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Abstract. Let G be one of the ind-groups GL(o0), O(c0), Sp(c0), and let Py,..., Py
be an arbitrary set of ¢ splitting parabolic subgroups of G. We determine all such sets
with the property that G acts with finitely many orbits on the ind-variety X x --- x X,
where X; = G/P;. In the case of a finite-dimensional classical linear algebraic group G,
the analogous problem has been solved in a sequence of papers of Littelmann, Magyar—
Weyman—Zelevinsky and Matsuki. An essential difference from the finite-dimensional case
is that already for £ = 2, the condition that G acts on X; x X2 with finitely many orbits
is a rather restrictive condition on the pair P1, P2. We describe this condition explicitly.
Using the description we tackle the most interesting case where ¢ = 3, and present the
answer in the form of a table. For £ > 4 there always are infinitely many G-orbits on
X1 X oo X Xg.

Introduction

The following is a fundamental question in the theory of group actions: given a
linear reductive algebraic group G, on which direct products X3 x Xg x - -+ x X, of
compact G-homogeneous spaces does GG act with finitely many orbits? The problem
is non-trivial only for ¢ > 2, since it is a classical fact that G always acts with
finitely many orbits on X; x X» (parabolic Schubert decomposition of a partial
flag variety). It has turned out that the problem is most interesting for £ = 3, as
for ¢ > 4 the group G always acts with infinitely many orbits.

In the special case where one of the factors is a full flag variety, e.g., X; = G/B,
the above problem is equivalent to finding whether there are finitely many B-orbits
on Xy x Xs; this special case is solved in [6] and [13]. In this situation, the theory
of spherical varieties is an effective tool. In particular, the existence of a dense B-
orbit is sufficient for ensuring that there are finitely many B-orbits. The problem
is also related to studying the complexity of a direct product of two HV-varieties,
i.e., closures of G-orbits of highest weight vectors in irreducible G-modules; this
problem is considered in [12].

If no factor X; is a full flag variety, the problem is considered in the classical
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cases in [7], [8] (types A and C, through the theory of quiver representations) and
in [9, 10] (types B and D). For exceptional groups, the general question has been
considered in [1].

We also mention the works [5] and [11], where the authors study double flag
varieties of the form G/P x K/Q with a finite number of K-orbits for a symmetric
subgroup K of G. The problem of finitely many G-orbits on X; x X5 x X3 is
recovered if K is taken to be the diagonal embedding of G into G x G.

In the present paper we address the above general problem in a natural infinite-
dimensional setting. We let G be one of the classical (or finitary) ind-groups
GL(0), O(0), Sp(co) and ask the same question, where each X; is now a locally
compact G-homogeneous ind-space. The latter are known as ind-varieties of gene-
ralized flags and have been studied in particular in [2] and [4]; see also [3] and the
references therein.

For these ind-varieties our question becomes interesting already for ¢ = 2.
Indeed, for which direct products X; x Xs of ind-varieties of generalized flags
does G act with finitely many orbits on X; x X357 We prove that this is a quite
restrictive property of the ind-variety X; x Xs. More precisely, we show that G
acts with finitely many orbits on X; x X4 only if the stabilizers P, and P5 of two
respective (arbitrary) points on X; and Xs have each only finitely many invariant
subspaces in the natural representation V of G. In addition, it is required that the
invariant subspaces of one of the groups, say P, are only of finite dimension or
finite codimension. The precise result is Theorem 1.4, where we introduce adequate
terminology: we call the parabolic ind-subgroup P; large, and the parabolic ind-
subgroup P4 semilarge.

Having settled the case ¢ = 2 in this way, we saw ourselves strongly motivated
to solve the problem for any ¢ > 3. The case ¢ > 4 is settled by a general statement,
Lemma 4.2, claiming roughly that in the direct limit case the number of orbits can
only increase. Hence for ¢ > 4 there are infinitely many orbits on X; x --- x X.
The case £ = 3 is the most intriguing. Here we prove that X; x X5 x X3 has finitely
many G-orbits, if and only if the same is true for all products X; x X3, Xo X X3
and X; X X3, and in addition X; x X5 x X3 can be exhausted by triple flag varieties
with finitely many orbits over the corresponding finite-dimensional groups. Those
triple flag varieties have been classified by Magyar—Weymann—Zelevinsky for SL(n)
and Sp(2n) [7, 8], and by Matsuki for O(2n+1) and O(2n) [9], [10]. In this way, we
settle the problem completely for the classical ind-groups GL(o0), O(c0), Sp(oo).

Acknowledgement. We are thankful to Roman Avdeev for pointing out the
papers [1] and [10] to us, and for some constructive remarks. We thank Alan
Huckleberry for a general discussion of the topic of this work. L.F. has been
supported in part by ANR project GeoLie (ANR-15-CE40-0012). I.P. has been
supported in part by DFG Grant PE 980/7-1.

1. Statement of main results

1.1. Classical ind-groups

The base field is C. Let V' be a countable-dimensional vector space. Classical ind-
groups are realized as subgroups of the group GL(V) of linear automorphisms of
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V. We consider three situations to which we refer as types:

(A) no additional structure on V;
(BD) V is endowed with a nondegenerate symmetric bilinear form w;
(C) V is endowed with a symplectic bilinear form w.

The dual space V* = Hom(V, C) is uncountable-dimensional. We fix once and for
all a countable-dimensional subspace V. C V* such that the pairing

VexV —C

is nondegenerate: in type (A) we fix any subspace V., C V* which satisfies these
conditions, while in types (BD) and (C) (type (BCD), for short) we take Vj :=
{w(v,") v eV}

Let G be one of the classical ind-groups

GL(00) :={g € GL(V) : g(V) = V. and there are finite-codimensional
subspaces of V' and V, fixed pointwise by g},

O(o0) :={g € GL(o0) : g preserves w} in type (BD),
Sp(c0) := {g € GL(0) : g preserves w} in type (C).

To describe G as an ind-group, we need to take a basis of V. If F is a basis of
V', we denote by E* = {¢. : e € E} C V* the dual family of linear forms defined

by
bo(e') = {0 ife € E\ {e},

1 ife =e.
We call E admissible if, according to type, the following is satisfied:

(A) the dual family E* spans the subspace V,;

(BCD) E is endowed with an involution ig : F — F, with at most one fixed point,
such that w(e,e’) # 0 if and only if ¢’ = ig(e).

If E is admissible in the sense of type (BCD), then it is a fortiori admissible in
the sense of type (A). Note that in type (C), the involution ig cannot have a fixed
point.

We claim now that, for any admissible basis F, in type (A) the group G =
GL(00) coincides with the group

GL(E) :={g € GL(V) : g(e) = e for almost all e € E},

where “almost all” means “all but finitely many”. Indeed, clearly, GL(E) is a
subgroup of GL(c0). For the opposite inclusion, consider g € GL(c0). Since g
fixes pointwise a finite-codimensional subspace of V', there exists a cofinite subset
E' C E such that g(¢) — €' =} cp\ g Teere € (E\ EY) for all ¢’ € E'. On the
other hand, the fact that g~!(¢.) € Vi implies .. = 0 for all e € E \ E’ and
almost all ¢/, which shows that g € GL(E).

In type (BCD), we have

G ={g € GL(V) : g(e) = e for almost all e € E, and g preserves w}.
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If we take any filtration £ = |J,~, £, by finite subsets, such that E,, is ig-stable
in type (BCD), we get an exhaustion of G,

G=|JG(E,) for G(E,) :=GnGL((E,)).

n>1

Here the notation (-) stands for the linear span, and GL((E,)) is viewed as a
subgroup of GL(V) in the natural way. The subgroups G(E,,) are finite-dimen-
sional algebraic groups isomorphic to GL,,(C), O,,(C), or Sp,,(C), depending
on whether G is GL(c0), O(c0), or Sp(co). This exhaustion provides G with a
structure of ind-group, which is independent of the chosen admissible basis.

1.2. Splitting Cartan and parabolic subgroups

We call H C G a splitting Cartan subgroup if it is the subgroup H(FE) of elements
which are diagonal in some admissible basis F.

We call P C G a splitting parabolic subgroup if it contains a splitting Cartan
subgroup H = H(FE), for some admissible basis E, and P(E,) :=P N G(E,) is a
parabolic subgroup of G(E,,) for all n > 1.

Splitting parabolic subgroups can be fully classified in terms of so-called gene-
ralized flags; see Section 2.2. A splitting Borel subgroup is a splitting parabolic
subgroup which is minimal (equivalently this is the stabilizer of a generalized flag
which is maximal). We consider two types of splitting parabolic subgroups which
are not Borel subgroups:

Definition 1.1. We say that a splitting parabolic subgroup P is semilarge if it has
only finitely many invariant subspaces in V. This is equivalent to the requirement
that P be the stabilizer in G of a finite sequence of subspaces

{(F=0CF CRC - CF,1CF,=V}

(such that Fi- = F,,_ in type (BCD)).
We say that P is large if, moreover, each subspace F}, is either finite-dimensional
or finite-codimensional.

Given a splitting parabolic subgroup P C G, the quotient set G/P has a
structure of ind-variety, which is given by the exhaustion

G/P = | J G(E,)/P(E,).

n>1

Each quotient G(E,,)/P(FE,) is a flag variety for the group G(E,,), hence a projec-
tive variety. Thus G/P is locally projective, but in general it is not projective, i.e.,
does not admit an embedding as a closed ind-subvariety in the infinite-dimensional
projective space P*°(C). However, if P is large or semilarge, such an embedding
does exist (see [2, Prop. 7.2]). It is worth noting that, for any splitting parabolic
subgroup P, the ind-variety G/P can be realized as an ind-variety of generalized
flags; see Section 2.3.

Contrary to the finite-dimensional situation, any two splitting Cartan subgroups
of G do not have to be conjugate; see Example 2.3. In this paper, a source of
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difficulty is that we are considering splitting parabolic subgroups which do not a
priori have a splitting Cartan subgroup in common, even up to conjugacy. The
following characterization of large splitting parabolic subgroups will be useful in
this respect.

Proposition 1.2 (see Proposition 3.1). Let P C G be a splitting parabolic sub-
group. The following conditions are equivalent.
(i) P is large;
(ii) for every splitting Cartan subgroup H C P, there is g € G such that
gHg ! C P.
The proof is given in Section 3.

1.3. Main results

We consider a product of ind-varieties of the form
X=G/P; x---xG/Py (1.1)

where P1,..., Py C G are splitting parabolic subgroups of G. The ind-variety X
is equipped with the diagonal action of G. Our purpose is to solve the following
problem:

Problem 1.3. Characterize all ¢-tuples (Pq,...,Py) such that X has a finite
number of G-orbits.

Of course if £ = 1, then X has only one G-orbit. If £ = 2, the number of orbits
in X is infinite in general, and our first main result claims the following.

Theorem 1.4. If{ =2, then X (of (1.1)) has a finite number of G-orbits if and
only if one of the subgroups P1, Py is large and the other one is semilarge.

Corollary 1.5. Let P be a splitting parabolic subgroup of G. Then the ind-variety
G/P has a finite number of P-orbits if and only if P is large.

Next we consider the case ¢ = 3, i.e.,
X = G/Pl X G/PQ X G/P3

By Theorem 1.4, if X has a finite number of G-orbits then all three splitting
parabolic subgroups P, Py, P3 are semilarge and at least two of them are large.
Moreover, it follows from Proposition 1.2 that, up to replacing the parabolic
subgroups by conjugates, there is no loss of generality in assuming that Py, Po,
and P3 contain the same splitting Cartan subgroup H = H(FE) for some admissible
basis E. This assumption guarantees that the construction of Section 1.2 can be
done simultaneously for each factor G/P; (i € {1,2,3}). Hence, by considering a
filtration E = |J,, By, as in Section 1.2, we obtain an exhaustion

X = J X(E,) (1.2)
n>1
where X(E,,) := H?:1 G(E,)/P;(E,) is a triple flag variety for the group G(E,,).
See Section 4.1 for more details.
Our main result regarding the case £ = 3 can be stated as follows.
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Theorem 1.6. If { = 3, then X can have a finite number of G-orbits only if the
splitting parabolic subgroups P1,Po, P3 are semilarge and at least two of them are
large. Moreover, in this situation, X has a finite number of G-orbits if and only
if, for all n, the finite-dimensional triple flag variety X(E,) has a finite number
of G(E,,)-orbits.

Finally, X has a finite number of G-orbits if and only if the triple (P, Py, P3)
appears, up to permutation, in Table 1.

In Table 1, we use the following notation for a semilarge parabolic subgroup
P obtained as the stabilizer of a finite chain of subspaces {Fy =0 C F; € ... C
F,, = V} as in Definition 1.1. We set |P| = m and denote by A(P) the list of
values dim Fy/Fy—1 (k = 1,...,m) written in nonincreasing order; in case of j
repetitions of the same value a, we write a’. Note that this list always starts with
0o, and P is large if and only if there is a unique occurrence of co in the list.

TABLE 1. Classification of triples (P1,P2,P3), up to permutation, such that the ind-
variety G/P1 x G/P2 x G/P3 is of finite type.

GL(00) case:

l Py [ Po [ P3 [ additional condition ‘
Py =2 |[Pa| =2 semilarge two of Py, Py, P3 are large
P =2 |P2| =3 3<|P3| <5 | two of P1,Pg,P3 are large

A(P1) = (00,2) |P2| =3 semilarge P or P3 is large
|P1| =2 [P2| =3, 1€ A(P2) semilarge two of P1,Po, P35 are large
A(P1) = (00,1) large semilarge no additional condition
Sp(oc0) case:
| P, l P, P; |
P =2 |Pa| =3, large | |P3| € {3,5}, large
Py =2 A(P3) = (00, 12) large
A(P1) = (00,1?) |Pa| =3 large
A(P1) = (00,1%) |P2| = 3, large semilarge
O(o0) case:
P [ Py [ P3
[P =2 A(P3) = (c0,b%), b < 3 large
|P1| =2 A(P3) = (o0, 17) large
P =2 |[Pa| = 3, large |P3| € {3,5}, large
P =2 |P2| = 3, large A(P3) = (00,¢?,1%), ¢ < o0
Py =2 [Py| =3, large A(P3) = (00, 1%)
A(P1) = (00,b%), b < A(P3) = (00, 00,1) |P3| € {3,5}, large
A(P1) = (00, 1%) |P2| = 3, large semilarge
A(P1) = (o0, 1%) |P2| € {3,4} large

Finally, it is not surprising that, as in the case of finite-dimensional multiple
flag varieties, the following holds.

Theorem 1.7. If { > 4, then X has an infinite number of G-orbits.
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The rest of the paper is structured as follows. In Section 2 we summarise some
existing results on the classical ind-groups and their homogeneous ind-varieties.
In Section 3 we show the characterization of large parabolic subgroups stated in
Proposition 1.2. In Section 4 we explain the construction of the exhaustion of (1.2)
in more detail, and prove Lemma 4.2 which claims that whenever the multiple
ind-variety X of (1.1) has an exhaustion as in (1.2), we get an embedding of orbit
sets

X(E,)/G(E,) = X/G.

This lemma plays a key role in the proof of our main results. Theorem 1.4 is proved
in Sections 5—6. Theorem 1.6 is proved in Section 7, except for the verification of
Table 1 which is done in Appendix A. Finally the proof of Theorem 1.7 appears
in the very short Section 8.

2. Preliminaries on admissible bases and generalized flags

2.1. Splitting Cartan subgroups and admissible bases

We refer to Sections 1.1 and 1.2 for the definitions of admissible basis and splitting
Cartan subgroup. Note that the group G acts on the set of admissible bases.
Moreover, if E is an admissible basis of V' then

H(g(E)) = gH(E)g™",

hence G acts by conjugation on the set of splitting Cartan subgroups.

Lemma 2.1. Let E, E’ be two admissible bases of V' which differ by finitely many
vectors, that is,
E=EyUI and E =EyuUl

where I,I' are finite sets. Then the splitting Cartan subgroups H(E) and H(E")
are conjugate.

Conversely, if H and H' are two conjugate splitting Cartan subgroups, then
there are admissible bases E and E' which differ by finitely many vectors such that
H=H(FE) and H = H(E'").

Proof. First, we note that I and I’ have the same cardinality, equal to the codimen-
sion of (Ep) in V. In type (A) we take g € GL(V') such that g(I) = I’ and g(e) = ¢
for all e € Ey, hence g(F) = E’. This element g actually belongs to GL(c0) = G,
and we get H(E') = H(g(F)) = gH(E)g~*.

In type (BCD), up to considering larger I and I’ if necessary, we may assume
that I and I’ are stable by the involutions ig and ig/, respectively. Since I and I’
have the same cardinality and the involutions i and ig: have at most one fixed
point, we can write either

_ * * o ok 1%
I=A{e1,...,ep,el,...,ex} and I'={ey,... e, ey ... e},
or

* * ! / ! / 1£3 /%
I={ep,€1,...,65,€7,...,e5} and I ={ej,e],....e e ..., e},
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with ef =ig(e;), e =ip(e}) for 1 <i <k and ey = ig(ep), €, = ig/(ef). Up to
replacing the vectors of I and I’ by scalar multiples (which does not change the
splitting Cartan subgroups) we may assume that
wle,ef) =w(el, ey =1for 1 <i<k, wlen en)=uwl(ey e =1

Then, by letting g(e) = e for e € Ey and g(e;) = €], g(e}) = e for all i, j, we get
an element g € G such that H(E') = H(g(E)) = gH(E)g~ .

The converse statement follows by observing that, if E is an admissible basis
such that H = H(E), and g € G satisfies H' = gHg ™!, then H' = H(g(E)), where
g(E) is an admissible basis which differs from F by finitely many vectors. O

Remark 2.2.

(a) In type (A), if E is an admissible basis of V', then any basis E’ which differs
from FE by finitely many vectors is admissible. Indeed, in this case we have an
element g € G such that E' = g(F).

(b) In type (BCD), part (a) of the remark does not hold, but we point out
the following construction of admissible basis. Let an orthogonal decomposition
V = Vi & V5 be given. The restriction w; of the form w to each subspace V;
(i € {1,2}) is nondegenerate. For i € {1,2}, let F; be an admissible basis of V;,
that is, a basis endowed with an involution ig, : E; — E; with at most one fixed
point such that w(e,e’) # 0 if only if ¢’ = ig,(e). Moreover, assume that ig, or
ip, has no fixed point. Then E; U E5 is an admissible basis of V' for the involution
i, Utpg,.

(¢) In type (BCD) any admissible basis can be written as

E={en,entn>1 or E={eo}U{en, entn1

where e = ig(e,) for all n > 1 and ey = e is the fixed point of i (if it exists).
By replacing the vectors by scalar multiples (which does not change the splitting
Cartan subgroup H(F)), we can transform E into a basis with

w(em,ey,) = Om,n for all m,n.

In [2], a basis which satisfies this property is called w-isotropic. If w is symplectic,
an w-isotropic basis is said to be a basis of type (C). If w is symmetric, an w-
isotropic basis is called of type (B) or (D) depending on whether ig has a fixed
point or no fixed point.

In type (BD), bases of both types (B) and (D) do exist in V' and their corres-
ponding splitting Cartan subgroups cannot be conjugate.

The following example shows that, in any type, there are splitting Cartan
subgroups which are not conjugate. In fact, using the construction made in this
example, it is easy to show that there are infinitely many conjugacy classes of
splitting Cartan subgroups.

Example 2.3. Let H=H(F) C G be a splitting Cartan subgroup, associated to
an admissible basis. Let I = {e,, e}, },>1 be a double-infinite sequence of (pairwise
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distinct) vectors of E, moreover in type (BCD) we assume that these vectors are
pairwise orthogonal, that is,

{en, €}, }n>1 spans an isotropic subspace of V. (2.1)
We construct a splitting Cartan subgroup H' C G such that
Vn > 1, 3h € H' such that h(e,) = €}, and h(e),) = ep. (2.2)

The subgroup H’ cannot be conjugate to H: for every g € G, we have g(e,) = e,
and g(el) = e/, whenever n > 1 is large enough, and (2.2) yields h € H' with

ghg™ (en) = gh(en) = g(e},) = €, & (en).

Hence, gH'g~! ¢ H.

For constructing H', we construct an admissible basis E of V which contains
the vectors é, := e, + e/ and €, :=e, — e}, for all n > 1, and then we define H’
as the subgroup H(E) C G of all elements Wthh are diagonal in the basis E. This
subgroup fulfills (2.2), since for all n > 1 we can find h € H' such that h(é,) = €,
and h(e)) = —é,.

The construction of E is done as follows. In type (A), we take

E:=(E\I)U{éy, &)} n>1.
The dual family E* = {¢, : e € E} consists of the linear functions
Pe ifteec E\I,
Pe 1= %(ﬁben + ¢ei,,) ife=é,,
%(QSen - ¢e’n) ife= é;“
where E* = {¢. : e € E} is the dual family of £. Hence (E*) = (E*), and this
shows that E is admissible.
In type (BCD), we note first that condition (2.1) implies that the double

sequence I and its image by the involution ig : F — E are pairwise disjoint.
Then we set

E=(E\(IUig(I) U{en, & us1 U{fu, filns1

where
. ir(en) ir(en)
" wlenip(en)  w(elin(e,))’
jro—_tmle) in(en)

wlen,ip(en))  w(en iner))

It is easy to check that the basis E so-obtained is admissible, with involution
i B — E given by i5(é,) = fn, ip(é,) = f for all n > 1 and ip = ip on
B\ (1 Uis(D).

For later use, we also point out that an element of G (contrary to a general
element of GL(V')) cannot map a subspace A C V onto a larger subspace.



LUCAS FRESSE, IVAN PENKOV

Lemma 2.4. Given subspaces A C B C V, there is no g € G such that g(A) = B.

Proof. Arguing by contradiction, assume that there exists ¢ € G with g(A) =
B. Let E be an admissible basis of V. There is a finite subset Ey C F, such
that g(e) = e for all e € E'\ Ey and g stabilizes the finite-dimensional subspace
(Ep). Up to choosing the finite subset Fy larger if necessary, we may assume that
AN (Ey) € BN (Ep), while the equality g(A N (Ey)) = BN (Ey) holds. This is a
contradiction. [J

2.2. Splitting parabolic subgroups and generalized flags

The notion of splitting parabolic subgroups can be described in a more handy way
by using a model from linear algebra, based on the following definition.

Definition 2.5.
(a) A generalized flag in V is a collection F of linear subspaces of V' which
satisfies the following conditions:

e The inclusion relation C is a total order on JF; moreover every subspace F' € F
has an immediate predecessor or an immediate successor in F with respect
to C.

e For every nonzero vector v € V, there is a pair of consecutive subspaces
F',F" € F such that v € F"\ F.

e In type (BCD) we require a generalized flag to be isotropic in the following
sense: for every F € F we have F+ € F, and the map iz : F' — F' is an
involution of F.

Note that the group G acts on the respective set of generalized flags in a natural
way.

(b) Let E be an admissible basis. A generalized flag F in V is said to be E-
compatible if it is H(F)-fixed. This is equivalent to requiring that each subspace
F € F is spanned by a subset of E.

(c) We say that F is weakly E-compatible if it is compatible with a basis E’ of
V such that E'\ F and F \ E’ are finite (that is, E and F’ differ by finitely many
vectors).

Example 2.6. Generalized flags can take various forms:

(a) A generalized flag can be a finite sequence of subspaces F = {Fp = 0 C
FLC-CFn=V}.

(b) Let F C V be a subspace (taken isotropic in type (BCD)). In type (A), we
set Fp := {0 C F C V}; this is the minimal generalized flag which contains the
subspace F. In type (BCD), we set Fr := {0 C F C FX C V}; this is the minimal
isotropic generalized flag which contains F'. In each case we call Fr the generalized
flag associated to F.

(¢c) F={Fb=0CFL CF,C---CF,C...}is a generalized flag (in type
(A)) provided that | J,, F,, = V.

dF={..CcF,C---CF1CFyCF C---CF,C--}is a generalized
flag (in type (A)) if (), F» = 0 and |J,, Fr, = V. It is a generalized flag in type
(BCD) if and only if there is some ng such that Fii = F,,_,, for all n.

(e) Let E = {ey}secq be a basis of V indexed by the rational numbers. For
z€Qlet F, := (e, :y <z)and F) := (e, :y <z). Then F := {F},F)},cq is an
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E-compatible generalized flag (in type (A)) such that each subspace lacks either
an immediate predecessor or an immediate successor.

Proposition 2.7 ([2]). Let E be an admissible basis and F be an E-compatible
generalized flag in V. Then the subgroup

Pr = Stabg(F) :={g € G: gF = F}

is a splitting parabolic subgroup of G that contains the Cartan subgroup H(E).
Moreover, every parabolic subgroup of G that contains H(E) is obtained in this
way.

In addition, Pr is a splitting Borel subgroup if and only if the generalized flag F

is mazimal, in the sense that dim F”' /F' =1 for each pair of consecutive subspaces
{F',F"} in F.
Remark 2.8. Contrary to the finite-dimensional situation, two splitting Borel sub-
groups of G are not necessarily G-conjugate, even if they contain the same splitting
Cartan subgroup. This observation follows from Proposition 2.7 and from the
fact that two F-compatible maximal generalized flags F,G do not belong to the
same G-orbit in general. For instance, F and G certainly belong to different
G-orbits if they are not isomorphic as totally ordered sets. However, even if
they are isomorphic as totally ordered sets, the generalized flags F and G do
not have to be G-conjugate. For instance if F = {(e1,...,en)}n>0 and G =
{{e1,...,ean),{€1,...,€2m,e2m+12) tn>0 (Where E = {ej}r>1), then Stabg(F) and
Stabg(G) are two splitting Borel subgroups of G = GL(c0) which are not conju-
gate. Indeed every g € G satisfies g({e1,...,e,)) = {e1,...,ey,) for large n, hence
G¢G-F.

2.3. Ind-varieties of generalized flags

Fix an admissible basis E of V and a generalized flag F = {F,} in V, compatible
with E. Let P = Pr C G be the splitting parabolic subgroup obtained as the
stabilizer of F, as in Proposition 2.7. In this section, we describe the homogeneous
space G/P = G - F as an ind-variety of generalized flags. See [2] for more details.

Definition 2.9. A generalized flag G is said to be E-commensurable with F if
G = {G,} is parameterized by the same ordered set as F, and in addition satisfies
the following conditions:
e G is weakly E-compatible;
e there exists a finite-dimensional subspace U C V, such that F,+U = G, +U
and dim F,, N U = dim G, N U for any «a.

Let FI(F, E,V) denote the set of all generalized flags G that are E-commen-
surable with F. Let F1,(F, E,V) denote the subset of all such generalized flags
which are isotropic. Then the homogeneous space G/Px = G-F coincides with the
set FI(F, E,V) in type (A), respectively with Fl,(F, E,V) in type (BCD). (Note
that the notion of commensurability is the same whatever type is considered.)

In Section 1.2 we notice that the quotient G/P# has the structure of an ind-
variety, obtained by considering a filtration

E:UEn

n>1
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by finite subsets; in type (BCD) the basis is endowed with the involution i : E —
E (with at most one fixed point) and we require the subsets FE,, to be ig-stable,
so that the restriction of the form w to each subspace (E,) is nondegenerate.

The ind-structure on FI(F, E, V) and Fl,,(F, E, V) is given via the identification
with a direct limit

FI(F,E,V)=UmFI(F,E,), Fl,(F, EV)=1imFl,(F, E,), (2.3)
— —

where FI(F, E,) and Fl,(F, E,) are varieties of partial flags of the space V,, :=
(E,) defined in the following way. The generalized flag F gives rise to a flag in the
finite-dimensional subspace (F,), namely let F(n) be the collection of subspaces

F(n) == {F 0 (B }brer. (2.4)
Let d(F,n) denote the corresponding dimension vector
d(F,n):={d(F,n)rptrecr where d(F,n)r:=dimF N (E,).
The (finite-dimensional) algebraic variety
X5 (n) i= G(E,) - F(n) = G(E,) /P> (E,)
can be viewed as the set of collections of nested subspaces of (E,,)
Xz(n) =FUF,E,) = {{Mp}pcr :VF € F, dimMp = d(F,n)p}
in type (A), respectively
Xr(n) = Fl(F, E,) == {{Mp}rer € F(F,E,) :VF € F, (Mp)* = Mp.}

in type (BCD).
For each n > 1, we have the embedding

¢r(n) : Xz(n) = Xz(n+1), {Mr}rer — {Nr}rer

given by
Np=Mp® (FN{(Ept1 \ Ey)) forall FeF.

Finally, the ind-variety G/Px = G - F = FI(F, E, V), respectively Fl,(F,E, V),
is obtained as the limit of the inductive system

Xr(l) = Xz(2) = - = Xr(n) = Xrn+1) —=---.

This yields (2.3).
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Remark 2.10. In (2.4), F(n) is an a priori infinite collection of subspaces of (E,)
with repetitions. If we avoid repetitions, we can also write F(n) as an increasing
sequence of subspaces

{FO:OgFlg"'ng:<En>}

and the dimension vector d(F,n) as an increasing sequence

~

d(F,n):={dy=0<d; <--- <ds} ={dim F};_.
Then F1(F, E,,) can be identified with the variety of partial flags in V,, = (E,),
FI(d(F,n), V) = {{My C My C--- C My = V,,} : Vk, dim My, = dy },

while in type (BCD), Fl, (F, E,,) is identified with the variety of isotropic partial
flags

FL,(d(F,n),V,) = {{My};_o € FUd(F,n), V) : Vk, (My)* = M,_;,}.

In type (A), the embedding ¢#(n) corresponds to an embedding of partial flag
varieties

—~ o~

in : FI(d(F,n),Vy) = FlI(d(F,n+1),Vy11)

obtained in the following way. Assume that E, 1 = E, U{e} for simplicity (in the
general case, i, is obtained as a composition of mappings of the following type).
Then

{FoC...CF. CF.,®(e) C...C Fs®(e)} R
for some k < s, if d(F,n + 1) is a longer sequence than d(F,n),

Fln+1) = {FoC...CF. CFep1®(e) C...CFsD(e)}
for some k < s, if d(F,n + 1) is a sequence of the same length as

~

d(F,n).
The map i, is now defined via the respective formula

{Moc...CM,CMp®(e)C...C M;D(e)},

in({Mi}k=o) = {{Mo C...C My CMpy1®(e) C...C M;&(e)}.

The embeddings i, have been introduced in [2] in different notation. In type (BCD)
the construction is similar.

3. A characterization of large splitting parabolic subgroups
Proposition 1.2 is incorporated in the following more complete statement.

Proposition 3.1. Let P be a splitting parabolic subgroup of G. Let F be the unique
generalized flag for which P = Stabg(F) (see Proposition 2.7). The following
conditions are equivalent:
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(i) P is large;
(il) F is weakly E-compatible with every admissible basis E;
(iii) for every admissible basis E, the ind-variety G/P = G - F contains a
generalized flag which is E-compatible;
(iv) for every splitting Cartan subgroup H C G, there is g € G such that
gHg ' C P.

Proof. (i)=-(ii): Assume that P is a large splitting parabolic subgroup. Then the
generalized flag F has the form

F={FRy=0CF CFC-CF,=V},

and moreover, there is a unique index k € {1,...,m} for which the space Fy/Fy_1
is infinite-dimensional. The subspace F}_1 is finite-dimensional and the subspace
Fy, is finite-codimensional. Moreover, since the generalized flag F is compatible
with an admissible basis (Proposition 2.7), there is a finite subset ® C V, such
that Fj, = (g ker ¢.

Let E C V be an admissible basis, hence the dual family E* = {¢ : ¢ € E}
spans the subspace V, C V*. We can find a finite subset I C E such that

e i, 1 CVp:= <[>,
o & C (P :e€cl),sothat Vo:=(E\I) C Fy.

In type (BCD), up to choosing I larger if necessary, we may assume that I is stable
by the involution ig : E — E and contains the fixed point of ig if it exists. Hence
the restriction of w to V7 and V5 is nondegenerate and the decomposition

V:VleBVQ

is orthogonal in this case.
The sequence

Fli={F,CF CFyC---CF,} with F/:=ViNF,

is a flag of the finite-dimensional space Vi, and we can find a basis F; of V; such
that " is compatible with E1, that is, I} is spanned by a subset Ey ; C F for all
Jj. Moreover, in type (BCD) we have
(F)" =Vin(F;") =VinFy_; =F),_; forallj,

where | indicates the orthogonal space with respect to the restriction of w to V7,
hence we may assume that the basis F; is isotropic with respect to the restriction
of w.

We obtain a basis E’ := E; U (E\ I) of V which differs from FE by finitely many
vectors, and is in addition admissible (see Remark 2.2(a)—(b)). For all j we have

po_ JE = (B ifj<k-1,
ITMVe@ Fl = ((E\I)UE;) ifj>Fk,
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hence F is E’-compatible, and therefore weakly E-compatible.

(ii)=-(iii): Assume that F is weakly E-compatible. This means that there is an
admissible basis E’ which differs from F by finitely many vectors, and such that F
is E’'-compatible. The latter fact is equivalent to saying that F is a fixed point of
the splitting Cartan subgroup H(E’). By Lemma 2.1, we can find g € G satisfying
H(E) = gH(E')g~!. This implies that the generalized flag gF is a fixed point of
H(FE), and therefore gF is E-compatible.

(iii)=(iv): Every splitting Cartan subgroup of G is of the form H(E) for an
admissible basis E. By (iii) we can find g € G so that ¢gF is E-compatible, that
is, fixed by H(E). This yields g 'H(E)g C Stabg(F) = P.

(iv)=-(i): Assume that P is not large. This implies that one of the following
cases occurs.

(a) F contains a subspace Fj that is both infinite-dimensional and infinite-
codimensional, or

(b) F contains infinitely many subspaces, in particular, an increasing chain
Fy CF, C---CFy C--- oradecreasing chain F} D F, D -+ D F D ---.

Moreover, in type (BCD), since we have F* € F whenever F' € F, we may assume
that Fy is an isotropic subspace of V' in case (a), and that {Fj}r>1 is a chain of
isotropic subspaces of V' in case (b).

Let £ be an admissible basis of V' such that the generalized flag F is E-
compatible. We claim that there is a double-infinite sequence

{en,entn>1 CE (3.1)
such that
Vn > 1, 3F € F such that e, € F and €], ¢ F (3.2)
and moreover
{en, €, }n>1 span an isotropic subspace of V' (in type (BCD)). (3.3)

The construction of the double sequence {e,, e}, },>1 can be done as follows. In
case (b), for each k > 2 we take a vector ¢ € F lying in Fj \ Fr_1 in the case
of an increasing chain, respectively in Fj_; \ F} in the case of a decreasing chain.
Then we set (e, el,) := (€an,Ean+t1), respectively (e, el) := (2n41,€2n), and we
have (3.2). In type (BCD), since each subspace F} is isotropic, we get (3.3).

In case (a), in type (A), relying on the fact that Fp is infinite-dimensional and
infinite-codimensional, we take an infinite subset {e,}n,>1 C E of vectors which
belong to Fy and an infinite subset {e,},>1 C E of vectors which do not belong
to Fy. The so-obtained double sequence clearly satisfies (3.2). In type (BCD), we
first take an infinite subset {ej}x>1 C E of vectors which belong to Fp, then we
set ey, 1= €9, and e}, := ig(e2,41). Since the subspace Fy is isotropic, the vectors
el, do not belong to Fy, hence (3.2) holds. Finally (3.3) holds due to the definition
of the involution ig. This completes the construction of the double sequence of
(3.1).

Let H' C G be the splitting Cartan subgroup associated to the double sequence
{en, e}, tn>1 as in Example 2.3. For every g € G, since we have g(e) # e for only
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finitely many e € E, there is n > 1 such that g(e,) = e, and g(e],) = e),. Then
(2.2) and (3.2) yield a subspace F' € F and an element h € H' such that

en € F and ghg '(e,) =e¢), ¢ F, hence ghg '(F)#F.

This establishes that, for all g € G, we have gH'g~! ¢ Stabg(F) = P. The proof
of the proposition is complete. [

4. Exhaustion of X and a key lemma

In this section we consider an ind-variety X of the form (1.1). Our analysis is
based on the following assumption:

the splitting parabolic subgroups Pq,...,P,_; are large. (4.1)

4.1. Exhaustion

Here we explain how to construct a natural exhaustion of the ind-variety X. The
notation introduced here is used in the subsequent sections.

For every i € {1,...,¢} there is a generalized flag F; such that P; = Stabg (F;)
(see Proposition 2.7), hence X; := G/P; = G - F;. Let E be an admissible basis
of V such that F; is E-compatible. By Proposition 3.1, for every ¢ € {1,...,¢—1}
we can find an element h; € G such that h;F; is E-compatible. In view of the
isomorphisms

G/P; = G/hP;h;t for1<i</(—1,
up to replacing P; by hiPihi_l = Stabg (h;F;), we may assume that
Fi,...,Fy are E-compatible,
that is,
the splitting Cartan subgroup H(F) is contained in Py,...,Py.

Take a filtration of the basis

E:UEn

n>1

by finite subsets (stabilized by ig in type (BCD)). As in Sections 1.1 and 1.2, we
let
G(E,) :=GNGL(E,)) and P;(E,):=P;NGL(FE,))

which are respectively a classical algebraic group and a parabolic subgroup. In
fact, since we are dealing with a single admissible basis F, it is harmless to avoid
the reference to F in the notation; we set for simplicity G(n) = G(E,) and

For each i € {1,...,¢}, we follow the construction made in Section 2.3: the
generalized flag F; gives rise to a flag in the finite-dimensional subspace (E,),
namely let F;(n) be the collection of subspaces

Fi(n) = {F N (En)}rer.
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The (finite-dimensional) algebraic variety
Xi(n) = G(n)/P;(n) = G(n) - Fi(n)

can be viewed as the set X, (n) of collections of subspaces of (E,,) described in
Section 2.3. (It is isomorphic in a natural way to a partial flag variety of the space
(E,); see Remark 2.10.)

For each n > 1, we have the embedding

pi(n) : Xi(n) = Xi(n+1), {Mr}rer, = {Nr}reF

given by
Np=Mp® (FN{(E,41\ E,)) forall FeF,.

Finally, for each i € {1,...,¢}, the ind-variety X; = G/P; = G - F; is obtained as
the limit of the inductive system

thus we have an exhaustion

n>1

Altogether, we have the following exhaustion of the ind-variety X:

X =[JX(n), X(n):=X(n)x - xXn),

n>1

where for each n we consider the embedding

14

¢(n) := [ ¢i(n) : X(n) = X(n+1). (4.2)

i=1

Remark 4.1. The construction presented in this section is only possible in the case
where the ind-varieties Xy, ..., X, have points Fi, ..., F; which admit a common
compatible basis. Assumption (4.1) (combined with Proposition 3.1) is crucial in
this respect.

4.2. Key lemma

We still assume (4.1). Our key lemma is as follows.

Lemma 4.2. Let ¢(n) : X(n) — X(n + 1) be the embedding (4.2). Let F,F' €
X(n). Assume that ¢(n)(F) and ¢(n)(F') belong to the same G(n+1)-orbit. Then
F and F' belong to the same G(n)-orbit.

Consequently, for every n > 1, the embedding X(n) — X induces an injection
of orbit sets X(n)/G(n) = X/G.

In type (A), we may suppose that

En+1 = En U {6}
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Hence M := (E,) is a hyperplane of N := (E,,+1) = M @ (e). Every element of the
variety X(n) (respectively, X(n+ 1)) consists of a collection of subspaces {M;};cs
of M (respectively, {N;}icr of N), and the map ¢(n) : X(n) — X(n + 1) is of the
form
. _ ) . o M; ifi e I,
o(n) : (M} > {N;} with N; = {Mi s el

for some subset Iy C I. Therefore, in type (A) Lemma 4.2 follows from the following
lemma from linear algebra.

Lemma 4.3. Let N be a finite-dimensional complex vector space, M C N a
hyperplane, L C N a line such that N = M & L. Let {M;};er and {M/};cr be
two collections of subspaces of M, indexed by an arbitrary set I. Given a subset
Iy C I, assume that there exists g € GL(N) such that

g(M;))=M] Yiely and g(M;®L)=M/ &L Viel\ .
Then there is h € GL(M) satisfying
h(M;) = M! Viel.

Proof of Lemma 4.3. Let p: N = M & L — M denote the linear projection. First,
assume that g(L) = L. Then the linear map

h:=pog|m
is an element of GL(M). For i € I we have
M; = p(M;) = p(g(M;)) = h(M;),
and for 7 € I\ Iy we have
M =p(Mj® L) = p(g(M; ® L)) = p(g(M;) & L) = p(g(M;)) = h(M).

The lemma is proved in this case.
Thus it remains to consider the case where

g(L) # L.

Then K := L+ g(L) is a 2-dimensional subspace of N.
The sums

My = ZMZ- and M} = ZM{

i€lp i€lp

are subspaces of M, and by the properties of g we have g(My) = M), so dim My =
dim M],. Hence we can find hg € GL(M) such that ho(M})) = My. Let b/ :=
ho @idy € GL(M @ L) = GL(N). For every i € I we set M/" := ho(M]). Then

W (g(M;)) =h (M]) =M Yic I
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and
W (g(M;® L)) =h(M®L)y=M®L Viell\l,.

Moreover, h'(g(Mp)) = My. Therefore, by dealing with {M/};c; instead of
{M/}icr, we can assume that

My = Mg, e, g(Mp)= Mo.
Let e € L, e # 0. We distinguish two cases.
Case 1: K N My = 0.

Let {e1,...,e.} be a basis of M. Then the vectors ey, ..., e, e, g(e) are linearly
independent, and we can find vectors e,43,...,eq such that
{e1,...,er,e,9(€e),€rq3,...,€q} is a basis of N.

Let n € GL(N) satisfy n(er) = ex for all k € {1,...,r,7 +3,...,d}, n(e) = g(e),
and n(g(e)) = e. In particular, 0|z, = idas,, hence

n(g(M;)) = n(M;) = M]
for all i € Iy. Note also that
N=K®{e1,...,r,er13,...,eq) = K +ker(n —idy). (4.3)

For all i € I\ Iy, we have M/ ® L = g(M; ® L), therefore the subspace M/ @® L
contains L 4+ ¢g(L) = K. By (4.3), and since n(K) = K, this implies that the
subspace M/ @ L is n-stable. Hence,

n(g(M; ® L)) =n(M; ® L) = M; & L.

Since n(g(e)) = e, i.e., n o g(L) = L, this brings us back to the situation treated
at the beginning of the proof.

Case 2: KN My # 0.

As L ¢ My, we have K ¢ My, and consequently dim K N My = 1 in this case.
Note also that g(e) ¢ g(My) = Mp. Hence KN My = (e1) for some vector e; which
also satisfies K = (e,e1) = (g(e),e1). Let {e1,...,e.} be a basis of My containing
the vector e;. Then {ey,...,e.,e} and {e1,...,e.,g(e)} are two bases of My + K.
We extend them into bases of N by adding a common set of vectors e,42,...,€q4.
Let n € GL(IV) satisfy n(er) = e for all k and n(g(e)) = e. Then n|p, = idag,,
and this implies

n(g(M;)) = n(M;) = M] Vi€ I.

Moreover, 7 satisfies
N=K& e, ...,er,r19,...,eq) = K +ker(n —idy). (4.4)

For every i € I'\ Iy, we have K C M/ ® L = g(M; ® L). In view of (4.4), and since
n(K) = K, we deduce that the subspace M/ @ L is n-stable, hence

n(g(M; ® L)) =n(M;®L)=M;®L Viell\l.

Since n(g(L)) = L, again we are brought back to the situation already treated at
the beginning of the proof. The proof of the lemma is now complete. [
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In type (BCD), with the notation of Lemma 4.2, we have already the implica-
tions

¢(n)(F) and ¢(n)(F’) belong to the same G(n + 1)-orbit
= ¢(n)(F) and ¢(n)(F’) belong to the same GL(({E,,11))-orbit
= F and F’ belong to the same GL(({E,))-orbit,

where the last implication is valid since we have already proved Lemma 4.2 in type
(A). For completing the proof of Lemma 4.2 in type (BCD), we have to show that
F and F’ belong to the same G(n)-orbit. This conclusion is deduced from the
following general fact.

Lemma 4.4. Let M be a finite-dimensional linear space, endowed with a nondege-
nerate orthogonal or symplectic bilinear form w. We consider the group

G(M,w) ={g € GL(M) : g preserves w}.

Let T be a set equipped with an involution i — i*, and let F = {M;};er and
F' ={M!};cr be two collections of subspaces satisfying

d; == dim M; = dim M| for alli €I,
M} =My € F and M/t =M. cF foralicl.

Assume that there is g € GL(M) with g(M;) = M| for all i. Then there is h €
G(M,w) with h(M;) = M/ for all i.

Proof. We define X to be the set of collections of subspaces { M, };cr with dim M; =
d; for all 4, and we consider the action of G := GL(M) on X given by

g - {M;i}ier = {9(M;) }ier-
Note that X is endowed with the involution
0: X = X, {M;}ier — {M*}icr.

Let X be the fixed point set of this involution. Then F and F’ are elements of
Xe.

Let u* denote the adjoint morphism of an endomorphism u € End(M) with
respect to the form w. Thus G is also endowed with an involution given by

G—G, g—g° = (g*)fl,

and G(M,w) coincides with the subgroup G7 of fixed points of this involution.
Then the claim made in the statement follows once we show that two elements of
X are G?-conjugate whenever they are G-conjugate. This is exactly [8, Prop. 2.1]
(conditions (1)—(3) of [8, Prop. 2.1] are clearly verified). O
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5. Proof of the direct implication in Theorem 1.4

Arguing indirectly, assume that (P1,P2) is a pair of splitting parabolic sub-
groups which does not satisfy the condition of Theorem 1.4, namely, up to exchang-
ing the roles of P and P, we may assume that

Case 1: P; is not semilarge, or
Case 2: P, P; are semilarge but not large.

Considering generalized flags F;, F» such that P; = Stabg (F1), P2 = Stabg(F2),
the condition of Case 1 means that

F1 has an infinite number of subspaces. (5.1)

The condition of Case 2 implies that

in each generalized flag F; and F3, there is at least one subspace (5.2)
which is both infinite-dimensional and infinite-codimensional. '

We will show that X = G/P; x G/P3 has infinitely many G-orbits. Since the
map
Py - (gP2) = G- (P1,9P2)

is a bijection between the set of P1-orbits on G /P53 and the set of G-orbits on X,
it suffices to show that G /Ps has infinitely many P;-orbits.

Let F» € F3 be such that 0 C F, € V. In Case 2, by virtue of (5.2), we
assume that F» is infinite-dimensional and infinite-codimensional. In type (BCD)
we assume that Fr C Fj-. Recall from Example 2.6(b) that the generalized flag
associated to Fy is given by

T o= {0Cc FhCV} in type (A),
P27 \{0Cc Fy € F3- c V) oin type (BCD).

By replacing the parabolic subgroup P by the larger splitting parabolic subgroup
P, := Stabg(Fr,), we may assume that Fo = Fp,.

We fix an admissible basis F such that F» is F-compatible. Then the ind-variety
G/Py = G- F; consists of generalized flags which are E-commensurable with Fa,
in particular are of the form Fr for F' C V. Our aim is to construct an infinite
sequence of such generalized flags which belong to pairwise distinct Pq-orbits. By
a slight abuse of terminology, we say that a subspace F' is weakly F-compatible if
its associated generalized flag Fr is weakly E-compatible. Also, we say that F’ is
E-commensurable with F' if Fp/ is E-commensurable with Fr.

Lemma 5.1. Let F be weakly E-compatible (with F C F* in type (BCD)). Let
¢ € Vi satisfy F ¢ ker¢. Fixv € V\F. In type (BCD) we assume in addition that
the vector v is isotropic and belongs to (F Nker ¢)*. Then F' := (F Nker ¢) ® Cv
is E-commensurable with F.

Proof. Clearly, a subspace is weakly E-compatible if and only if it has a finite-
codimensional subspace spanned by a subset of F. Let I C E be such that F
contains (I) as a finite-codimensional subspace. There is a finite set J C E with
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¢ € (¢ : e € J). Then F’ contains (I \ J) as a finite-codimensional subspace.
Hence I’ is weakly E-compatible.

Let a vector v’ satisfy F' = (F Nker¢) @& Cv’. Then, we see that Fp and Fp/
are E-commensurable by considering any finite-dimensional subspace U C V such
that v, v’ € U in type (A) and which satisfies in addition (F Nker¢)* NU ¢ (v)*+
and (FNker¢)tNU ¢ (') in type (BCD). O

Lemma 5.2. Let L C M and F # 0 be subspaces of V, with F weakly E-

=

compatible. In type (BCD) we assume that these subspaces are isotropic. In type
(A) we assume that L, M are of the form

L=()ker¢GC M= ()kers
peD PV

for subsets U C @ C V,.

(a) If M ¢ F and F ¢ M, then there is a subspace F' C V which is E-
commensurable with F', isotropic in type (BCD), and such that

FNM is a hyperplane of F' N M
and F'/F' N M embeds as a hyperplane in F/F N M.

(b) IfFNM ¢ L and F+ M #V, then there is a subspace F' C V which is
E-commensurable with F, isotropic in type (BCD), and such that

F'NL=FnNL, F'NM isa hyperplane of FN M.

(¢) If F C L, then there is a subspace F' C V which is E-commensurable with
Fand such that F' ¢ L, F' C M.

Proof. (a) Since M ¢ F we can find a vector v € M\ F. In type (A), since F' ¢ M,
we can find ¢ € ¥ such that F' ¢ ker ¢. In type (BCD), either v ¢ F* and we take
¢ = w(v,-), or v € F*+ and we take ¢ = w(v',-) for any v/ € M+ \ F*. In all the
cases, it follows from Lemma 5.1 that the subspace

F':= (FNker¢) & (v)
is E-commensurable, isotropic in type (BCD), and satisfies
FFAnM=FnNM®& (v).

Moreover, the linear projection F’ — FNker ¢ yields an isomorphism F'/F'NM =
FNkerg/FnM.

(b) In type (A) we take a vector v € V'\ (F + M) and we find ¢ € ® such that
FNM ¢ ker¢. By Lemma 5.1, the subspace

F':= (F Nker¢) & (v) (5.3)
is F-commensurable and satisfies

F'NL=FnL, F'NM=(FnM)nkerg.
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In type (BCD) the construction is adapted as follows. Since F' N M ¢ L, there
is a vector v/ € Lt such that v' ¢ (F N M)+, that is, FN M ¢ (v')*. We take
¢ := w(v',-). The fact that F N M ¢ (v')* also implies that there is an isotropic
vector of the form v = v/ + w with w € FN M. Since FN M C (F + M)+, we
have v’ ¢ F + M, and hence v ¢ F + M. Moreover, v € F+ + (v') = (F Nker ¢)~.
By Lemma 5.1, the subspace F’ of (5.3) corresponding to this choice of ¢ and v is
isotropic and fulfills the required conditions.

(c) This time the conditions are fulfilled by the subspace F’ := (F Nker ¢) @ (v},
where v € M \ L and ¢ is any element of V, such that F' ¢ ker¢. O

Claim 1: If there is F} € F; (isotropic in type (BCD)) such that Fy N Fy
has infinite codimension in F; and Fy, then there is a sequence {F (n)}nzo of
(respectively, isotropic) subspaces which are E-commensurable with F, and satisfy

ENFOChRNnFYCc...c AnFM™ C....

Proof of Claim 1. The sequence {F (")}nzo is constructed by induction: we let
FO) = F, and, once F(™ is defined, we let F("*1) be the subspace F’ obtained
by applying Lemma 5.2(a) with F = F(") and M = F; (each time F; N F(™ still
has infinite codimension in F; and F™ hence the conditions for applying Lemma
5.2(a) are fulfilled). O

Claim 2: If | € F; (isotropic in type (BCD)) is such that Fy N Fy has finite
codimension in Fj or Fy, then there is a (respectively, isotropic) subspace F which
is F-commensurable with F5 and such that F' C Fy or Fy} C F.

Proof of Claim 2. Let m; := codimp, F; N Fy and m := min{m, ms}. By applying
m times Lemma 5.2(a) in the same way as in the proof of Claim 1, we obtain a
(respectively, isotropic) subspace F which is E-commensurable with F» and such
that

codimp, i NF =0 or codimpF;NF =0,

that is, F1 C For F C F;. O

Case 1 can now be addressed as follows. If there is Fy; € Fj (respectively,
isotropic) such that Fy N Fy has infinite codimension in F; and Fy, then Claim 1
yields an infinite sequence {Fpm }n>0 of elements of G/P3 which belong to
pairwise distinct orbits of P;. Indeed, if there were n < m with g(Fpm)) = Fpm)
for some g € Py = Stabg(F}), then we would have g(Fy N F(™) = F, N F(™) in
contradiction with Lemma 2.4 as the inclusion F} N F™) C kN F(™) ig strict.

It remains to consider the case where F; N F5 has finite codimension in Fj or
F, for all (respectively, isotropic) Fy € F;. Invoking Claim 2, and using that F;
contains an infinite number of subspaces (see (5.1)), for all n > 1 we can find a
sequence

FioCh1C--CFh,

of subspaces of F; such that

Vk € {0, . ,n}, dFr € G/P2 such that Fl,k CF
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or

Vk € {0,...,n}, 3Fr € G/Py such that F C Fy .

In the former case, by Lemma 5.2(b), for each k € {1,...,n} thereis a (respectively,
isotropic) subspace F®)  E-commensurable with Fb, such that Fip1 C F&)
Fix ¢ F®). In the latter case, invoking Lemma 5.2(c), for each k € {1,...,n}
we find this time F*) such that F) ¢ Fy g, F) ¢ Fi k1. In both cases, the
so obtained generalized flags Fr),...,Frmn € G/P2 belong to pairwise distinct
orbits of P;. Since n is arbitrarily large, we conclude that there are infinitely many
P;-orbits in G/Ps.

In Case 2, we assume that F5 € F5 has infinite dimension and infinite codimen-
sion in V, and that there is F; € F; with the same property (see (5.2)). In type
(BCD) these subspaces are also assumed to be isotropic. In the case where Fy N Fy
has infinite codimension in F; and Fy, Claim 1 yields infinitely many elements
Frm € G/Py which belong to pairwise distinct P-orbits.

It remains to consider the case where F; N Fy has finite codimension in F; or F5.
This implies that F} NF has infinite dimension and F; + F" has infinite codimension
in V whenever F is E-commensurable with F5. By applying Lemma 5.2(b) with
(L, M) = (0, F1), we get a sequence {F(n)}nzo of (respectively, isotropic) subspaces
which are F-commensurable with F5 and satisfy

FNFOORNFY . ..oFRNFM ...,

Therefore, the associated generalized flags Fpmy (for n > 0) are points of G/Ps
that belong to pairwise distinct Pj-orbits. We again conclude that G /P53 has an
infinite number of Pi-orbits. The proof of the direct implication in Theorem 1.4
is now complete.

6. Proof of the inverse implication in Theorem 1.4

We assume that P is large and Py is semilarge. Hence assumption (4.1) is
fulfilled, and we can find an exhaustion

X =G/P; x G/Py = | | X(n)

n>1
as in Section 4.1. By Lemma 4.2, we have inclusions of orbit sets
X(n)/G(n) = X(n+1)/G(n+1) foralln>1
and the orbit set X/G is the direct limit

X/G = lim X(n)/G(n).

To show that X has a finite number of G-orbits, it is sufficient to estimate
the number s,, of G(n)-orbits on X(n) and prove that the sequence {s,}n>1 is
bounded.
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In type (BCD), X(n) is the set of ordered pairs of isotropic flags of a given type,
in a finite-dimensional space M endowed with the nondegenerate bilinear form w,
and G(n) is the group G(M,w) of transformations which preserve w. According to
Lemma 4.4, we have s,, < s% where s stands for the number of GL(M)-orbits on
the set of ordered pairs of (not necessarily isotropic) flags of the same type. Thus
for showing that the sequence {s,}n>1 is bounded, it suffices to show that the
sequence {s2},>1 is bounded. Therefore, it is enough to deal with the type-(A)
case.

Since P; is large, the generalized flag F; is a finite chain

F1 = {Fl,O =0cC F171 c---C FLPo—l C Fl,po c---C FLP = V},

such that ¢1 j := dim F} ,/F} y—1 is finite for all k # pg. The generalized flag F
is a finite chain as Py is semilarge. For n > 1 large, X(n) is a double flag variety

of the form
X =Flei,...,¢p) X Fl(dy, ..., dy),

whose elements are ordered pairs of flags
(Fo=0CF C---CF,=(E,),F;=0CF/ C---CF,=(E,))

such that dim Fy/Fj_1 = ¢ and dim F}/F; | = d; for all k,¢. We have ¢ > 0,
dy > 0 and
a+-Fep=di+-+dy=m=dim(E,).

In addition, by choosing n large, we may assume that ¢, = ¢;  for all k # pg, and
thus ¢,y = m— Zk;ﬁpo c1,x- In particular, ¢, is independent of n for all k& # py. We
must show that the number s,, of G := GL((E,))-orbits on X can be bounded by
a constant which depends only on the numbers ¢ (for k # pg), p, and ¢. By the
Bruhat decomposition, s, is the cardinality of the double coset

Gy X - X B \Gp /Gy X - X g,

An element of the quotient &,,/&4, X --- x &g, can be viewed as a map 7 :
{1,...,m} = {1,...,q} such that 7!(j) has d; elements for all j. Every such
map 7 belongs to the &, X --- x &, -orbit of a map 7y which is in addition
nondecreasing on each interval [¢;_1 + 1, ¢;] with ¢; := ¢ + -+ - + ¢. Such a map
7o is completely determined by its restriction to {i € [1,m] : i < &, —_1 or i > Gp, }.
This restriction is a map

{1,...,Gpp—1}U{Cp, +1,...,m} = {1,...,q¢}

where the set on the left-hand side has C' := ), ~po Ck €lements. There are q¢
maps between these two sets. Therefore, we conclude that

Sp =[Gy X e X B \Gp /Gy X - X S| < ¢C.

The proof of the theorem is complete. [
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7. Proof of Theorem 1.6

The last assertion in Theorem 1.6 is a consequence of the first part of the
statement combined with the classification of triple flag varieties of finite type for
classical groups established in the references [7], [8], [9], [10]. Details are given in
Appendix A. In this section we prove the first part of the theorem.

Let X = X; x Xy x X3, where each factor X; = G/P; (i = 1,2, 3) is the quotient
by a splitting parabolic subgroup P; C G and can be viewed as an ind-variety of
generalized flags (Section 2.3). Evidently, X can have a finite number of G-orbits
only if every product of two factors X; x X; (1 < ¢ < j < 3) has a finite number
of G-orbits. In view of Theorem 1.4, this property holds only if all three parabolic
subgroups P1,Ps, P35 are semilarge and two of them are large. This justifies the
first claim in Theorem 1.6.

In what follows, we assume that

P, P, are large and P3 is semilarge.

In this way, condition (4.1) is satisfied and we may consider the construction of
Section 4.1. Namely, we may choose an admissible basis F such that X, X5, and
X3 contain an element which is E-compatible. Relying on a filtration E = J,,~, En
as in Section 4.1, we get exhaustions

G=|JGm) and X =] Xi(n)xXs(n) x Xs(n)

n>1 n>1

such that X;(n) (for ¢ = 1,2,3) is a (finite-dimensional) flag variety for the
algebraic group G(n).

We have to show that X has a finite number of G-orbits if and only if X;(n) x
X2(n) x X3(n) has a finite number of G(n)-orbits for all n. The direct implication
follows from Lemma 4.2. In the rest of this section, we assume that

Xi(n) x Xa(n) x X3(n) has finitely many G(n)-orbits for all n, (7.1)

and we need to show that X has finitely many G-orbits.
For every n > 1, we denote V,, = (E,,) and V,, = (E'\ E,,). Then

V=V, oV

In type (BCD), the subspaces V,, and V! are orthogonal with respect to the form
w. Note that the restrictions of w to V;, and V!, respectively denoted by w, and
wl,, are nondegenerate. Let 7, : V. — V,, and 7}, : V — V! be the projections
determined by the above decomposition.

Let G(V}}) stand for the subgroup of elements g € G such that g(V,)) =V, and
g(e) = e for all e € E,,. Note that G(V,!) can be viewed as a subgroup of GL(V}!),
and it is an ind-group of the same type as G.

We point out two preliminary facts.

Lemma 7.1. Let P C G be a large splitting parabolic subgroup. Then there is an
integer ng > 1 such that G(V,, ) C P.
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Proof. Since P is large, it is the stabilizer of a generalized flag
F={Fh=0CFH C---CFy,1CF,C---CF,=V}

such that dim Fy,/Fy_1 < +oo for all k # po. In particular, F,,_; is finite-dimen-
sional hence there is ny > 1 with F,, 1 C V,,,. By Proposition 3.1, the generalized
flag F is weakly E-compatible. Since Fj, is finite-codimensional, we have e € F},,
for all but finitely many vectors e € E, hence there is ny > 1 with F,, D V.
Then the integer ng := max{ni,na} is as required in the statement. O

Lemma 7.2. Let P C G be a semilarge splitting parabolic subgroup which contains
the splitting Cartan subgroup H(E). For all m > 1, there is an integer nqy > 1 such
that for every m-dimensional subspace M C V, we can find an element g € P with
g(M) C an ‘

Proof. Being semilarge, P is the stabilizer of a generalized flag
.F:{FOZOCF1C"'CFPZV}.

This generalized flag being E-compatible, for all k£ € {1,...,p} we have a subset
E, C E with Fj, = F,_1 ® (E}). The subgroup

P':={geP:g((E}) = () for all k € {1,...,p}} = Pn [] GL((E})
k=1

acts on the set of vectors | Ji_,(E;) with finitely many orbits, hence there is an
integer ¢(0) > 1 with

p
UEk CP/ ()

For all n > 1, by applying the same property to the intersection PN G(V)), which
is a bemllarge splitting parabolic subgroup of G(V,!) that contains H(E \ E,,), w
get an integer p(n) > n satisfying

p
U E,nV)) C (P 'NG(V))) Vipn)-

By induction, this easily implies that ([Jj_,(E;))" C P’ - (Vye(g))* for all £ > 1.

Hence
P

v = (@) P (V)" C P (V)"
k=1

where ny := ¢"?(0). The lemma ensues. [

By Theorem 1.4, X5 x X3 has a finite number of G-orbits. For showing that
X = X1 x X3 X X3 has a finite number of G-orbits, it suffices to show that G has



LUCAS FRESSE, IVAN PENKOV

a finite number of orbits on X; x O for every G-orbit O C X5 x X3. To do this,
we fix an element (Fz, F3) € O C X3 x X3 and consider its stabilizer

S:={g9€ G:g(F)=F and g(F3) = F3} = Stabg (F2) N Stabg (F3).

It suffices to show that S has a finite number of orbits on Xj.
Fix ng > 1, large enough so that F5 and F3 belong to Xs(np) and Xs(no),
respectively, and such that

G(VTQO) C Stabg(F2)
(see Lemma 7.1). Then
S":=8n G(Vrio) = Stabg(F3) N G(V,{o).
Since F3 belongs to X3(ng), the chain of subspaces
]:3(‘/7:0) = {Fﬂ VAO P e ]:3}

is an (E\ Ep,)-compatible generalized flag in the space V,; . Note that in type
(BCD) this generalized flag is wy, -isotropic. Moreover, the fact that F3 belongs to
X3(ng) guarantees that each subspace F' € F3 satisfies F' = (FNV,,) @ (FNV, ).
We deduce that

GV, )

S" = Stabg (F3) N G(V,,,
={9e€G(V,,):g(F)=F for all F € F3}
={9eG(V,,):g(F)=F foral F e F5(V, )}

= Stabg(v; ) (F3(V,))-

Consequently, S’ is a semilarge splitting parabolic subgroup of G(V}; ) that con-
tains the splitting Cartan subgroup H(E \ E,,,). This key observation is used in
the proof of Claims 2 and 3 below.

By (7.1) we know that for every n > ng, the (finite-dimensional) subvariety
X1(n) intersects only finitely many S-orbits. For completing the proof of Theorem
1.6, it suffices to prove the following claim.

Claim 1: There is ny > ng such that, for all F € Xy, there is ¢ € S with
g]: e Xy (’I’Ll)

The combination of Claims 2 and 3 below yields Claim 1, and will make the
proof of the theorem complete.

Since P; is a large parabolic subgroup, every point F € X; is a finite flag of
the form

F={Fh=0CF C...CF,y_1CF,,C...CF,=V}

with dim F, = di < 400 for 0 < k < pg — 1 and dimV/F;, = d}, < +oo for
po <k <p.

Claim 2: There exists ny > ng such that, for all F = {Fy, ..., F,} € X4, there
is g € SNG(V,,,) with g(Fp,—1) C V.

Claim 3: There exists ng > ny such that, for all F = {Fp,...,F,} € X;
satisfying the condition Fy,,_1 C Vi, there is g € SN G(V,) with g(F)) DV,
for pg < k < p. This implies that gF € Xy (ns2).
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Proof of Claim 2. If F € Xy, then m, (Fp,—1) is a subspace of V, whose dimen-
sion is at most dp, 1. We have noted that S’ = SN G(V,; ) is a semilarge splitting
parabolic subgroup of G(V,, ) which contains H(E\ Ey,). Hence, Lemma 7.2 yields
an integer ny > mg such that for every F € Xj there is an element g € S’ with
g(my,, (Fpo—1)) C Vi, . Since gom,, = 7, o g, we obtain that 7, (9(Fp,—-1)) C Vi,
and hence that g(Fp,_1) C V,,,. This establishes Claim 2. O

Proof of Claim 3. Let X; be the subset of generalized flags F = {Fy}i_, € X;
such that Fj,_1 C Vp,. For F = {F},}}_, € X; we define
FV.)={FRnV, CFHNV. C-CF,NV.}
This is a weakly (E \ E,, )-compatible generalized flag in the space V,; , that is
wy, -isotropic in type (BCD). Moreover, we have
dim F, NV, < dimFp _y = dp,—1 < +00
for 0 <k <py—1and
dimV,, /F.NV, <dimV/F, =d, <+oo

for pg < k < p. These observations show that the image of the map F € 5(1 —
F(V,,) is contained in a union X/ U...U X" where each X; is an ind-variety
of generalized flags in the space V,; corresponding to a large splitting parabolic
subgroup of G(V};,).

Since n; > ng, arguing in the same way as for S’, we see that the subgroup

S':=8SNnG(V,)
is a semilarge splitting parabolic subgroup of G(V};,). By Theorem 1.4, S’ has a
finite number of orbits on every 5(; It follows that the set

{(F(V)): FeXq}
intersects finitely many S’-orbits. Hence we can find na > n; such that for every
F ={Fo,...,F,} € Xy, there is g € S’ with g(F,, NV, ) D V,,,. Whence g(F,) D
V..

The conclusion that gF = {g(Fx)},_, belongs to Xy (ng2) is obtained by observ-
ing that
(Fy) = F, CV,, if0<k<pyg—1,
T )N Vay) @V, i<k <p.

The proof of Claim 3 is complete. [J

8. Proof of Theorem 1.7
Let ¢ > 4. Theorem 1.4 implies that X has infinitely many G-orbits whenever at

least two of the splitting parabolic subgroups P, ..., P, are not large. Hence we
may assume that Py,...,Py_; are large and consider the construction of Section
4.1.

Since ¢ > 4, it follows from the results in [7, 8, 9, 10] that every (finite-
dimensional) multiple flag variety X(n) has infinitely many G(n)-orbits whenever
n > 1 is large enough. By Lemma 4.2 we infer that X has infinitely many G-orbits,
completing the proof of Theorem 1.7.
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A. Appendix: On the classification given in Table 1

In this appendix we go over the details of the classification of triples of (proper)
splitting parabolic subgroups (P, P2, P3) of G such that the ind-variety

X = G/Pl X G/PQ X G/P3

has a finite number of G-orbits, stated in the last part of Theorem 1.6 and explicitly
listed in Table 1. The first part of Theorem 1.6 reduces this classification to the
finite-dimensional case. This enables us to use the classification results for triple
flag varieties of finite type in [7], [8], [9], [10]. Note that these latter results are not
used elsewhere in our paper.

According to the first claim in Theorem 1.6, we assume that for each i € {1, 2,3},
P, is a semilarge parabolic subgroup obtained as the stabilizer of a generalized flag

Fi={Fio=0CFi1 G CFim-1GFim=V}
(such that Fiy, = Fj m,—k in type (BCD)). In the notation of Table 1 we have [P;| =
my;, while A(P;) is the list of the dimensions dim F; i, /F; ;1 (for k € {1,...,m;})
written in nonincreasing order. Some of these dimensions may be infinite, in which
case the sequence A(P;) takes the form

A(PZ) = (OO£i7CZ‘,[i+1, . 7Ci,m,y)

with ¢; € {1,...,m;} and a nonincreasing sequence of integers ¢; s, +1 > - > Cj.m, -
Moreover, by the first claim in Theorem 1.6, we assume that at least two of the
parabolic subgroups are large, i.e., £; = 1 for at least two i € {1,2,3}.

In the setting of Theorem 1.6, the ind-variety X is exhausted by finite-dimen-
sional triple flag varieties X(n) := X(E,) = H?:1 G(E,)/P;(E,), where G(n) :=
G(FE,) is a finite-dimensional classical algebraic group of the same type as G and
P;(n) := P;(E,) is the stabilizer of a flag

]:Z(’I’L) = {Fl’o(n) =0cC FZ‘J(TL) c---C Fi,mi,l(n) C Fi,mi (n) = Vn}

of the finite-dimensional space V,, = (E,). When n is large enough, the list of
dimensions dim F; x(n)/F; x—1(n) arranged in nonincreasing order is of the form

APi(n)) = (din(n), ... die,(n),Citit1s- -5 Cims)

where, for all k € {1,...,4;}, {di x(n)}, is a sequence tending to infinity.

The first part of Theorem 1.6 asserts that X has a finite number of G-orbits if
and only if X(n) has a finite number of G(n)-orbits for all n (in fact, by Lemma
4.2 we may assume that n is large). The latter condition can be characterized in
terms of the sequences A(P;(n)) by using results from [7], [8], [9], [10]. We now
complete the verification of Table 1 case by case.
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A.l. G = GL(00)
In type (A), it is shown in [7, Thm. 2.2] that X(n) has a finite number of G(n)-
orbits if and only if one of the following conditions holds up to permutation within
the triple (P1, P2, P3):
e my = my = 2 (referred to as type (D,42) in
e my =2, my =3, mg € {3,4,5} (types (E6

in [7, Thm. 2.2]);

)s

e my =2, my =3, and ¢12 =2 (type ( 7+3))7
)

(Er); (Es));

e m; =2, my=3,and cg3 =1 (type ( r+3 ;

e m; =2and ¢ 2 =1 (type (Sq,r))-
Note that type (A,,) of [7, Thm. 2.2] does not occur in our setting since we assume
that Py, Py, P3 are proper subgroups of G, and hence mi,ms, m3 > 2. The above
list of conditions yields the part of Table 1 concerning GL(00).

A.2. G = Sp(o0)
In this case the requirement F;4 % = Fim,—x for all k € {1,...,m;} implies that,

if m; is even then the generahzed flag F; contains a Lagranglan subspace Fj i
which is both infinite-dimensional and infinite-codimensional. Hence,

if m; is even, then P; is not large. (A.1)

Since we assume that at least two of the parabolic subgroups Py, Py, P3 are large,
at least two of the numbers my, my, m3 must be odd. Taking this observation into
account, it follows from [8, Thm. 1.2] that X(n) has a finite number of G(n)-
orbits if and only if one of the following cases occurs (up to permutation within
(].:’17 Pg, Pg))t

e my =2, my=3,m3 < {3,5} (types (SpEs) and (SpEsg) in [8, Thm. 1.2]);

e my =2, mg =3, and ¢ 0 =23 =1 (type (SpEﬁ_ﬁS))

e my =my =3, and ¢1 2 =c1,3 =1 (type (SpYr44)).
This corresponds to the part of Table 1 concerning Sp(co).

A.3. G = O(o0)

Similarly to the case of Sp(oc), the parabolic subgroup P; is large only if m; is
odd, and the fact that at least two of the subgroups P1, P2, P3 are large implies
that at least two of the numbers mq, mo, mg are odd. Note that, if some m; is even
then the finite-dimensional space V,, = (E,) has even dimension since it contains
a Lagrangian subspace.

If dim V,, is odd, say dim V,, = 2m+ 1, then [9, Thm. 1.6] implies that X(n) has
a finite number of G(n)-orbits if and only if one of the following situations occurs
(up to permutation within (P, Py, P3)):

e m; =mg =3 and ¢; 3 = ¢1,3 =1 (this corresponds to (II) in [9, Thm. 1.6]);

e m; = my = 3, mg € {3,5}, and A(P2(n)) = (m,m,1), which means that

A(P3) = (00, 00,1) (cases (III) and (IV) of [9, Thm. 1.6]).

In the second situation P is not large, hence P, P3 have to be large, in particular
A(P1) = (00,b,b) for some positive integer b. Note that condition (I) of [9, Thm.
1.6] cannot be fulfilled here because Py or Py must be large.
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If dimV,, is even, say dimV,, = 2m, then we get from [10, Thm. 1.7] that
G(n) has a finite number of orbits on X(n) precisely in the following cases (up to
permutation within (P, P, P3)):

e my =3,mg € {2,3,4}, and ¢1 2 = ¢1,3 = 1 (cases (I-1) and (I-2) of [10, Thm.

L7]);

e m; = 2 and A(P2(n)) is one of the sequences (2m — 2,12), (2m — 4,22),
(2m — 6,32), (2m — 4,1%), which equivalently means that A(P5) is (oo, b?)
with b € {1,2,3} or (00, 1) (case (II) of [10, Thm. 1.7));

e m; =2, my = 3 with A(P2(n)) = (2m — 2b,b%) for an integer b > 4, which
means that A(P2) = (00, b?), and m3 € {3,5} (cases (I1I-1) and (I1I-2) of [10,
Thm. 1.7]);

e my =2, my = 3 with A(P2(n)) = (2m — 2b,b?) for an integer b > 4, which
means that A(P3) = (00, b?), and A(P3(n)) is (2m —2c—4,¢2,1%) with ¢ > 1
or (2m—8,18), which means that A(P3) is (0o, c2, 1%) or (00, 1%) (cases (I11-3)
and (ITTI-4) of [10, Thm. 1.7]).

Note that [10, Thm. 1.7] contains more cases, but we disregard the cases which
prevent two of the subgroups Py, Ps, P3 from being large.

Altogether, the conditions listed in this subsection yield the part of Table 1
concerning O(c0).
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