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1. Introduction

It is a well-known fact that on a Riemannian manifold (M, g) all of whose geodesics
are closed there is a natural S'-action and that this action extends to the cotangent
bundle of M. The geodesic flow can be realized as solutions to an S'-invariant
Hamiltonian system on 7M. For such systems, under mild conditions, there is a
moment map and a symplectic reduction process, called also Marsden-Weinstein
reduction. This reduction produces a reduced space 7*M//S! that can be iden-
tified with the space parametrizing all geodesics and that is equipped with an in-
duced symplectic form. The induced symplectic form depends on a level set of the
corresponding moment map which we call the energy level of the geodesic flow.
In many examples the cotangent bundle has a “complex polarization” - a complex
structure compatible with the symplectic form which becomes Kihler form. A
natural question which has its origin in the relation between the Kepler’s laws and
the hydrogen atom is when such manifold could be “quantized”. The geometric
quantization is not a uniquely defined notion and there are various schemes which
implement it - see, for example, [20,21] and the references therein. One of them,
originally due to [6, 14], is a twisted version of Kostant-Souriau scheme and as-
signs a holomorphic line bundle with first Chern class given by the induced Kéhler
form with an added extra term. This new term is half of the first Chern class of the
canonical bundle of the manifold M. The quantum condition is the integrality of
that corrected form, while the analog of the Hilbert space of quantum observables
is the space of holomorphic sections of the line bundle.

One of the first examples that was quantized geometrically according to the scheme
described above is the case when M is the n-dimensional sphere S™. This example
was treated in [18] by Mladenov and Tsanov and it was observed that the quantum
condition leads to an energy spectrum which is, up to an additive constant, equal to
the spectrum of the Laplace-Beltrami operator Agn. Also, the (complex) dimen-
sion of the quantum Hilbert space equals the (real) dimension of the corresponding
eigenspace of Agn. One explanation of this fact is that both spaces are natural
irreducible representations of SO(n 4 1). A main purpose of the present note is to
initiate the representation theory perspective of a similar relation between the geo-
metric quantization and harmonic analysis on the compact Riemannian symmetric
spaces. More precisely, we relate the spectrum of the Laplace-Beltrami operator to
the quantized energy levels of a Hamiltonian system on the space of all tangents to
maximal totally geodesic tori on a Riemannian symmetric space. Also, via sym-
plectic reduction we relate the multiplicities of the eigenvalues to the dimensions
of the spaces of holomorphic sections of the corresponding quantum bundles over
the reduced space - which is also a generalized flag manifold.
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This paper will follow an unorthodox approach - we present some detailed exam-
ples first, and then underline the general (representation) theory behind them. More
specifically, in the next section we present the quantization procedure of the energy
of the geodesic flow on CP" and HP", the complex and quaternionic projective
spaces. We compare the energy spectra to the spectra of the Laplace-Beltrami op-
erators and the multiplicities of the corresponding levels to the dimensions of the
quantum bundles. We note that a quantization scheme for these projective spaces
have been considered also in [7, 8, 19] and results similar to ours were indepen-
dently obtained in [15, 16]. In Section 3 we explain the necessary preliminaries
from the structure theory of simple Lie algebras and its relation to the Riemmanian
symmetric spaces and generalized flag manifolds. Then in Section 4 we focus on
and work out the rank-one case. This case includes the examples of the spheres
and the projective spaces, and we treat these examples in the language of classical
representation theory. In the following section we turn to the general case. We
observe that we can substitute the space parametrizing all geodesics with the space
of all maximal totally geodesic flat submanifolds. This is again a flag manifold
and carries a natural “polarization” which could be used for the quantization - a
Kihler complex structure. Since our aim is to underline the geometric approach
through the Marsden-Weinstein reduction, we also need a Kihler space with a
(multi-valued) Hamiltonian that, after the symplectic reduction, will become the
generalized flag manifold with an appropriate reduced symplectic form, a form
which is also integral and Kéhler. This is done in [11] via construction of a K&hler
structure on some open subset of the manifold of all tangent spaces of the maximal
totally geodesic flat submanifold. Then we announce the main result in Section 5 -
Theorem 15. We finish with one of the first examples of symmetric space of rank
two - M = SU(3)/SO(3). The flag manifold parametrizing the totally geodesic
two-tori is the usual flag FF = SU(3)/S(U(1) x U(1) x U(1)). We note that
the eigenspaces of the Laplace-Beltrami A are not necessary irreducible SU(3)-
modules and compare them to the spaces of holomorphic sections of the sums of
the corresponding line bundles on F.

Notation and conventions: We adopt the following notations. By C™ and R"
we denote the standard complex and real n-dimensional vector spaces, while H"™
stands for the real vector space of n-tuples of quaternions on which H acts on
the left. For a complex number z, $(z) and 3(z) are the real and imaginary
part of z, respectively. We set (x,y) = >..", z;y; when = and y are real and
(z,y)r = (z,y) when z,y € R", (z,y)c = 2R(x,y) when 2,y € C", and
(x,y)g = 4R(x,y) when x,y € H" respectively. Similarly ||z||g, ||x||c, ||z|| &
are the corresponding real norms. By S™, CPP"*, HIP" we denote the n-dimensional
sphere, complex projective space and quaternionic projective space, respectively.
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2. Symplectic Reduction and Quantization of the Geodesic Flow of the
Complex and Quaternionic Projective Spaces

We first recall Marsden-Weinstein (or symplectic) reduction and the modified ge-
ometric quantization scheme due to Czyz [6] and Hess [14]. As indicated in the
introduction, this scheme was used by Mladenov and Tsanov [18], who related
the energy spectrum of the geodesic flow on a sphere with the eigenvalues of the
Laplace-Beltrami operator. We refer to [18] for the details in the case of the sphere.
In what follows we present a similar computations for two of the other compact
rank-one Riemannian symmetric spaces (CROSSes), CP" and HP". For more de-
tails on the Marsden-Weinstein (or symplectic) reduction we refer the reader, for
example, to [1].

If (M, w) is a symplectic manifold and H is a function on M, then the vector field
Xy defined as dH (Y) = w(Xp,Y) is called Hamiltonian vector field. We will
call H a Hamiltonian function and the triple (M, w, H) - a Hamiltonian system.
If GG is a group of symplectomorphisms then under mild conditions there is a map
w: M — g*, defined by

dp(X) =ixw

where g is the Lie algebra of G and X € g is identified with the induced vec-
tor field on M. When such p exists, the action is called Hamiltonian and the
space N = u~1(c)/G is called the Marsden-Weinstein reduction or the sym-
plectic reduction, where c is a fixed element of the adjoint action of G on g*.
We denote N by M//G. The space M//G inherits a natural symplectic form
Wreq Such that i*(w) = 7*(wreq) Where i : p~!(c) — M is the inclusion and
7:p () = N = pu~!(c)/G is the natural projection. The following result will
be use repeatedly in the paper.

Proposition 1. If (N, wyeq) is the symplectic reduction of (M, w) under the action
of a Lie group G and H is a G-invariant function on M, then there is a unique
function Hyeq on N such that 7*(Hyeq) = t*(H). Moreover the flow of the vec-
tor field Xy preserves =t (c) and projects on N to the flow of the vector fields
XH,. . Moreover, if we have a second Hamiltonian action of a Lie group G on
M which commutes with the action of G, then the level sets of its moment map (1
are G—invariant and 11| ,-1 () = 7*(fiy) where [iy is the moment map associated
to the action of G1 on N.

In [18] the space of oriented geodesics of M = S™ is explicitly identified with the
complex quadric in CP" via the Marsden-Weinstein reduction. It was noted that the
energy levels of the moment map that satisfy a quantization condition coincide, up
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to an additive constant, with the eigenvalues of the Laplace-Beltrami operator and
the their multiplicity are the same as the (complex) dimension of the holomorphic
sections of the corresponding quantum bundle. Below we provide details on the
next two of the classical examples - the complex and quaternionic projective space.

2.1. Complex Projective Space

For a point [z] = [0, 21, ..., 2] in the complex projective space CP", we identify
the holomorphic cotangent space

Ty CP" = {(u,v) € C"t x C"7L: (u,v)e = 0).

To achieve a global description of the tangent bundle, we use the Hopf map = :
S?n+1 5 CP™ which is induced by the standard action of S on S?"*!. This map
is defined by u — [u], where u € R?"™2 = C"*! with ||u|| = 1. After identifying
the tangent and cotangent bundles of the sphere via the canonical metric, we can
identify the cotangent bundle as

T*S?" ! = {(u,v) € C" x C"ML; ||u|| = 1, (u,v)g = 0}.
Then the S'-action p for the Hopf projection 7 extends to T*S?"+1 as

p(e?)(u,v) = (exp(i)u, exp(if)v).

This action preserves the canonical symplectic form on 7*S*"*+!, which is given by
i*R (duAdv). The moment map for the action p can be used to show the following
theorem. This theorem is first proven in [7], but for reader’s convenience a short
proof is presented.

Lemma 2. The space T*CP" is biholomorphic to X¢ and diffeomorphic to )Z'c
where

Xe = {[U’U]; <U’U>C =1, <’LL, U>C = 0}
with [u,v] representing the class of (u,v) under (u,v) ~ (exp(if)u,exp(if)v)
and
XC = {[[u, v]]; (w, u)e = (v,v)c, (u,v) = 0}

with [[u, v]] defined by the relation (u,v) ~ (exp(if)u, exp(—if)v).

Proof: It is well-known that under the action p, T*CP" = T*S?>"+1//S'. The
moment map ® associated to the action p is simply ®(u,v) = I(u,v)c. Hence,
T*S?*+1/ /St = &=1(p) /S, for a generic € R = iu(1), is identified with X¢
which gives the first diffeomorphism. The fact that it is a biholomorphism follows
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from the fact that the reduction is actually K#hler, provided that we consider the
canonical form on T*S?"*! as a Kihler form for the complex structure induced
from the embedding in C2"+2. Finally the diffeomorphism between X¢ and X¢
is given by the formulas

iy = \2(<v,v>cuk Fivg), = é(vk (v, )R

The geodesic flow on a Riemannian manifold is represented as a Hamiltonian
flow on its cotangent bundle. The cotangent bundle of each Riemannian manifold
(M, g) has a canonical symplectic form given in local coordinates as » _ dz; A dy;
where (1, ..., x,) are local coordinates of M and (x1, ..., Zn, Y1, ..., yn) are the
associated local coordinates of 7M. Then the function H(z,v) = 3g(v,v) for
x € M and v € T); M has a Hamiltonian vector field X and its flow lines project
on M to give the geodesics.

By Proposition 1, if a Lie group G of isometries acts on M, this action induces a
Hamiltonian action on 7* M and the reduced space 77 M/ /G becomes a (reduced)
Hamiltonian system. Whenever %M/ /G = T* N for some Riemannian manifold
N then the solutions of the new system is precisely the geodesic flow on N. In the
particular case of T*S?"*! we obtain the following.

Proposition 3. The canonical symplectic form Q¢ on T*CP" = X is
1
Qo = i(du A dv + du A dv)

o]
2

and the Hamiltonian system Hcpr = (X¢, Qc, Ho = ) induces the geodesic

flow on CP". The system is equivalent to ()Z'C, ﬁc, ﬁc) in view of the diffeomor-
phism in Lemma 2.

Since the orbits of Hcpr correspond precisely to the geodesics of CP", we first
identify the space parametrizing the geodesics. For this we first consider the
geodesic flow on the sphere S?"*!. Since all of the geodesics on the sphere are
closed, the flow of X in the cotangent space has also only closed trajectories.
They define an S'-action which is given by (u,v) — (exp(if)u, exp(—if)v). This
action commutes with the action inducing the Hopf projection and is Hamiltonian.
So it defines an action on 7*CP" which has orbits - the flow lines of the Hamilto-
nian vector field defining the geodesics on CP". We can identify a geodesic ¢(t) in
CP™ with the line (¢(t), (t)) in TCP™ ~ T*CP" when t is a parameter such that
’ has constant norm. From here we see that the space parametrizing the geodesics
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can be identified with the Marsden-Weisntein quotient. Let N, = H, o' (c)/S! be
the reduced space. To identify N, with a flag manifold, we use the Hamiltonian
system (XC,QC,HC) Let
F = {([z], [w]) € CP" x CP"; (z,w)c = 0}
= {([z], [w]) € CP" x CP"; (z,2)¢c = (w,w)c = 1, (z,w) = 0}.

One can see that I is biholomorphic to the (1,2)-flag in C"*! with homogeneous
representation F = U(n + 1)/U(1) x U(1) x U(n — 1). Denote by p; and py
the two projections on the corresponding factors of CP" x CP". Let « be the

generator (the Fubini-Study form) of H?(CP",Z). Then w; = p}a and wy = pia
are generators of H2(TF, Z). With this notation we have the following:

Proposition 4. If ¢ # 0 then the reduced manifold N, is biholomorphic to the flag
F and the reduced Kihler form is G, = m/2c(wy + wo).

Proof: The S'-action of the geodesic flow on 7*CP" is induced from the one on
T*S?**1. Hence this action is

Az, w) = (Az, Aw)
for (z,w) € H o' (c). For the sphere S7'*" of radius R the Hopf projection fits

in the diagram Cn*! : SQR"H h . CP" with h*a = RQz*Q (see [18]). If

7. is the projection H c 1(0) — N, = F then we have the following commutative
diagram

§2n+1 o g2ntl hxh CP" x CP"

where the vertical arrows correspond to the natural embeddings. Therefore

dzAdz dwAdw

E(V2em(w1 + w2)) = TV2e <Z )
2] o]l

:\ﬁQ(dz/\dz+dw/\dw)

= (du/\dv—%du/\dv)—i Q).

In the above calculation we used that He (z, w) = ¢, so ||2|[2 = ||w||? = 2.
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Now recall some facts about the quantization scheme of Kostant and Souriau with
the amends of Czyz and Hess.

Let X be a compact Kéhler manifold with Kihler form A. We say that the holo-
morphic line bundle L is a quantum line bundle if its first Chern class satisfies

1 1

— I\ — s (X).

S = e (X)

Thus X will be quantizable if and only if c;(L) € H?(X,Z) . The corresponding

quantum Hilbert space is the (finite dimensional) linear space H%(X, O(L)).

C1 (L) =

Proposition 5. We have c1(F) = n(w; + wa).

Proof: We apply the adjunction formula for a hypersurface of degree (1,1) in
CP"™ x CIP™ to obtain

c1(F) = —(c1(Kcprxcpr|r) + 1 ([Fl|r))
= c1(CP" x CP")|p — c1([F]|r)
= (n+1) (w1 +w2) — (w1 +w2) = n(ws + ws).

Theorem 6. The energy spectrum of the geodesic flow on CP" is
1

E = 5(n+21<:)2, keN

with corresponding multiplicities

n+k\> n+k—1\2
me= () ()
Proof: For the exact cohomology sequence:
HY(F,0) - H'(F,0*) — H*(F,Z) — H*(F,O)
and the identities H(F, O) = H(F, (’)) = 0 follows that
t HY(F,0%) 5 H(F,2) 2 Z.& 7.

Therefore every holomorphic line bundle L on I is equivalent to Ly, , = ki7j (H)
+ kom3(H), where H is the hyperplane section on CP".
The quantum condition on ¢ is

1

g[wc] - %CI(F) = c1(Li ko)
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which implies

V2e n_
2 2

where k = k1 = ko is a positive integer. In particular
1 2

To count the multiplicities (i.e., dim H°(F, O(L)) we consider the exact sequence
of sheaves

0 — Ocprxce (Lix @ L11) = Ocprxcer (Lig) — Olp(Lix) — 0

where « is the multiplication of sections of Ly ;, by the polynomial _ z;w; which
defines [F in CP"™ x CP" and r is the restriction. The corresponding exact coho-
mology sequence gives

0 — HYCP" x CP",O(Lg_14-1)) — H*(CP" x CP",O(Ly))
— HF,O(Lyy)) — H(CP" x CP",O(Li_14-1)) =0

where the last term is zero by the Kodaira vanishing theorem. Thus we have

my, = dim(H*(F, O(Ly 1))
= dim(H°(CP™ x CP", O(Ly 1)) — dim(H°(CP" x CP",O(Ly_14-1)))

()Y

2.2. Quaternionic Projective Space

We first note that the results in this subsection were independently obtained in
[15,16]. The geodesic flow on HIP" can be described in a similar way as the one
for CIP" but with the aid of the quaternionic Hopf map. For that we use three
equivalent representations of 7*S*"+3

T*S4n+3 — {(x,y) c ]R4n+3 % R4n+3; HxHR — 17 <$,y>R — 0}
= {(u,v) € C2nt2 202, llullc = 1, R{u,v)c = 0}
{(p.q) € H" ™ x H"*'; |pl|er = 1, (p, @) g = 0}
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where py, := ugp + Uog41j, Gk 1= Vo + vopt1j and (p,q)r = > Prqr- The
quaternionic Hopf map in this case is y : S¥"*3 — HP" p — [p] where [p] =
[Do, D1, ..., Pn] is the class of p for the relation p ~ op, o € Sp(1). The next lemma
is again from [7].

Lemma 7. The cotangent space T*HIP" is diffeomorphic to both Xy and X H
defined as follows:

X = {lp.q] € H""' x H" s |pllr =1, {p,q)rr = 0}
Xp = {|z,w] € C"*2 x C*2 ||z||c = ||lwlle, (2, w)e = 0,1(z,w) = 0}

where I(z,w) = zgw1 — 21Wo + ... + 22pWan+1 — Zon+1Wan and |p, q| and |z, w |
denote the equivalence classes of (p,q) and (z,w) under (p,q) ~ (op,oq) and
(z,w) ~ (z,w)g for o € Sp(1) and g € SU(2) = Sp(1).

Proof: Consider the action of SU(2) on S*"*+3 defined by

Vy(p,q) = (p,9)9, g € SU(2). (1)

This action has a moment map G : T*S*"+3 — su*(2), given by the formulas
G(p,q) = (Alp, ), B(p. q), C(p, q)), where

(p,0)m = R((p, ¢)u) + A(p,q)i + B(p,q)j + C(p, ¢)k

and the imaginary quaternions are identified with su*(2). Hence, T*S*"+3//SU(2)
= Xy = T*HP".

"110 prove that Xy and X g are diffeomorphic, consider the map ty : Xy —
X, (z,w) =ty (p,q), where

1 ) 1 _ o
2k = 7(”“”0”2]@ + ivgg), 2ok41 = —=(—|[v]|cW2r+1 — Wak1)
V2 V2
- o] cuzk 1) L (o1 — il[o]|cakn)
w = —=\V — 1{|V u w = —\V — 1{|V u .
2k \/§ 2k+1 CU2k+1)» 2k+1 ﬂ 2k+1 CU2k+1

The action ¥ defined in (1) commutes with the geodesic flow of S#+3 Recall the
diffeomorphism ¢z : Xy — X defined at the end of the last proof. Like in the
previous subsection, we have the following.

Proposition 8. Let Qg = Qp«gpr be the canonical symplectic form on T*HP".
Then

1
Qp = §(du A dv + du A dv).
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Moreover the geodesic flow of HP" is the flow of the equivalent Hamiltonian sys-
tems

lallf _ 1ol
2 2

(X#. Q. Gr) = (Xu, Qu, Grr)
|

, Qu = t5,Qp and Gy = t5,(Gr).

where G =

Next we compute the energy spectrum of the geodesic flow on HP" in a sim-
ilar way as in the case of CP". We consider again the reduced space O, =
T*HP"//S' = G ( )/S* with the induced symplectic form w, obtained from
Py = Trwe where ic: GY(¢c) —» T*HP" and 7. : G~'(c) — Q.. Denote by
F;s the isotropic Grassmann manifold

Fis = {A € Gry(C*t2); I|) =0}
= {[lz,w]] € C" x C"*1; |12]|c = ||Jw]lc = 1, (z,w)c = I(z,w) = 0}

where [[z,w]] is representative of (z,w) for (z,w) = (Az, \w)g, A € S, g €

SU(2) or equivalently (z,w) = (z,w)g,g € U(2). Alternatively, F; is a hyper-
plane in Gro(C?"+2)

Fis 2 {(N\ij) € Gra(C?™2); Aot + Aoz + .. + Aans 12042 = 0}

where (;;) are the Pliicker coordinates on Gra(C?"*2), as well as a homogeneous
space: F;s = Sp(n + 1)/U(2)Sp(n — 1).

Proposition 9. If ¢ £ 0 then the reduced space Q. is isomorphic to F;s equipped
with the Kdhler form 0. = m+/2cw, where w is the restriction of the canonical
Kéihler form on Gray(C?"+2) which generates H*(Gro(C?"12), 7).

Proof: The S* action of the geodesic flow on ngl (¢) C T*HP™ = Xy is
AMz,w| = [z, \w]|

which commutes with the action of Sp(1) & SU(2) defining the quaternionic Hopf
fibration. Now from G (z,w) = ¢ we have ||z]|> = [[w||? = 2¢. If \;; =
zjw; — z;jw; are the Pliicker coordinates on Gra(C?"2) then

dXi; AdX; 1
To(mV2ew) = V2 LZ]H)‘ H] = \F2(dz/\dz+dw/\dw)—z Qn).
%,] j

Proposition 10. We have c¢1(F;s) = (2n + 1)w.
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Proof: We note that ¢;(Gra(C?"+2)|p,, = (2n + 2)w and then proceed with the

adjunction formula as in Proposition 2.4 using the fact that I; is a hypersurface in
GI‘2 ((C2n+2 ) . [ |

Theorem 11. The energy spectrum of the geodesic flow on HP" is
1
Ej, = 5(2n+1+2k:)2, keN

with corresponding multiplicities

(24+k(A+k)..2n+k)(A+k)(B+Ek)...2n+1+k))(2n + 2k + 1)

Mk = 2n + 1)1(2n — 1)

Proof: We only sketch the proof since it is similar to the CP" case. We have
c1: HY(Fy5, O*) — H?(F;s,7) = 7. @ 7. Therefore all holomorphic line bundles
on F;, which arise from the quantization are Lj := S®*, where S = +*([H]) and
L is the inclusion ¢ : ;s — Gro(C*V+2)). Hence

V2 2n+1

k.
2 2

3. Riemannian Symmetric Spaces and Generalized Flag Manifolds

In this section, following the notations of [14], we collect some important facts
about Riemannian symmetric spaces and generalized flag manifolds. Let G be a
compact semisimple Lie group and K a Lie subgroup given by the fixed point set
of an involution #. Then M = G/K is endowed with a Remannian metric which
makes it a Riemannian symmetric space. Denote by g and £ the Lie algebras of
G and K, respectively. Consider the eigenspace decomposition of §: g = ¢ + p,
and identify p with T, M, the tangent space of M at o = eK. Then [¢,p] = p and
[p,p] = €. Denote by a the maximal abelian subalgebra in p. Then dimension of
a is called the rank of M. It is known that g,, = € + ip defines the non-compact
dual Lie algebra of g with respect to . Denote by G, the simply-connected Lie
group with Lie algebra g,,. Denote also by g°, £, p© etc. the complexifications of
g, £, p etc. respectively. Note that g° is a complexification of g, and ia is a maximal
abelian subalgebra of ip.

The non-compact group (G, admits an Iwasawa decomposition G,, = K AN where
A is the simply-connected Lie group with algebra ia and NV is unipotent. There is
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a complex Iwasawa decomposition (see for example [5]) given by G = K A°N*¢
where K¢, A° N€, and G° are the complexifications of K, A, N, G, respectively,
and G is some Zarisky open and dense subset of G°.

It is known that K acts transitively on the set of all maximal abelian subalgebras
in p. Denote by m the Lie algebra of the stabilizer of a in K. Thenm = {X €
¢; [X,a] = 0} and since a is maximal, the centralizer of ain gis [ = {X €
g; [X,a] =0} = m+ a. If L is the corresponding subgroup in G, then L contains
a maximal torus of GG (as a centralizer of an abelian subgroup). Hence, the space
G/ L is a generalized flag manifold (also called a Kihler C-space and a rational ho-
mogeneous manifold) and carries a natural complex structure, as well as a Kéhler
metric. From geometric viewpoint a maximal abelian subalgebra of p is tangent to
maximal totally geodesic flat torus and every such torus is tangent at a point g K to
a left translate of some a from o = eK to gK. In these terms the generalized flag
manifold G/L parametrizes the set of all such tori.

We next provide more information on the roots and weights of the Lie algebra g°
relative to £° and a®. Choose a maximal abelian (Cartan) subalgebra h° of g which
contains a®. Denote by hj the intersection h* N €9, so that h* = b, + a“ and let
A C (h°)* be the root system corresponding to (g¢, h¢). There is a set of the
so-called restricted roots ¥ = X(g¢ a¢) C (a®)* N A and we can choose a basis
hiy .oy By g1, ooy By Of (B€)*, of basic roots, such that hq, ..., hy, (after restricting
them via the projection (h¢)* — (a®)*) form a basis of (a®)*. We continue to use
the same notation hy, ..., hy, for the restricted roots. After we choose an ordering
of the basic roots , or equivalently, a positive Weyl chamber, every element of
A (respectively, of X)) is an integer linear combination of hy, ..., h, (h, ..., Ak,
respectively) with coefficients being all non-negative or all non-positive. Similarly
we can choose a positive Weyl chamber in the restricted roots. One important
observation is the following.

Lemma 12. The center Z(1°) of I¢ coincides with a“.

Proof: By definition a¢, is contained in Z(I°), and [ = m + a where m is the
centralizer of a in £. Since a is maximal abelian in p, then [ is the centralizer of a
in g. Because g is simple, the statement follows. |

With the aid of Lemma 12 we can compute the second cohomology of the flag
manifold G/ L. It is well known (see [3] for example) that there is an isomorphism
(Z(1°))* = H?*(G/L,C) sometimes called transgression, given by o — 5-dav.
Moreover the first k£ elements w1, ..., wy, of the basis wy, ..., w,, of the fundamental
weights dual to hq, ...h, (with respect to the Killing form of g¢) define an integral

basis of H*(G/L, 7).
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Now denote by £ = L;, ;. the holomorphic line bundle on G/L determined by
w = Wy + ... + ipwy, where i; > 0. When all 71, 79, ..., 7, are positive then
L, .4, 1s positive and by the Kodaira vanishing theorem, the higher cohomology
classes of £ are zero. The space H’(G/L,O(L)) is (complex) representation of
G with highest weight w. The Borel-Weil-Bott theorem (which in case of positive
line bundle is Borel-Weil theorem) shows that the representation is irreducible if
w is dominant, and, in fact is the irreducible highest weight representation with
highest weight w (see [17] for a short algebraic proof).

We finally recall some general facts for the Laplace-Beltrami spectrum Aj; (or,
simply, the Laplace spectrum on a symmetric space M. For proofs we refer the
reader, for example to [12, Chapter 5.7] and [4]. The eigenvalues of A are \ =
w4 p((a)*)]|>—||p((a®)*)||? where w is as before and p((a®)*) is the half sum of
positive restricted roots of a®. Then p((a“)*) represents one half of the first Chern
class of G/L and w + p((a®)*) represents the first Chern class of £L ® K 2. Since
the dimension of a simple finite-dimensional representation can be computed by
the Weyl dimension formula, we obtain a representation-theoretic interpretation of
the multiplicity formulas given in Theorems 6 and 11.

4. Rank-One Case

In this section we explicitly formulate the representation-theoretic interpretation
mentioned at the end of the last section for the compact rank-one symmetric spaces
(CROSSes) considered earlier. These cases cover the two examples in Section 2,
as well the case M = S™ treated in [18]. We first note that for all CROSSes, the
Weyl chamber of the restricted roots is one-dimensional. The set of fundamental
weights is

AT =AfL = {A € a’; @:ﬁi € Z*, forally € 2}

and in the rank-one case AT is generated by a single element §. In particu-
lar, we can identify the set of (closed) geodesics Geod(M) = G/L in M with
the Marsden-Weinstein reduced space of T* M with the S'-action defined by the
geodesic flow. The reduced form (2. depends on the choice of the level set y1~1(c)
for the moment map of the action p. We summarize the considerations of the
previous section below.

Theorem 13. Let M = G /K be a CROSS. Assume that the metric on M is scaled
as in [2), so that the curvature of S™ is one for example. Then the following hold.
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i) Under the transgression, the reduced symplectic form Q. on Geod(M) = G/L
corresponds to wv/ 2¢O and with the choice of the positive Weyl chamber and com-
plex structure as above, ¢1(G /L) corresponds to N0 for a positive integer N ;.

ii) The quantum condition on (Geod(M ), Q).) provides the following energy spec-
trum: ¢, = v/2(Nas + 2k)?, where v = %for M = S"™ and v = 1 for all other
CROSSes.

iii) The spectrum of the semi-Laplacian %A M oon M is given by A\, = ||k +
p(a%)|12 = ||p(a®)||? and ¢ = ||k0 + p(a®)||? where p(a®) is the half-sum of the
positive restricted roots of a®. Here the norms are with respect to the re-scaled
Killing form as in i) and ii).

iv) The multiplicities of ¢, and Ay, coincide with the dimension of the finite-dimen-
sional representation L(k0) of g with highest weight k6. Moreover the represen-
tation L(k0), the complexified \j,-eigenspace (L2(M)) N of Ay, and the quan-
tization space H°(Geod (M), O(L¥)) coincide as complex vector spaces.

Remark 14. We note that the Laplace-Beltrami operator Ay, in particular, its
spectrum, depends on the choice of the metric on M. For example, in the case of
M = S™ we have two different metrics: the canonical one of constant curvature
one, and the one arising from the corresponding Killing form B(X,Y) = 2(n —
Dtr(XY), X, Y € so(n). This is valid also for the projective spaces and explains
the difference in the spectra formulas given in [2] and in [4]. The difference of vy for
the sphere and all other CROSSes could be explained with the fact that the length
of the closed geodesics with respect to the chosen metric is 27 for the sphere and
T otherwise.

The canonical symplectic form on the cotangent bundle does not have a direct
analog which could be used in the higher-rank case. On the other hand - not all
simple compact Lie groups act transitively on some of the CROSSes, but every
such group acts transitively on some Riemannian symmetric space, possibly of
rank greater than one. So it is naturally to expect that a modification of the previous
quantization scheme exists in the higher rank case.

In the next Section we announce a preliminary result about such correspondence
in the general-rank symmetric spaces. The proof will appear in [11].

5. Symmetric Spaces of General Rank

We use similar setting as in Section 4, but for reader’s convenience we repeat some
of the definitions. Let again M = G/K be a symmetric space with G being
compact and semisimple. Also L is the connected subgroup of G with Lie algebra
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[ = m + a, where m is the centralizer of a in €, and as noted in Lemma 12, a is
the center of [. We can also write L = M A where M (not to be confused with
the space M) and A are the corresponding Lie groups (see, for example, [14],
[9], [10]). Then G/L is a generalized flag manifold parametrizing the maximal
totally geodesic tori of M. As such, it caries a natural complex structure, which
depends on the choice of a Cartan subalgebra of g¢ and a partial order in it which
determines a positive Weyl chamber which defines a positive Weyl chamber in
(a®)*. The latter is dual to the cone of the restricted dominant weights. Then, as
a complex manifold, G/L is equivalent to G°/M°A°N°€ and has a principle A°-
bundle G¢/M°N¢ — G°¢/M¢A°N° with a right action of A¢. The total space © =
G¢/M€N¢ is called the horospherical manifold, [9]. Since A° = (C—0)" = (C*)"
is the complexification of the real torus 7" = A, then O can be identified with an
open set of the (co)tangent vertical bundle of the principal bundle G/M over G/L
with fiber A. This cotangent vertical bundle is also the set of all cotangent planes
to all maximal totally geodesic tori in M. In the case when M has rank r» = 1, this
bundle is just 7*M. Since the characteristic classes of the bundle G/M — G/L
are determined via transgression by the simple restricted roots of a*, we obtain the
following

Theorem 15 ([11]). Let M = G/ K be a compact Riemannian symmetric space of
rank k with G semisimple and let 01, ..., 0y be the basis of fundamental weights that
is dual to the simple restricted roots of a®. Let © be the associated horospherical
manifold and © — G/L be the corresponding principal (C*)~-bundle, so G /L

i
parametrizes the maximal totally geodesic tori in G/ K. Let wy = z—dp be the
™

two-form on G | L representing the half sum of the positive roots in a°, in particular,

the characteristic form representing 501(G /L). Then there exists a symplectic

form w on © with the following properties

i) There are positive numbers n; such that the reduced form & on ©//A cor-
responding to w via the Marsden-Weinstein reduction is 0 = Zle n;do; +
war, n; > 0on G/ L.

i) When o = n160y1 + nsbs + ... + ni 0y is integral (up to a factor of 27) and
determines a dominant weight, then the corresponding quantum bundle L
determined by & € c1(L) has the property that its space of holomorphic
sections H*(G /L, O(L)) is an irreducible unitary representation of G with
highest weight c.
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iii) The complexified eigenspaces of the Laplace-Beltrami operator Ay corre-
sponding to the eigenvalue N\, = ||a + p||> — ||p||*> on M have dimen-
sion equal to the sum of dimensions of all H(G /L, O(L)) defined in ii) for
which ||a + p||? = Ao + ||p]|% All eigenvalues of Ay are equal to N, for
some o

Remark 16. The paper by Gindikin [9] is closely related to our considerations. In
that paper the flag G/L = G°/M°A°N€ and the complex space © = G°/M°N*¢
play important role in a Cauchy-Radon transform. Also, considering the space
© as (an open set of) the space parametrizing all tangent spaces to all totally
geodesic tori in G/ K, it is shown that its “symplectic quotient” by the k-tori (max
totally geodesics) produces G/ L. There seems to be a deeper relation between the
correspondence above and the Cauchy-Radon transform, which we hope to explore
in the future.

Remark 17. We should note that not all irreducible finite-dimensional represen-
tations of G appear as subspaces of the eigenspaces of the Laplace-Beltrami op-
erator. The ones that appear are those corresponding to restricted roots in (ac)*.
An important exception is the case of symmetric spaces of maximal rank, i.e., when
rk(M) = rk(G). In this case a® is maximal abelian in g¢, hence the restricted
roots are all the roots. Note that in this case L is a maximal torus of G. By Borel-
Weil-Bott theorem all irreducible finite-dimensional representations of G appear
as spaces of sections of holomorphic line bundles over G /L. One such example is
given below.

Example: the space M = SU(3)/SO(3). The space SU(3)/SO(3) has rank two,
the same as the rank of SU(3). Every Z in su(3) has the form Z = X +iY for some
X € s0(3). This gives a decomposition su(3) = so(3) + p where p is the space
of purely imaginary matrices. In this case L is a maximal torus of SU(3) and a®
consist of diagonal matrices. In particular the generalized flag manifold G/ L is the
standard manifold of full flags in C? identified with SU(3)/S(U(1) x U(1) x U(1)).
We write the roots of a“ as triples and choose the simple roots to be (up to a factor
of v/=1): a1 = (1,—1,0) and ay = (0, 1, —1). Then the half sum of the positive
roots is 1p = 1(2a; + 2a2) = (1,0,—1). Recall that Killing form B(H, H')
of two diagonal matrices H = (hy, ho,hs) H' = (h},hb, hh) is B(H,H') =
tr(adHadH/) = Zz<](hl — h])(h; — h;)

The dominant weights are given by kja; + kaao with integers ki, ko for which
k1 < 2k < 4k;. A straightforward computation gives ||k1aq + koo — %,OHZ =
6[(k1—1)2— (k1 —1)(k2a— 1)+ (k2 —1)?]. In particular we see that the eigenspaces
of the Laplacian on SU(3)/SO(3) corresponding to A = |[kja; + koo — 5p|[> —
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H%pHZ split into irreducible representations subspaces when the equation x? —

ry +y? = Q where Q = \ + H%p\|2 does not depend on x and y, have more
than one integer solution with z,y > 1,(z — 1) < 2(y — 1) < 4(z — 1). The
number of integer solutions of this Diophantine equation is a classical number
theory question. In particular when k; = ko = n? + 1, so that Q = n? with all of
the prime factors of n being of the type 3k + 2, then the solution is unique and the
corresponding eigenspace of the Laplacian is an irreducible SU(3)-module. On the
other hand, for example, if Q = 8281 = 72132, then the corresponding eigenspace
splits into a direct sum of 7 irreducible SU(3)-modules.
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