Hg) is irreducible.

L (GR, H]R) = (Gg, SU(?)))
We take a non-zero element X € bhg such that v(X) = —X. By the isomorphism
Gr X, V—1bt =~ G/H, we have G = GgAH for A = exp(v/—1RX). Here we note
that bg = Upep, Ad(R)(RX).

e (Gr, Hr) = (Spin(7), Ga).
Let j = t 4+ a be a Cartan subalgebra of gg, on which v acts as the inverse mapping,
where t C hg and a C hz. Since we have hz = UhEHR Ad(h)a, we obtain G = GgRAH

for A = exp(v/—1a).
U

According to the works of Akhiezer [Akl] and Akhiezer and Cupit-Foutou [AC], we
have compatible real structures on affine spherical varieties and wonderful varieties. Here
by a real structure on a complex manifold Z we mean an anti-holomorphic involution
n: Z — Z. Also for a real structure n on a complex manifold Z with an action of a group
K, we say n is compatible with an automorphism ¢ of K if n satisfies n(kz) = ¢(k)n(z)
for any k € K and z € Z. We expect the existence of strongly visible actions on these
varieties. For this purpose, the following theorem would be useful.

Theorem 7.4.5. Let H be a spherical subgroup of a connected complex reductive algebraic
group G and v an anti-holomorphic involution of G, which defines a split real form of G.
Suppose that H is stable under . Then a compact real form Gg of G acts on G/H strongly
visibly.

Proof. We write + = 6 o v for a commuting pair (6,v) of a Cartan involution 6 and a
Chevalley—Weyl involution v of G. Let G be the compact real form corresponding to 6.
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By the argument in the beginning of this chapter, there exists a Levi subgroup G’ of G
such that ¢ preserves G', (G’ N H) is a reductive spherical subgroup of G’ and GrG'H
contains a non-empty open subset of G. Then we apply Theorem 7.4.4. Here we note that
¢ is unique up to conjugate. O

We note that Theorem 1.3.4 follows from this theorem.

7.5 Applications

7.5.1 Application: Strongly visible action on vector space

We deal with the visibility of linear actions of compact Lie groups [Sal, Sad]. Let (G, V)
be a linear multiplicity-free space.

Definition 7.5.1. Let G be a connected complex reductive algebraic group and V' a finite-
dimensional representation of G. We say V is a linear multiplicity-free space of G if the
space C[V] of polynomials on V' is multiplicity-free as a representation of G.

We denote by v and 6 a Chevalley—Weyl involution and a Cartan involution of G,
respectively. Let Gr be the compact real form of G, which corresponds to 6.

Corollary 7.5.2. The Ggr-action on V is strongly visible.

Proof. By [Ak1], there exists an anti-linear involution p of V', which is « = vof-compatible.
We take a v € V such that G - v is open in V. Since u(G - v) is also open and V' contains
only one open orbit, G - v is u-stable. We let vy € V be a u-fixed point and denote by H
the stabilizer of the G-action at vg. Then H is a spherical subgroup of G, which is stable
under ¢. Thus we can apply Theorem 7.4.5. [

Remark 7.5.3. Sasaki [Sal, Sad]| not only proves the existence of strongly visible actions
but also constructs “slices” explicitly by using the case-by-case argument. To get a precise
information on slices that appear in our proof, we need to know the generic stabilizer of a
G-action on V.

7.5.2 Application: Strongly visible action on smooth affine spher-
ical variety

Corollary 7.5.4. Let X be a smooth affine G-spherical variety and Ggr a compact real
form of G. Then the Gg-action on X is strongly visible.

Proof. By [Ak09], there exists a real structure on X, which is compatible with + = fov. The
remaining argument is the same as that for the case of linear multiplicity-free spaces. []

A typical example of smooth affine spherical varieties is a complex symmetric space.
On the other hand, we have the principal affine space G/N (N is a maximal unipotent
subgroup) as an example of non-affine spherical varieties.
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7.5.3 Application: Strongly visible action on wonderful variety
Definition 7.5.5. A G-variety X is said to be wonderful if
e X is smooth and projective,

e (G has an open orbit on X, whose complement is the union of finitely many smooth
prime divisors X; (¢ € ) with normal crossings.

e The closure of any G-orbit on X is given as a partial intersection of X; (i € I).

Remark 7.5.6. e De Concini—Procesi compactification [CP] of a complex symmetric
space is wonderful.

e The stabilizer H of a unique open orbit G/H on a G-wonderful variety X is almost
self-normalizing, that is, the group Ng(H)/H is finite by Brion and Pauer [BP].

Corollary 7.5.7. Let X be a wonderful G-variety and Ggr a compact real form of G. Then
the Gr-action on X 1is strongly visible.

Proof. We can show this statement by the same argument as in the case of linear multiplicity-
free spaces by using the fact that any wonderful variety admits an ¢ = (6 o v)-equivariant
real structure by Akhiezer and Cupit-Foutou [AC]. O

7.5.4 Application: Strongly visible action on generalized flag va-
riety

Corollary 7.5.8. Let P be a parabolic subgroup and H a Levi subgroup of G. If G/P is
an H-spherical variety, then a compact real form of H acts on G /P strongly visibly.

Proof. The same argument as in the case of linear multiplicity-free spaces can be applied
since a unique open orbit of H is stable under a Chevalley—Weyl involution. [

7.6 Visible actions of real forms of inner type on spher-
ical varieties
We recall the definition of a previsible action.

Definition 7.6.1 (Definition 1.0.2). Let K be a Lie group and X a complex manifold on
which K acts holomorphically. Then we say this action is previsible if there exists a totally
real submanifold S of X such that K - S is a non-empty open subset of X.

Let Gg C G be a real form of inner type (i.e., the Lie algebra of Gr has a compact
Cartan subalgebra).

Theorem 7.6.2. Let X be a G-spherical variety. Then Gg acts on X previsibly.

Proof. Use Lemma 7.2.1 and Proposition 7.3.1. m
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Chapter 8

A conceptual proof for generalized
Cartan decomposition

8.1 Introduction for Chapter 8

We give an abstract proof for the existence of a generalized Cartan decomposition (Defini-
tion 8.1.1), which is also useful for an explicit calculation. Let G be a connected semisimple
compact Lie group, T its maximal torus and o a Chevalley—Weyl involution of G with re-
spect to T (that is, o is an involutive automorphism of G, which satisfies o(t) = t~! for
any t € T'). Let (L, H) be a pair of Levi subgroups of G with respect to a simple system
IT = II(gc, tc) of the root system A = A(gc, tc).

Definition 8.1.1 (Definition 1.0.14). Let G, H, L and o as above. If the multiplication
mapping

LxBxH-—=G

is surjective for a subset B of the o-fixed points subgroup G, then we say the decomposition
G = LBH is a generalized Cartan decomposition.

We extend o to the complexification G¢ of G anti-holomorphically, and let B = TN be
the Borel subgroup of G¢ corresponding to the positive system AT = A (gc, tc) generated
by II. We denote by 6 the Cartan involution of G¢ with respect to G. Also, for a Levi
subgroup G’ of G, we denote by U G(,CC the unipotent radical of the parabolic subgroup Py,

of G¢, which contains B and has G as its Levi part. We write Ng;, for the maximal
unipotent subgroup N N G¢ of Gi-. Hence Ug(‘cC = {e} and Ng. = N. We put N = 0(N),

ng = H(Ug(,‘cc) and NG& = 0(Ng,). In the following, we assume that

L¢ acts spherically on a generalized flag variety G/H ~ G¢/Pp. = G¢/ H@Ugg.
That is, a Borel subgroup of L¢ has an open orbit on G¢/Ppy.
Proposition 8.1.2. For any g € G, there exist | € L and h € H such that o(g) = lgh.

Proof. We write Ufg = (Ufg N ng) -Ug-jcm .- We note that

— —Ge —

N-o=Up -Np.-o

—G¢ —G¢

cUS L-o=L-Uy U

—Ge =G 7= 77
'O:L'(ULEHUHE)'U(HHL)C'O:L'(UL(CmUHC)'O'
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This shows that L- (Ufg ﬂUfIfC:) -0 contains an open dense subset of G¢/Py,.. Here o denotes
the identity coset of G¢/Pp.. Further, since U(Lfm e (Ufg N Ufli) -0 is open in G¢/ Py,
: = — —L
and stable under the action of the Borel subgroup TCNLLC = TCN(L;H)C . U(%H)c oé Le¢,
there is an open orbit of the Borel subgroup TeN (10, -U( n H)e OLL U( n e (Up.NUg.)-0
by the sphericality of the action of L. Here we note that the dimension of any orbit of
the Borel subgroup TeN (zam). -U(LEQH)C of L¢ on U(LEOH)C : (Ufg N Ugi) -0 is less than
or equal to the sum of the dimension of U(Lfm ) and the maximum of the dimensions of
the orbits of the Borel subgroup TeN(znm). of (L N H)c on (Ufg N ng). Therefore any
Borel subgroup of (L N H)¢ has an open orbit on the Stein manifold (Ufg N Uﬁi) Then
by [Akl], for any u € (Ufg N Uf]z) there is m € (L N H) such that o(u) = Ad(m)u since
(Ufg ﬂUffi) is an (LN H)c-spherical Stein manifold. Thus, for any x € L- (Ufg ﬂUﬁi) -0,
there is [ € L such that o(x) = [ - x. Hence the subset {x € G¢/Pp. : o(x) € L -z} of

G/ Py, contains an open dense subset of G¢/Pp,.. Since this subset is closed, it coincides
with the whole space. [

Theorem 8.1.3. Let G be a connected compact Lie group, T a mazimal torus of G and L,
H Levi subgroups of G, which contain T. Let o be a Chevalley—Weyl involution of G with
respect to T. We have a generalized Cartan decomposition G = LBH (Definition 8.1.1),
where B is a subset of G.

Proof. We prove this theorem by the induction on the dimension of G. By a classification
of multiplicity-free tensor product representations proved by J. Stembridge[St2], either
(G,L) or (G,H) is a Gelfand pair. Let us assume that (G,L) is a Gelfand pair. We
take a symmetric subgroup H' of GG, which contains H. Then we have a decomposition
G = LA AyH' where Ay and A, are abelian subgroups of G (see Lemma 8.2.5 and Remark
8.2.6). By Proposition 8.1.2, for any a € Ay, t € Ay and h' € H', there exist [ € L and
h € H such that o(ath’) = ato(h') = lath’h. By [Ho, Chapter 8], I € Z;(a"). So, if a’ is a
generic element of Ay, | € Z(A;). Hence t7'it € H', and then | € Z;(As) if we choose a
suitable ¢.

Indeed, let a; and as be any generic elements of A; and As, respectively, and suppose
that lasa;h = asa; holds for some h € H' and | € L. Then we have a;llagalh = a;. By
[Ho, Chapter 8], this implies a; 'lay € Zx(A;) where K is a symmetric subgroup of G,
which contains both L and A,, and used for obtaining the decomposition G = LA A, H’
in Lemma 8.2.5. We put G4 = Zg(A;), and consider the double coset decomposition
(Gy N L)\G1/(G1 N H'). By the induction on the dimension, | € Zng,(As). Hence
l € ZL(AlAQ).

Thus we have o(h') = (W'h with | € Z;np/(A1As). Then by the propagation theorem
of the multiplicity-freeness property for visible actions [Ko3|, the holomorphically induced
representation Indg, xn of H" is multiplicity-free when restricted to Zyng/(A1As) for any
unitary character yg of H. Let L’ be a Levi subgroup of H’, which satisfies [L/, L] C
Zram (A1As) C L. Then we can see that L acts on H'/H in the spherical fashion.
By the induction hypothesis, we have H' = L'B’H for some subset B’ C H'?. Also, we
have H' = Zpny/(A1A2)B'H. Indeed, Let z and b be any elements of exp(3r) and B,
respectively. Here 3¢ is the center of the Lie algebra I' of L'. There are | € Zyng/(A1As)
and h € H such that o(zb) = 2710 = [zbh, and thus 2720 = Ibh € Zng (A1 As)B'H. We
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obtain
H =L'B'H
= Zinm (A1 Az)(exp(3v) B ) H
C Zran (A1A2)(Zram (A1 A2) B'H)H
= Zinm (A1 As) B'H.
Therefore we have G = LA1AsH' = LA Ay Z 1 (A1As)B'H = LA A; B'H with A A; B’ C
G°. O

Remark 8.1.4. This theorem combined with the propagation theorem of multiplicity-
freeness property under visible actions (Fact 1.0.4) and Stembridge’s classification [St2]
reproduces the list in Theorem 1.1.1.

8.2 Double coset decomposition with abelian slice

The aim of this section is to give a K AK-decomposition for Gelfand pairs. We use the
induction on the dimension of G in order to give the decomposition. We prepare two
lemmas. In the following, we say (G, H) is a reductive Gelfand pair if (G, H) is a Gelfand
pair and G is a real reductive Lie group.

Let (G, K’) be a reductive Gelfand pair with G/K’ connected. Let K be a maximal
compact subgroup of GG, which contains K’ and My C K the M-part of the Langlands
decomposition of a minimal parabolic subgroup Py = MyAgNy of G with Ay = exp(ag) for
a maximal abelian subspace ag of q = £+

Lemma 8.2.1. K = MyK'.

Proof. Since G¢/K( is a Ge-spherical variety and since G/K’ is totally real of maximal
dimension in G¢/ K¢, we have

gc = Ad(k)t: + moc + agc + noc

for some k£ € K. Thus

g = Ad(k)¥ + mg + ag + ng.
Therefore K’ has an open orbit on G/MyAyNy ~ K/M,. Since K’ is compact and
G /MyAgNy is connected, we have G = K'MyAgNy, and thus K = MyK'. O
Lemma 8.2.2. (My, My N K') is a Gelfand pair with K/K' connected.

Proof. Since G¢ /K¢ is a Ge-spherical variety and since K¢ A cNo ¢ is an open dense subset
of G, there is k € K¢ such that

gc = Ad(k)Eg 4 by, . + agc + noc

where by, . is a Borel subalgebra of mgc. Further, the condition that k € K¢ satisfies the
above equality is Zariski open and thus especially holomorphic, so we can take k from the
compact real form k € K. Since K = MyK’ we can further take k£ to be an element of
m € M. The fact that mg ¢ is the centralizer of ay in £¢ implies

Mo c = Mp,C N Ad(m)f?{c + bmo,c
= Ad(m)(mo,c NEe) + b e
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Therefore the lemma follows. Here we note that My/MyN K’ ~ K/K' is connected since
G /K’ is connected and that component groups of G and K are the same by K x p decom-
position. 0]

Proposition 8.2.3. Let (G, K') be a reductive Gelfand pair with G/K' connected. We
have G = K'A’K’ for some abelian subgroup A’.

Proof. We use the induction on the dimension of G. We divide the proof into two cases.

e Assumption: There is a compact symmetric subgroup K of GG, which contains K.
By Lemma 8.2.2; the pair (M, MyNK') is a Gelfand pair with My/MyN K’ connected,
where M, is the centralizer Zx (ay) of a maximal abelian subspace aj, of g=7 in K, and
7 denotes the corresponding involution of G. Since dim(My) is smaller than dim(G),
we can use the induction hypothesis, and obtain a decomposition

My = (Myn K')A) (Mo N K')

for some abelian subgroup A}, of My. By using this decomposition of My and by
Lemma 8.2.1, we have

G = Kexp(ag) K
= K'Myexp(ag) MK’
= K'Mjexp(ag) K’
= K'(Myn K" A}y, (Mo N K') exp(ag) K’
= K'A), exp(ag) K.

We put A" = A}, exp(ao), and the proposition follows.

e Assumption: There is no compact symmetric subgroup of G, which contains K.
By a classification of reductive Gelfand pairs [Br, Kr, Mi, Ya], there are two possi-
bilities if (G, K’) is irreducible:

Case 1. (G, K') = (Spin(7), Ga).
Case 2. (G, K') = (G, SU(3)).

By [Da, DK], there is a one dimensional subspace a’ of (¢)*, which satisfies (¢)* =
Uker Ad(k)a’ in each of two cases. Therefore we have

G=KAK'

Here we put A’ = exp(a’). This completes the proof. n

Remark 8.2.4. We explain how to reduce a general case to the case where GG is connected
and semisimple. Let (G, K') be a reductive Gelfand pair with G/K’ connected. We denote
by 3 the center of g, and by 7 : G° — G°/exp(3) the quotient mapping, where G° is
the identity component of G. Then (7(G?), 7(G° N K')) is also a Gelfand pair [Ya, Wo).
Suppose that we have 7(G°) = 7(G° N K')7(A”)7(G° N K') for an abelian subgroup A”
of G°. We put A’ = A”exp(3). Then we have G* = (G° N K')A'(G° N K’), and thus
G = K'A'K' since G/K' is connected.
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Lemma 8.2.5. Let G be a compact Lie group, (G, L) a Gelfand pair and (G, H) a symmel-
ric pair with the corresponding involution T satisfying T(L) = L. Then there is an abelian
subgroup A such that G = LAH.

Proof. We prove this lemma by the induction on the dimension of G. Let us suppose
that the lemma is true for any G’ whose dimension is less than dim G. Then, we firstly
assume that there is a symmetric subgroup K of G, which contains L. By the Cartan
decomposition in the symmetric setting [Ho, Ma3], there is an abelian subgroup A; such
that G = KA;H. Since (G, L) is a Gelfand pair, the equality K = LM holds, where M
is the centralizer of a maximal abelian subspace of € (Lemma 8.2.1). Further, since M is
stable under the involution 7, and since (M, M N L) is again a Gelfand pair (Lemma 8.2.2),
we can use the induction-hypothesis and obtain G = L(L N MAsM N H)A1H = LA,A H
for some abelian subgroup As. There are two cases where we cannot apply this argument,
so we explicitly give double coset decompositions below. O]

Remark 8.2.6. If rank H = rankG and G is semisimple, then we can construct the
abelian subgroup A in the above as an abelian subgroup that is fixed by a Chevalley—
Weyl involution of G by a succession of the Cayley transform combined with the following
lemma.

Lemma 8.2.7. Letj be a Cartan subalgebra of g, which is stable under the involution T
of g, and j = t @ a the eigenspace decomposition as the sum of the +1-eigenspace t and
the —1-eigenspace a. Suppose that there exists an automorphism o of g, which preserves
a and acts on t as the multiplication by (—1), and that t ® /—1a is not mazimally non-
compact as a Cartan subalgebra of the non-compact dual g = g™ + /—1g~7. Then for
any root vector Xz € gc of any tmaginary non-compact root [3, there exists Z € t such
that Ad(exp(Z))(Xs + X3) is fized by o. Here we extend o to gc holomorphically, and X
denotes the conjugate element with respect to g for any X € gc.

Proof. Since both X5 and o(X3) belong to the root subspace g_z of —f, o(X3) = eV~ X5
for some 0 € R. Then we take Z € t satisfying 5(Z) = —v/—16/2. (Here we note that
is imaginary.) For this Z € t, we have

o(Ad(exp(2)) (X5 + X5) = o(e 7 Xa+ 77 Xp)

TR+ (e TX)

=€

V=T V=16
=e 2 Xg—l—ef 2 X/g

= Ad(exp(2)) (X5 + X5).

8.3 Explicit decompositions for the minimal cases

1 (Non-factorizable case)

- (GJ LJ H) = (G27A27A1 X Al)
- (G, L7 H) = (B37G27B1 X D2)
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We denote by 7 the involution of GG, which corresponds to H. Since the pair (G, L)
is polar, we have I+ = a + [, Z] for any non-zero element Z of (I*)~" and the one-
dimensional subspace a = RZ [Da]. We note that [[7, Z] C ()" and [I”7, Z] C (I*)".
This implies that a + [INh, Z] = (h1)~7. Because of the facts that the action of
LN H on (IM)77 is unitary with respect to the Killing form, that the decomposition
a+[[Nh,Z] = (ht)™7 is a direct sum and that a is of one dimension, L N H has an
open orbit on the unit sphere in (h+)~7. Since L N H is compact, this implies that
the action is transitive on the unit sphere. Hence (h*)™" = U,c;np Ad(R)a. The
remaining argument is the same as [Ho, Chapter 6].

2 (Factorizable case)

— (G, L, H) = (B3, G2, Ds)
- (G, L, H) = (Bg,GQ,T X Bg)

For each of the above two cases, we have G = HL by [On2, Chapter 4].

Remark 8.3.1. For the case 1 (non-factorizable case), we have also the following elemen-
tary proof.

e The case (G, L, H) = (Gy,Z/2Z\(SU(2) x SU(2)),SU(3)).

To study the double coset decomposition Z/2Z\(SU(2) x SU(2))\G2/ SU(3), we use
an embedding Gy — SO(7)(— SO(8)). We let {e; — ;11,65 +e4;1 < i <3} bea
simple system of s0(8, C) and ¢ an involution of s0(8, C), which induces the switching
of the two simple roots €3 —e4 and e3+¢4. Also, we take an automorphism ¢ of order
three, which sends €1 —¢5, e3+¢4 and e3—¢e4 to e3+¢c4, €3—e4 and €; —eq, respectively.
Then so(8, C)? and s0(8, C)? are isomorphic to s0(7, C) and g, respectively. We write
{f1—= f2, fo— f3, f3} and {ay, as} for simple systems for so(7,C) and go, respectively.
Then we express the root vectors for g, in terms of that for so(7,C) as follows.

Xoy =Xp—p, + Xpyy Xay = Xppopy, Xayta, = —Xp—ps + X,

X20¢2+a2 - Xf2+f3 - Xfl’ X3al+a2 - _Xf1+f3’ X3a1+2a2 - _Xf1+f27
X*al :X*flJrfz + X*f37 X*Olz = X*f2+f37 X*QI*QQ = _X*f1+f3 =+ X*fw

X—Qoq—ozz - - X—fz—f:s - X—fu X—3041—Oéz = X—f1—f37 X—3a1—2a2 = X—f1—f2'
We note the bijection
(Z/2Z)\(SU(2) x SU2)\ Ga /SU(3) ~ Z/2Z\(SU(2) x SU2))\ SO(7)/SO(6).

We can take {1,301 + 2as} as a simple system of (Z/2Z\(SU(2) x SU(2))). For a
(one-dimensional) abelian subgroup T, we have

SO(7) = (SO(3) x SO(4))T" SO(6)

since both SO(3) x SO(4) and SO(6) are symmetric subgroups of SO(7). If we choose
a suitable T, there exists a subgroup M of (1 x SO(4)) N SO(6), which is of type
Ay, centralizes T' and has {Xy,f, + Xp,—f,} as the set of its positive root vector.
Here we note that we can take { Xy, Xf, 45, Xp—p} and { Xy, Xpi4 5, Xpi—p } a8
the sets of positive root vectors of SO(3) x SO(4) and SO(6), respectively. Then we
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can see that the Lie algebras of (Z/2Z\(SU(2) x SU(2))) and M generate that of
SO(3) x SO(4). Thus we obtain

SO(7) =(SO(3) x SO(4))T* SO(6)
=((Z/2Z\(SU(2) x SU(2))) - M)T* SO(6)
=(Z/27Z\(SU(2) x SU(2)))T" M SO(6)
=(Z/2Z\(SU(2) x SU(2)))T" SO(6).

e The case (G, L, H) = (SO(7),S0O(3) x SO(4), Ga).
We note the factorization SO(7) = SO(6) Ge. Since the pair (SO(6),SU(3)) is a
Gelfand pair, we have a decomposition SO(6) = (SO(3) x SO(3))ASU(3) for an
abelian subgroup A (of two dimension). Thus we obtain a decomposition SO(7) =

(SO(3) x SO(3))A G
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Chapter 9

An extension of a result of Matsuki

9.1 Introduction for Chapter 9

In this chapter we consider the double coset decomposition L\G/H of a reductive group G
with respect to reductive subgroups L, H. Our main result gives an extension of Matsuki’s
decomposition concerning symmetric subgroups [Ma2, Ma3]. Here we recall a result of
[Ma3]. Let G be a real reductive Lie group with two involutions o, 7. The set G4 of
semisimple elements is defined by

Gss ={9 € Gyo1, =0 Ad(g)T Ad(g)~! is semisimple}.

Assume that there exists a Cartan involution 6 of GG, which commutes with both ¢ and 7,
and that G = G°G°G™ where G° stands for the identity component of G, and G° and G”
denote the ¢ and 7-fixed points subgroups of G, respectively.

Fact 9.1.1 ([Ma3]). We have Gss = |J,cpp G7C{G™ where C;j are the representatives of
standard Cartan subsets.

Here standard Cartan subsets are of the form C] = exp(a;) exp(t;)t; with a C a; C p,
t, CtC € 7NE7 for a maximal abelian subspace tof 82 NE¢ 7" and a; +t, C g7 Ng ™
with ¢; € exp(t). We note that a; + t; is a maximal abelian subspace of g~ N g~ and
that ¢; is not necessarily an element of exp(t;). Our aim is to obtain the double coset
decomposition of a reductive group with respect to reductive spherical subgroups. We say
a subgroup H of a real reductive algebraic group G is a spherical subgroup of G if G¢/H¢
is a G-spherical variety.

Theorem 9.1.2. Let L and H be reductive spherical subgroups of a connected real semisim-
ple algebraic group G. There exist finitely many abelian subspaces j; of g and elements x;
of G (1 < i < k) such that \J,c,<;, LCiH contains an open dense subset of G, where

C; = exp(ji) ;.

Proof. We use the induction on the dimension of G. For this, we firstly deal with some
minimal cases. We only consider the non-complex and non-compact case. (See Sections
8.2 and 8.3 for the compact case. The argument for the complex case is similar to, and
even more, simpler than the real case.)

The case G' = Gy(9) (split real simple Lie group of type Go).
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e (L,H) = (SL(3,R),SL(3,R)).
We note the following bijection

SL(3,R)\ Ga(2) / SL(3,R) =~ SL(3,R)\ SO.(3,4)/SO(3, 3).
By Matsuki’s decomposition [Ma2, Ma3], we have

SO(3,4)ss = SO.(3,3)T" SO.(3,3) USO.(3,3)A' SO.(3,3) USO.(3,3)A't SO (3, 3).
(9.1.1)

Here T" is a one-dimensional torus, A' a one-dimensional real split torus and ¢ an ele-
ment of T!. By the factorization SO.(3,3) = SL(3,R) SO.(2,3) = SL(3,R) SO.(3, 2),

we obtain

(9.1.1) = (SL(3,R) SO.(3,2))T" SO.(3,3) U (SL(3,R) SO.(2,3)) A SO.(3, 3)
U (SL(3,RR) SO, (2, 3))A't SO.(3,3)
= SL(3,R)T" SO,.(3,3) USL(3,R)A' SO.(3,3) USL(3,R)A't SO, (3, 3).

e (L,H) = (SL(3,R),SU(1,2)).
We note the following bijection

SL(3,R)\ Ga2) / SU(1, 2) =~ SL(3,R)\ SO.(3,4)/ SO.(2,4).
By Matsuki’s decomposition [Ma2, Ma3], we have
SO(3,4)ss = SO.(3,3)A' SO, (2, 4). (9.1.2)

Here A! is a one-dimensional real split torus. By the factorization SO.(3,3) =

SL(3,R) SO.(2,3), we obtain
(9.1.2) = (SL(3,R) SO.(2,3))A* SO (2, 4)
= SL(3,R)A' SO.(2,4).

o (L,H) = (SU(1,2),SU(1,2)).

We note the following bijection
SU(L 2)\ G2(2) / SU(L 2) = SU(L 2)\ 806(37 4)/ 806(27 4)
By Matsuki’s decomposition [Ma2, Ma3], we have

SO.(3,4)ss = SO.(2,4)T" SO, (2,4) USO,(2,4)A' SO.(2,4) USO,(2,4)A't SO, (2, 4).
(9.1.3)

Here T is a one-dimensional torus, A' a one-dimensional real split torus and ¢ an ele-
ment of T*. By the factorization SO.(2,4) = SU(1,2) SO.(1,4) = SU(1,2) SO.(2, 3),
we obtain

(9.1.3) = (SU(1,2) SO(1,4))T* SO.(2,4) U (SU(1,2) SO.(2,3))A* SO.(2, 4)
U (SU(1,2)SO.(2,3)) A SO (2,4)
= SU(1,2)T* SO.(2,4) USU(1,2)A* SO.(2,4) USU(1,2)A't SO, (2, 4).
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The case G = SO,(3,4).

(L, H) =(50.(2,4), GQ@))? (SO.(3,3), G2(2))7 (SO(2) x SO.(1,4), G2(2)),
(SO(2) x SO,(3,2), Gagzy) or (SO.(1,1) x SO.(2,3), Gagz)).

In each of these cases, G = LH holds by [Ak2, Onl, On2].

o (L, H) = (Gag), Gaz))-
We note the following bijection

Gg(g) \ SO€(3, 4)/ GQ(Q) ~ GQ(Q) \ 806(4, 4)/ Spine(3, 4)
By Matsuki’s decomposition [Ma2, Ma3], we have

SO.(4,4),s = Spin,(3,4)T" Spin, (3, 4)U Spin,(3,4) A" Spin, (3, 4)
U Spin, (3,4)A't Spin,(3,4). (9.1.4)

Here T is a one-dimensional torus, A' a one-dimensional real split torus and ¢ an
element of T". By the factorization Spin,(3,4) = Gy Spin,(2,4) = Gy Spin, (3, 3),
we obtain

(9.1.4) = (Gaz) Spin,(2,4))T" Spin, (3, 4) U (Ga(e) Spin, (3, 3)) A" Spin,(3,4)
U (Gaz) Spin,(3,3))A't Spin, (3, 4)
= Ga) T" Spin,(3,4) U Gaz) A* Spin, (3,4) U Gaz) A't Spin, (3, 4).

(] (L,H) = (SOe<1,2) X SOe<2,2),G2(2)).

We note the following bijection
(SO¢(1,2) xS0.(2,2))\ SO (3,4)/ Gagzy =~ (SO(1,2) xSO.(2,2))\ SO.(4,4)/ Spin, (3, 4).
By Matsuki’s decomposition [Ma2, Ma3], we have

SO (4,4) s =(S0.(2,2) x SO.(2,2))T" Spin, (3, 4)
U (SO.(2,2) x SO.(2,2))A" Spin, (3, 4)
U (SO(2,2) x SO.(2,2))A't Spin,(3, 4). (9.1.5)

Here T is a one-dimensional torus, A! a one-dimensional real split torus and ¢
an element of T'. Let M = Zgyn 3.4)(T") N (SO(2,2) x SO(2,2)) and M' =
Zad(t) spin, (3.4) (A1) N (SO(2,2) x SO.(2,2)). Then we have

(9.1.5) =((SO.(1,2) x SO.(2,2)) - M)T" Spin, (3, 4)
U ((SO.(1,2) x SO.(2,2)) - M")A* Spin, (3, 4)
U ((SO.(1,2) x SO.(2,2)) - M")At Spin,(3,4)
=(S0.(1,2) x SO.(2,2))T" Spin,(3,4) U (SO.(1,2) x SO.(2,2))A" Spin,(3,4)
U (SO.(1,2) x SO.(2,2)) At Spin, (3, 4).
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b (L7H) = (SO(S) X 806(173)76}2(2))‘
We note the following bijection

(SO(3) x SO.(1,3))\ SOL(3,4)/ Garzy =~ (SO(3) x SO.(1,3))\ SO.(4,4)/ Spin, (3, 4).
By Matsuki’s decomposition [Ma2, Ma3], we have

SO (4,4) s =(SO.(3,1) x SO.(1,3))T" Spin, (3, 4)
U (SO.(3,1) x SO.(1,3))A* Spin, (3, 4)
U (SO.(3,1) x SO(1,3))A't Spin,(3, 4). (9.1.6)

Here T! is a one-dimensional torus, A! a one-dimensional real split torus and ¢
an element of T'. Let M = Zgyn 3.4 (T") N (SOL(3,1) x SO(1,3)) and M' =
Zad(t) spin, (3.4) (A1) N (SO(3,1) x SO.(1,3)). Then we have

(9.1.6) =((SO(3) x SO.(1,3)) - M)T" Spin,(3,4)
U ((SO(3) x SO.(1,3)) - M")A' Spin, (3, 4)
U ((SO(3) x SO.(1,3)) - M")A't Spin, (3, 4)
=(SO(3) x SO(1,3))T" Spin, (3, 4)

U (SO(3) x SO.(3,1))A" Spin,(3,4)

U (SO(3) x SO.(3,1)) A Spin,(3,4).
General case.
We use the induction on the dimension of G. By classification results by Brion [Br], Kramer
[Kr], Mikityuk [Mi] and Yakimova [Ya], there exist symmetric subgroups G’ and G” of G,
which contain L and H, respectively, except for the above two cases. Then by Matsuki’s
decomposition [Ma2, Ma3], we have G = J,c; G°C;G7, where C] = exp(a;) exp(t;)t; are
the representatives of standard Cartan subsets with a C a; Cp, t;, Ct C €7 NE7 for a
maximal abelian subspace t of €7 N¢~" and a; +t;, C g~7 Ng~ ™ with ¢; € exp(t). Here we
note that a; + t; is a maximal abelian subspace of g7 N g~ and that ¢; is not necessarily
an element of exp(t;). We put L; = Zg(t;) if t; # 0 otherwise L; = Zg(Ad(t; *)a;). Then
the subset | J,.,, t; Ad(t;")G? L;G" contains an open dense subset of G. Here we note that
Ad(t; G = (L N Ad(t;1)G?)) Ad(t; YL and G™ = (L; N GT)H. We use the induction
hypothesis for each L;:

For abelian subspaces ]f of I; and elements x]L of L; (1 <j <k;), an open dense subset
of L; is contained in U (Ad(t;HL N Li)C]-Li(LZ- N H) with CJL = exp(ij")ij".

1<j<k;
Here, since L; is neither semisimple nor connected in general, we explain how to reduce a
general case to the connected semisimple case.

Let G be a (not necessarily connected) real reductive algebraic group, and L and H
reductive spherical subgroups of G. We write G = [J, G°g). with {gi} a finite subset of
G, where G° stands for the identity component of G. Suppose that | J,(G° N L)C;, (G° N
Ad(gy)H) contains an open dense subset of G°. Then |J, U, LC;, g1 H contains an open
dense subset of G' since |J; (G° N L)Cy, g1(G° N H) = J; (G° N L)C;, (G N Ad(gr) H ) gr. =
(U;, (G°N L)C;, (G° N Ad(gr) H))gr contains an open dense subset of G°gx. Hence we may
assume that G is connected. Let L and H be as before. Let m : G — G/ exp(3) be the
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projection mapping, where 3 is the center of g. Suppose that |J, 7(L)m(exp(j;))m(x;)m(H)
contains an open dense subset of w(G) for finitely many elements z; of G and abelian
subalgebras j; of g. We put C; = exp(j;) exp(3). Then we find that |J, LC;H contains an
open dense subset of G.

Thus the following subset contains an open dense subset of G.

Utade )L AdLnn)cl(LinH)H =) | LAd®)C/6H.

iel’ ]EJL ZEI’]E]L
O]
Remark 9.1.3. When a triple (G,G?,G7) is factorizable, that is, G = G°G" holds, the

induction argument does not work since in that case g~ 7 is the zero vector space and
hence L; = G for any ¢ in the above notation. However, we can read from a classification of
factorizable triples in [Ak2, Onl, On2] and a classification of reductive spherical subgroups
in [Br, Kr, Mi, Ya] that if L is a reductive spherical subgroup and H is a non-symmetric
spherical reductive subgroups of GG, contained in symmetric subgroups G° and G7 of G,
respectively, and if (G,G7,G7) is factorizable, then the double coset decomposition is
reduced to the case where either G = G°H and G°/(G° N H) is a G?-spherical variety, or
G = LG™ and G7/(G" N L) is a G"-spherical variety. Since G°/L and G”/H are G°- and
G"-spherical varieties, respectively, we can use the induction hypothesis: |J, LC;(G7 N H)
contains an open dense subset of G7, or | J;(L N GT)C}H contains an open dense subset of
G™, and thus find that |J; LC; H or Uj LC}H contains an open dense subset of G.
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